
ABSTRACT 

XUE, HUIQIN    Evaluation of peanut (Arachis hypogaea L.) germplasm for 

resistance to aflatoxin production by Aspergillus flavus Link ex Fries (Under the 

direction of Dr. THOMAS G. ISLEIB). 

Aflatoxins are carcinogenic and toxic secondary metabolites produced primarily by 

the fungi Aspergillus flavus Link ex Fries and A. parasiticus Speare.  Aflatoxin 

contamination of peanut is a serious worldwide problem.  Aflatoxin resistant cultivars 

should be a component of an integrated program of aflatoxin management.  Peanut 

genotypes with resistance to in vitro seed colonization (IVSCAF), field seed colonization 

(FSCAF) and preharvest aflatoxin contamination (PAC) have been reported, but no 

germplasm highly resistant to aflatoxin production has been found in cultivated peanut.  

A technique was developed to identify genotypes with resistance to aflatoxin production 

when subjected to post-harvest conditions conducive to fungal growth and aflatoxin 

synthesis.  This technique provides environmental control and generally results in a low 

coefficient of variation in the data.  Using this technique, the effect of the high-oleate trait 

on aflatoxin production was tested by comparing normal oleic lines with high-oleic 

backcross-derived lines.  High-oleate peanuts supported more aflatoxin than normal-

oleate lines, but the magnitude of the difference varied with background genotype.  To 

determine if linoleate concentration in seed oil could be used to predict levels of aflatoxin 

production, seeds of genotypes representing a range of linoleate concentration were 

tested.  Low-linoleate lines consistently contained more aflatoxin, while normal- to high-

linoleate lines contained variable amounts of aflatoxin.  Although fatty acid profiles 

accounted for significant portions of the genetic variation, fatty acid concentration was 



not a reliable predictor of aflatoxin production, especially for lines in the normal range 

for oleate and linoleate.  The same technique was used to evaluate seven accessions of A. 

cardenasii Krapov. and W.C. Gregory, 29 accessions of A. duranensis Krapov. and W.C. 

Gregory, and 17 interspecific tetraploid lines derived from A. cardenasii.  The two 

diploid wild species averaged significantly less aflatoxin contamination than A. hypogaea 

checks, but were not different from each other.  Arachis duranensis accessions PI 

468319, PI 468200, and PI 262133, and A. cardenasii accessions PI 262141 and PI 

475997 had very low levels of aflatoxin contamination and should be valuable sources of 

resistance to aflatoxin contamination.  Of the interspecific tetraploid lines, only GP-NC 

WS 2 supported aflatoxin production not significantly different from resistant parent A. 

cardenasii GKP 10017.  It appears to be a line with reduced capacity for aflatoxin 

accumulation.  To identify germplasm with more than one type of resistance, lines 

previously reported with resistance to IVSCAF, FSCAF or PAC were tested.  The results 

suggested that there were no strong correlations of IVSCAF, FSCAF or PAC resistance 

with aflatoxin production resistance, so it should be possible to combine high resistance 

to IVSCAF, FSCAF, or PAC with aflatoxin production in a single genotype.  PI 590325, 

PI 590299, PI 290626, and PI 337409 accumulated the lowest amounts of aflatoxin 

among all A. hypogaea lines tested.  These genotypes and susceptible check Perry were 

used to test interactions between peanut genotype and strain of Aspergillus species.  

Aspergillus species and strain had more effect on aflatoxin production than did peanut 

genotype.  There were significant interactions between peanut genotypes and strains 

within species.  These results suggest that the technique might be improved by using a 

mixture of several aflatoxigenic strains of A. flavus and A. parasiticus to identify 



genotypes with stable and low aflatoxin contamination.  A population developed by 

crossing resistant genotype PI 290626 with susceptible cultivar Gregory was used to 

study inheritance of resistance to aflatoxin production.  The primary form of genetic 

variance in this population was nonadditive, suggesting that selection within the 

population will be ineffective in early segregating generations.    
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LITERATURE REVIEW 

 

PEANUT (Arachis hypogaea L.) 

Peanut (Arachis hypogaea L.) is cultivated worldwide in tropical, sub-tropical, and 

warm temperate areas.  More than half of the area planted to peanut is in Asia, followed 

by Africa and the Americas.  China, India, and the U.S.A. are the largest producers in the 

world.  

Generally, peanut oil is the most important product of the crop.  It is a major 

vegetable oil in many parts of the world, especially in Asia where most of the seeds are 

crushed for oil. The kernels may also be eaten raw, roasted, boiled or salted.  The meal 

remaining after oil extraction contains 40-50% protein and is used mainly for animal 

feed, and the haulms also are fed to animals.  In Africa, peanut is grown both as a cash 

and food crop.  In North America, peanut is grown as a direct source of human food.  In 

the U.S.A., about 60% of peanuts are utilized in a variety of food products with the 

remainder used in approximately equal proportions for export and for production of 

edible oil.  

Species of genus Arachis are perennial or annual legumes.  The distinguishing 

morphological features of this genus are aerial flowers that give rise to subterranean 

fruits.  There are about 70 species, most of them diploid (2n = 2x = 20 or 18).  Two are 

allotetraploid with 2n = 4x = 40.  Five species have been cultivated, but only A. hypogaea 

(2n = 40) has been domesticated and grown extensively for seeds and oil (Stalker, 1992).  

Based on patterns of reproductive and vegetative branching and on pod morphology, this 

species is classified into two subspecies and six botanical varieties (Krapovickas and 
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Gregory, 1994).  Plants of A. hypogaea subsp. hypogaea have no flower-bearing racemes 

originating on the main stem and exhibit the so-called “alternate” branching pattern on 

the cotyledonary laterals (Gregory et al., 1973).  Subsp. hypogaea is further divided into 

two botanical varieties, var. hypogaea and var. hirsuta Köhler.  Plants of A. hypogaea 

subsp. fastigata Waldron have flower-bearing branches on the main stem and exhibit 

“sequential” branching on the cotyledonary laterals.  Subsp. fastigata is further divided 

into four botanical varieties, var. fastigata, var. vulgaris Harz., var. peruviana Krapov. 

and W. C. Gregory, and var. aequatoriana Krapov. and W. C. Gregory.  In the U.S.A., 

four market types are of greatest economic importance where approximately 70% of the 

peanuts grown are small-seeded runner types, while 20% are large-seeded Virginia types, 

10% are Spanish, and less than 1% are Valencia market-types (Knauft and Gorbet, 1989).  

The runner and Virginia market-types are genetically based primarily on var. hypogaea 

with some introgression of germplasm from vars. fastigiata and vulgaris, but the 

Valencia market-type is derived exclusively from var. fastigiata and the Spanish market-

type from var. vulgaris with some introgression from A. monticola Krapov. and Rigoni 

(Isleib and Wynne, 1992; Isleib et al., 2001). 

The center of origin for the genus Arachis is the Mato Grosso region of Brazil 

(Gregory et al., 1980).  It is a large and diverse group of diploid and tetraploid taxa native 

only to South America.  Cultivated A. hypogaea most probably originated in the region of 

southern Bolivia and northern Argentina.  By analyzing introgressive hybridization and 

by the comparison of the patterns of morphological and genetic variability, Krapovickas 

(1969) and Gregory and Gregory (1976) recognized six secondary centers of genetic 

diversity for cultivated peanut in South America:  (1) the Guaraní region, (2) Goiás and 
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Minas Gerais region of Brazil, (3) Rondonia and northwest Mato Grosso region of Brazil, 

(4) the eastern foothills of the Andes in Bolivia, (5) Peru, and (6) northeastern Brazil 

(Singh and Simpson, 1994).  In the pre-Columbian era, peanuts grew throughout South 

and Central America.  However, it is likely that peanut was dispersed to China in pre-

Columbian times because there are literary references to the cultivation of a crop similar 

to peanuts in China in the middle of the 14th century.  In the post Columbian era, peanuts 

were dispersed eastward to Africa and India and westward to the Philippines, East Indies 

and China.  Tertiary centers of diversity have developed in the centuries following the 

dispersal.  Sun et al. (1979) proposed that China might be another center of origin based 

on the archaeological finds and literature record in 304 AD.  However, no wild Arachis 

species have been reported to exist in China, so it is not a likely independent center of 

origin.   

Germplasm Collection and Utilization.  Collection and assembly of peanut genetic 

resources has been extensive.  Expeditions to various peanut-growing regions of the 

world and to the centers of diversity in South American have collected thousands of 

accessions.  Over 14,310 accessions are maintained at the International Crop Research 

Institute for the Semi-Arid Tropics (ICRISAT) (Upadhyaya et al., 2001), and over 9,027 

accessions of A. hypogaea and 684 accessions of Arachis species in the USDA 

germplasm collection (Holbrook, 2001).  China maintains national and provincial 

collections of about 5,790 accessions.   

Germplasm collections have been screened for many different purposes.  The 

ICRISAT collection has been examined for resistance to major biotic and abiotic stress. 

More than 9,000 entries have been evaluated for resistance to peanut rust (Puccinia 
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arachidis Speg.) and late leaf spot (C. personatum [Berk. et Curt.] Deighton) (Moss et 

al., 1989; Singh et al., 1992).  A significant proportion of the U.S. germplasm collection 

has also been evaluated for several economically important peanut diseases and high 

levels of resistance have been identified, such as resistance to C. personatum (Anderson 

et al., 1993), Cylindrocladium black rot (CBR) (C. parasiticum Crous, Wingefield, et 

Alfenas) (Wynne et al., 1991), Sclerotinia blight (Sclerotinia minor Jagger) (Smith et al., 

1991), and root-knot nematode (Meloidogyne spp.) (Holbrook et al., 2000a).  The 

development of a peanut core collection has improved the efficiency of germplasm 

evaluation (Holbrook, 2001). 

In addition to A. hypogaea, wild Arachis species have been evaluated for protein 

content, oil percentage, fatty acids, nitrogen fixing capacity, forage potential and disease 

and insect resistance (Subrahmanyam et al., 1985; Wynne et al., 1991; Lynch, 1990).  

Resistance sources found in Arachis species are summarized by Stalker (1992).  It has 

been difficult to transfer resistances from diploid Arachis species into tetraploid A. 

hypogaea because of reproductive barriers to gene transfer, including the differences in 

ploidy, and because resistance may be controlled by several genes, all requiring transfer.  

Almost all modern peanut cultivars are still bred by conventional breeding methods.  

In the early days of peanut breeding, mass selection commonly was used to exploit 

natural variation within local cultivars.  The pedigree method is the most commonly used 

method for peanut breeding today.  Highly heritable characteristics, such as pod number 

per plant, pod and seed size and shape and plant type, respond well to selection in early 

segregating generations.  The modified pedigree method is used in combination with 

other methods.  Backcross breeding often is used in combination with mutation and 



 5

interspecific introgression.  Genetic transformation has been successfully performed 

(Ozias-Akins and Gill, 2001), but no transformed cultivars have been released.  Several 

reviews on peanut breeding methods are available (Isleib and Wynne, 1992; Isleib, 1994; 

Knauft and Wynne, 1995; Holbrook and Stalker, 2003).  Despite the considerable genetic 

resources of peanut, utilization of available genetic variability is still limited.  Breeders 

prefer to use sources of resistance, even those with less potent resistance, that conform to 

market and industry standards instead of new sources with poor agronomic 

characteristics.  Isleib and Wynne (1992) examined the ancestral contributions of 

germplasm lines to modern U.S. cultivars and found that only a few germplasm lines 

have been used in their pedigree.  Isleib et al. (2001) updated the use of introduced 

genetic resources in cultivar development in the U.S.A., and pointed out that much recent 

effort has been placed on incorporating additional germplasm into U.S. breeding 

populations with the purpose of improving resistance to disease or pests and of 

broadening the genetic base.  These efforts have had a significant economic impact on 

U.S. peanut farmers.  Use of resistant cultivars has an economic impact of more than 200 

million dollars annually for U.S. peanut producers.  In China, more than 200 cultivars 

have been released during the past 50 years, but all were based on only about 40 

ancestors (Xue and Isleib, 2002).  Six landraces are the most frequently used ancestors in 

China; about 85% of the released cultivars have ancestral line Fu Hua Sheng in their 

pedigrees.  The narrow genetic base of cultivars results in genetic vulnerability to 

epiphytotics that may cause considerable economic losses, e.g., the epiphytotic of tomato 

spotted wilt virus (TSWV) that has affected most of the peanut producing area of the 

U.S.A. during the past 15 years.  
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Breeding objectives are different from region to region and time to time.  The 

primary objectives of peanut breeding are to develop cultivars with high yield potential, 

resistance or tolerance to environmental stress, resistance to disease and insects, and 

adaptation to specific environments and production systems.  Breeding resistant cultivars 

is one of the best means of reducing crop yield losses from leaf spots, but resistance 

levels of cultivars are not sufficient to eliminate the use of foliar fungicides.  A high-

yielding runner-type cultivar, Southern Runner, with resistance to late leaf spot has been 

released in the U.S.A.  Tomato spotted wilt virus has spread worldwide, and Southern 

Runner, Georgia Green, and Tamrun 96 have been released as cultivars resistant to 

TSWV.  However, progress in breeding for resistance to the soil borne fungi has been 

difficult and slow.   

AFLATOXIN CONTAMINATION IN PEANUT 

Aflatoxins are toxic and carcinogenic compounds discovered in the early 1960s 

after more than 100,000 turkeys were killed by “turkey X disease” in England (Lancaster 

et al., 1961).  The disease was identified as aflatoxicosis resulting from aflatoxin 

contaminated peanut meal fed to the turkeys.  Toxigenic fungi of the genus Aspergillus 

are capable of infecting a wide range of crops including peanuts.  Contamination occurs 

when the aflatoxin-producing fungi infect plants or plant products either during crop 

development or in storage.  The toxigenic species of Aspergillus include A. flavus Link 

ex Fries, A. parasiticus Speare, and A. nomius Kurtzman, Horn, & Hesseltine.  

Aspergillus flavus and A. parasiticus are important in the colonization and contamination 

of agricultural crops.  There are four major aflatoxins that occur in crops, including B1, 

B2, G1 and G2.  The dominant aflatoxins produced by A. flavus are B1 and B2, whereas 
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A. parasiticus produces two additional aflatoxins, G1 and G2 (Payne, 1998).  Aflatoxin 

B1 is considered to be the most important of the four because it is the most toxic and has 

been classified by the International Agency for Research on Cancer (1987) as a probable 

human carcinogen.  Because of human health concerns, many countries have set 

maximum levels of aflatoxin allowed in food and feed (Stoloff et al., 1991).  The U.S. 

Food and Drug Administration permits maximum aflatoxin levels of 20 ppb in peanut 

products destined for human consumption; the European union allows 3 ppb of total 

aflatoxin and 2 ppb on aflatoxin B1.  Aflatoxin contamination has had a tremendous 

impact on the peanut industry.  Farmer stock peanut lots are divided into Segregation І, 

П, and Ш depending on degree of kernel damage and visual detection of Aspergillus.  

Peanuts lots with damage less than 2.5% and no visible A. flavus are Segregation І and 

can be used for edible consumption.  Segregation П lots have damage equal or greater 

than 2.5% and no visible A. flavus.  Segregation П peanuts are allowed to enter the 

domestic edible channels only if an extreme shortage of peanut exists.  Segregation Ш 

peanuts are those containing visible evidence of Aspergillus growth.  They are not 

allowed to enter the edible market and must be crushed for oil (Sands, 1982).  

Segregation Ш peanuts lots condemned because of potential aflatoxin contamination cost 

the farmer, buying point, and sheller segments of the southeastern U.S. peanut industry 

more than 25 million dollars annually (Lamb and Sternitzke, 2001).  Reduction of 

aflatoxin contamination of peanuts grown and sold in the U.S.A. remains a high priority 

of the U.S. peanut industry. 

Occurrence of aflatoxin contamination.  Aflatoxin contamination can occur on pods 

and seed in the soil near harvest, during harvest, and post-harvest in storage (Jackson and 
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Bell, 1969; Porter et al., 1984).  Preharvest infection by Aspergillus spp. and the 

environmental factors that lead to colonization, infection of the seeds, plants, and 

aflatoxin accumulation have been reviewed in detail (Payne, 1998; Mehan et al., 1991).  

Initial inoculum in peanuts most likely originates in the soil.  Inoculation and 

colonization are dependent on soil pathogen population, temperature and water content of 

the soil.  The two most important conditions that favor preharvest invasion and aflatoxin 

contamination of peanut seed are the simultaneous occurrence of excessively high soil 

temperature and late season drought stress.  Neither heat nor drought alone can induce 

high levels of preharvest contamination.  Insect and mechanical damage to the pod 

increase the opportunity for invasion by Aspergillus and the consequent accumulation of 

aflatoxins.   

Post-harvest aflatoxin contamination is most attributable to improper storage of the 

pods and seed.  Conditions important for aflatoxin formation during storage are high 

humidity and high temperature.   

Management of A. flavus infection and aflatoxin contamination of peanut.  

Management of aflatoxin contamination in peanuts is complex.  Both preventative and 

curative procedures may be necessary.  Current management of aflatoxin contamination 

starts in the farmer’s field and continues through harvest, drying, storage and processing 

(Wilson, 1995). 

Prevention.  Prevention should be the most effective strategy.  Recommended 

cultural practices include optimizing irrigation; avoiding mechanical and insect damage 

during cultivation, harvesting, storage and processing; optimizing harvest time; rapid 

post-harvest drying; and storage at low temperature and humidity.   
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Late season irrigation to alleviate drought stress of plants is effective in reducing 

aflatoxin contamination in the field (Dorner et al., 1989).  Choice of cultivar is important 

especially at location where irrigation is not available.  The cultivar should mature before 

late season drought stress occurs, and where it can be harvested and dried in conditions 

not favorable post-harvest contamination.  Rapid post-harvest drying can prevent the 

further invasion of seeds by Aspergillus spp.  Control of pod-feeding insects through 

application of recommended insecticides and use of insect-resistant cultivars should be 

an integral part of the strategy to eliminate preharvest aflatoxin contamination.  Chemical 

control to reduce A. flavus infection of pod and seeds by applying fungicides to soil has 

been studied, but no effective products are currently available.   

Good warehousing practices largely prevent further increase of preharvest aflatoxin 

contamination (Smith, 1989).  The most important factor in preventing aflatoxin 

contamination in peanut in storage is moisture control.  A good warehouse should have a 

double roof and sidewalls and be adequately cooled and properly ventilated to prevent 

wetting of the peanuts.  Pods should be dried to less than 9% moisture prior to storage.  

Controlled atmosphere in storage with high CO2 and low O2 appears to inhibit the 

Aspergillus growth (Moseley et al., 1971, Wilson and Jay, 1976).   

Biological control is focused on replacing natural populations of toxigenic strains of 

A. flavus with highly competitive, nontoxigenic strains (Cotty, 1990).  Dorner et al. 

(2000) reported that field application of the nontoxigenic strains not only reduced 

aflatoxin contamination in the field but also reduced aflatoxin contamination that 

occurred in storage.  These practices have been applied with success in developed 

countries but have been of limited use in developing countries.  In spite of precautions, 
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damage and contamination can still occur, even on undamaged pod and seed, which led 

to application of various curative methods to eliminate or lower the contamination.   

Post-harvest screening.  Post-harvest screening to remove contaminated seed 

appears to be a promising means to reduce or eliminate to aflatoxin (Cole et al., 1995).  

When aflatoxin contamination occurs, there are usually only a few highly contaminated 

seeds irregularly distributed in the peanut lots.  Most of the harvested seeds are free of 

contamination.  Early removal of high-risk seeds, e.g., those that are damaged, immature, 

or discolored, should be an effective way to prevent further contamination and increase 

the peanuts’ value.  Methods include manual sorting, seed size and density separation, or 

electronic color sorting.  Electronic color sorting has proved to be the most effective 

aflatoxin management strategy available in the processing phase.  

Detoxification by physical or chemical methods is another option when removal of 

contaminated seeds or pods cannot completely eliminate the aflatoxin problem.  

However, aflatoxins have proved highly resistant to various physical and chemical 

treatments.  Other factors mitigating against adoption of those processes are their high 

costs and concerns regarding possible loss of nutritional value.   

Genetic resistance to A. flavus invasion and aflatoxin production.  Besides adopting 

certain cultural, harvest, and storage practices, resistant varieties should be an effective 

and low-cost part of an integrated aflatoxin management program.  Alleviation of 

aflatoxin contamination through genetic manipulation has been attempted in several 

peanut-producing countries since the late 1960s.  Breeding resistant cultivars is possible 

only when there are available sources of stable, high-level of resistance.  It is very 

important that screening methods provide reliable information on the responses of 
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various genotypes.  Many efforts have been made to better understand the interactions 

between plant and pathogen, and four mechanisms of resistance to Aspergillus spp. have 

been defined, including resistance to in vitro seed colonization by A. flavus (IVSCAF), 

resistance to field seed colonization by A. flavus (FSCAF), resistance to preharvest 

aflatoxin contamination (PAC), and resistance to aflatoxin production.   

Resistance to in vitro seed colonization by A. flavus (IVSCAF).  Mechanisms of 

resistance to Aspergillus colonization and infection may relate to combinations of 

physical and chemical characteristics of the testa.  Mixon and Rogers (1973) first 

suggested that use of peanut cultivars with resistance to seed invasion and colonization 

by toxigenic Aspergillus species would be an effective means of preventing aflatoxin 

contamination.  They developed a laboratory inoculation method for screening peanut 

genotypes for resistance to A. flavus infection and colonization of sound, mature seed.  

The basic procedure of this method and other modified methods is similar.  Seeds are 

surface sterilized, rinsed in sterile distilled water, hydrated to about 20% moisture 

content, and surface inoculated with a conidial suspension of an aflatoxigenic strain of A. 

flavus, and then incubated at 25oC for 8 days under about 98% humility (Mehan and 

McDonald, 1980).  Thousands of peanut germplasm lines have been screened at 

ICRISAT and other research institutions and many sources of resistance to IVSCAF 

identified using laboratory inoculation tests (Mehan and McDonald, 1980; Zambettakis et 

al., 1981; Mixon, 1986; Ghewande et al., 1989).   However, this type of resistance 

depends upon the testa being complete and undamaged, and the conditional nature of this 

type of resistance limits its utility under field conditions.  
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The undamaged shell of the peanut pod is a natural barrier to A. flavus invasion.  

Resistance of peanut pods to A. flavus invasion appears to be associated with shell 

structure (Zambettakis et al., 1975), the presence of antagonistic microflora in the shell 

(Kushalappa et al., 1976, Mixon, 1980), and thick-walled parenchyma cells (Pettit et al., 

1977).  Peanut pod resistance has not been used widely for germplasm screening.  

Resistance to field seed colonization (FSCAF) and preharvest aflatoxin 

contamination (PAC).  More recent evaluation efforts have emphasized screening for 

resistance to FSCAF and for PAC (Davidson et al., 1983; Kisyombe et al., 1985; Mehan 

and McDonald, 1984; Mehan et al., 1987, 1989; Holbrook et al., 1998).  Some IVSCAF-

resistant lines were also tested in the field for seed infection and aflatoxin contamination.  

However, there are many conflicting reports on the relationships among various types of 

resistance.   

Evaluations of resistance to preharvest aflatoxin contamination are performed in the 

field where care must be taken to avoid damaging the seed and pod.  Aspergillus flavus is 

not an aggressive pathogen and its ability to invade undamaged pods and seeds is 

strongly influenced by environmental conditions such as temperature and moisture during 

pod maturation and whether the soil contains high populations of toxigenic strains of 

Aspergillus.  Thus, field screening for pods resistant to invasion and aflatoxin production 

is difficult due to the large variability in Aspergillus growth under field conditions, even 

with intensive management of soil water status and inoculum levels (Holbrook et al., 

1994).  Artificial inoculation can provide uniform and high level inoculum.  Mehan 

(1989) reported that genotypes could be evaluated for resistance to PAC by applying 

inoculum of an aflatoxigenic strain to soil around developing pods about 4 weeks before 
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harvest.  They found that genotypes resistant to IVSCAF had significantly lower levels of 

aflatoxin than genotypes susceptible to IVSCAF.  A large-scale field screening technique 

was developed by Holbrook et al. (1994) to directly measure field resistance to PAC 

using subsurface irrigation in a desert environment to provide an extended period of 

drought stress in the pod zone but still keep the plant alive.  A screening technique for 

use in the greenhouse was developed by Anderson et al. (1996).  All these methods 

provide uniform, high-levels of inoculum and environmental conditions favorable to 

fungal development and aflatoxin production and they are valuable tools in the search for 

reliable resistant lines. 

Resistance to aflatoxin production.  Another approach to the problem is to identify 

genotypes that do not support production of aflatoxin when seeds are colonized by 

toxigenic strains of Aspergillus spp.  Rao and Tulpule (1967) first reported varietal 

resistance in peanut to aflatoxin production.  They reported the genotype US 26 (PI 

246388) did not produce aflatoxin when seeds were colonized by an aflatoxigenic strain 

of A. flavus.  This finding was not confirmed by other researchers, but the search for 

genotypes whose cotyledons have reduced ability to support aflatoxin production has 

received increasing attention in recent years.  A laboratory inoculation method was 

developed at ICRISAT to screen peanuts for resistance to aflatoxin production (Mehan 

and McDonald, 1980).  The procedure is similar the IVSCAF screening procedure, but 

the seeds’ testae were scarified with a sterile needle and seeds were tested for aflatoxin 

content.  This method has been used in several post-harvest screening programs.  

Although no germplasm highly resistant to aflatoxin accumulation has been found, 

genotypes do differ in the concentrations of aflatoxin they support during infection by A. 
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flavus (Mehan et al., 1986a, 1991; Dange et al., 1989; Ghewande et al., 1989).  However, 

adequate resistance to aflatoxin accumulation has not been incorporated into any 

agronomically desirable peanut cultivar.   

Relationship among four types of resistance.  Poor correlations between IVSCAF 

resistance and FSCAF or PAC resistance have been observed.  Kisyombe et al. (1985) 

observed significant field resistance to seed colonization in only one (J11) of 14 

IVSCAF-resistant selections.  Davidson et al. (1983) found no significant differences at 

harvest in A. flavus infection or in aflatoxin contamination of field grown seed between 

the IVSCAF-resistant cultivar Sunbelt Runner and Florunner (moderately susceptible in 

vitro).  Blankenship et al. (1985) reported that four genotypes previously selected as 

IVSCAF-resistant and the cultivar Florunner, all grown under late season drought and 

temperature stress, were all highly susceptible to aflatoxin contamination.  Anderson et 

al. (1995) evaluated 12 genotypes for PAC under drought-stressed field conditions.  Ten 

of those varieties were previously reported to be resistant to IVSCAF or PAC, but none 

of them were more resistant to PAC than Florunner.   

In contrast, other researchers observed a significant positive correlation between 

IVSCAF resistance and FSCAF resistance.  Mixon (1986) observed that IVSCAF-

resistant lines GFA-1, GFA-2, AR-1, AR-2, AR-3, and AR-4 were more resistant to 

FSCAF than commercial cultivars Florunner and Sunbelt Runner.  Zambettakis et al. 

(1981) tested 40 varieties in the field at two locations and found a strong correlation 

between IVSCAF resistance and resistance to natural seed infection.  The drought-

resistant Senegalese cultivar 55-437 showed resistance similar to resistant control PI 

337409.  Mehan et al. (1987) evaluated 11 genotypes (six resistant and five susceptible to 
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IVSCAF) for field resistance to seed infection and for aflatoxin contamination.  

Significant positive correlations were found between IVSCAF resistance and FSCAF 

resistance, and between FSCAF and PAC resistances.   

Mehan et al. (1989) reported that seven IVSCAF-resistant genotypes (Ah7223, J11, 

U4-47-7, UF 71513, PI 337394F, 55-437, and 73-30) had significantly greater field 

resistance to A. flavus and lower aflatoxin production, but several IVSCAF-resistant 

breeding lines were highly susceptible in the field while some IVSCAF-susceptible 

genotypes U4-7-5 and VRR-245 also showed field resistance.  They concluded that there 

was no consistent positive or negative relationship between IVSCAF resistance and 

FSCAF or PAC resistances. 

Absence of correlation between IVSCAF resistance and aflatoxin production was 

also observed.  Mehan and McDonald (1983) reported that no direct relationship exists 

between resistance to IVSCAF and the amount of aflatoxin production when seeds were 

colonized by aflatoxigenic strains of the fungi.  Some genotypes resistant to seed 

colonization by aflatoxigenic fungi are good substrates for aflatoxin production, while 

others that are susceptible to fungal colonization do not support high levels of aflatoxin 

production.  Mehan et al. (1986a) screened 502 genotypes and found IVSCAF-resistant 

genotype J11 produced high levels of aflatoxin, while two IVSCAF-susceptible 

genotypes U4-7-5 and VRR 245 supported very low level of aflatoxin production.  U4-7-

5 and VRR 245 also were reported resistant to PAC (Mehan et. al., 1989). 

No simple conclusion could be drawn from the previous reports regarding the 

relationships between the four types of resistance, and no germplasm has been found 

combining all four types of resistance.  For example, PI 337409 and PI 337394F have 
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been reported to have stable and high-level resistance to IVSCAF (Mixon and Rogers, 

1973; Mehan and McDonald, 1980), FSCAF (Zambettakis et al., 1981), and PAC 

(Azaizeh et al., 1989; Mehan, 1989).  PI 337394F and PI 337409 have been used 

extensively in several breeding programs to develop cultivars with resistance to IVSCAF 

and FSCAF (Mixon, 1983a; Rao et al., 1995; Upadhyaya et al., 2001).  However, 

Anderson et al. (1995) reported that PI 337409 and PI 337394F were susceptible to PAC.  

Mehan et al. (1982) tested nine peanut genotypes for resistance to seed colonization and 

aflatoxin production by three aflatoxigenic strains of A. flavus following infection of 

scarified, surface-sterilized seeds.  PI 337409 and PI 337394F showed significantly less 

seed colonization and internal infection than the other genotypes, but supported 

substantial aflatoxin following infection.  Wilson et al. (1977) found production of 

aflatoxin in PI 337394F and PI 337409 to be similar to that of IVSCAF-susceptible 

genotypes PI 339396 and Florunner when seed lots were stored under high humidity.   

As another example, J11 was found to have stable high-level resistance to IVSCAF 

and FSCAF in multilocational field trails in India (Mehan et al., 1986b, 1987) and in the 

U.S.A. (Kisyombe et al., 1985).  Mehan et al. (1986b, 1987) observed a reduction of seed 

colonization and aflatoxin contamination in J11 in undamaged seed under natural field 

conditions.  However, J11 failed to show resistance to aflatoxin contamination in other 

field studies (Anderson et al., 1995).  J11 also was reported to be highly resistant to 

aflatoxin production by aflatoxigenic strains of Aspergillus (Dange et al., 1989).  

However, Mehan et al. (1982, 1986a) reported that IVSCAF-resistant genotype J11 

supported a large amount of aflatoxin production when scarified seeds were inoculated 
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with aflatoxigenic strains of Aspergillus and incubated under conditions favorable for 

fungal growth and aflatoxin production.   

It has been suggested that resistance to IVSCAF, FSCAF, and aflatoxin production 

might be influenced by different genes (Utomo et al., 1990).  The observed conflicting 

results might be due to different genes controlling different resistances or to differential 

gene function in different environments.  The relationship among various sources for 

each type of resistance needs to be better understood to enable breeders to assemble the 

non-allelic genes influencing different resistance type. 

Although researchers have not been able to identify germplasm possessing all four 

types of resistance simultaneously, it is expected that stable high-level resistance will be 

achieved by combining different resistances from different sources into a single line.  The 

first step in achieving this goal is to collect the sources reportedly resistant to IVSCAF, 

FSCAF or PAC and to evaluate their ability to support aflatoxin production.  A number 

of breeding or germplasm lines have been identified with resistance to IVSCAF, FSCAF 

or PAC during the past 40 years.  A list of reported resistance sources is given in Table 1. 

Arachis species.  No cultivated peanut germplasm has been reported with complete 

resistance to aflatoxin contamination.  Possible alternative sources of resistance to 

aflatoxin production are the wild species of Arachis.  Many Arachis species have been 

evaluated for other peanut diseases and highly resistant accessions have been reported 

(Stalker, 1992; Stalker and Simpson, 1995).  There are only a few reports of Arachis 

species evaluation for resistance to aflatoxin production.  Ghewande et al. (1989) 

reported that seed samples from five Arachis species (A. cardenasii Krapov. and W. C. 

Gregory, A. duranensis Krapov. and W. C. Gregory, A. monticola, Krapov. and Rigoni, 
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A. pusilla Benth., and A. stenosperma Krapov. and W. C. Gregory) were analyzed for 

aflatoxin content after inoculation and incubation.  Arachis cardenasii and A. duranensis 

were highly resistant to IVSCAF and supported aflatoxin production in only trace levels, 

but the particular accessions used among the many collected were not identified.  Mehan 

(1989) evaluated 16 Arachis species (nine in section Arachis, three in section Erectoides, 

two in section Rhizomatosae, and one each in sections Extranervosae and Triseminatae), 

and reported that all supported production of aflatoxin B1 (34-110 µg g-1 seed).  Thakur 

et al. (2000) observed wide variation both for seed colonization and aflatoxin production 

among 35 accessions belonging to 24 species in six different sections.  Four accessions A. 

pusilla [ICG 13212 (PI 497572, VSW 6773)], A. chiquitana Krapov., W. C. Gregory and 

C. E. Simpson [ICG 11560 (PI 476004, KSSc 36025)], A. triseminata. Krapov. and W. C. 

Gregory [ICG 8131 (PI 338449, GK 12922) and ICG 14875 (VfaPzSv 130800)] recorded 

low seed colonization and produced low levels of aflatoxin compared with control J11.   

Indirect selection.  Screening for resistance to aflatoxin contamination and aflatoxin 

production is limited by the expense of directly measuring aflatoxin content.  Seed 

colonization can only be used for initial screen because of the generally poor correlation 

between fungal growth and aflatoxin production.   

Drought tolerance might be used as an indirect selection tool for PAC resistance, 

because late season heat and water stress were reported to increase preharvest aflatoxin 

production.  Holbrook et al. (2000b) evaluated the resistance to PAC in genotypes 

previously reported to have varying levels of drought tolerance, and concluded that 

tolerant genotypes also had greatly reduced aflatoxin contamination.  Significant positive 
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correlation between aflatoxin contamination and leaf temperature, and between aflatoxin 

contamination and visual stress rating were observed.   

Identifying natural compounds in peanut that affect the toxin-producing capability 

of A. flavus is the first step toward identifying peanut genes governing resistance to 

aflatoxin production.  Evidence in the literature indicates that fatty acid composition may 

directly or indirectly affect aflatoxin production in vitro, and that resistance may be 

achieved by altering the fatty acid composition of the crop seeds.  The most abundant 

fatty acids in peanut seeds are linoleic, oleic, and palmitic acids.  In different studies, 

linoleic acid reportedly increased or decreased Aspergillus development and/or aflatoxin 

production (Fabbri et al., 1984; Passi et al., 1984; Doehlert et al., 1993; Calvo et al., 

1999).  Fabbri et al. (1984) observed that aflatoxin production is increased by 

lipoperoxides of polyunsaturated fatty acids.  In contrast, Doehlert et al. (1993) reported 

that addition of either lipase, linoleic acid, or linolenic acid to soybean homogenate 

inhibited germination of A. flavus conidia whereas oleic acid had no effect compared to 

untreated homogenates.  Zeringue et al. (1996) found that inhibition of aflatoxin 

production by volatile compounds emitted by ground corn (Zea mays L.) kernels was 

associated with elevated levels of linoleic acid in their seed oil.  Peanut seeds also 

produce lipoxygenase-derived 13S- and 9S-hydroperoxides of linoleic acid when 

subjected to stress or colonized by fungi (Gardner, 1995).  The 9S-hydroperoxide of 

linoleic acid is known to extend the period of transcription for the aflatoxin biosynthesis 

genes, whereas 13S-hydroperoxide of linoleic reduces the expression of these 

biosynthesis genes (Burow et al., 1997).  The addition of both 9S- and 13S-

hydroperoxides to cultures increases sporulation (Calvo et al., 1999).  
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Interest in the fatty acid composition of seed oil in peanut was due originally to its 

role in flavor and shelf life (Pattee, 1977).  Researchers at the University of Florida 

discovered a natural variant with an elevated level of oleic acid and a correspondingly 

reduced level of linoleic acid (Norden et al., 1987).  This trait improves the oxidative 

stability of the oil and extends the shelf life of products made from high-oleic peanuts.  It 

is under relatively simple genetic control (Moore and Knauft, 1989; Knauft et al., 1993).  

Current objectives of all U.S. peanut breeding programs include development of cultivars 

with elevated levels of oleic acid and depressed levels of linoleic acid.  The first high-

oleic cultivar was released in 1995 (Gorbet et al., 1997); numerous others have been 

released since 1995 or are currently under development.   

Because linoleate has been reported to affect the production of aflatoxin in vitro, 

there has been speculation that high-oleic peanuts would accumulate aflatoxin at levels 

different from normal-oleic peanuts.  In addition, use of information on the 

concentrations of fatty acid and their derivatives as indirect selection criteria in breeding 

for reduced aflatoxin contamination would be helpful to plant breeders because fatty acid 

concentration can be measured much more easily and cheaply than aflatoxin.  A field 

study comparing peanut genotypes with reduced versus normal linoleic acid composition 

revealed no measurable effect of these fatty acids on preharvest aflatoxin contamination 

(Holbrook et al., 2000c).  These investigators concluded that the effect of the products of 

the lipoxygenase pathway on aflatoxin biosynthesis in vitro might not be great enough to 

affect preharvest aflatoxin contamination in peanut.   

There is a need to evaluate the influence of the high-oleate trait on the ability of 

peanuts to support post-harvest production of aflatoxin under laboratory conditions 
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favoring fungal growth and aflatoxin development, and to test the effect of linoleate and 

other fatty acid concentration in peanut seeds on aflatoxin production by A. flavus and 

determine if linoleate level could be used to predict aflatoxin production level.   

Interaction between genotypes and Aspergillus strains.  Many strains of A. flavus and 

A. parasiticus invade peanuts and produce aflatoxins (Joffe, 1969; Schroeder and Boller, 

1973; Diener and Davis, 1977), but isolates of those species vary widely in the amount of 

aflatoxin they produce on peanuts and in their capacity of producing different aflatoxins 

(Hesseltine et al., 1970; Dorner et al., 1984).  Many studies have been conducted on 

screening peanut germplasm for resistance to Aspergillus invasion, or aflatoxin 

production, but most of them used only one or two fungal isolates, and did not compare 

the difference between fungal isolates.   

A few studies used different genotypes and strains to compare the responses of 

different genotypes to different strains.  Nagarajan and Bhat (1973) tested peanut lines 

TMV 2 and US 26 inoculated with three isolates of A. flavus and two isolates of A. 

parasiticus.  The reported that aflatoxin production in peanut depended both on the host 

genotypes and on the fungal species and strain, but differences between isolates were 

relatively consistent across peanut genotypes.  Wilson and Bell (1984) compared the 

aflatoxin production on peanut, corn and soybean after inoculation with isolates of A. 

flavus and A. parasiticus and found that both fungal isolate and substrate had significant 

effects on aflatoxin production.  Mehan et al. (1982) tested nine peanut genotypes for 

resistance to seed colonization by five different strains of A. flavus, and aflatoxin 

production by three different strains of A. flavus.  They reported that A. flavus strains 

differed significantly from one another in their ability to colonize and internally infect 
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seeds to produce aflatoxin.  Significant interactions between peanut genotypes and strains 

of A. flavus were observed for seed colonization and seed infection.  Although not 

discussed by the author, the data presented indicated the occurrence of a strong 

interaction between peanut genotypes and A. flavus strains for aflatoxin production.  The 

information on interactions between host and pathogen for aflatoxin production is 

obviously important for resistance breeding.  

Genetics of resistance and breeding.  Breeding for resistance to Aspergillus is 

predicated on the existence of high-level resistance sources, reliable assessment methods 

and an understanding of the inheritance of the traits.  Many sources of resistance have 

been identified by different screening methods.  Of the many resistance sources reported, 

J11, PI 337394F, PI 337409, UF 71513, Ah 7223, Faizpur 1-5 and Var. 27 have been 

confirmed by testing over locations (Rao et al., 1989).  All these sources exhibit 

resistance to IVSCAF, FSCAF or PAC.  U4-7-5 and VRR 245 were reportedly resistant 

to aflatoxin production.   

J11, PI 337394F, PI 337409, UF 71513-1, Faizpur 1-5 and U4-7-5 have been used 

in breeding programs to develop desirable cultivars with resistance to A. flavus.  Lines 

with resistance to IVSCAF and FSCAF [GFA-1, GFA-2, AR-1, -2, -3, and -4 (Mixon, 

1983a, 1983b, 1986)], or resistance to FSCAF (ICGV 88145, ICGV 89104, ICGV 91278, 

ICGV 91283, and ICGV 91284) have been bred (Rao et al., 1995; Upadhyaya et al., 

2001).  AR-1, -2, -3, and -4 have been used as resistance sources in Thailand, and 

drought-resistant line 55-437 has been used in Senegal (Rao et al., 1989).   

U4-7-5 is the only genotype supporting low levels of aflatoxin that has been used in 

a breeding program.  ICGV 89104 was selected from a cross between U4-7-5 and J11 
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and was reported to be resistant to seed infection in field, and seed colonization in 

artificial inoculation conditions.  Its natural aflatoxin contamination was zero, compared 

with 2.1 µg kg-1 in J11 (Rao et al., 1995).  ICGV 91283 was selected from a cross 

between U4-7-5 and JL 24.  JL 24 is susceptible to seed infection and seed colonization 

by A. flavus.  ICGV 91283 was reported resistant to seed infection in field and seed 

colonization after artificial inoculation.  Aflatoxin content in this line was not reported 

(Upadhyaya et al., 2001).  The results suggested that a low-aflatoxin production trait 

could be transferred to other lines. 

Inheritance of resistance has not been studied extensively.  Mixon (1976) estimated 

the broad sense heritability for IVSCAF resistance to be 75.5% in the F2 generation of a 

cross between resistant genotype PI 337409 and susceptible line PI 331326.  Upadhyaya 

et al. (1997) reported heritability estimates of 56 to 87% for preharvest seed infection.  

Utomo et al. (1990) reported broad-sense heritability estimates in F2-derived F6 

populations from two crosses, AR-4 / NC 7 and GFA-2 / NC 7.  AR-4 and GFA-2 are 

IVSCAF-resistant genotypes, and NC 7 is a susceptible cultivar.  The heritability 

estimates from those two crosses were 55 and 63%, respectively, for seed colonization, 

27 and 33% for preharvest seed infection, and 23 and 21% for aflatoxin production.  

There were no significant correlations among types of resistance, and it was concluded 

that they were controlled by different genes.   

Research at ICRISAT on combining ability using line-by-tester analysis indicated 

that UF 71513 and Ah 7223 were good general combiners and Var. 27 a poor combiner 

for resistance to seed colonization.  J11 had no significant general combining ability 
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effect.  PI 337409, PI 337394F and UF 71513 were also reported to be good general 

combiners based on a diallel study (Rao et al., 1989).   

Efforts to select for resistance to pre- or post-harvest aflatoxin production have 

been limited because of the high cost of aflatoxin analysis and the lack of highly resistant 

peanuts.  Few efforts have been made to breed for post-harvest aflatoxin production.  

Objectives.  The objectives of the research reported hereafter were: 

(1) To evaluate the influence of the high-oleate trait (low linoleate) on the ability of 

peanuts to support post-harvest production of aflatoxin.   

(2) To test the effect of linoleate and other fatty acid concentration in peanut seeds on 

aflatoxin production by A. flavus and to determine if linoleate level can be used to 

reliably predict aflatoxin production level.  

(3) To evaluate lines reported to be resistant to IVSCAF, FSCAF, and PAC by A. 

flavus for their ability to support aflatoxin production.   

(4) To test the stability of the resistance of peanut genotypes across multiple A. flavus 

and A. parasiticus strains on aflatoxin production and assess the nature of 

interactions, if any, between peanut genotype and Aspergillus strains.  

(5) To estimate genetic variances and heritability of a specific A. hypogaea population. 



 25

LITERATURE CITED 

 

Anderson, W. F., C. C. Holbrook, and T. B. Brenneman.  1993.  Resistance to 
Cercosporidium personatum within peanut germplasm.  Peanut Sci. 20:53-57.  

Anderson, W. F., C. C. Holbrook, D. M. Wilson, and M. E. Matheron.  1995.  Evaluation 
of preharvest aflatoxin contamination in several potentially resistant peanut 
genotypes.  Peanut Sci. 22:29-32. 

Anderson, W. F., C. C. Holbrook, and A. K. Culbreath.  1996.  Screening the peanut core 
collection for resistance to tomato spotted wilt virus.  Peanut Sci. 23:57-61. 

Azaizeh, H. A., R. E. Pettit, O. D. Smith, and R. A. Taber.  1989.  Reaction of peanut 
genotypes under drought stress to Aspergillus flavus and A. parasiticus.  Peanut Sci.  
16:109-113. 

Blankenship, P. D., R. J. Cole, and T. H. Sanders.  1985.  Comparative susceptibility of 
four experimental peanut lines and the cultivar Florunner to preharvest aflatoxin 
contamination.  Peanut Sci. 12:70-72.  

Burow, G. B., T. C. Nesbitt, J. Dunlap, and N. P. Keller.  1997.  Seed lipoxygenase 
products modulate Aspergillus mycotoxin biosynthesis.  Mol. Plant-Microbe 
Interact. 10:380-387.   

Calvo, A., L. Hinze, H. W. Gardner, and N. P. Keller, 1999.  Sporogenic effect of 
polyunsaturated fatty acids on Aspergillus spp. development.  Applied. Environ. 
Microbiol. 65:3668-3673. 

Cole, R. J., J. W. Dorner, and C. C. Holbrook.  1995.  Advances in mycotoxin 
elimination and resistance, pp. 456-474.  In H. E. Pattee and H. T. Stalker (eds.) 
Advances in Peanut Science.  Amer. Peanut Res. Educ. Soc., Stillwater, OK.  

Cotty, P. J.  1990.  Effect of aflatoxigenic strains of Aspergillus flavus on aflatoxin 
contamination of developing cottonseed.  Plant Disease 74:233-235. 

Dange, S. R. S., and S. R. Prasad.  1989.  Aflatoxin production on seeds of selected 
groundnut cultivars.  Bull. Grain Technol. 27:60-62. 

Davidson, J. I., Jr., R. A. Hill, R. J. Cole, A. C. Mixon, and R. J. Henning.  1983.  Field 
performance of two peanut cultivars relative to aflatoxin contamination.  Peanut Sci. 
10:43-47. 

Diener, U. L., and N. D. Davis.  1977.  Aflatoxin formation in peanuts by Aspergillus 
flavus.  Ala. Agric. Exp. Stn. Bull.  493. 49 pp 



 26

Doehlert, D. C., D. T. Wicklow, and H. W. Gardner.  1993.  Evidence implicating the 
lipoxygenase pathway in providing resistance to soybeans against Aspergillus flavus.  
Phytopathology 83:1473-1477.    

Dorner, J. W., R. J. Cole, and U. L. Diener.  1984.  The relationship of Aspergillus flavus 
and Aspergillus parasiticus with reference to production of aflatoxins and 
cyclopiazonic acid.  Mycopathologia 87:13-15.  

Dorner, J. W., R. J. Cole, T. H. Sanders and P. D. Blankenship.  1989.  Interrelationship 
of kernel water activity, soil temperature, maturity and phytoalexin production in 
preharvest aflatoxin accumulation of drought-stressed peanuts.  Mycopathalogia 
105:117-128. 

Dorner, J. W., and R. J. Cole.  2000.  Effect of application of nontoxigenic strains of 
Aspergillus flavus and A. parasiticus on subsequent aflatoxin contamination of 
peanuts in storage.  Proc. Amer. Peanut Res. Educ. Soc. 32:26 (abstr.).  

Fabbri, A. A., C. Fanelli, G. Panfili, S. Passi, and P. Fasella.  1984.  Lipoperoxidation and 
aflatoxin biosynthesis by Aspergillus parasiticus and A. flavus.  J. Gen. Microbiol. 
129:3447-3452. 

Gardner, H. W. 1995.  Biological roles and biochemistry of the lipoxygenase pathway.  
HortScience 30:197-205. 

Ghewande, M. P., G. Nagaraj, and P. S. Reddy.  1989.  Aflatoxin research at the National 
Research Center for Groundnut, pp. 237-243.  In D. McDonald and V. K. Mehan 
(eds.) Aflatoxin contamination of groundnut: Proc. Int. Workshop, 6-9 Oct. 1987, 
ICRISAT, Patancheru, A. P., India. 

Gorbet, D. W., and D. A. Knauft.  1997.  Registration of ‘SunOleic 95R’peanut.  Crop 
Sci. 37:1392.  

Gregory, W. C., M. P. Gregory, A. Kraporickas, B. W. Smith, and J. A. Yarbrough.  
1973.  Structures and genetic resources of peanuts, pp. 47-133.  In C. A. Wilson (ed.) 
Peanuts-Culture and Uses.  Amer. Peanut Res. Educ. Soc., Stillwater, OK. 

Gregory, W. C., and M. P. Gregory.  1976.  Groundnut, pp. 151-154.  In N. W. 
Simmonds (ed.) Evolution of Crop Plants, Longman Group Ltd., London. 

Gregory, W. C., A. Kraporickas, and M. P. Gregory.  1980.  Structure, variation, 
evolution and classification in Arachis, pp. 409-411.  In R. J. Summerfield and A. H. 
Bunting (eds.) Advances in Legume Sciences.  Royal Botanical Gardens, Kew, UK. 

Hesseltine, C. W., O. L., Shotwell, M. Smith, J. J. Ellis, E. Vandegraft and G. Shannon.  
1970.  Production of various aflatoxins by strains of the Aspergillus flavus series, pp. 



 27

202-210.  In M. Herzber (ed.)  Toxic Micoorganisms, UJNR and Dept. Interior U.S. 
Govt.  Printing Off., Washington, D. C. 490 pp. 

Holbrook, C. C., M. E. Matheron, D. W. Wilson, W. F. Anderson, M. E. Will, and A. J. 
Noden.  1994.  Development of a large-scale field screening system for resistance to 
preharvest aflatoxin contamination.  Peanut Sci. 21:20-22. 

Holbrook, C. C., D. M. Wilson, and M. E. Matheron.  1998.  Sources of resistance to 
preharvest aflatoxin contamination in peanut.  Proc. Amer. Peanut Res. Educ. Soc. 
30:54 (abstr.). 

Holbrook, C. C., P. Timper, and H. Q. Xue.  2000a.  Evaluation of the core collection 
approach for identifying resistance to Meloidogyne arenaria in peanut.  Crop Sci.  
40:1172-1175. 

Holbrook, C. C., C. K. Kvien, K. S. Rucker, D. W. Wilson, and J. E. Hook.  2000b.  
Preharvest aflatoxin contamination in drought tolerant and intolerant peanut 
genotypes.  Peanut Sci. 27:45-48. 

Holbrook, C. C., D. W. Wilson, M. E. Matheron J. E. Hunter, D. A. Knauft, and D. W. 
Gorbet.  2000c.  Aspergillus colonization and aflatoxin contamination in peanut 
genotypes with reduced linoleic acid composition.  Plant Disease 84:148-150. 

Holbrook, C. C.  2001.  Status of the Arachis germplasm collection in the United States. 
Peanut Sci. 28:84-89. 

Holbrook, C. C., and H. T. Stalker.  2003.  Peanut Breeding and Genetic Resources.  
Plant Breeding Reviews 22:297-344.   

International Agency for Research on Cancer.  1987.  IARC Monograph on the 
Evaluation of Carcinogenic Risk to Humans.  Supplement 1.  IARC, Lyon, France, 
pp. 82-87. 

Isleib, T. G., and J. C. Wynne.  1992.  Use of the plant introductions in peanut 
improvement, pp. 75-116.  In H. L. Shands and L. E. Weisner (eds.) Use of Plant 
Introductions in Cultivar Development, Part 2.  CSSA Special Publ., Madison. WI. 

Isleib, T. G., J. C. Wynne, and S. N. Nigam.  1994.  Groundnut breeding, pp. 552-623.  In 
J. Smartt (ed.) The Groundnut Crop: A Scientific Basis for Improvement.  Chapman 
and Hall, London. 

Isleib, T. G., C. C. Holbrook, and D. W. Gorbet.  2001.  Use of peanut introductions in 
peanut cultivar development.  Peanut Sci. 28:96-113. 

Jackson, C. R., and D. K. Bell.  1969.  Diseases of peanut (groundnut) caused by fungi.  
Georgia Agric. Exp. Sta. Res. Bull. 56. 137 pp. 



 28

Joffe, A. Z.  1969.  Aflatoxin produced by 1,626 isolates of Aspergillus flavus from 
groundnut kernels and soils in Israel.  Nature 221:492. 

Kisyombe, C. T., M. K. Beute, and G. A. Payne.  1985.  Field evaluation of peanut 
genotypes for resistance to infection by Aspergillus parasiticus.  Peanut Sci. 12:12-
17.  

Knauft, D. A., and D. W. Gorbet.  1989.  Genetic diversity among peanut cultivars.  Crop 
Sci. 29:1417-1422. 

Knauft, D. A., and J. C. Wynne.  1995.  Peanut breeding and genetics.  Adv. Agron. 
55:393-445. 

Knauft, D. A., K. M. Moore, and D. W. Gorbet.  1993.  Further studies on the inheritance 
of fatty acid composition in peanut.  Peanut Sci. 20:74-76.  

Krapovickas, A.  1969.  The origin, variability, and spread of the groundnut (Arachis 
hypogaea), pp. 427-440.  In R. J. Ucko and C. W. Dimbleby (eds.) The 
Domestication and Exploitation of Plant and Animals, Duckworth, London.  

Krapovickas, A., and W. C. Gregory.  1994.  Taxonomy of the genus Arachis 
(Leguminosae).  Bonplanda 8:1-186. 

Kushalappa, A. C., J. A. Bartz, and A. J. Norden.  1976.  Influence of the shell on the 
colonization of intact peanut (Arachis hypogaea L.) pods and seeds of different 
breeding lines by Aspergillus flavus, In  Proc Amer. Phytopath. Soc. 3:255 (abstr.).   

Lamb, M. C., and D. A. Sternitzke.  2001.  Cost of aflatoxin to the farmer, buying point, 
and sheller segments of the Southwest United State peanut industry.  Peanut Sci. 
28:59-63.   

Lancaster, M. C., F. P. Jenkins, and J. M. Philip.  1961.  Toxicity associated with certain 
samples of groundnuts.  Nature (London) 192:1095-1096. 

Lynch, R. E.  1990.  Resistance in peanut to major arthopod pests.  Florida Entomologist 
73:422-445. 

Mehan, V. K., and D. McDonald.  1980.  Screening for resistance to Aspergillus invasion 
and aflatoxin production in groundnuts.  ICRISAT, Groundnut Improvement 
Program Occasional Paper 2.  Patancheru, A. P., India.  15 pp. 

Mehan, V. K., D. McDonald, and R. W. Gibbons.  1982.  Seed colonization and aflatoxin 
production in groundnut genotypes inoculated with different strains of Aspergillus 
flavus.  Oléagineux 37:185:191.  



 29

Mehan, V. K., and D. McDonald.  1983.  Aflatoxin production in groundnut cultivars 
resistant and susceptible to seed invasion by Aspergillus flavus, pp. 221-226.  In  
Proc. Int. Symposium Mycotoxins, National Research Centre, Cairo, 6-8 Sept. 1981, 
Cairo, Eygpt. 

Mehan, V. K., and D. McDonald.  1984.  Research on the aflatoxin problem in groundnut 
at ICRISAT.  Plant Soil 79:255-260.  

Mehan, V. K., D. McDonald, and K. Rajagopalan.  1986a.  Varietal resistance in peanut 
to aflatoxin production.  Peanut Sci. 13:7-10.  

Mehan, V. K., D. McDonald, N. Ramakrishna, and J. H. Williams.  1986b.  Effects of 
genotype and date of harvest on the infection of peanut seed by Aspergillus flavus 
and subsequent contamination with aflatoxin. Peanut Sci. 13:46-50.  

Mehan, V. K., D. McDonald, and N. Ramakrishna.  1987.  Resistance of peanut 
genotypes to seed infection by Aspergillus flavus in field in India.  Peanut Sci. 
14:17-21. 

Mehan, V. K., A. Ba, and J. L. Renard.  1989.  Evaluation of groundnut genotypes for 
field resistance to seed infection by Aspergillus flavus and to aflatoxin 
contamination: Report of work done during May 1988-April 1989. Institut de 
Recherches pour les Huiles et  Oléagineux, Paris, 76 pp. 

Mehan, V. K.  1989.  Screening groundnuts for resistance to seed invasion by Aspergillus 
flavus and to aflatoxin production, pp. 323-334.  In D. McDonald and V. K. Mehan 
(eds.) Aflatoxin Contamination of Groundnut. Proc. Int. Workshop, 6-9 Oct. 1987, 
ICRISAT, Patancheru, A. P., India 

Mehan, V. K., D. McDonald, L. J. Haravu, and S. Jayanthi.  1991.  The groundnut 
aflatoxin problem review and literature database. ICRISAT, Patancheru, A. P., India.  

Mixon, A. C., and Rogers, K. M.  1973.  Peanut accessions resistant to seed infection by 
Aspergillus parasiticus.  Agron. J. 65:560-562.   

Mixon, A. C., and Rogers, K. M.  1975.  Registration of Aspergillus flavus resistant 
germplasms.  Crop Sci. 15:106.   

Mixon, A. C.  1976.  Peanut breeding strategy to minimize aflatoxin contamination.  
Proc. Amer. Peanut Rec. Educ. Soc. 8:54-58. 

Mixon, A. C.  1980.  Comparison of pod and seed screening methods on Aspergillus spp. 
infection of peanut genotypes.  Peanut Sci. 7:1-3. 

Mixon, A. C.  1983a.  Two peanut germplasm lines, GFA-1 and GFA-2.  Crop Sci. 
23:1020.   



 30

Mixon, A. C.  1983b.  Peanut germplasm lines, AR-1, -2, -3, and -4.  Crop Sci. 23:1021.  

Mixon, A. C.  1986.  Reducing Aspergillus species infection of peanut to seed using 
resistant genotypes. J. of Environ. Qual. 15:101-103. 

Moore, L. M., and D. A. Knauft.  1989.  The inheritance of high oleic acid in peanut.  J. 
Hered. 80, 252-253. 

Moseley, Y. C., H. B. Manbeck, G. L. Barnes, and G. L. Nelson.  1971.  Controlled 
atmosphere for short duration storage of peanuts before drying.  Trans. Amer. Soc. 
Agr. Eng. 14:206-210. 

Moss, J. P., V. Ramanatha Rao, and R. W. Gibbons.  1989.  Evaluating the germplasm of 
groundnut (Arachis hypogaea) and wild Arachis species at ICRISAT, pp. 212-224.  
In A. H. D. Brown, O. H. Frankel, D .R. Marshall, and J. T. Williams (eds.) The Use 
of Plant Genetic Resources, Cambridge Univ. Press, Cambridge. 

Ozias-Akins, P., and R. Gill.  2001.  Progress in the development of tissue culture and 
transformation methods applicable to the production of transgenetic peanut.  Peanut 
Sci. 28:123-131. 

Nagarajan, V., and R. V. Bhat.  1973.  Aflatoxin production in peanut varieties by 
Aspergillus flavus Link and Aspergillus parasiticus Speare.  Applied. Microbiol. 
25:319-321. 

Norden, A. J., D. W. Gorbet, D. A. Knauft, and C. T. Young.  1987.  Variability in oil 
quality among peanut genotypes in the Florida breeding program.  Peanut Sci. 14:7-
11. 

Passi, S., M. Nazzaro-Porro, C. Fanelli, A. A. Fabbri, and P. Fasella.  1984.  Role of 
lipoperoxidation in aflatoxin production.  Applied Microbiol. Biotechnol.  19:186-
190. 

Pattee, H. E., and J. A.  Singleton.  1977.  Isolation of isomeric hydroperoxides from the 
peanut lipoxygenase-linoleic acid reaction.  J. Amer. Oil. Chem. Soc. 54:183-185. 

Payne, G. A.  1998.  Process of Contamination by aflatoxin-producing fungi and their 
impact on crops, pp. 279-306.  In K. K. Sinha and D. Bhatnagar (ed.) Mycotoxins in 
Agriculture and Food Safety.  Marcel Dekker, Inc., New York, 

Pettit, R. E., R. A. Taber, O. D. Smith, and B. L. Jones.  1977.  Reduction of mycotoxin 
contamination in peanuts through resistant variety development.  Ann. Tech. Agric. 
27:343-351. 

Porter, D. M., D. H. Smith, and R. Rodriguez-Kabana (eds.).  1984.  Compendium of 
Peanut Diseases.  Amer. Phytopath. Soc., St. Paul, MN, 73 p.   



 31

Pua, A. R., and E. C. Medalla.  1986.  Screening for resistance to Aspergillus flavus 
invasion in peanut.  17th Anniversary and Annual Convention, Pest Control Council 
of the Philippines, 8-10 May, Iloila City, Philippines (abstr.).  

Rao, K. S., and P. G. Tulpule.  1967.  Varietal differences of groundnut in the production 
of aflatoxin.  Nature (London) 214:738-739. 

Rao, M. J. V., H. D. Upadhyaya, V. K. Mehan, S. N. Nigam, D. McDonald, and N. S. 
Reddy.  1995.  Registration of peanut germplasm ICGV 88145 and ICGV88104 
resistant to seed infection by Aspergillus flavus.  Crop Sci. 35:1717. 

Rao, M. J. V., S. N. Nigam, V. K. Mehan, and D. McDonald.  1989.  Aspergillus flavus 
resistance breeding in groundnut: progress made at ICRISAT Center, pp. 345–355.  
In D. McDonald and V. K. Mehan (eds.) Aflatoxin Contamination of Groundnut.  
Proc. Int. Workshop, 6-9 October 1987, ICRISAT, Patancheru, A. P., India. 

Sands, D. W.  1982.  Peanut marketing, pp. 737-753.  In H. E. Pattee and C. T. Young 
(eds.) Peanut Science and Technology.  Amer. Peanut Res. Educ. Soc., Yoakum, TX.  

Schroeder, H. W., and R. A. Boller.  1973.  Aflatoxin production of species and strains of 
Aspergillus flavus group isolated from field crops.  Applied. Microbiol.  25: 885-
889. 

Singh, A. K., V. Ramanatha Rao, and M. H. Mengesha.  1992.  Groundnut genetic 
resources: Progress and prospects, pp. 297-309.  In S. N. Nigam (ed.) Groundnut - A 
Global Perspective.  Proc. Int. Workshop, 25-29 Nov. 1991.  ICRISAT, A. P., India. 

Singh, A. K., and C. E. Simpson.  1994.  Biosystematics and genetic resources, pp. 96-
137.  In J. Smartt (ed.) The Groundnut Crop: A Scientific Basis for Improvement.  
Chapman and Hall, London. 

Smith J. S.  1989.  Aflatoxin management in the warehouse.  Proc. Amer. Peanut Res. 
Educ. Soc. 21:63 (abstr.). 

Smith, O. D., C. E. Simpson, W. J. Grihar, and H. A. Melouk.  1991.  Registration of 
‘Tamspan’ 90 peanut. Crop Sci. 31:1711. 

Stalker, H. T.  1992.  Utilization Arachis germplasm resources, pp. 281-295.  In S. N. 
Nigam (ed.) Groundnut-A Global Perspective.  Proc. Int. Workshop, 25-29 Nov. 
1991.  ICRISAT, A. P., India. 

Stalker, H. T., and C. E. Simpson.  1995.  Germplasm resources in Arachis, pp. 14-53.  In 
H. E. Pattee and H. T. Stalker (eds.) Advances in Peanut Science.  Amer. Peanut 
Res. Educ. Soc., Stillwater, OK. 



 32

Stoloff, L., H. P. van Egmond, and D. L. Park.  1991.  Rationales for the establishment of 
limits and regulations for mycotoxins.  Food Addit. Contam. 8:213-222. 

Subrahmanyam, P., A. M. Ghanekar, B. L. Knolt, D. V. R. Reddy, and D. McDonald.  
1985.  Resistance to groundnut diseases in wild Arachis species, pp. 49-55.  In J. P. 
Moss (ed.) Proc. Int. Workshop on Cytogenetics of Arachis, 31 Oct.-2 Nov. 1983.  
ICRISAT, Patancheru, A. P., India. 

Sun, Z. R., S. X. Yu, and X. W. Mao.  1979.  The history of peanut cultivation in China 
and a discussion of the origin of cultivated peanut.  China Agric. Sci. 1979(3). [In 
Chinese]. 

Thakur, R. P., V. P. Rao, S. V. Reddy, and M. Ferguson.  2000.  Evaluation of wild 
Arachis germplasm accessions in vitro seed colonization and aflatoxin production by 
Aspergillus flavus.  Int. Arachis Newslet.  20:44-46. 

Tsai, A. H., and C. C. Yeh.  1985.  Study on aflatoxin contamination and screening for 
disease resistance in groundnuts.  J. Agric. Res. China.  34:79-86. 

Upadhyaya, H. D., S. N. Nigam, V. K. Mehan, and J. M. Lenne.  1997.  Aflatoxin 
contamination of groundnut: prospects of a genetic solution through conventional 
breeding, pp. 81-85.  In V. K. Mehan, and C. L. L. Gowda (eds.) Aflatoxin 
Contamination Problems in Groundnut in Asia:  Proceeding of the First Asia 
Working Group Meeting, 27-29 May 1996, Ministry of Agriculture and Rural 
Development, Hanoi, Vietnam. ICRISAT, Patancheru, A. P., India.  

Upadhyaya, H. D., S. N. Nigam, V. K. Mehan, A. G. S. Reddy, and N. Yellaiah.  2001.  
Registration of Aspergillus flavus seed infection resistant peanut germplasm ICGV 
91278, ICGV 91283, and ICGV 91284.  Crop Sci. 41:559–600. 

Upadhyaya, H. D., M. E. Ferguson, and P. J. Bramel.  2001.  Status of the Arachis 
germplasm collection at ICRISAT.  Peanut Sci. 28:89-96. 

Utomo, S. D., W. F. Anderson, J. C. Wynne, M. K. Beute, W. F. Hagler, Jr., and G. A. 
Payne.  1990.  Estimates of heritability and correlation among three mechanisms of 
resistance to Aspergillus parasiticus in peanut.  Proc. Amer. Peanut Res. Educ. Soc. 
22: 26 (abstr.). 

Waliyar, F., and A. Bockelee-Morvan.  1989.  Resistance of groundnut varieties to 
Aspergillus flavus in Senegal, pp. 305-310.  In D. McDonald and V. K. Mehan (eds.) 
Aflatoxin Contamination of Groundnut, Proc. Int. Workshop, 6-9 Oct. 1987.  
ICRISAT Patancheru, A. P., India. 

Wilson, D. M., and D. K. Bell.  1984.  Aflatoxin production by Aspergillus flavus and A. 
parasiticus on visibly sound rehydrated peanut, corn and soybean seed.  Peanut Sci. 
11:43-45. 



 33

Wilson, D. M.  1995.  Management of mycotoxins in peanut, pp. 87-92.  In H. A. Melouk 
and F. M. Shokes (eds.) Peanut Health Management.  APS Press, St. Paul, MN. 

Wilson, D. A., and E. Jay. 1976. Effect of controlled atmosphere storage on aflatoxin 
production in high moisture peanuts (groundnuts).  J. Stored Prod. Res. 12:97-100. 

Wilson, D. M., A. C. Mixon, and J. M. Troeger.  1977.  Aflatoxin contamination of 
peanuts resistant to seed invasion by Aspergillus flavus.  Phytopathology 67:922-
924. 

Wynne, J. C., M. K. Beute, and S. N. Nigam.  1991.  Breeding for resistance in peanut 
(Arachis hypogaea).  Ann. Rev. Phytopath. 29:279-303. 

Xue, H. Q., and T. G. Isleib.  2002.  Genetic relationships among peanut cultivars and 
breeding lines in Shandong province, PRC.  Peanut Sci.  29:95-101. 

Zambettakis, C., F. Waliyar, A. Bockelee-Morvan, and O. de Pins.  1981.  Results of four 
years of research on resistance of groundnut varieties to Aspergillus flavus.  
Oléagineux 36:377-385. 

Zambettakis, C. 1975.  Study of the contamination of several varieties of groundnut by 
Aspergillus flavus.  Oléagineux 30: 161-167. 

Zeringue, H. J. Jr., R. L. Brown, J. N. Neucere, T. E. Cleveland.  1996.  Relationships 
between C6-C12 alkanal and alkenal volatile contents and resistance of maize 
genotypes to Aspergillus flavus and aflatoxin production.  J. Agric. Food Chem. 
44:403-407. 



 34

Table 1.  Sources of resistance to Aspergillus flavus or A. parasiticus [based on Isleib et al. (1994)]. 
Source  Type of Country  
of resistance PI Number resistance where used Reference 

1-4   IVSCAF India Ghewande et al., 1989 

1-7  IVSCAF India Ghewande et al., 1989 

55-457 360862 FSCAF Senegal Wilier and Bockelee-Morvan, 1989 

 363058   Zambettakis et al., 1981 

 407492 IVSCAF Senegal  Zambettakis et al., 1981 

73-30  FSCAF Senegal  Waliyar and Bockelee-Morvan, 1989 

    Zambettakis et al., 1981 

  IVSCAF Senegal  Zambettakis et al., 1981 

73-33  FSCAF Senegal Waliyar and Bockelee-Morvan, 1989 

    Zambettakis et al., 1981 

  IVSCAF Senegal  Zambettakis et al., 1981 

A. cardenasii  AP India Ghewande et al., 1989 

  IVSCAF India Ghewande et al., 1989 

A. duranensis  AP India Ghewande et al., 1989 

  IVSCAF India Ghewande et al., 1989 

A. pusilla 497572 IVSCAF & AP India Thakur et al,. 2000 

A. chiquitana 476004 IVSCAF & AP India Thakur et al,. 2000 

A. triseminata 338449 IVSCAF & AP India Thakur et al,. 2000 

A. triseminata ICG 14875 IVSCAF & AP India Thakur et al,. 2000 

Acc 63  IVSCAF Philippines Pua and Medalla, 1986 

Ah 6487 590327 IVSCAF China Tsai and Yeh, 1985 

Ah 7223 590343 FSCAF India Mehan et al., 1986b, 1987 

  IVSCAF India Mehan and McDonald, 1980 

    Ghewande et al., 1989 

AR-1 565480 IVSCAF USA Mixon, 1983b 

AR-2 565481 IVSCAF USA Mixon, 1983b 

AR-4 565483 IVSCAF USA Mixon, 1983b 

Basse 229553/298858 IVSCAF China Tsai and Yeh, 1985 

C 116(R) 590295 IVSCAF China Tsai and Yeh, 1985 

C 184 590299 IVSCAF China Tsai and Yeh,1985 

Celebes  IVSCAF Philippines Pua and Medalla, 1986 

CES 48-30  IVSCAF Philippines Pua and Medalla, 1986 

CGC 7  IVSCAF India Ghewande et al., 1989 

CGC 2  IVSCAF India Ghewande et al., 1989 

Darou IV  Pod infection Senegal  Zambettakis et al., 1981 

IVSCAF =  In vitro seed colonization by A. flavus. 

FSCAF = Field seed colonization by A. flavus. 

AP = Aflatoxin production. 
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Table 1. Continued. 
Source  Type of Country  
of resistance PI Number resistance where used Reference 

F-7  IVSCAF China Tsai and Yeh, 1985 

Faizpur 590321 IVSCAF India Mehan and McDonald, 1980 

GE 652  IVSCAF China Tsai and Yeh, 1985 

GFA -1 565478 IVSCAF USA Mixon, 1983a 

GFA -2 565479 IVSCAF USA Mixon, 1983a 

J 11  FSCAF India Mehan et al., 1986b, 1987 

  IVSCAF India Mehan and McDonald, 1980 

    Ghewande et al., 1989 

   USA Kisyombe et al., 1985 

M 395  590300 IVSCAF China Tsai and Yeh, 1985 

Maria-B 590284 IVSCAF China Tsai and Yeh, 1985 

Monir 240-30 590325 IVSCAF India Mehan and McDonald, 1980 

NC 449  IVSCAF China Tsai and Yeh, 1985 

NC 482  IVSCAF China Tsai and Yeh, 1985 

PI 196621   IVSCAF China Tsai and Yeh, 1985 

PI 196626  IVSCAF China Tsai and Yeh, 1985 

PI 337394F  FSCAF India Mehan et al., 1986b, 1987 

   Senegal  Waliyar and Bockelee-Morvan, 1989 

     Zambettakis et al., 1981 

  IVSCAF India Mehan and McDonald, 1980 

   Senegal  Zambettakis et al., 1981 

   U.S.A. Mixon and Rogers, 1973, 1975 

Rosado 337409 FSCAF Senegal  Zambettakis et al., 1981 

  IVSCAF India Mehan and McDonald, 1980 

   Senegal  Zambettakis et al., 1981 

   U.S.A. Kisyombe et al., 1985 

    Mixon and Rogers, 1973, 1975 

   Senegal  Waliyar and Bockelee-Morvan, 1989 

RMP 12 443080 IVSCAF China Tsai and Yeh, 1985 

Roxo (Sal)  IVSCAF China Tsai and Yeh, 1985 

S 230  IVSCAF India Ghewande et al., 1989 

Shulamith  Pod infection Senegal Zambettakis, 1975 

Sp. 218  IVSCAF China Tsai and Yeh, 1985 

Sp.424  IVSCAF China Tsai and Yeh, 1985 

U4-47-7 362144 FSCAF India Mehan et al., 1986b, 1987 

  IVSCAF India Mehan and McDonald, 1980 

U4-7-5  AP India Mehan et al., 1986a 

U4-7-3 590353    
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Table 1. Continued. 
Source  Type of Country  
of resistance PI Number resistance where used Reference 

U4-7-25 590331    

U4-47-2 590332    

UF 71513 590374 FSCAF India Mehan et al., 1986b, 1987 

  IVSCAF India Mehan and McDonald, 1980 

  IVSCAF U.S.A. Bart et al., 1978 

UPL Pn4  IVSCAF Philippines Pua and Medalla, 1986 

Var 27 590352 IVSCAF India Mehan and McDonald, 1980 

VRR 245  AP India Mehan et al., 1986a 

ICGV 88145  585006 FSCAF India Rao et al., 1995 

ICGV 89104 585007 FSCAF India Rao et al., 1995 

ICGV 91278 614083 FSCAF India Upadhyaya et al., 2001 

ICGV 91283 614084 FSCAF India Upadhyaya et al., 2001 

ICGV 91284 614085 FSCAF India Upadhyaya et al., 2001 
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ABSTRACT 

Xue, H. Q., Isleib, T. G., Payne, G. A., Wilson, R. F., Novitzky, W. P., and OBrian, G.  

2003. Comparison of aflatoxin production in normal- and high-oleic backcross-derived 

peanut lines.  Plant Dis. D-2003-0915-02R. 

 

The effect of the high-oleate trait of peanut on aflatoxin production was tested by 

comparing normal oleic lines with high-oleic backcross-derived lines.  Seeds were 

blanched, quartered and inoculated with Aspergillus flavus conidia, placed on moistened 

filter paper in petri dishes, and incubated for 8 days.  In one experiment, dishes were 

stacked in plastic bags in a Latin square design with bags and positions in stacks as 

blocking variables.  High-oleic lines averaged nearly twice as much aflatoxin as normal 

lines.  Background genotype had no significant effect on aflatoxin content and interaction 

between background genotype and oleate level was not detected.  In a second experiment, 

dishes were arranged on plastic trays enclosed in plastic bags and stacked with PVC 

spacers between trays.  Fungal growth and aflatoxin production were greater than in the 

first experiment.  Effect of background genotype, oleate level, and their interaction were 

significant.  The mean of high-oleic lines was almost twice that of normal lines, but the 

magnitude of the difference varied with background genotype.  Special care should be 

taken with high-oleic lines to prevent growth of Aspergillus spp. and concomitant 

development of aflatoxin contamination.   

Key words: Arachis hypogaea L., Aspergillus flavus Link ex Fries.   
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Aflatoxin contamination of peanut (Arachis hypogaea L.) results from growth of 

toxigenic strains of Aspergillus flavus Link ex Fries and A. parasiticus Speare.  

Reduction of aflatoxin contamination of peanuts grown and sold in the U.S.A. remains a 

high priority of the U.S. peanut industry.  Practices recommended to prevent aflatoxin 

contamination (21) include maintenance of near-optimum water relations in the crop 

through irrigation; control of pod- and seed-feeding insects; optimal timing of digging 

and harvest; avoidance of mechanical damage during cultivation, harvest and post-

harvest handling; rapid post-harvest drying; and maintenance of low temperature and 

relative humidity (RH) in storage.  In spite of these precautions, damage and 

contamination can still occur.  Resistant cultivars would be an effective and low-cost 

component of an integrated aflatoxin management program.  Four types of resistance to 

Aspergillus have been identified: resistance to in vitro seed colonization, resistance to 

field seed colonization; resistance to preharvest aflatoxin contamination, and resistance to 

aflatoxin production.   

Mixon and Rogers (15) proposed that peanut cultivars resistant to seed colonization 

by toxigenic Aspergillus species would be an effective means of reducing aflatoxin 

contamination.  Mixon (10,11,12,13,14) released germplasm lines and one cultivar, 

Sunbelt Runner, exhibiting this characteristic.  Likewise, scientists at the International 

Crops Research Institute for the Semi-Arid Tropics (ICRISAT) screened large numbers 

of lines for resistance to in vitro seed colonization by A. flavus (IVSCAF), and IVSCAF-

resistant improved lines have been developed and released (9).  However, several 

concerns about the utility of IVSCAF resistance have been raised in the U.S.A.  Lines 

reported to be IVSCAF-resistant were found to exhibit as much as or more preharvest 
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contamination than IVSCAF-susceptible cultivars (2) and to develop more aflatoxin 

contamination under storage at high RH (22).  The apparent failure of IVSCAF resistance 

to hold up under field conditions has prompted the U.S. peanut industry to seek 

germplasm with resistance to preharvest aflatoxin contamination for the past 10 years.  

Because of this emphasis, there has been little effort expended in identifying genotypes 

that support reduced levels of aflatoxin production when subjected to post-harvest 

conditions highly conducive to fungal growth and aflatoxin synthesis.   

Linoleic acid has been variously reported to stimulate or inhibit production of 

aflatoxin via lipoxygenase activity in vitro (1,3,4,5).  Fabbri et al. (4) observed that 

aflatoxin production is increased by lipoperoxides of polyunsaturated fatty acids.  On the 

contrary, Doehlert et al. (3) reported that addition of either lipase, linoleic or linolenic 

acid to the soybean homogenate inhibited germination of A. flavus conidia whereas oleic 

acid had no effect compared to untreated homogenates.  Zeringue et al. (24) found that 

inhibition of aflatoxin production by volatile compounds emitted by ground corn (Zea 

mays L.) kernels was associated with elevated levels of linoleic acid in their seed oil.   

Interest in the fatty acid composition of seed oil in peanut was due originally to its 

role in flavor and shelf life (17).  Researchers at the University of Florida discovered a 

natural variant with an elevated level of oleic acid and a correspondingly reduced level of 

linoleic acid.  This trait improves the oxidative stability of the oil and extends the shelf 

life of products made from high-oleic peanuts.  Current objectives of all U.S. peanut 

breeding programs include development of cultivars with elevated levels of oleic acid and 

depressed levels of linoleic acid. The first high-oleic cultivar was released in 1995 (6); 

numerous others have been released since 1995 or are currently under development.  
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There is a strong negative correlation between levels of oleate and linoleate in peanut 

genotypes.  In this paper we will refer to the “high-oleic” trait because that is the 

common term in the peanut industry, but the reader should be aware that the trait could as 

easily be called the “low-linoleate” trait.   

Because linoleate has been reported to affect the production of aflatoxin in vitro, 

there has been speculation that high-oleic peanuts would accumulate aflatoxin at levels 

different from normal-oleic peanuts.  The only published work in this area was by 

Holbrook et al. (7) who reported no difference between the two fatty acid types in 

preharvest aflatoxin contamination measured on field-grown seeds.  The objective of this 

study was to evaluate the influence of the high-oleate trait on the ability of peanuts to 

support post-harvest production of aflatoxin under laboratory conditions favoring fungal 

growth and aflatoxin development.   

MATERIALS AND METHODS 

High-oleic peanut lines (Table 1) were developed by backcrossing the genes from 

University of Florida mutant line F435 (16) into eight large-seeded virginia cultivars:  

NC 7, NC 9, NC 10C, NC-V 11, NC 12C, Gregory, VA-C 92R, and VA 93B.  High-oleic 

lines were selected after two, three, or four backcrosses to the cultivar.  Lines were 

evaluated in two tests using different experimental designs and incubation methods.   

For Test 1, 100 sound mature kernels (SMK) of each of five high-oleic lines produced 

under irrigation in the 1999 crop season (lines derived from NC 7, NC 9, NC 10C, NC-V 

11, and VA-C 92R) were assayed for fatty acid profile using the technique of Zeile et al. 

(23).  Samples were extracted for 12 hr in 1ml of solvent (chloroform: hexane: methanol, 

8:5:2 vol:vol:vol) in stoppered test tubes. Fatty acid methyl esters of the lipid extracts 
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were prepared using sodium methoxide.  The samples were analyzed by gas 

chromatography using an HP 5890 Series II GC (Agilent Technologies, Inc., 2850 

Centerville Rd., Wilmington, DE 19808) equipped with an AT-Silar 30m × 0.53mm 

column (same source).  Operating conditions were 1µl injection volume, a 20:1 split 

ratio, and He carrier gas flow of 6 ml min-1.  Temperatures were 250 C, 200 C, and 275 C 

for the injector, oven and FID, respectively.  Chromatograms were analyzed using HP 

ChemStation software.   

Fifty high-oleic seeds (average oleate 810±14 g kg-1, linoleate 34±1 g kg-1) were 

chosen from each backcross-derived line for use in the experiment as were 50 normal-

oleic (average oleate about 580 g kg-1, linoleate 280 g kg-1) SMK of the cultivars grown 

in 1999.  Thus there were five pairs of normal- and high-oleic lines, each pair with a 

distinct background genotype. To avoid problems due to prior contamination of seeds 

with aflatoxin, all seeds used in the tests were visually inspected for apparent freedom 

from fungal colonization either on the seed surface or within the lumen.  Seeds were not 

assayed for aflatoxin content prior to conducting the bioassay.   

Five seeds were chosen at random from a particular line for each experimental unit.  

The cotyledons of each seed were separated to permit the seed to rest without rolling.  

The testa was removed from each seed half to eliminate the potential barrier to A. flavus 

growth.  Because many cotyledons of the high-oleic lines cracked at the point where 

tissue was sampled for fatty acid analysis, each unbroken cotyledon was cut 

perpendicularly to the main axis of the seed into two roughly equal parts or “seed 

quarters.”  The 20 quarters were surface-sterilized by immersion in a 0.525% (vol:vol) 

sodium hypochlorite solution (10% vol:vol commercial bleach) for 3 min followed by a 
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rinse in approximately 20 ml of sterile water.  The sample was then placed on the surface 

of four sheets of sterile filter paper moistened with 5 ml sterile water in a 10 cm plastic 

petri dish.  Each piece was inoculated with 25 µl of a suspension containing 

approximately 1×106 conidia per ml of A. flavus strain NRRL 3357 (National Center for 

Agricultural Utilization Research, Peoria, IL).  Groups of 10 samples were stacked, 

enclosed in plastic bags to prevent desiccation and placed in an incubator at 28ºC.  The 

five pairs of lines were tested in a 10×10 Latin square experimental design; each line 

appeared once in each bag of 10 units, and once at each position.  Samples were checked 

for desiccation on the second day of incubation, and 1 ml of sterile water was added to 

each to keep the filter paper near saturation.  After 8 days, samples were removed from 

the incubator and rated separately for mycelial growth, green color, and development of 

“fluffy” colonies on a proportional scale of 0 (no growth, green color, or fluffy colonies) 

to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-

point increments.  These growth-related characteristics were found in previous 

methodological studies (data not shown) to be related to aflatoxin production levels, 

particularly at rating levels below 5.   

In Test 2, 25 seeds of each of eight high-oleic lines (average oleate 814±14 g kg-1, 

average linoleate 29±7 g kg-1) and eight corresponding normal lines were used in the test.  

The seeds were field-grown under irrigation in the 2000 crop season.  Sample preparation 

and inoculation procedures were the same as for Test 1, but the eight pairs of lines were 

tested in a balanced 4×4 square lattice design with 5 replicates.  The incubation procedure 

was altered as follows.  The 16 petri dishes in each replicate were arranged in a single 

layer on a plastic tray in four rows and four columns with columns as blocks. The trays 
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were then enclosed individually in large plastic bags.  The five trays were stacked in the 

incubator.  Short sections of PVC pipe were inserted between adjacent trays in the stack 

to bear the weight and avoid downward pressure on the petri dishes’ lids.  The trays were 

rotated in vertical position each of the 8 d of incubation at 28ºC.   

Following incubation, samples were dried for 1 day at 60ºC and for another 3 days 

at 40ºC, then ground to a friable meal in a coffee mill and stored in scintillation vials until 

analyzed for aflatoxin content by high-pressure liquid chromatography in the NCSU 

Mycotoxin Lab in the Dept. of Poultry Science.  Aflatoxin was extracted from a 2 g 

ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 ratio of extractant volume to 

sample weight.  The extract was purified using a Mycosep 224 column (Romer Labs, 

Union, MO).  Aflatoxin was measured by fluorescence high performance liquid 

chromatography as the post-column-generated bromide derivative (19, 20).  Aflatoxins 

B1, B2, G1, G2 and total aflatoxin were measured.  Aflatoxin data were log-transformed 

[Y´=ln(Y+0.5)] to stabilize error variance and subjected to analysis of variance as a Latin 

square design (Test 1) or rectangular lattice design (Test 2) using the general linear model 

procedure (PROC GLM) of SAS version 8.2 (SAS Institute, Cary, NC).  Data from 

incomplete block design were reanalyzed as randomized complete block design when 

block effect was not significant.  Treatment means were separated by Fisher’s protected t-

test.  To present values in parts per billion, means of the transformed data were “back-

transformed” with the adjusted inverse of the transformation function 

)eY( )2/s('Y 2
'Y+= where 2

'Ys  was the error mean square of the transformed variable (8).   
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RESULTS AND DISCUSSION 

Means for both untransformed and transformed aflatoxin values are presented 

because, although the log transformation resulted in lower coefficients of variation and 

greater precision of comparison, regulatory agencies do not perform such transformations 

prior to calculating mean aflatoxin content in samples taken from peanuts in trade.  There 

were some discrepancies in rank between means of untransformed data and back-

transformed values of means of transformed data.  The latter were generally lower than 

the former.   

Although it would not be possible to assert with complete confidence that none of 

the peanut samples had any aflatoxin contamination prior to conducting the experiment, 

there is indirect evidence that a priori contamination was not a problem.  None of the 

seeds used for the test had any visibly obvious fungal colonization either on the exterior 

surface of the seed or within the lumen between cotyledons.  There was no aflatoxin G1 

or G2 detected in any sample, indicating that there was no contamination due to A. 

parasiticus.  All seeds were produced in irrigated fields, minimizing the risk of 

preharvest aflatoxin contamination.   

Test 1.  Pronounced position effects were observed in growth and color of 

mycelium in stacked experimental units with the most vigorous growth and darkest color 

developing in the upper units.  Fungal growth and color development appeared to be 

depressed in the lower units.  We observed that the petri dishes at lower levels became 

sealed shut because of the weight of the dishes on top of them.  This may have resulted in 

insufficient air supply in the lower dishes.  There was weak to moderate positive 

correlation (0.395≤r≤0.712) of the growth-related ratings for mycelial growth and color 
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with aflatoxin contents (raw or transformed data).  Inspection of the data on individual 

experimental units showed that units with growth or color ratings less than 5 had low 

aflatoxin production levels while those with ratings greater than 5 exhibited a range of 

aflatoxin production from low to high.  Position effects were detected (P<0.0001) for all 

traits rated or measured (Table 2).  In each case, means were greater for units higher in 

the stack and less for units lower in the stack (data not shown), justifying the use of the 

Latin square design.  Bag effects were detected for growth score (P=0.036), transformed 

aflatoxin B1 (P=0.026), and transformed total aflatoxin (P=0.026).  Effects of 

background genotype were detected for growth score (P=0.049), and for the transformed 

values of aflatoxins B1 (P=0.036), B2 (P=0.023), and their total (P=0.034).  Oleate level 

had no effect on growth, color or development of fluffy colonies, but did influence 

(P<0.05) contents of aflatoxins B1 and B2 and total aflatoxin whether transformed or not.  

No interaction between background genotype and oleate level was detected for any trait.   

Examining the back-transformed aflatoxin contents (Table 3), the accumulation of 

toxins in the five background genotypes occurred in the following order:  NC 7, VA-C 

92R, NC-V 11, and NC 9 and NC 10C which were very close in value to each other.  

Mean content of each aflatoxin form was greater in the high-oleic variants (Table 4).  

Averaged across all background genotypes, there was nearly a twofold increase in 

aflatoxin B1, B2, and total aflatoxin in the high-oleic lines compared with the normal 

lines.  The increase was apparent in both untransformed and back-transformed data.   

Although the interaction between background genotype and oleate level was not 

statistically significant (Table 2), the variance among high-oleic lines was substantially 

greater than that among normal lines for all three aflatoxin components (6,240,727 vs. 
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841,856 ppb2 for aflatoxin B1, 9350 vs. 682 ppb2 for aflatoxin B2, and 6,730,233 vs. 

886,881 ppb2 for total aflatoxin).  Two-tailed F-tests of the variances were not significant 

for any component in spite of the up to eight-fold difference in magnitude.  Differences 

between the high- and normal-oleic members of individual pairs were not consistent 

across background genotypes.  The difference was greatest in the VA-C 92R background, 

followed by NC 9.  In the NC-V 11 background, the normal line actually produced 

slightly more aflatoxins B1 and B2 than the high-oleic line (data not shown).   

Test 2.  The use of trays separated by plastic spacers to relieve any down-pressure 

on petri dishes at lower levels resulted in better growth, more uniform color development, 

fewer fluffy colonies, and higher levels of aflatoxin production than did use of stacked 

petri dishes (Table 5).  The coefficient of variation was reduced for all traits.  Because of 

the increase in precision achieved with this technique, more effects were detected in Test 

2.  The effects of background genotype, oleate level, and their interaction were significant 

(P<0.0415) for growth and color scores and for all components of aflatoxin, 

untransformed or transformed except the effect of interaction between background 

genotype and oleate level on untransformed aflatoxin B2.  Fluffy colony scores were 

affected only by tray.   

The order of background genotypes in accumulating aflatoxins was dependent on 

whether or not the data were log transformed (Table 6).  The ordering was not consistent 

with that found in Test 1, although seeds of NC 7 were again the most contaminated.  In 

general, NC 7 and NC 12C had high levels, VA-C 92R and VA 93B had the lowest 

levels, and the other genotypes were intermediate.   
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As was found in Test 1, the high-oleic trait increased aflatoxin contamination across 

genotypes.  On average, the increase was again nearly twofold (Table 7), but there were 

detectable differences in the amount of increase depending on the background genotype.  

This variation in difference produced the observed interaction (Table 5).  The magnitude 

of the difference between high- and normal-oleic lines ranged from 21 to 244% for 

untransformed aflatoxin B1 (13 to 330% for back-transformed values), 48 to 367% for 

untransformed aflatoxin B2 (47 to 502% for back-transformed values), and 22 to 247% 

for untransformed total aflatoxin (14 to 333% for back-transformed values).  The 

increases were not significant for several aflatoxin components in NC 7, the background 

genotype with the greatest average levels of contamination, and in VA 93B, a 

background genotype with relatively low average contamination in this study.  There 

were two cases of inconsistency in the results using transformed versus untransformed 

data.  In the NC 7 background, untransformed aflatoxin B2 was higher (1734 vs 1098 

ppb, P=0.021) in the high-oleic line than in the normal while the difference was not 

significant in the transformed data.  In the VA 93B background, the converse was 

observed where the difference was significant (P=0.007) when using transformed data but 

not when using untransformed data.  These are minor inconsistencies when viewed in the 

overall context of the study.  In no case in Test 2 was aflatoxin contamination 

numerically lower in the high-oleic line than in the corresponding normal-oleic line.   

The high-oleic lines had increased ability of support production of aflatoxin.  It 

should be reiterated that the increase in oleate level associated with the so-called “high-

oleic” trait of peanut is achieved by a corresponding reduction in the level of linoleate, 

the fatty acid reported to affect aflatoxin production.  The extent to which high-oleate 
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peanuts may be predisposed to aflatoxin contamination may be modulated by other 

genotypic factors.  These differences could be caused by epistatic interaction between the 

genes conditioning the high-oleic trait and other genes in the background genotype, or 

they could be the result of linkage between the high-oleate gene and the gene or genes 

influencing aflatoxin production.  It is not possible to differentiate between the two 

possibilities using the data collected in this study.  It should be possible to differentiate 

them by studying high-oleic lines developed by mutagenesis rather than by backcrossing.   

Under field conditions, Holbrook et al. (7) found that low linoleic acid level had no 

measurable effect on preharvest aflatoxin contamination, and proposed that reducing 

linoleic fatty acid concentration does not appear to be a viable approach toward reducing 

preharvest aflatoxin contamination in peanut.  The results of our study may appear to be 

inconsistent with those of Holbrook et al., but there were two fundamental differences in 

the methods employed in the two studies.  First, Holbrook et al. (7) monitored preharvest 

aflatoxin contamination in seeds from normal- and high-oleic plants inoculated in the 

field and deliberately subjected to drought stress while we examined the effect of the 

high-oleic trait on post-harvest contamination in seeds under laboratory conditions 

chosen to favor fungal growth and aflatoxin synthesis.  The results of the two studies are 

not directly comparable.  Results of our investigation are applicable to seeds in storage.  

Second, Holbrook et al. compared an array of high-oleic lines with two checks, including 

the standard cultivar Florunner and the multiply disease-resistant germplasm line Tifton 

8.  Their contrast between genotypes confounded the high-oleic trait with numerous other 

genetic differences.  We compared pairs of lines with nearly the same background 

genotypes, one member of the pair with normal oleate level and the other with the high-
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oleate trait.  This pairing helps separate the effect of background genotype from that of 

contribution of the fatty acid profile. 

Results from these studies have important implications for post-harvest handing and 

storage in peanuts.  Because these data suggest increased ability of high-oleic lines to 

support aflatoxin production during storage, it is critical for growers, shellers, and 

processors to take all precautions to prevent growth of Aspergillus spp. in cultivars of this 

type.  These data also support the importance of developing high-oleic lines with 

background genotypes that have reduced ability to support aflatoxin production to offset 

the increased susceptibility conditioned by the high-oleic trait.    
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Table 1. Pedigrees of high-oleic lines developed by back-crossing the Florida high-oleic genes into large-seeded Virginia-type 
cultivars.   

Line Genotype Background Parentage a Pedigree b 

N00091ol NC 7 NC 7*5 / F435 BC4F1-03-11: F04 

N00092ol NC 9 NC 9*5 / F435 BC4F1-01-03: F04 

N00083ol NC 10C NC 10C*4 / F435 BC3F1-01-22: F05  

N00087ol NC-V 11 NC-V 11*4/ F435 BC3F1-02-01: F05  

N00089ol VA-C 92R VA-C 92R*4 / F435 BC3F1-01-10: F05 

N00095ol NC 12C NC 12C*3 // NC 9*2 / F435 BC2F1-01-01: F04 

N00098ol Gregory Gregory*3 // NC 9*2 / F435 BC2F1-01-03: F04 

N00102ol VA 93B VA 93B*3 // NC-V 11*2 / F435 BC2F1-02-11: F04 
a Purdy et al.’s (18) method for illustrating parentage is used.   
b Pedigrees indicate the BCnF1 and BCnF2 plants selected and the current generation of the test material.    

Table 2. Mean squares from analysis of variance of five near-isogenic pairs of normal- and high-oleic peanut lines.   
     Afla-  Afla-  Afla- 
  Growth Color Fluffy toxin ln toxin ln toxin ln (B1+ 
Source df score score score B1  (B1+0.5) B2  (B2+0.5) (B1+B2) B2+0.5) 
   0-10 rating§   ppb  ppb  ppb 

Bag 9 4.28* 6.12 20.08 35660347 2.5245* 48397 2.6384† 38302627 2.5307*  

Position 9 26.72** 80.16** 20.16 165518877** 7.4354** 227378** 10.8353** 187994607** 7.5163**  

Lines 9 3.28 3.16 14.40 56662180* 2.6707* 82013† 3.5318* 61018065* 2.6864*  

   Genotype 4 5.04* 5.88 25.72 36591233 3.0334* 50025 4.6373* 39268211 3.0638*  

   Oleate level 1 0.04 0.64 1.44 226656199** 5.7815* 336864** 6.1234* 244469018** 5.7881*  

   Genotype × oleate 4 2.32 1.12 6.36 34234600 1.5302 50289 1.7783 36902931 1.5336  

Error 72 2.00 4.08 9.96 27105186 1.1029 41070 1.5261 29236146 1.1123  

Mean  8.4 5.4 2.0 5349 7.81 184 4.24 5533 7.84  

CV (%)  16.7 37.4 157.7 97.3 13.4 110.0 29.2 97.7 13.5  
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
†,*,**Denote mean squares significant at the 10%, 5% and 1% levels of probability, respectively.   

Table 3. Main effect means for background genotypes averaged across two oleate levels (normal and high).   
      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans - 
 Growth Color Fluffy toxin ln formed toxin ln formed toxin ln (B1+ formed 
Source score score score B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2) B2+0.5) (B1+B2) 
   0-10 rating§    ppb  ppb ppb  ppb ppb  ppb 

NC 7 8.90a 5.86 3.60 6368 8.35a 7366a 219 4.91a 291a 6588 8.38a 7639a 

NC 9 8.30ab 5.20 2.60 5205 7.43b 2929b 198 3.84b 100b 5403 7.46b 3030b 

NC 10C 8.20ab 4.66 1.00 4016 7.44b 2965b 138 3.74b 91b 4154 7.47b 3054b 

NC-V 11 7.86b 5.30 0.90 4099 7.83ab 4378ab 126 4.19ab 142ab 4225 7.86ab 4516b 

VA-C 92R 9.06a 6.00 1.90 7057 7.99ab 5130ab 239 4.50ab 192ab 7297 8.02ab 5311b 

LSD.05 0.90 ns ns ns 0.66  ns 0.78  ns 0.66   
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
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Table 4. Main effect means for oleate levels averaged across five background genotypes.   
      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans - 
 Growth Color Fluffy toxin ln formed toxin ln formed toxin ln (B1+ formed 
Source score score score B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2) B2+0.5) (B1+B2) 

   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

High 8.44 5.32 2.12 6855a 8.05a 5444a 242a 4.48a 190a 7097a 8.08a 5628a 

Normal 8.48 5.48 1.88 3844b 7.57b 3366b 126b 3.99b 116b 3970b 7.60b 3478 b 

LSD.05 ns ns ns 2076 0.42  81 0.49  2156 0.42   
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   

Table 5. Mean squares from analysis of variance of eight near-isogenic pairs of normal- and high-oleic peanut lines.   
     Afla-  Afla-  Afla- 
  Growth Color Fluffy toxin ln toxin ln toxin ln 
Source df score score score B1  (B1+0.5) B2  (B2+0.5) (B1+B2)  (B1+B2+0.5) 
   0-10 rating§   ppb  ppb ppb 

Tray  4 0.89 0.20 1.30* 3714506972** 4.0897** 3864621** 4.1481** 3954951476** 4.0909** 

Entry 15 3.69** 3.18** 0.27 918115370** 1.0394** 1654824** 1.8581** 995579308** 1.0582** 

  Genotype 7 2.77** 2.80** 0.21 509283101** 0.5091** 1165251** 0.9786** 557751816** 0.5200** 

  Oleate level 1 21.01** 15.31** 0.31 8509983647** 9.3954** 14702776** 18.8960** 9232133290** 9.5949** 

  Genotype x oleate 7 2.13* 1.80** 0.31 242395029* 0.3759** 280404 0.4466** 256756332* 0.3769** 

Error 60 0.79 0.55 0.39 105610306 0.1102 189045 0.1442 113681277 0.1107 

Mean  9.2 9.3 1.1 36907 10.3137 1141 6.7622 38048 10.3424 

CV (%)  9.6 8.0 57.2 27.8 3.2 37.1 5.6 28.0 3.2 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
** Denotes mean squares significant at the 1% level of probability. 

Table 6. Mean for eight background genotypes averaged across oleic acid levels.  
      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans- 
    toxin ln formed toxin ln formed toxin ln (B1+ formed  
Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

NC 7 9.7ab 9.7ab 0.9 45572a 10.6698a 45472a 1416b 7.1824a 1400a 46988a 10.6999a 46878a 

NC 9 9.7ab 9.6abc 1.1 39641ab 10.4412abc 36180abc 1247bc 6.9575ab 1130ab 40888ab 10.4716abc 37308abc 

NC 10C 8.9cd 9.0cde 1.3 35268bc 10.3072bcd 31643bc d 1034cd 6.7454bc 914bc 36302bc 10.3355bcd 32561bcd 

NC-V 11 9.0bcd 9.1bcd 1.1 35500bc 10.1421d 26827d 1018cd 6.4794c 700c 36518bc 10.1678d 27535d 

NC 12C 9.8a 10.0a 1.0 48200a 10.5797ab 41557 a b 1816a 7.2078a 1451a 50015a 10.6140ab 43019ab 

Gregory 9.6abc 9.5abc 1.2 32892bc 10.1571cd 27234d c 962cd 6.5713c 768c 33854bc 10.1850cd 28011cd 

VA-C 92R 8.4d 8.4e 1.2 27781c 10.0716d 25002d 764d 6.4266c 664c 28545c 10.0976d 25668d 

VA 93B 8.8d 8.8de 0.9 30399c 10.1406d 26786d 872cd 6.5370c 742c 31271c 10.1678d 27535d 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
a Means followed by the same letter are not significantly different (P < 0.05) by t-test.   
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Table 7. Means for oleate levels averaged across background genotypes.   
      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans- 
    toxin ln formed toxin ln formed toxin ln (B1+ formed  
Oleate Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2) B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

High 9.8** 9.7** 1.2 47220** 10.6564** 44866** 1570** 7.2351** 1491** 48790** 10.6887** 46356* 

Normal 8.7 8.8 1.0 26593 9.9710 22608 712 6.2892 579 27305 9.9961 23190 

LSD.05 0.4 0.3 ns 4597 0.1485  189 0.1699  4769 0.1488  
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
** Denotes means for high-oleic lines that are significantly different (P < 0.01) from the mean for normal-oleic lines by t-test.  

Table 8. Means of eight near-isogenic pairs of normal- and high-oleic peanut lines.   
       Back-   Back-   Back- 
     Afla-  trans- Afla-  trans- Afla-  trans- 
     toxin ln formed toxin ln formed toxin ln (B1+ formed  
Genotype Oleate Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   1-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

NC 7 High 9.8ns 9.8ns 1.2ns 49935ns 10.7318ns 48380ns 1734* 7.3652ns 1698ns 51669ns 10.7658ns 50068ns 

 Normal 9.6 9.6 0.6 41209 10.6078 42739 1098 6.9796 1155 42307 10.6341 43891 

NC 9 High 10.0ns 10.0† 0.8ns 48470** 10.7432** 48938** 1635** 7.3351** 1648** 50105** 10.7759** 50579** 

 Normal 9.4 9.2 1.4 30812 10.1391 26748 859 6.5799 774 31671 10.1673 27519 

NC 10C High 10.0** 9.8** 1.4ns 46986** 10.6330** 43832** 1435** 7.1802** 1397** 48421** 10.6641** 45226** 

 Normal 7.8 8.2 1.2 23550 9.9813 22844 634 6.3205 597 24184 10.0070 23443 

NC-V 11 High 9.8** 9.8** 1.2ns 55022** 10.8714** 55630** 1676** 7.3758** 1716** 56698** 10.9013** 57336** 

 Normal 8.2 8.4 1.0 15977 9.4128 12937 359 5.5830 286 16336 9.4343 13223 

NC 12C High 10.0ns 10.0ns 1.0ns 60625** 10.8740** 55773** 2486** 7.6350** 2224** 63111** 10.9126** 57987** 

 Normal 9.6 10.0 1.0 35774 10.2855 30965 1145 6.7805 946 36919 10.3155 31915 

Gregory High 10.0ns 9.6ns 1.2ns 43645** 10.5883** 41913** 1410** 7.1859** 1419** 45055** 10.6212** 43329** 

 Normal 9.2 9.4 1.2 22138 9.7260 17695 515 5.9567 415 22653 9.7488 18108 

VA-C 92R High 9.6** 9.6** 1.4ns 38710** 10.4673** 37138** 1141** 6.9430** 1113** 39851** 10.4964** 38245** 

 Normal 7.2 7.2 1.0 16852 9.6759 16832 386 5.9101 396 18238 9.6988 17226 

VA 93B High 8.8ns 9.0ns 1.0ns 34369ns 10.3419† 32761† 1041ns 6.8708** 1036** 35410ns 10.3726† 33791† 

 Normal 8.8 8.6 0.8 26430 9.9392 21901 702 6.2032 531 27132 9.9631 22437 

LSD.05  1.1 0.9 0.8 13001 0.4199  535 0.4805  13489 0.4210 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
*,** Denote means for high-oleic lines that are significantly different (P < 0.05 or P < 0.01) from the mean for the corresponding 

normal-oleic lines by t-test.  
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ABSTRACT 

In order to determine if concentrations of linoleate in peanut (Arachis hypogaea L.) 

seed oil could be used to predict their ability to support aflatoxin production, seeds of 

genotypes representing a range of linoleate content were inoculated with Aspergillus 

flavus Link ex Fries and assayed for aflatoxin content.  Seeds were manually blanched 

and quartered, inoculated with conidia of A. flavus, placed on moistened filter paper in 

petri dishes and incubated for 8 d at 28 C.  Dishes were arranged on plastic trays in an 

incomplete block design, enclosed in plastic bags and stacked with PVC spacers between 

trays.  Multiple regression analysis was used to select a linear model to account for the 

variation among lines using fatty acid concentrations as independent variables.  In the 

first test, linoleate content accounted for 39% of the variation among lines for aflatoxin 

B1 (26% for log-transformed B1), 44% for aflatoxin B2 (27% for log-transformed B2), 

and 39% for total aflatoxin (27% for log-transformed total).  Oleate content accounted for 

substantial additional variation (27 to 29%) among lines (20 to 23% for log-transformed 

data).  Other fatty acids accounted for small fractions of among-line variation.  In the 

second test, linoleate accounted for about 35 to 44% of the variation among entries across 

the traits (29 to 37% for log transformed data); arachidate accounted for 19 to 29% (27 to 

33% for log transformed data).  Eicosenoate accounted for only a small part of the total 

variation among entries.  In both experiments, residual variation among entries was 

significant.  Low-linoleate lines consistently contained more aflatoxin, while normal- to 

high-linoleate lines contained variable amounts of aflatoxin.  Although the fatty acid 

profiles accounted for significant portions of the genetic variation, it does not appear to 
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be practical to use fatty acid concentration as a predictor for susceptibility to aflatoxin 

contamination, especially for lines in the normal range for oleate and linoleate.   

Key words:  Arachis hypogaea L; Aspergillus flavus Link ex Fries; fatty acids. 
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Aflatoxins are a family of naturally occurring toxins produced by Aspergillus flavus 

Link ex Fries and Aspergillus parasiticus Speare in many oilseed crops including peanut 

(Arachis hypogaea L.).  Aflatoxin B1 is the form most commonly found in agricultural 

commodities, and it is the most toxic and carcinogenic aflatoxin.  Contamination can 

occur any time from pre-harvest to storage, and aflatoxin cannot be readily removed from 

contaminated food.  Aflatoxin-resistant cultivars should be a component of an integrated 

program of aflatoxin management.  Peanut genotypes with resistance to invasion by A. 

flavus and germplasm with reduced levels of pre-harvest aflatoxin contamination have 

been reported (Mehan et al., 1991; Cole et al., 1995; Holbrook et al., 1998).  Although no 

germplasm resistant to aflatoxin accumulation has been found, genotypes do differ in the 

concentrations of aflatoxin they support during infection by A. flavus (Dange et al., 1989; 

Ghewande et al., 1989; Mehan et al., 1986, 1991).  However, adequate resistance to 

aflatoxin accumulation has not been incorporated into any agronomically desirable 

peanut cultivar.   

Identifying natural compounds in peanut that affect the toxin-producing capability 

of A. flavus is the first step toward identifying peanut genes governing resistance to 

aflatoxin production.  Data reported in the literature indicates that fatty acid composition 

may directly or indirectly affect aflatoxin production in vitro, and that resistance may be 

achieved by altering the fatty acid composition of the crop seeds.  The most abundant 

fatty acids in peanut seeds are linoleic, oleic, and palmitic acids.  Addition of linoleic acid 

to growth medium has been reported to increase development and/or aflatoxin production 

by Aspergillus in some studies and to reduce it in others (Fabbri et al., 1984; Passi et al., 

1984; Calvo et al., 1999; Doehlert et al., 1993).   
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The effects of linoleate and linolenate on aflatoxin production were reported to be 

related to the different lipoxygenase (LOX) pathways (Doehlert et al., 1993).  Peanut 

seeds produce lipoxygenase-derived 13S- and 9S-hydroperoxides of linoleic acid when 

subjected to stress or colonized by fungi (Gardner, 1995).  The 9S-hydroperoxide of 

linoleic acid was found to extend the period of transcription for the aflatoxin biosynthesis 

genes, whereas 13S-hydroperoxide of linoleic reduced the expression of these 

biosynthesis genes (Burow et al., 1997).  The addition of both 9S- and 13S-

hydroperoxides to cultures increased sporulation (Calvo et al., 1999).  It is not known if 

there is a difference in lipoxygenases between high-oleic (low linoleic) and normal 

peanut lines.   

Only a few reports evaluated the effect of altered fatty acid composition of peanut 

seeds on aflatoxin production.  A field study comparing peanut genotypes with reduced 

versus normal linoleic acid composition revealed no measurable effect of these fatty acids 

on pre-harvest aflatoxin contamination (Holbrook et al., 2000).  These investigators 

concluded that the effect of the products of the lipoxygenase pathway on aflatoxin 

biosynthesis in vitro might not be great enough to affect pre-harvest aflatoxin 

contamination in peanut.   

In a study designed to examine the resistance of peanuts to post-harvest 

contamination, high-oleate (low-linoleate) variants of virginia-type cultivars were found 

to develop significantly more aflatoxin than their recurrent parents (Xue et al., 2003).  

The effect of fatty acid composition was separated as much as possible from other forms 

of genetic resistance by backcrossing the modified fatty acid traits into several common 

cultivars.  Because this study showed that high-oleate peanuts develop significantly more 
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aflatoxin than normal-oleate lines, we developed a hypothesis that fatty acid 

concentrations of peanut seeds could be used as predictors of peanut genotypes’ ability to 

support aflatoxin production.   

Use of information on the concentrations of fatty acid as indirect selection criteria 

in breeding for reduced aflatoxin contamination would be helpful to plant breeders 

because fatty acid concentration can be measured much more easily and cheaply than 

aflatoxin.  We report here the results of our test of that hypothesis by attempting to 

correlate the concentration of fatty acids with aflatoxin contamination. 

MATERIALS AND METHODS 

The N.C. State Univ. peanut germplasm collection of 615 lines was screened for 

fatty acid composition in 1996.  Linoleate concentration in oil extracted from seeds from 

the collection ranged from 36 to 461 g kg-1.  An array of lines was selected based only on 

linoleate concentrations, representing roughly equal increments of linoleate within the 

range observed in the collection.  Fifty to 100 seeds of each selection were assayed 

individually for fatty acid profile using the technique of Zeile et al. (1993).  Samples 

were extracted for 12 hr in 1 mL of solvent (chloroform: hexane: methanol, 8:5:2 

vol:vol:vol) in stoppered test tubes.  Fatty acid methyl esters of the lipid extracts were 

prepared using sodium methoxide.  The samples were analyzed by gas chromatography 

using an HP 5890 Series II GC (Agilent Technologies, Inc., Wilmington, DE) equipped 

with an AT-Silar 30 m × 0.53 mm column.  Operating conditions were 1 µL injection 

volume, a 20:1 split ratio, and He carrier gas flow of 6 mL min-1.  Temperatures were 250 

C, 200 C, and 275 C for the injector, oven and FID, respectively.  Chromatograms were 
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analyzed using HP ChemStation software.  The seeds with linoleic acid values closest to 

the mean for the genotype were used in the experiments. 

Two experiments were conducted separately to examine the effect of linoleate 

concentration on aflatoxin production of peanut seeds inoculated with A. flavus.  In Test 

1, 16 lines were chosen with average linoleate content ranging from 43-385 g kg-1.  

Within the available collection it was not possible to obtain a uniform gradation of 

linoleate concentration; one line had an average linoleic concentration of 43 g kg-1, the 

linoleic concentration of the other 15 lines ranged from 215 to 385 g kg-1.  In Test 2, a 

second set of 20 lines (all but one different from those tested in Test 1) were chosen with 

the average linoleate concentration ranging from 18-443 g kg-1, including three high-oleic 

lines (18 to 32 g linoleate kg-1), four mid-oleic lines (122 to 164 g linoleate kg-1), and 13 

normal-oleic lines (231 to 443 g linoleate kg-1).  

The peanut seeds were inoculated with A. flavus and cultured as previously 

described (Xue et al., 2003).  This technique provides control of environmental factors 

and generally results in a low coefficient of variation in the analysis of data.  The 

experimental unit in this protocol is a group of inoculated seed pieces in a petri dish. 

Approximately 5 g of seeds in each experimental unit were chosen from a particular line.  

Linoleate levels of the seeds used in each experimental unit were recorded.  Seed testas 

were manually removed to eliminate the potential barrier to A. flavus growth.  The 

cotyledons of each seed were separated to permit the seed to rest without rolling.  

Because many cotyledons were cracked by sampling for fatty acid analysis, all unbroken 

cotyledons were cut manually into halves or seed quarters.  The quarters were surface-

sterilized by immersion in a 0.525% (vol:vol) sodium hypochlorite solution (10% vol:vol 
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commercial bleach) for 3 min followed by a rinse in approximately 20 mL of sterile 

water.  The sample was then placed on the surface of four sheets of sterile filter paper 

moistened with 3 mL sterile water in a 10 cm plastic petri dish.  Each piece was 

inoculated with 25 µL of a suspension containing approximately 1×106 conidia per mL of 

A. flavus strain NRRL 3357 (National Center for Agricultural Utilization Research, 

Peoria, IL).   

Petri dishes in same rep were arranged on a plastic tray.  Trays were then enclosed 

individually in large plastic bags with PVC spacers between stacked trays.  The trays 

were rotated in vertical position each of the 8 d of incubation at 28 C.  In Test 1, a 

balanced 4×4 square lattice design was used.  The 16 petri dishes in each replicate were 

arranged in a single layer on a plastic tray in four rows and four columns, with columns 

as blocks.  In Test 2, a 4×5 triple rectangular lattice design with two repetitions of the 

three block arrangements was used.  The 20 dishes in each of those replicates were 

arranged on a tray in four rows and five columns with columns as blocks.   

After 8 d of incubation, samples were removed from the incubator and rated 

separately for fungal growth, green color, and development of “fluffy” colonies on a 

proportional scale of 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium 

on all quarters, dark green color, all fluffy colonies).  Samples then were dried for 1 d at 

60 C, and another 3 d at 50 C, ground to a friable meal in a coffee mill and stored in 

scintillation vials until analyzed for aflatoxin content by high-pressure liquid 

chromatography in the NCSU Mycotoxin Lab.  Aflatoxin was extracted from a 2 g 

ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 ratio of extractant volume to 

sample weight.  The extract was purified using a Mycosep 224 column (Romer Labs, 
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Union, MO).  Aflatoxin was measured by fluorescence high performance liquid 

chromatography as the post-column-generated bromide derivative (Traag et al., 1987; 

Trucksess et al., 1994).  Aflatoxins B1, B2, G1, and G2 were measured.  Aflatoxin data 

were log-transformed [Y´= ln(Y+0.5)] to stabilize error variance and subjected to 

analysis of variance using the general linear model procedure (PROC GLM) of SAS 

version 8.2 (SAS Institute, Cary, NC).  Data were analyzed initially using the incomplete 

block structure, but if there was no significant block effect, they were re-analyzed as 

randomized complete block designs.  Means were separated by Fisher’s protected t-test.  

Means of the transformed data were “back-transformed” with the inverse of the 

transformation function (Y = eY´- 0.5) to present values in parts per billion (ppb). 

Multiple regression techniques were used to partition the partial sum of squares for 

entries into a part reflecting the effects of fatty acids and residual variation.  The 

independent variables were the entry means for the various fatty acids [palmitic (16:0), 

stearic (18:0), oleic (18:1), linoleic (18:2), arachidic (20:0), eicosenoic (20:1), behenic 

(22:0) and lionoceric (24:0)].  All models included the effects of trays.  All combinations 

of fatty acids were examined, and the “best” model of a given size was the one with the 

highest R2 value.  The Cp statistic was used to determine when the model adequately 

accounted for the variation among entries (Neter and Wasserman, 1974).  The order of 

the independent variables in the final model reflected the order in which they were added 

to the model.  Standardized regression parameters were calculated to compare the effects 

of independent variable unaffected by their respective variations (Neter and Wasserman, 

1974).  Data from the two tests were analyzed jointly to determine whether there was 
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interaction between tests and the effect of fatty acids found to be important in the 

individual tests.   

RESULTS AND DISCUSSION 

There were no differences among entries for fungal growth, color, and fluffy 

ratings, suggesting that variation in aflatoxin production was not due to variation in 

growth but to variations in the ability of host tissue to support aflatoxin synthesis.  No G1 

and G2 aflatoxins were detected in any experimental unit of either Test 1 or Test 2.  Joint 

analysis of the data from the two tests indicated that there was interaction between test 

and the effect of fatty acids, so the results of the two tests are presented separately.   

Test 1.   Our experimental technique resulted in good precision as indicated by the 

low CVs, especially for the log-transformed data (Table 1).  Variation among entries was 

highly significant for all aflatoxin concentrations, untransformed or transformed.  Using 

model selection, the “best” linear model for each dependent variable included the same 

four independent variables: linoleate, oleate, eicosenoate, and stearate.  All the models 

had R2 values higher than 0.87.  Because of the strong correlation (r = -0.99) between 

linoleate and oleate concentrations, it was expected that either linoleate or oleate would 

be important among the fatty acid components affecting aflatoxin production, but not 

both.  The percentage of the entry sum of squares that could be attributed to the 

sequential sums of squares of the fatty acids was 70 to 75% (57 to 60% for log- 

transformed data) (Table 1).  Linoleate concentration accounted for 39% of the variation 

among lines for aflatoxin B1 (26% for log-transformed B1), 44% for aflatoxin B2 (27% 

for log-transformed B2), and 39% for total aflatoxin (27% for log-transformed data).  

Contrary to expectation, oleate concentration accounted for substantial additional 
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variation among lines (27% for B1, 21% for log-transformed B1, 29% for B2, 23% for 

log-transformed B2, 27% for total aflatoxin, and 20% for log-transformed total).  

Although their effects were statistically significant (P < 0.05), eicosenoate and stearate 

only accounted for a small part of the total variation among entries.  A substantial part of 

the variation among entries was not attributable to the fatty acids.   

We compared the effects of the four independent variables in the best model by 

comparing the standardized regression parameters ( i
~
β ).  Linoleate had the highest 

standardized regression parameter for both untransformed and log-transformed B1, B2 

and total aflatoxin (-4.91 to -5.34).  Oleate had similar i
~
β  values (-4.28 to -4.68).  Both 

eicosenoate and stearate had small standardized regression parameters ( i
~
β < 0.5) across 

all the untransformed and log transformed traits (Table 2).  Standardized regression 

parameter i
~
β  expresses the changes in a dependent variable in units of its standard 

deviation per unit change in the independent variables in units of its standard deviations.  

Therefore i
~
β  is more accurate comparing the effect of each fatty acid component on 

aflatoxin production than the regression parameter per se estimated by model.  Linoleate 

and oleate are the two main fatty acids in peanut seeds.  They also exhibited the greatest 

variation across genotypes, and they exerted the largest effect on aflatoxin production in 

Test 1. 

Because most of the variation in aflatoxin production among lines was due to the 

contrast between the single high-oleic line and the other 15 lines from the normal range, 

the data were reanalyzed with the high-oleic line removed.  Oleate and linoleate level 

accounted for 20 to 25% of the variation among lines with eicosenoate and stearate 
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accounting for additional small, but statistically significant (P < 0.05) increments (data 

not shown).   

A plot of the back-transformed total aflatoxin concentration versus linoleic acid 

concentration (Fig. 1) showed two distinct groups, with the high-oleic line F435 

producing more than twice the aflatoxin of the normal lines.  This result is similar to our 

previous finding that high-oleic lines produced more aflatoxin than normal oleic lines 

(Xue et al., 2003). 

Test 2.  In Test 1, there was no entry with a mid-range concentration of oleate.  In 

Test 2, there were three high-oleic lines, four mid-oleic lines and 13 normal-oleic lines, 

producing a more even distribution of oleic acid levels than in Test 1. 

As in Test 1, the experimental technique resulted in low CVs, especially for the log-

transformed data (Table 3).  There was no significant variation for fungal growth, color 

or fluffy scores, but variation was highly significant for aflatoxin concentration, either for 

untransformed or transformed data.  Using model selection, the “best” linear model for 

each dependent variable included the same three independent variables: linoleate, 

arachidate and eicosenoate.  All the models had R2 values greater than 0.89. 

The three fatty acids accounted for 73-80% of the variation among entries across 

the independent variables (70 to 75% after log transformation) (Table 3).  Linoleate 

accounted for about 35 to 44% of the variation among entries across the traits (29 to 37% 

after log transformation); arachidate accounted for 19 to 29% of the variation among 

entries across the traits (27 to 33% after log transformation).  Eicosenoate accounted for 

only a small part of the total variation among entries.  There was significant (20 to 27%) 

residual variation among entries that was not explained by fatty acids (25 to 30% after 
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log transformation).  The effect of each component was compared by analyzing the 

standardized regression parameters ( i
~
β ) (Table 4).  Unlike Test 1, all three fatty acids 

included in the model had a small i
~
β  value.  Linoleate and arachidate had a similar i

~
β  (-

0.46 to -0.51 and -0.45 to -0.58).  Eicosenoate had the smallest i
~
β  for transformed or 

untransformed data.  

In Test 2, there was a more even distribution of linoleate levels with some lines in 

the 100-200 g kg-1 range.  As was the case in Test 1, low- and mid-oleic lines were fairly 

consistent in the amount of aflatoxin contamination after inoculation with A. flavus.  

However, the lines with normal to high linoleate level were variable in the amount of 

aflatoxin contamination  (Fig. 2).  Therefore, even though fatty acids accounted for 

significant portions of the genetic variation, their concentration in seeds does not appear 

to be a reliable predictor of the susceptibility of peanuts to aflatoxin contamination.  This 

is particularly true for lines with oleate or linoleate in the normal range for commercial 

peanuts.  The “normal” germplasm used in these studies had linoleate concentrations 

ranging from 215 to 443 g kg-1.  Germplasm with linoleate concentrations in the lower 

range of this variability may be important for developing peanut cultivars with suitable 

oil composition for improved shelf life and reduced aflatoxin contamination.  These 

results indicate that cultivars with mid-linoleic levels may be more desirable than high-

oleic cultivars from the standpoint of susceptibility to aflatoxin contamination.   

The results presented here are consistent with the previous report of Xue et al. 

(2003) that high-oleic lines produce more aflatoxin than do normal-oleic lines.  From the 

data collected in this study, it is not possible to determine if this increase is due to the 
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gene involved in desaturation of oleic acid or to other genes tightly linked to this gene.  

The high-oleic line in Test 1 was the natural variant F435; the three high-oleic lines used 

in Test 2 were homozygous lines from populations derived from crosses between 

cultivars and F435.  The four mid-oleic populations used in Test 2 were heterozygotes 

selected from segregating populations derived from crosses between cultivars and F435, 

and the high-oleic lines used in the previous report (Xue et al., 2003) are lines derived by 

backcrossing the mutant allele from F435 into cultivars.  Therefore, all the high-oleic and 

mid-oleic plants used in this study and our previous study (Xue et al., 2003) trace back to 

the same source, F435.  It is possible that this line contains genes that affect aflatoxin 

contamination and that these genes have co-segregated with the high oleate trait.  If so, 

this may bias our interpretation of the role of oleic acid in conditioning susceptibility to 

aflatoxin contamination.   

If there are genes that modulate aflatoxin contamination in F435 linked to the 

desaturase gene, then it may be possible to either break the linkage through 

recombination or to identify some other high-oleic source that does not exhibit increased 

aflatoxin contamination.  In contrast, if the effect of increased production of aflatoxin in 

high-oleic lines is due to reduced linoleate content, then the conclusions drawn from 

these experiments should also be apply to other sources of high-oleic lines.  F435 is the 

first high-oleic lines found in the U.S.A., and it has been used as a source of the high-

oleate trait in many breeding programs.  High-oleic cultivars with F435 as donor parent 

have been released.  Although aflatoxin elimination has been a leading objective of the 

peanut industry for decades, the industry has begun to emphasize high-oleic peanut for 

the purpose of improving the stability and shelf life of peanut products.  Once again, the 
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disadvantage of high-oleic peanut revealed by this research suggests to the peanut 

industry that every precaution must be taken to protect high-oleic cultivars from infection 

by toxigenic Aspergillus species.  Other high-oleic sources should be tested for their 

potential to increase aflatoxin production.  
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Table 1. Mean squares from analysis of variance of aflatoxin production traits for peanut lines with different oleic levels, and 
sum of squares of fatty acids components as percentage of the genotype sum of squares in Test 1. 

Source Df Aflatoxin B1  ln (B1+0.5)  Aflatoxin B2  ln (B2+0.5) Aflatoxin (B1+B2)  ln (B1+B2+0.5) 

  ppb %  % ppb %  % ppb %  % 

Model 19 6041237252**  0.7876**  12593259**  1.0541**  6597405299**  0.7961** 

Tray 4 4036275361**  0.5202**  4603821**  0.4746**  4309835627**  0.5177** 

Entry 15 6575893757**  0.8589**  14723776**  1.2086**  7207423878**  0.8703** 

  Linoleate 1 38265198377** 38.8 3.3521** 26.0 96659864** 43.8 4.9585** 27.4 42208259552** 39.0 3.4090** 26.1 

  Oleate 1 27039849500** 27.4 2.7405** 21.3 64947845** 29.4 4.2573** 23.5 29755216342** 27.5 2.7918** 21.4 

  Eicosenoate 1 673371958 0.7 0.3833** 3.0 797356 0.4 0.5310** 2.9 720511849 0.7 0.3877** 3.0 

  Stearate 1 2827258061** 2.9 0.7708** 6.0 4558224** 2.1 1.1415** 6.3 3058860357** 2.8 0.7817** 6.0 

  Residual 11 2712066223** 30.2 0.5124** 43.8 4899396** 24.4 0.6583** 39.9 2942591824** 29.9 0.5168** 43.5 

Error 60 279737573  0.0302  393460  0.0357  299422991  0.0303 

R2  0.87  0.89  0.91  0.90  0.87  0.89 

Mean  82263  11.2116  3193  7.9299  85456  11.2486 

CV (%)  20.3  1.6  19.6  2.4  20.2  1.6 
*,** Denote mean squares significant at the 5% and 1% levels of probability, respectively.   

Table 2. Regression parameter estimates and standard regression parameter in Test 1. 
Source Aflatoxin B1  ln (B1+0.5)  Aflatoxin B2  ln (B2+0.5)  Aflatoxin (B1+B2)  ln (B1+ B2+0.5) 
Parameter Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  

 ppb    ppb    ppb   

Linoleate -25068** -4.91 -0.2872** -4.99 -1188** -5.21 -0.3536** -5.34 -26255** -4.93 -0.2897** -5.00 

Oleate  -19030** -4.28 -0.2190** -4.36 -900** -4.53 -0.2703** -4.68 -19929** -4.30 -0.2209** -4.38 

Eicosenoate  -45619* -0.29 -0.8527** -0.48 -1754* -0.25 -1.0248** -0.50 -47372* -0.29 -0.8584** -0.48 

Stearate  -13789* -0.23 -0.2277** -0.33 -554* -0.20 -0.2771** -0.35 -14342* -0.22 -0.2293** -0.33 
*,** Denote mean squares significant at the 5% and 1% levels of probability, respectively.   
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Fig. 1:  Regression of back-transformed total aflatoxin on linoleate concentration 

in Test 1. 
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Table 3. Mean squares from analysis of variance of aflatoxin production traits for peanut lines with different oleic levels, and 

sum of squares of fatty acids components as percentage of the genotype sum of squares in Test 2. 
Source Df Aflatoxin B1  ln (B1+0.5)  Aflatoxin B2  ln (B2+0.5) Aflatoxin (B1+B2) ln (B1+B2+0.5) 

  ppb %  % ppb %  % ppb %  % 

Model 48 1162680660**  0.6216**  3769743**  0.9695**  1293157424**  0.6333**  

Tray 5 1894208892**  0.6621**  5749462**  0.8562**  2102517472**  0.6691**  

Block (tray) 24 252007069**  0.0831**  552608*  0.0886*  274318110**  0.0831**  

Entry 19 1718388218**  1.0006**  6338211**  1.7456**  1927190918**  1.0257**  

  Linoleate 1 11254481719** 34.5 5.5402** 29.1 52912858** 43.9 12.2590** 37.0 12850776313** 35.1 5.7671** 29.6 

  Arachidate 1 9356091429** 28.7 6.2210** 32.7 22857786** 19.0 8.7189** 26.3 10303848200** 28.1 6.3138** 32.4 

  Eicosenoate 1 3113906843** 9.5 1.4646** 7.7 20277550** 16.8 3.8177** 11.5 3636747435** 9.9 1.5437** 7.9 

  Residual  16 557806009** 27.3 0.3616** 30.4 1523614** 20.2 0.5232** 25.2 614078469** 26.8 0.3665** 30.1 

Error 71 92749593  0.0326  320375  0.0503  102205371  0.0329  

R2  0.89  0.93  0.89  0.93  0.9  0.93 

Mean  52562  10.7532  2425 7.6143  54987 10.7963 

CV%  18.3  1.7  23.3  3.0  18.4  1.7 
†,*,** Denote mean squares significant at the 10%, 5% and 1% levels of probability, respectively.  

Table 4. Regression parameter estimates and standard regression parameter for Test 2. 
Source Aflatoxin B1  ln (B1+0.5)  Aflatoxin B2  ln (B2+0.5)  Aflatoxin (B1+B2)  ln (B1+ B2+0.5) 
Parameter Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  Estimate 

i
~
β  Estimate  

i
~
β  Estimate 

i
~
β  

 ppb  ppb  ppb  ppb  ppb  ppb  

Linoleate -842** -0.47 -0.0201** -0.49 -47** -0.46 -0.0263** -0.51 -890** -0.47 -0.0203** -0.49 

Arachidate -38207** -0.51 -0.9798** -0.58 -1930** -0.45 -1.1723** -0.56 -40137** -0.51 -0.9876** -0.58 

Eicosenoate -23803** -0.29 -0.5162** -0.28 -1921** -0.41 -0.8335** -0.36 -25724** -0.30 -0.5300** -0.28 
*,** Denote mean squares significant at the 5% and 1% levels of probability, respectively. 
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Fig.2: Regression of back-transformed total aflatoxin on linoleate concentration  
in Test 2. 
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ABSTRACT 

Contamination of peanut (Arachis hypogaea L.) with aflatoxin produced by species 

of Aspergillus remains a problem for the U.S. peanut industry.  Several peanut genotypes 

were reported to be resistant to in vitro seed colonization by Aspergillus flavus Link ex 

Fries (IVSCAF), to field seed colonization by A. flavus (FSCAF), or to preharvest 

aflatoxin contamination (PAC), but few to production of aflatoxin per se.  Cotyledons of 

39 peanut genotypes reportedly resistant to IVSCAF, FSCAF or PAC, and eight 

susceptible to PAC were evaluated in four tests for their ability to support aflatoxin 

production after inoculation by A. flavus.  Cultivars Perry and Gregory were used as 

checks in each test.  Seeds cotyledons were separated, manually blanched, inoculated 

with conidia of A. flavus, placed on moistened filter paper in petri dishes and incubated 

for 8 d at 28 C.  Dishes were arranged on plastic trays enclosed in plastic bags and 

stacked with PVC spacers between trays.  Incomplete block designs were used for all 

tests.  In each test, none of the genotypes examined was completely resistant to aflatoxin 

production, but significant genotypic variation was observed in the amount of total 

aflatoxin accumulated in seeds.  Genotypes previously reported to be resistant to 

IVSCAF, FSCAF or PAC exhibited differential abilities to support aflatoxin production.  

PI 590325, PI 590299, PI 290626, and PI 337409 supported reduced levels of aflatoxin, 

and their degree of resistance was consistent across tests.  Fungal growth was highly 

correlated with aflatoxin production in three tests.  The results from this study suggested 

that there were no absolute relationships of aflatoxin production resistance with IVSCAF, 

FSCAF or PAC resistance, but that it should be possible to identify a genotype with high 
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IVSCAF, FSCAF or PAC resistance and low capacity for aflatoxin production by A. 

flavus.  

Key words:  Arachis hypogaea L., Aspergillus flavus Link ex Fries, groundnut, 

breeding. 
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Aflatoxin contamination of peanut (Arachis hypogaea L.) is a serious worldwide 

problem resulting either from pre-harvest infection or contamination during storage under 

improper conditions.  Aflatoxins are toxic and extremely carcinogenic secondary 

metabolites produced primarily by the fungi Aspergillus flavus Link ex Fries and A. 

parasiticus Speare.  Late season drought, high temperature, and insect damage contribute 

to high levels of pre-harvest contamination, while improper harvest and storage practices 

lead to high levels of post-harvest aflatoxin contamination.  Aflatoxin contamination has 

had a tremendous impact on the peanut industry.  Peanut lots containing visible A. flavus 

growth are excluded from the edible market and must be crushed for oil (Sands, 1982).  

Aflatoxin contamination costs the farmer, buying point, and sheller segments of the 

southeastern U.S. peanut industry more than $25 million annually (Lamb and Sternitzke, 

2001).  Reduction of aflatoxin contamination of peanuts grown and sold in the U.S.A. 

remains a high priority of the U.S. peanut industry. 

Elimination of aflatoxin from the human food chain is a goal of many countries.  

Management of aflatoxin in peanuts is complex.  Besides adopting certain cultural, 

harvest, and storage practices, resistant cultivars should be an effective and low-cost part 

of an integrated aflatoxin management program.  Four types of resistance to Aspergillus 

have been defined: resistance to in vitro seed colonization by A. flavus (IVSCAF), field 

resistance to seed colonization by A. flavus (FSCAF), preharvest resistance to aflatoxin 

contamination (PAC), and resistance to aflatoxin production.   

Mechanisms of IVSCAF resistance may be related to the combinations of physical 

and chemical characteristics of the seed testa.  This type of resistance depends upon the 

testa being complete and undamaged.  The conditional nature of this type of  resistance 
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limits its utility under field conditions.  Resistance of peanut pods to A. flavus invasion 

also appears to be associated with undamaged shells and the presence of antagonistic 

microflora in the shell (Kushalappa et al., 1976).  Preharvest contamination was 

reportedly associated with drought tolerance (Holbrook et al., 2000).  Peanut genotypes 

with resistance to IVSCAF or FSCAF, and germplasm with reduced levels of PAC have 

been reported (Mehan and McDonald, 1980; Mehan et al., 1991; Cole et al., 1995; 

Holbrook et al., 1998).  Difference in the ability of peanut cotyledons to support aflatoxin 

production has received increasing attention.  Although no germplasm resistant to 

aflatoxin accumulation has been found, genotypes differ in the concentrations of aflatoxin 

they support during infection by A. flavus (Mehan et al., 1986, 1991; Dange et al., 1989; 

Ghewande et al., 1989).  However, adequate resistance to aflatoxin accumulation has not 

been incorporated into any agronomically desirable peanut cultivar.   

As resistance may operate at the pod surface, on seed testa, and seed cotyledon, 

different methods have been used for germplasm screening.  It would be best if cultivars 

could be developed with reduced ability of aflatoxin production in addition to IVSCAF 

and FSCAF resistance.  However, there are many conflicting reports on the relationships 

among different types of resistance and poor correlations have been reported between 

IVSCAF and FSCAF resistance (Kisyombe et al., 1985) or between IVSCAF and PAC 

resistance (Blankenship et al., 1985; Davidson et al., 1983; Anderson et al., 1995).  

Those results led to the suggestion that the laboratory assay method (IVSCAF) should be 

carefully reassessed. 

On the other hand, a significant positive correlation was found between IVSCAF 

resistance and FSCAF resistance (Zambetakkis et al., 1981), and between IVSCAF 
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resistance and PAC resistance.  Mehan et al. (1987) evaluated 11 genotypes, six resistant 

and five susceptible to IVSCAF, for field resistance to seed colonization and for aflatoxin 

contamination.  Significant positive correlations were found between IVSCAF resistance 

and FSCAF resistance, and between FSCAF resistance and PAC resistance.   

Mehan et al. (1989) reported that seven IVSCAF-resistant genotypes had 

significantly greater field resistance to A. flavus and lower aflatoxin production, but 

several IVSCAF-resistant breeding lines were highly susceptible in the field while some 

IVSCAF-susceptible genotypes U4-7-5 and VRR-245 showed field resistance.  They 

concluded that there was no consistent positive or negative relationship between IVSCAF 

resistance and FSCAF or PAC resistance. 

Poor correlation between IVSCAF resistance and post-harvest aflatoxin production 

was also observed (Mehan and McDonald, 1983).  Mehan et al. (1982) tested nine peanut 

genotypes for resistance to seed colonization and aflatoxin production following 

colonization of scarified, surface-sterilized seeds by three aflatoxigenic strains of A. 

flavus.  IVSCAF-resistant lines PI 337409 and PI 337394F showed significantly less seed 

colonization and internal infection than the other genotypes, but did not show reduced 

levels of aflatoxin production.  Wilson et al. (1977) found production of aflatoxin in 

IVSCAF-resistant lines PI 337394F and PI 337409 to be similar to that of IVSCAF-

susceptible genotypes PI 339396 and Florunner when seed lots were stored under high 

humidity.   

It was reported that resistance to IVSCAF, FSCAF and aflatoxin production might 

be influenced by different genes (Utomo et al., 1990).  Conflicting results could be due to 

presence or absence of different genes responsible for different types of resistance or due 
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to differential gene function in different environments.  The relationships among various 

types of resistance need to be better understood to enable breeders to assemble the non-

allelic genes influencing different resistance mechanisms. 

Although researchers have not been able to identify germplasm combining all types 

of resistance mechanisms, it is expected that stable high-level resistance will be achieved 

by accumulating different resistance genes from different sources into one background 

genotype.  The first step in achieving this goal is to collect the sources reported to have 

resistance to IVSCAF, FSCAF, and PAC, and evaluate their ability to support aflatoxin 

production.  The objective of this study was to evaluate 39 peanut genotypes reportedly 

resistant to IVSCAF, FSCAF or PAC, and eight susceptible to PAC (C. C. Holbrook, 

personal commun.; Isleib et al., 1994) for their ability to support aflatoxin production.  

MATERIAL AND METHODS 

Four experiments were conducted, and 47 germplasm lines were evaluated.  Large-

seeded virginia-type cultivars, Perry (Isleib et al., 2003) and Gregory (Isleib et al., 1999) 

were used as checks (Table 1).  In Test 1, ten lines with PAC scores less than Tifton 8 

(Coffelt et al., 1985), and eight lines with PAC scores greater than Tifton 8 were used (C. 

C. Holbrook, personal commun.).  Tifton 8 was used as a check instead of Gregory in 

Test 1.  Two lines supporting low aflatoxin production from Test 1 and another 12 lines 

with resistance to FSCAF or PAC were evaluated in Test 2.  Eighteen lines with IVSCAF 

resistance were evaluated in Test 3.  The entries of Test 4 were genotypes with reduced 

levels of aflatoxin content selected from Tests 1, 2, and 3, and two lines, GP NC WS 2 

and N96074L, selected from a previous study in which they showed low aflatoxin 

contamination (unpublished data).  GP NC WS 2 is an interspecific tetraploid breeding 
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lines derived from hybridization between A. hypogaea (PI 261942) with A. cardenasii 

GKP 10017 (PI 262141) (Stalker and Beute, 1993).  Arachis cardenasii GKP 10017 is an 

accession of a diploid (2n = 2x = 20) species that supported only trace levels of aflatoxin 

production by A. flavus (unpublished data).  Tetraploid line N96074L, also has A. 

cardenasii 10017 ancestry. 

The experimental unit was a group of inoculated seed pieces in a petri dish. 

Approximately 5 g of seeds in each experimental unit were chosen from a particular line.  

Seed testas were manually removed to eliminate the potential barrier to A. flavus growth.  

The cotyledons of each seed were separated to permit the seed to rest without rolling.  

The seed-halves were surface-sterilized by immersion in a 0.525% (vol:vol) sodium 

hypochlorite solution (10% vol:vol commercial bleach) for 3 min followed by a rinse in 

approximately 20 mL of sterile water.  The sample was then placed on the surface of four 

sheets of sterile filter paper moistened with 3 mL sterile water in a 10 cm plastic petri 

dish.  Each piece was inoculated with 50 µL (in Test 1) or 25 µL (in Test 2, 3 and 4) of a 

suspension containing approximately 1×106 ml-1 conidia of A. flavus strain NRRL 3357 

(National Center for Agricultural Utilization Research, Peoria, IL).   

Petri dishes in the same rep were arranged on a plastic tray.  Trays were enclosed 

individually in large plastic bags with short sections of PVC pipe used as spacers between 

stacked trays.  The trays were rotated in vertical position each of the 8 d of incubation at 

28 C.  In Test 1, 3 and 4, a 4×5 triple rectangular lattice design with two repetitions of 

block arrangements was used.  The 20 dishes in each of those replicates were arranged on 

a tray in four rows and five columns with columns as blocks.  In Test 2, a balanced 4×4 

square lattice design was used.  The 16 petri dishes in each of those replicates were 
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arranged in a single layer on a plastic tray in four rows and four columns with columns as 

blocks.   

After 8 d of incubation, samples were removed from the incubator and rated 

separately for fungal growth, green color, and development of “fluffy” colonies on a 

proportional scale of 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium 

on all quarters, dark green color, all fluffy colonies).  Samples then were dried for 1 d at 

60 C, and another 3 d at 50 C, then ground to a friable meal in a coffee mill and stored in 

scintillation vials until analyzed for aflatoxin content by high-pressure liquid 

chromatography in the NCSU Mycotoxin Lab.  Aflatoxin was extracted from a 2 g 

ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 ratio of extractant volume to 

sample weight.  The extract was purified using a Mycosep 224 column (Romer Labs, 

Union, MO).  Aflatoxins B1 and B2, and total aflatoxin were measured by fluorescence 

high performance liquid chromatography as the post-column-generated bromide 

derivative (Traag et al., 1987; Trucksess et al., 1994).  Aflatoxin data were log-

transformed [Y´= ln (Y+0.5)] to stabilize error variance and subjected to analysis of 

variance by the general linear model procedure (PROC GLM) of SAS version 8.2 (SAS 

Institute, Cary, NC).  Data were analyzed initially using the incomplete block 

experimental design structure, but if there were no significant block effects, they were re-

analyzed as randomized complete block designs.  All models included the effects of 

trays.  Means were separated by Fisher’s protected t-test.  Means of the transformed data 

were “back-transformed” with the inverse of the transformation function (Y = eY´- 0.5) to 

present aflatoxin values in parts per billion (ppb). 
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RESULTS AND DISSCUSSION 

Test 1.  The genotypes evaluated in this experiment included ten lines with PAC 

scores less than Tifton 8, and eight lines with PAC scores greater than Tifton 8.  Tifton 8 

and Perry were used as checks (Table 1).  Tray and block had no effect on any trait.  

Blocks were not included in the analysis of variance.  The coefficient of variation was 

reduced after log transformation of values for aflatoxin B1, B2 and total aflatoxin (Table 

2).  All genotypes supported extensive fungal growth and high concentration of aflatoxin, 

although significant differences among entries were observed for all traits measured as 

were found in previous studies.  There was no apparent associate between the reported 

level of PAC and the level of aflatoxin accumulation in this test.  However, based on the 

log-transformed total aflatoxin data, the genotypes with the lowest aflatoxin content were 

PI 259606, PI 290626, PI 288129 and PI 268845 (Table 3).  These four genotypes were 

among the 10 reported to be resistant to PAC (C. C. Holbrook, personal commun.).  None 

of the other lines that were reported to be either resistant or susceptible to PAC showed 

low levels of aflatoxin contamination in this test.  It is not clear why some PAC-resistant 

lines accumulated less aflatoxin while others supported high concentrations of aflatoxin.  

It might be because PAC resistance can involve mechanisms other than the capacity of 

cotyledonary tissue to support aflatoxin production, e.g., tolerance to drought.  The 

results suggested the possibility of finding germplasm with resistance to both preharvest 

contamination and reduced ability to support aflatoxin production.  Tifton 8 is a drought-

resistant variety and reportedly accumulated little aflatoxin in the field (Wilson et al., 

1990; Cole et al., 1993).  It is often used as a control in PAC studies.  However, 

Anderson et al. (1995) observed that Tifton 8 accumulated a large amount of aflatoxin in 
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their field study.  In this experiment, Tifton 8 supported the second highest level of 

aflatoxin contamination among the genotypes tested, suggesting that drought resistance 

factors, which are important to preventing PAC, are not important to post-harvest 

aflatoxin production.  

Genotypic means for aflatoxin B1, B2, and total aflatoxin and their log-transformed 

values were significantly correlated with fungal growth and color ratings (0.75≤  r ≤ 0.79, 

P < 0.01).  PI 290626 and PI 259606 both had the least visible fungal growth and the 

lowest aflatoxin contamination.  

Test 2.  All genotypes evaluated in this test were reportedly resistant to FSCAF.  

Some were also reportedly resistant to PAC or IVSCAF (Table 1).  Perry and Gregory 

were included as susceptible checks.  Blocks were not a significant source of variation for 

growth, color and fluffy ratings, so they were not included in the analysis of variance for 

those traits.  Genotype effects were significant for each trait (Table 4).  Cultivar Gregory 

produced significantly less aflatoxin than cultivar Perry.  All 18 lines produced less 

aflatoxin than Perry, and seven produced less than Gregory.  A wide range of variation 

was detected among the entries for all traits measured (Table 5).  Based on the log-

transformed total aflatoxin data, seed of genotypes PI 290626 and PI 337409 had the 

lowest production levels.  Both were significantly different from Gregory.  PI 290626 

also had the lowest growth and color score rating among entries in this experiment, this 

confirmed the result from Test 1.   

PI 337409 has been reported as a source of stable resistance to IVSCAF (Mixon and 

Rogers 1973), FSCAF (Zambettakis et al., 1981; Kisyombe et al., 1985) and PAC 

(Azaizeh et al., 1989).  It has been extensively used in breeding programs to develop 



 89

cultivars with resistance to IVSCAF (Mixon, 1983; Rao et al., 1995).  However, 

Anderson et al. (1995) reported that PI 337409 was susceptible to PAC in the field.  PI 

337409 was also observed to support substantial aflatoxin following infection by 

aflatoxigenic strains of A. flavus (Mehan et al., 1982) and in storage under high humidity 

(Wilson et al., 1977).   

J11 has been found to have stable high-level IVSCAF resistance and FSCAF 

resistance in multilocational field trails in India (Mehan et al. 1987) and in the U.S.A. 

(Kisyombe et al., 1985).  Mehan et al. (1987) observed a reduction in seed colonization 

and aflatoxin contamination in undamaged seed under natural field conditions.  However, 

J11 failed to show resistance to aflatoxin contamination in the field studies of Anderson 

et al. (1995).  J11 has also been reported to be highly resistant to post-harvest aflatoxin 

production by aflatoxigenic strains of Aspergillus (Dange et al., 1989).  However, Mehan 

et al. (1982, 1986) reported that IVSCAF-resistant genotype J11 supported large amounts 

of aflatoxin production when scarified seeds were inoculated with aflatoxigenic strains of 

Aspergillus and incubated in conditions favorable for fungal growth and aflatoxin 

production.  In the present study, J11 supported moderate levels of aflatoxin production 

among the entries tested.  No significant correlations between fungal growth and 

aflatoxin production were observed in this experiment. 

Test 3.  The entries in this experiment were germplasm previously reported to have 

resistance to IVSCAF (Table 1).  Blocks were not a significant source of variation for 

growth, color, fluffy rating, transformed aflatoxin B1, transformed B2, and transformed 

total aflatoxin, so they were not included in the analysis of variance for those traits.  

Genotype effects were significant for all traits measured (Table 6).  The two checks were 
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not significantly different but Gregory accumulated less aflatoxin than Perry.  Based on 

the log-transformed total aflatoxin data, 16 genotypes accumulated less aflatoxin than the 

checks, but only six of them (PI 590299, GFA-2, AR-2, PI 590295, PI 590321, and PI 

590325) showed significant reduction of aflatoxin accumulation compared with Gregory 

(Table 7).   

Genotypic means for aflatoxin B1, B2, and total aflatoxin and their log-transformed 

data were significantly correlated with fungal growth and color ratings in this experiment 

(0.71≤  r ≤ 0.86 (P < 0.05).  All genotypes with low levels of aflatoxin contamination had 

low fungal growth scores.  Genotypes in this experiment were previously reported to be 

resistant to IVSCAF.  Poor fungal growth was the likely cause of low aflatoxin 

production in this experiment.   

Test 4.  The entries of Test 4 were genotypes with low aflatoxin accumulation in 

Tests 1, 2, and 3, and two additional lines NC GP WS 2 and N96074L selected from 

previous studies in which they showed low aflatoxin contamination. 

Blocks were a significant source of variation only for growth and color ratings, so 

they were included in the analysis of variance only for those traits.  There was significant 

variation among the genetic entries for each trait except fluffy score (Table 8).  Based on 

the log-transformed total aflatoxin data, all tested genotypes accumulated less aflatoxin 

than the two susceptible checks Gregory and Perry.  Eight of them accumulated 

significantly less aflatoxin than the checks.  Genotypes PI 590325, PI 590299, PI 290626, 

and PI 337409 accumulated the lowest levels of aflatoxin among the entries based on 

either untransformed or log-transformed data (Table 9).  PI 337409 was the second 

lowest in Test 2.  PI 290626 was tested in Tests 1 and 3, and was among the genotypes 
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with the lowest aflatoxin accumulation in each test.  PI 590325 and PI 590299 were also 

among the least aflatoxin-contaminated genotypes in Test 3.   

Genotypic means for aflatoxin B1, and total aflatoxin and log-transformed B1, B2 

and total aflatoxin were significantly correlated with fungal growth and color ratings in 

this experiment (0.67≤  r ≤ 0.78, P < 0.05).   

This experiment was designed to examine genotypes previously reported with 

resistance to IVSCAF, FSCAF, or PAC for the ability of seed cotyledons to support 

aflatoxin production after inoculation with A. flavus.  Seed coats were removed by hand 

to eliminate the testa barriers that may potentially prevent Aspergillus fungal invasion 

and development.  Thus, the results should be more reflective of the ability of seed 

cotyledons to support aflatoxin production than results obtained using undamaged seeds.  

Screening of germplasm to detect lines resistant to aflatoxin production requires a system 

in which aflatoxin contamination can be induced reliably and consistently.  The screening 

method used in this experiment has been demonstrated to have good environmental 

control and relatively low experimental error, especially for log transformed aflatoxin 

values.   

We observed that fungal growth was highly correlated to aflatoxin production in 

three of four experiments.  In previous studies (unpublished data), correlations between 

visible fungal growth and aflatoxin production ranged from low to high.  The inconsistent 

relationship between visible fungal growth and aflatoxin production on seed cotyledons 

of different genotypes indicates that some varieties are less suitable for aflatoxin 

production than others, irrespective of how well they support growth (Priyadarshini and 

Tulpule, 1978).  
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None of the genotypes examined in any experiment was completely resistant to 

aflatoxin accumulation, but significant genotypic variation was observed in the amount of 

total aflatoxin production in seeds after inoculation with a toxigenic strain of A. flavus.  

Genotypes that were previously reported to be resistant to IVSCAF, FSCAF, or PAC 

exhibited differential abilities to support aflatoxin production: some lines supported low 

levels of aflatoxin while others supported high levels.  Lines showing reduced aflatoxin 

accumulation in this experiment exhibit more than one form of resistance.  These results 

agreed with the conclusion by Mehan et al. (1982) and Mehan and McDonald (1983) and 

emphasized that there were no consistent relationships between resistance to aflatoxin 

production and resistance to IVSCAF, FSCAF, or PAC.  However, the consistent and low 

levels of aflatoxin production in PI 590325, PI 590299, PI 290626, and PI 337409 

suggested that it is possible to identify genotypes with high resistance to IVSCAF, 

FSCAF, or PAC and low capacity for aflatoxin production.  
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Table 1a.  Genotypes used in each test. 
  Core   Resistance   Core  Resistance 
Entry PI no. Col. no b. Identity type Entry PI no. Col. no. Identity type 
Test 1     Test 2   
 1 290626 232 Sel No. 230 PAC 1 590343  Ah 7223 IVSCAF/FSCAF 
 2 259837 276 Giza Bunch PAC 2   J 11 IVSCAF/FSCAF 
 3 372318 291 1377.70 PAC 3 337394F  FAV 78 IVSCAF/FSCAF 
 4 372270 292 3854.69 PAC 4 337409  Rosado IVSCAF/FSCAF 
 5 295973 299 No. 718 PAC 5 362144  U4-47-7 IVSCAF/FSCAF 
 6 196610 329 30-86 Baol Susceptible 6 590374  UF 71513 IVSCAF/FSCAF 
 7 153328 336 G 59 Susceptible 7 590332  U4-47-2 FSCAF 
 8 313129 381 0101 PAC 8 590331  U4-7-25 FSCAF 
 9 259606 395 No. 45 PAC 9 590353  U4-7-3 FSCAF 
 10 268845 447 AB13 PAC 10 360862  55-437 IVSCAF/FSCAF 
 11 288129 511 G 41 PAC 11 363058  55-437 IVSCAF/FSCAF 
 12 158840 555 Shu-Swi PAC 12 290626 232 Sel No. 230 PAC 
 13 431457 593 Manfredi Virginia Susceptible 13 259606 395 No. 45 PAC 
 14 475982 595 US 400 Susceptible 14   N96074L Check 
 15 468213 602 US 18 Susceptible 15 613600  Perry Check 
 16 461440 645 1206 Susceptible 16 608688  Gregory Check 
 17 404001 723 PC 19-M-V7-1 Susceptible 
 18 203396 448A 2201  
 19 565463  Tifton 8 check 
 20 613600  Perry Check 

Test 3     Test 4   
 1 590327  Ah 6487 IVSCAF 1 590299  C 184 IVSCAF 
 2 565480  AR-1 IVSCAF 2 564845  GP NC WS 2 AP 
 3 565482  AR-3 IVSCAF 3 565479  GFA-2 IVSCAF 
 4 565483  AR-4 IVSCAF 4 590374  UF 71513 IVSCAF/FSCAF 
 5 229553  Basse IVSCAF 5 290626 232 Sel No. 230 PAC 
 6 590295  C 116(R) IVSCAF 6 590295  C 116(R) IVSCAF 
 7 590299  C 184 IVSCAF 7 337409  Rosado IVSCAF/FSCAF 
 8 590321  Faizpur IVSCAF 8 590321  Faizpur IVSCAF 
 9 565478  GFA-1 IVSCAF 9 590331  U4-7-25 FSCAF 
 10 565479  GFA-2 IVSCAF 10 259606 395 No. 45 PAC 
 11 590300  M 395 IVSCAF 11 590325  Monir 240-30 IVSCAF 
 12 590284  Maria-B IVSCAF 12 363058  55-437 FSCAF 
 13 590325  Monir 240-30 IVSCAF 13 337394F  FAV 78 PAC 
 14 443030  RMP 12 IVSCAF 14 298858  Basse IVSCAF  
 15 590352  Var 27 (ICG 4601) IVSCAF 15   N96074L AP 
 16 407492  55-437 IVSCAF/FSCAF 16   J 11 IVSCAF/FSCAF 
 17 565481  AR-2 IVSCAF  17 590343  Ah7223 IVSCAF/FSCAF 
 18 298858  Basse IVSCAF  18 565463  Tifton-8 PAC 
 19 613600  Perry Check 19 608688  Gregory Check 
 20 608688  Gregory Check 20 613600  Perry Check 

a Information based on Isleib, et al. (1994). 
b Germplasm lines in the “Core Collection” from C. C. Holbrook (personal commun). 
PAC = Preharvest aflatoxin contamination. 
IVSCAF = In vitro seed colonization by Aspergillus flavus. 
FSCAF = Field seed colonization by Aspergillus flavus. 
AP = Aflatoxin production. 
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Table 2. Mean squares from analysis of variance of fungal growth and aflatoxin production traits for two checks and 18 lines 
selected on the basis of PAC resistance in Test 1. 

     Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth Color Fluffy B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Tray 5 0.24 0.21 0.46 903599817 0.7434 1828761 0.9319 977307288 0.7494 

Genotype 19 6.46** 6.71** 0.88* 4071877796** 2.1325** 10331829** 4.0069** 4481318724** 2.1813** 

Error 95 0.76 0.73 0.42 503846929 0.7168 1224251 0.8688 547674728 0.7220 

CV (%)  9.5 9.3 74.4 40.1 7.9 52.9 12.9 40.3 7.9 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark 

green color, or all fluffy colonies) in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

Table 3. Mean for A. flavus NRRL 3357 growth and aflatoxin production in inoculated, incubated mature seeds of plant 
introductions selected on the basis of PAC resistance in Test 1.   

       Back-   Back-   Back- 
     Afla-  tra- Afla-  tra- Afla-  tra- 
     toxin ln formed toxin ln formed toxin ln(B1+ formed  

Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

PI 290626 (CC 232)‡ 6.8ab 6.7a 0.8a-d 20509ab 9.7995ab 18025 460ab 5.9486ab 383 20969ab 9.8208ab 18412 

PI 259837 (CC 276)‡ 10.0g 10.0f 1.5d 93754fg 11.4304e 92078 4692i 8.4239g 4554 98446ghi 11.4790f 96668 

PI 372318 (CC 291)‡ 10.0g 10.1f 1.5d 83810fg 11.3205de 82491 3779hi 8.2095fg 3675 87589f-i 11.3649ef 86242 

PI 372270 (CC 292)‡ 9.8fg 10.0f 0.8a-d 70704ef 11.1260cde 67915 2240d-g 7.6740d-g 2151 72944d-g 11.1575c-f 70091 

PI 295973 (CC 299)‡ 9.0d-g 9.0cde 0.5ab 51292cde 10.7471b-e 46494 1641b-f 7.3046c-f 1487 52933cde 10.7802b-f 48058 

PI 196610 (CC 329) 7.8bc 7.9b 0.5ab 44935bcd 10.5663b-e 38805 1218a-e 6.9144b-e 1006 46153bcd 10.5936b-f 39877 

PI 153328 (CC 336) 8.9def 8.9cd 0.8a-d 36371abc 10.4142bcd 33329 945abc 6.6760bcd 793 37316abc 10.4383b-e 34141 

PI 313129 (CC 381)‡ 9.8fg 9.8def 0.7abc 52626cde 10.6900b-e 43913 2153c-g 7.3568c-g 1566 54779cde 10.7263b-f 45539 

PI 259606 (CC 395)‡ 6.7a 6.7a 0.8a-d 12225a 9.3438a 11427 252a 5.4703a 237 12477a 9.3645a 11667 

PI 268845 (CC 447)‡ 9.4d-g 9.4c-f 1.0bcd 30914abc 10.2073abc 27101 771ab 6.4614abc 639 31685abc 10.2310abc 27750 

PI 288129 (CC 511)‡ 9.9fg 9.8def 1.2bcd 71689efg 9.9477ab 20904 2425efg 6.4767abc 649 74114e-h 9.9763ab 21511 

PI 158840 (CC 555)‡ 9.9fg 9.9ef 1.2bcd 97148g 11.4720e 95992 3893hi 8.2494fg 3825 101041i 11.5112f 99824 

PI 431457 (CC 593) 8.8cde 8.8bc 0.8a-d 37617abc 10.5136b-e 36812 1252a-e 7.0430cde 1144 38870abc 10.5454b-f 38002 

PI 475982 (CC 595) 8.6cd 8.6bc 0.2a 40701bc 10.5738b-e 39095 1329a-e 7.1372cde 1257 42030bc 10.6059b-f 40373 

PI 468213 (CC 602) 10.0g 9.9ef 1.0bcd 68649def 11.0907cde 65557 2950gh 7.9518efg 2840 71599def 11.1334c-f 68418 

PI 461440 (CC 645) 9.9fg 9.9ef 0.2a 76615efg 11.1712cde 71057 2880fgh 7.8005efg 2441 79495e-i 11.2060def 73570 

PI 404001 (CC 723) 9.9fg 10.0f 1.3cd 69607def 11.1006cde 66214 2871fgh 7.8851efg 2657 72478d-g 11.1410c-f 68937 

PI 203396 (CC 448A) 9.7efg 9.8def 0.5ab 32713abc 10.3316bc 30685 1145a-d 6.9559b-e 1049 33857abc 10.3656bcd 31746 

Tifton 8 (PI565463) 10.0g 10.0f 1.2bcd 96845g 11.4519e 94075 4085hi 8.2348fg 3769 100930hi 11.4920f 97929 

Perry (PI 613600) 8.8cde 8.9cd 1.0bcd 30684abc 10.2303abc 27729 853ab 6.6457bcd 769 31537abc 10.2577a-d 28500 

Mean 9.2 9.2 0.9 55970 10.6764 50485 2092 7.2410 1845 58062 10.7095 52363 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
‡ Denotes lines with low PAC values as reported by C.C. Holbrook (personal commutation).  
a Mean followed by the same letter are not significantly different (P<0.05) by t-test.   
b lines released in the U.S. identified by genotype name, others identified by plant introduction number. 
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Table 4.  Mean squares from analysis of variance of fungal growth and aflatoxin production traits for two checks and 14 
FSCAF and PAC resistance lines in Test 2. 

     Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth Color Fluffy B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Tray 4 1.94 3.59* 0.20 465415** 0.9652* 188** 0.4952 483321** 0.9593* 

Block (Tray) 15    191567† 0.7041* 70 0.9777* 198535† 0.7059* 

Genotype 15 7.34** 7.40** 1.21** 296492** 1.2379** 131** 1.8336** 308605** 1.2460** 

Error 60(45) 1.19 1.33 0.49 116265 0.3227 48 0.5093 120568 0.3225 

CV (%)  14.0 14.7 92.1 54.6 9.2 69.8 35.7 54.7 9.2 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark 

green color, or all fluffy colonies) in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

Table 5. Mean for A. flavus NRRL 3357 growth and aflatoxin production in inoculated, incubated mature seeds of plant 
introductions selected on the basis of resistance to FSCAF or PAC in Test 2.  

       Back-   Back-   Back- 
     Afla-  tra- Afla-  tra- Afla-  tra- 
     toxin ln formed toxin ln formed toxin ln(B1+ formed  
Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

PI 590343 (Ah 7223)  7.70c-f 8.30def 0.80abc 661a-d 5.9572bcd 386 11a-d 1.8540bcd 6 672a-d 5.9729bcd 392 

J 11 7.90c-f 7.80cde 0.60abc 512abc 6.0969b-e 444 6abc 1.7804bcd 5 518abc 6.1095b-e 450 

PI 337394F (FAV 78) 6.60bc 6.60bc 0.60abc 409ab 5.8802bcd 357 7abc 1.8998bcd 6 415ab 5.8959bcd 363 

PI 337409 (Rosado)  8.40efg 8.40def 0.80abc 302ab 5.3587ab 212 4ab 1.1611ab 3 306ab 5.3714ab 215 

PI 362144 (U4-47-7) 8.70efg 8.60def 1.00bc 1047de 6.7840ef 883 21de 3.0496e 21 1067de 6.8028ef 900 

PI 590374 (UF 71513) 7.00bcd 7.30bcd 1.20cd 573a-d 6.2006c-f 493 8abc 2.0986b-e 8 581a-d 6.2154c-f 500 

PI 590332 (U4-47-2) 9.00fg 8.70def 0.60abc 767b-e 6.6512def 773 9abc 2.3726cde 10 776b-e 6.6640def 783 

PI 590331 (U4-7-25) 7.50cde 7.40cd 0.20ab 385ab 5.7229bc 305 4ab 1.1268ab 3 389ab 5.7341bc 309 

PI 590353 (U4-7-3)  8.10def 8.20def 0.20ab 937cde 6.8668ef 959 14cde 2.6446de 14 951cde 6.8822ef 974 

PI 360862 (55-437)  8.30def 8.50def 0.00a 676bcd 6.3865c-f 593 12bcd 2.4955cde 12 688bcd 6.4043c-f 604 

PI 363058 (55-437) 8.40efg 8.20def 0.60abc 402ab 5.8534bcd 348 7abc 1.7458bcd 5 409ab 5.8694bcd 354 

PI 290626 (CC 232) 5.90ab 5.90ab 0.40abc 176a 4.9063a 135 2a 0.6032a 1 179a 4.9161a 136 

PI 259606 (CC 395) 5.00a 4.80a 0.80abc 717b-e 6.4346c-f 623 12a-d 2.2515cde 9 728b-e 6.4497c-f 632 

N 96074L 8.00def 8.00cde 1.20cd 628a-d 6.4192c-f 613 11a-d 2.4634cde 11 639a-d 6.4381c-f 625 

Perry (PI 613600) 9.70g 9.50f 2.00d 1198e 6.9935f 1089 23e 2.9484e 19 1221e 7.0115f 1109 

Gregory (PI 608688) 9.00fg 9.20ef 1.20cd 601a-d 6.1762cde 481 8abc 1.5248abc 4 609a-d 6.1909cde 488 

Mean 7.83 7.84 0.76 624 6.1680 543 10 2.0013 8 634 6.1830 552 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, 

dark green color, or all fluffy colonies) in one-point increments.   
a Mean followed by the same letter are not significantly different (P<0.05) by t-test.   
b lines released in the U.S. identified by genotype name, others identified by plant introduction number. 
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Table 6. Mean squares from analysis of variance of fungal growth and aflatoxin production traits for 18 IVSCAF resistance 
lines and two checks in Test 3. 

     Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth Color Fluffy B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Tray 5 6.18* 3.88† 1.55† 284270 0.6053 245 0.2830 299223 0.6018 

Block (Tray) 24    604885*  463*  637568*  

Genotype 19 22.39** 22.82** 2.33** 1132601** 3.2036** 590** 3.0015** 1183477** 3.2069** 

Error 95(71) 2.03 2.00 0.69 324918 1.0968 225 0.7497 341096 1.1006 

CV (%) 20.7 20.7 74.7 77.6 17.2 104.9 40.5 78.0 17.2 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

Table 7. Mean for A. flavus NRRL 3357 growth and aflatoxin production in inoculated, incubated mature seeds of plant 
introductions selected on the basis of IVSCAF resistance in Test 3. 

       Back-   Back-   Back- 
     Afla-  tra- Afla-  tra- Afla-  tra- 
     toxin ln formed toxin ln formed toxin ln(B1+ formed  
Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

PI 590327 (Ah 6487)  8.17hIj 7.83fg 1.67d-g 798a-e 6.5712d-h 714 16a-d 2.4665c-g 11 814a-e 6.5872d-g 725 

AR-1 (PI 565480) 5.50a-d 5.33a-d 0.50abc 491abc 5.9046a-f 366 7ab 1.7962a-d 6 498abc 5.9189a-e 371 

AR-3 (565482) 7.08d-h 6.83def 1.00a-e 391ab 6.3021c-h 545 5a 2.4834c-g 11 396ab 6.3232c-g 557 

AR-4 (565483) 8.67h-k 8.83gh 1.17b-e 1218c-f 6.6319d-h 758 34de 2.7858d-g 16 1251c-f 6.6529d-g 775 

PI 229553 (Basse) 6.17b-f 6.00cde 1.00a-e 687a-d 6.0429b-g 421 13abc 2.0385b-e 7 700a-d 6.0598b-f 428 

PI 590295 (C 116(R))  6.50c-g 6.33def 0.83a-d 262ab 5.3513abc 210 3a 1.2150ab 3 265ab 5.3648abc 213 

PI 590299 (C 184) 4.17a 4.33ab 0.17a 36a 4.7301a 113 -3a 1.0223a 2 33a 4.7513a 115 

PI 590321 (Faizpur) 6.75c-g 7.17ef 1.00a-e 391ab 5.5662a-d 261 8abc 1.7156abc 5 399ab 5.5870a-d 266 

GFA -1 (PI 565478) 7.58fgh 7.67fg 1.33c-f 523abc 6.0918b-g 442 11abc 2.0933b-e 8 534abc 6.1088b-f 449 

GFA -2 (PI 565479) 5.33abc 5.33a-d 0.50abc 418ab 5.0361ab 153 9abc 1.1524ab 3 427ab 5.0530ab 156 

PI 590300 (M 395) 6.42b-g 6.50def 1.00a-e 730a-e 6.3867c-h 593 14a-d 2.4377c-f 11 744a-e 6.4048c-g 604 

PI 590284 (Maria-B) 5.50a-e 5.67b-e 0.67abc 1381def 5.7764a-f 322 27b-e 2.3673c-f 10 1408def 5.7899a-e 326 

PI 590325 (Monir 240-30) 4.17a 4.17ab 0.83a-d 446abc 5.5762a-d 264 11abc 1.8053a-d 6 457abc 5.5975a-d 269 

PI 443030 (RMP 12) 9.50Ijk 9.67h 1.83efg 1913f 7.4050h 1644 38e 3.4557g 31 1951f 7.4242g 1676 

PI 590352 (Var 27) 9.46Ijk 9.24gh 2.31g 1351def 6.8033fgh 900 27cde 2.8481efg 17 1377def 6.8222efg 918 

PI 407492 (55-437) 8.00ghI 7.67fg 1.00a-e 797a-e 6.4666c-h 643 15a-d 2.2764c-f 9 811a-e 6.4809c-g 652 

AR-2 (PI 565481) 4.83ab 4.67abc 0.33ab 79a 5.0552ab 156 -2a 1.1254ab 3 77a 5.0712ab 159 

PI 298858 (Basse) 4.17a 3.83a 0.67abc 424ab 5.8279a-f 339 8ab 1.6482abc 5 432ab 5.8415a-e 344 

Perry (PI 613600) 9.67jk 9.67h 2.17fg 1431e f 7.2266gh 1375 27cde 3.2471fg 25 1459e f 7.2449fg 1400 

Gregory (PI 608688) 10.00k 10.00h 2.17fg 868b-e 6.8028fgh 900 16a-d 2.8328efg 16 884b-e 6.8213efg 917 

Mean 6.88 6.84 1.11 732 6.0778 556 14 2.1406 10 746 6.0953 566 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
a Mean followed by the same letter are not significantly different (P<0.05) by t-test.   
b lines released in the U.S. identified by genotype name, others identified by plant introduction number. 
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Table 8. Mean squares from analysis of variance of fungal growth and aflatoxin production traits for 18 post-harvest 
aflatoxin resistance lines and two checks in Test 4. 

     Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth Color Fluffy B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Tray 5 3.42** 2.84* 0.67 506939895** 4.1101** 452027** 5.6562** 537006886** 4.1308* 

Block (Tray) 24 2.02* 2.06*        

Genotype 19 7.83** 8.50** 0.73 172201244** 2.1739** 208668** 3.8666** 183890050** 2.1931* 

Error 71(95) 1.00 1.02 0.64 52049951 0.4153 83870 0.8128 5328692378 0.4202 

CV (%)  12.8 13.0 217.9 66.2 7.2 93.8 17.5 66.8 7.2 

§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 
color, or all fluffy colonies) in one-point increments.   

†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

 

Table 9. Mean for A. flavus NRL 3357 growth and aflatoxin production in inoculated, incubated mature seeds of plant 
introductions selected on the basis of post-harvest aflatoxin resistance lines and two checks in Test 4. 

       Back-   Back-   Back- 
     Afla-  tra- Afla-  tra- Afla-  tra- 
     toxin ln formed toxin ln formed toxin ln(B1+ formed  
Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

PI 590299 (C 184) 6.41abc 6.15a-d 0.50 4707a 8.0192ab 3038 114abc 4.1279ab 62 4821a 8.0396ab 3101 

GP NC WS 2 (PI564845) 8.69f-i 8.73ghi 0.67 13652c-h 9.4862gh 13176 349a-g 5.7850efg 325 14001b-g 9.5108gh 13504 

GFA -2 (PI 565479) 8.42e-h 8.22e-h 0.00 7650a-d 8.6700b-f 5825 234a-f 5.0710b-f 159 7885abc 8.6973b-f 5986 

PI 590374 (UF 71513)  8.59e-i 8.50f-i 0.50 8557a-e 8.9652c-g 7825 176a-e 5.0619b-f 157 8733a-d 8.9852c-g 7984 

PI 290626 (CC 232) 5.78ab 5.60ab 0.00 4589a 8.1174ab 3352 79a 4.1134ab 61 4668a 8.1355ab 3413 

PI 590295 (C 116(R)) 5.72ab 5.71ab 0.00 13489b-h 9.1268e-h 9198 461d-h 5.5078c-g 246 13950b-g 9.1544e-h 9455 

PI 337409 (Rosado)  7.91d-g 7.71e-h 0.00 4424a 8.2719bc 3912 85ab 4.2370ab 69 4510a 8.2897abc 3982 

PI 590321 (Faizpur)  6.87bcd 6.87b-e 1.00 5334ab 8.5066a-e 4947 149a-d 4.8959b-e 133 5484ab 8.5335a-e 5082 

PI 590331 (U4-7-25)  7.37cde 7.35c-f 0.00 5518abc 8.4167a-e 4522 115abc 4.4853bc 88 5634ab 8.4364a-e 4611 

PI 259606 (CC 395) 6.12abc 6.12abc 0.33 6782a-d 8.3357a-d 4170 242a-f 4.7048bcd 110 7025abc 8.3631a-d 4286 

PI 590325 (Monir 240-30) 5.47a 5.45a 0.00 4512a 7.8802a 2644 112abc 3.2274a 25 4624a 7.8993a 2695 

PI 363058 (55-437)  8.64e-i 8.48f-i 0.33 16797e-h 9.4936gh 13274 483e-h 5.9201efg 372 17280d-g 9.5221gh 13657 

PI 337394F (FAV 78) 8.46e-h 8.65f-i 1.00 11066a-g 9.2717fgh 10632 247a-f 5.4793c-g 239 11313a-f 9.2940fgh 10872 

PI 298858 (Basse)  7.41c-f 7.44d-g 0.33 10243a-f 9.0589d-g 8594 265a-g 5.3403c-g 208 10509a-e 9.0829d-g 8803 

N96074L 8.83ghi 8.93hij 0.17 14405d-h 9.5199gh 13628 437c-h 5.9904fg 399 14842c-g 9.5490gh 14031 

J 11 8.00d-g 8.01e-h 0.00 14931d-h 9.2777fgh 10697 354a-g 5.5247d-g 250 15285c-g 9.3010fgh 10948 

PI 590343 (Ah7223) 9.47hi 9.68ij 0.33 18915gh 9.3566fgh 11575 710h 5.8220efg 337 19625fg 9.3865fgh 11925 

Tiffton-8 (PI565463) 8.88ghi 8.93hij 0.83 14241d-h 9.3270fgh 11237 412b-h 5.6810d-g 293 14653c-g 9.3535fgh 11539 

Gregory (PI 608688) 8.93ghi 8.79ghi 0.67 17801fgh 9.6943gh 16224 581gh 6.1339g 461 18383efg 9.7232gh 16701 

Perry (PI 613600) 9.93i 10.18j 0.67 20406h 9.8258h 18505 566fgh 6.1813g 483 20972g 9.8519h 18994 

Mean 7.80 7.78 0.37 10901 8.9311 8849 309 5.1645 224 11210 8.9554 9078 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
a Mean followed by the same letter are not significantly different (P<0.05) by t-test.   
b lines released in the U.S. identified by genotype name, others identified by plant introduction number. 



 102

 

Evaluation of Arachis Species and Interspecific Tetraploid Lines  

for Resistance to Aflatoxin Production by Aspergillus flavus 

 

 

Running Title:  Resistance to Aflatoxin Production in Arachis Species 

and Interspecific Tetraploid Lines 

 

H.Q. Xue 1*, T.G. Isleib 1, H.T. Stalker 1, G.A. Payne 2, and G. OBrian 2 

 

 

 

 

 

 

1 H.Q. Xue, T.G. Isleib and H. T. Stalker, Dept. of Crop Science, Box 7629, N.C. State 

Univ., Raleigh, NC 27695-7629.   

2 G.A. Payne and G. OBrian, Dept. of Plant Pathology, Box 7567, N.C. State Univ., 

Raleigh, NC 27695-7567.   

* Corresponding author (email: hxue@cropserv1.cropsci.ncsu.edu).   

 

Formatted for Peanut Science 



 103

ABSTRACT 

Aflatoxins are carcinogenic and extremely toxic secondary metabolites produced 

primarily by two fungi, Aspergillus flavus Link ex Fries and A. parasiticus Speare.  

Elimination of aflatoxin contamination in peanut (Arachis hypogaea L.) is a high priority 

of the peanut industry.  Resistant cultivars should be an effective and low-cost part of an 

integrated aflatoxin management program.  To date, no cultivated peanut has been 

reported with stable, high-level of resistance to aflatoxin production.  Arachis species and 

interspecific tetraploid lines have been evaluated for resistance to several peanut diseases 

and insect pests, and highly resistant accessions have been reported.  Seven accessions of 

A. cardenasii Krapov. and W. C. Gregory, 29 of A. duranensis Krapov. and W. C. 

Gregory accessions, and 17 interspecific tetraploid lines derived from A. hypogaea × A. 

cardenasii were inoculated with A. flavus strain NRRL 3357 and analyzed for aflatoxin 

content after incubation.  On average, A. duranensis and A. cardenasii accumulated 

significantly less aflatoxin than A. hypogaea checks.  The mean difference between the 

two wild species was not significant.  Arachis duranensis accessions PI 468319 

(GKBSPSc 30073), PI 468200 (GKBSPSc 30064), and PI 262133 (GKP 10038sl); and A. 

cardenasii accessions PI 262141 (GKP 10017), PI 475997 (KSSc 36018) had very low 

levels of aflatoxin accumulation and should be valuable sources of resistance to aflatoxin 

contamination.  Of the interspecific tetraploid line, only GP-NC WS 2 supported 

aflatoxin production not significantly different from resistant parent A. cardenasii GKP 

10017, and it appears to be a line with reduced capacity for aflatoxin accumulation.   

Key Words:  Peanut, wild species, germplasm selection. 
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Peanut (Arachis hypogaea L.) is cultivated worldwide in tropical, sub-tropical, and 

warm temperate regions.  It is a major oil crop in many parts of the world, especially in 

Asia.  In North America peanut is grown as a cash crop and used mainly as a food source.  

Various diseases and insect pests limit peanut production, and the quality of peanut 

products is affected by many biotic and/or environmental factors.  Aflatoxin 

contamination is a major problem in most peanut producing countries.  Aflatoxins are 

toxic and carcinogenic secondary metabolites produced primarily by two fungi, 

Aspergillus flavus Link ex Fries and A. parasiticus Speare.  Aflatoxin contamination can 

occur at any time from preharvest through storage.  Elimination of aflatoxin 

contamination is a high priority of the peanut industry because of human health concerns.   

Resistant cultivars should be an effective and low-cost part of an integrated 

aflatoxin management program, and much effort has been put into identifying host plant 

resistance.  Significant genetic variation in resistance to Aspergillus infection or 

preharvest aflatoxin contamination has been identified, and a few breeding lines have 

been reported to possess resistance to seed colonization and seed infection (Mixon, 1983; 

Mehan et al., 1991; Isleib et al., 1994; Rao et al., 1995; Holbrook et al., 1998; 

Upadhyaya et al, 2001).  However, progress in developing cultivars with reduced 

capacity to support aflatoxin production by A. flavus has been slow.  Mehan et al. (1986) 

screened 502 genotypes and found only two lines U4-7-5 and VRR 245 that supported 

very low levels of aflatoxin production.  U4-7-5 is the only low-aflatoxin producing 

genotype that has been used in breeding programs; two lines derived from U4-7-5 were 

released as germplasm for resistance to seed colonization and seed infection (Rao et al., 
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1995; Upadhyaya et al., 2001).  In spite of these efforts, no cultivated peanut has been 

reported with stable, high level of resistance to aflatoxin production.   

Possible alternative sources of resistance to aflatoxin production are the wild 

species of Arachis.  Only a few reports have been made on the value of wild Arachis 

species for resistance to aflatoxin production.  Ghewande et al. (1989) reported that seed 

samples from five Arachis species (A. cardenasii Krapov. and W. C. Gregory, A. 

duranensis Krapov. and W. C. Gregory, A. monticola Krapov. and Rigoni, A. pusilla 

Benth, and A. stenosperma Krapov. and W. C. Gregory) were analyzed for aflatoxin 

content after inoculation and incubation.  Arachis cardenasii and A. duranensis were 

highly resistant to in vitro seed colonization by A. flavus (IVSCAF) and supported 

aflatoxin production in only trace levels, but the particular accessions used among the 

many collected were not identified.  Mehan (1989) evaluated 16 Arachis species (nine in 

section Arachis, three in section Erectoides, two in section Rhizomatosae, and one each 

in sections Extranervosae and Triseminatae), and reported that all supported production 

of aflatoxin B1 (34-110 µg g-1 seed).  Thakur et al. (2000) observed wide variation both 

for seed colonization and aflatoxin production among 35 accessions belonging to 24 

species in six different sections. Accessions of three species A. pusilla [ICG 13212 (PI 

497572, VSW 6773)], A. chiquitana Krapov., W. C. Gregory and C. E. Simpson [ICG 

11560 (PI 476004, KSSc 36025)], and A. triseminata. Krapov. and W. C. Gregory [ICG 

8131 (PI 338449, GK 12922) and ICG 14875 (VfaPzSv 130800)] recorded low seed 

colonization and produced low levels of aflatoxin compared with the control A. hypogaea 

cultivar J11.   
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Although introgression of wild species genes into improved cultivars has been 

difficult, successful progress in utilization of wild species in peanut improvement has 

been made (Simpson et al., 1993; Stalker and Simpson, 1995).  Interspecific tetraploid 

breeding lines derived from hybridization between A. hypogaea PI 261942 with A. 

cardenasii GKP 10017 (PI 262141) have been identified with very high levels of 

resistance to several peanut diseases.  Fifteen of these interspecific tetraploid germplasm 

lines have been released with high resistance to early leafspot (Cercospora arachidicola 

S. Hori) (Stalker and Beute, 1993; Stalker et al., 2002c), insects (Stalker and Lynch, 

2002b) and root-knot nematode (Meloidogyne arenaria (Neal) Chitwood) (Stalker et al., 

2002a).  All the resistance traits are believed to be directly derived from A. cardenasii.  

Garcia et al. (1995) studied 46 introgression lines (including GP-NC WS 1 to WS 10) 

from the same interspecific cross for the introgression of A. cardenasii chromosome 

segments, detected introgressed segments in 10 out of 11 linkage groups, and were able 

to identify introgression into both genomes of A. hypogaea.  The tetraploid germplasm 

lines represent a possible source of high-levels of aflatoxin resistance that would be 

immediately accessible for transfer into commercially viable cultivars of A. hypogaea.   

The objective of this study was to identify accessions of A. cardenasii and A. 

duranensis, and interspecific tetraploid lines held at N. C. State Univ. with resistance to 

aflatoxin production. 

MATERIAL AND METHODS 

Screening of Arachis species.  The germplasm evaluated in this study included 

seven accessions of A. cardenasii and 29 of A. duranensis.  These 36 accessions were 
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divided into two sets with A. hypogaea cultivars Perry (Isleib et al., 2003) and Gregory 

(Isleib et al., 1999) as checks in each set (Table 1).   

The experimental unit was a group of inoculated seed halves in a petri dish.  For 

each experimental unit, whole seeds totaling approximately 5 g were chosen from each 

line.  Seed testas were manually removed to eliminate the potential barrier to A. flavus 

growth.  The cotyledons of each seed were separated to permit the seed to rest without 

rolling.  The seed halves were surface-sterilized by immersion in a 0.525% (vol:vol) 

sodium hypochlorite solution (10% vol:vol commercial bleach) for 3 min followed by a 

rinse in approximately 20 mL of sterile water.  The sample was then placed on the 

surface of four sheets of sterile filter paper moistened with 3 mL sterile water in a 10 cm 

plastic petri dish.  Each seed half was inoculated with 50 µL of a suspension containing 

approximately 2.5×105 conidia per mL of A. flavus strain NRRL 3357 (National Center 

for Agricultural Utilization Research, Peoria, IL).   

A 4×5 triple rectangular lattice design was used to test each set of 20 entries.  Petri 

dishes in the same replication were arranged in four rows and five columns on a tray with 

columns as blocks (Set 1 in trays 1, 3, and 5; Set 2 in trays 2, 4, and 6).  Each of the six 

trays was independently enclosed in a plastic bag to retain moisture.  The six trays were 

stacked in the incubator at 28 C for 8 d.  Short sections of PVC pipe were inserted 

between adjacent trays in the stack to bear their weight and avoid downward pressure on 

the petri dishes’ lids, allow air circulation.  The trays were rotated in vertical position 

each of the 8 d of incubation.  Petri dishes were checked daily, and sterile water was 

added as needed to keep the filter paper near saturation, but without free water being 

evident at the paper surface.   
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After 8 d, petri dishes were removed from the incubator and samples were rated 

separately for mycelial growth, color, and development of “fluffy” colonies using a 

proportional scale of 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium 

on all quarters, dark green color, or all fluffy colonies).  Samples were then dried for 1 

day at 60 C and for another 3 d at 50 C, then ground to a friable meal in a coffee mill and 

stored in scintillation vials until analyzed for aflatoxin content by high-pressure liquid 

chromatography in the NCSU Mycotoxin Lab in the Dept. of Poultry Science.  Aflatoxin 

was extracted from a 2 g ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 

ratio of extractant volume to sample weight.  The extract was purified using a Mycosep 

224 column (Romer Labs, Union, MO).  Aflatoxin was measured by fluorescence high 

performance liquid chromatography as the post-column-generated bromide derivative 

(Traag et al., 1987; Trucksess et al., 1994).  Aflatoxins B1, B2, and total aflatoxin were 

measured.  Aflatoxin data were log-transformed [Y´ = ln (Y+0.5)] to stabilize error 

variance and subjected to analysis of variance using the general linear model procedure 

(PROC GLM) of SAS version 8.2 (SAS Institute, Cary, NC).  Data were analyzed 

initially using the incomplete block experimental design structure, but if there were no 

significant block effects, they were re-analyzed as randomized complete block designs.  

Adjusted means were separated by Fisher’s protected t-test.  Means of the transformed 

data were “back-transformed” with the inverse of the transformation function (Y = eY´- 

0.5) to present values in parts per billion (ppb).  

Screening interspecific tetraploid lines.  The germplasm evaluated in this study 

included 17 interspecific tetraploid lines (GP-NC WS 1 to GP-NC WS 15, N96074L, and 

N96076L).  The 17 interspecific tetraploid lines originated from a triploid interspecific 
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hybrid made by Smartt and Gregory (1967) between A. hypogaea PI 261942 and A. 

cardenasii GKP 10017.  Arachis cardenasii is a diploid (2n = 2x = 20) species collected 

near Roboré, Bolivia.  It is highly resistant to several diseases and insects (Stalker and 

Simpson, 1995).  The A. hypogaea parent PI 261942 (2n = 4x = 40) is a purple-seeded 

valencia-type (subsp. fastigiata Waldron var. fastigiata) line introduced from the 

Guaraní, region of Paraguay.  This genotype is highly susceptible to several diseases and 

insects (Guok et al., 1986; Stalker, 1984).  Interspecific lines GP-NC WS 1 to GP-NC 

WS 4 were released as resistant germplasm to early leafspot, GP-NC WS 5 and GP-NC 

WS 6 as root-knot nematode-resistant germplasm, GP-NC WS 7 to GP-NC WS 10 as 

insect-resistant germplasm (Stalker et al., 2002b).  GP-NC WS 11 to GP-NC WS 15 

involve more complicated ancestry, including A. hypogaea parents NC 5, NC 6, NC 3033 

and PI 270806, and were released as leafspot-resistant germplasm.  Arachis hypogaea 

N96074L and N96076L have GP-NC WS 4 as a parent, so the lines have A. cardenasii 

ancestry.  Arachis species donor A. cardenasii GKP 10017 (PI 262141), A. hypogaea 

parent PI 261942 and A. hypogaea cultivar Perry were included in the test as checks.   

Seed preparation, inoculation, and incubation procedures were as described above 

except each piece was inoculated with 50 µL of a suspension containing approximately 

1×106 conidia per mL of A. flavus strain NRRL 3357, and a 4×5 triple rectangular lattice 

design with two repetitions was used to test these 20 entries.  Evaluation of fungal growth 

related traits, aflatoxin analysis, and data analysis procedures were as described above. 

RESULTS AND DISCUSSION 

Arachis species.  Blocks were not a significant source of variation for color and 

fluffy ratings, so they were not included in the analysis of variance for those traits.  
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Significant variation was observed among the genetic entries for each trait, but some 

showed variation only among species (aflatoxin B1, aflatoxin B2, and total aflatoxin), 

while others showed only variation among accessions within species (growth, color, and 

fluffy ratings).  Species and accession within species had significant effects on log-

transformed aflatoxin B1, log-transformed aflatoxin B2, and log-transformed total 

aflatoxin (Table 2). 

On average, growth, color, and fluffiness of colonies were not measurably different 

across the Arachis species and A. hypogaea.  Gregory and Perry accumulated the largest 

amounts of aflatoxin in both sets.  The two Arachis species averaged significantly less 

aflatoxin B1, B2, and total aflatoxin than A. hypogaea (Table 3).  However, low and high 

aflatoxin accumulators were observed within each species (Table 4).  This indicates a 

need to evaluate many accessions per species, and differences between species observed 

in this experiment may not necessarily represent the entire species.   

Vigorous fungal growth, dark green color, and few fluffy colonies were observed in 

this experiment.  Significant differences were observed among the entries. Arachis 

duranensis 30073 was distinguished from all other entries by supporting less fungal 

growth and color development.  Large variation also occurred for aflatoxin B1, B2, total 

aflatoxin, and their log transformed values (Table 4).  Identification of the “best” Arachis 

species accessions was dependent on the manner of expressing aflatoxin production.  

Based on raw (untransformed) data for aflatoxins B1 and B2, A. duranensis 36002, 

30071, 36006, 30072, 30070, 30074, 10038sl, and A. cardenasii 36032, 36018, and 

10017 were the 10 lowest aflatoxin accumulators.  Based on log-transformed data, A. 

duranensis 30073, 30064, 10038sl, 30070, 15101, 21766, 7988 30068, and A. cardenasii 
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10017, and 36018 had very low-level aflatoxin accumulation.  Log transformation 

resulted in substantial reduction in the coefficient of variation for aflatoxin data (Table 4) 

and gave more precise mean separation.   

Arachis duranensis 30073 had the least fungal growth and lowest aflatoxin 

accumulation based on the log-transformed mean and may be a good source of resistance 

for breeding for reduced aflatoxin accumulation.  Arachis cardenasii 10017 ranked third 

for low aflatoxin content based on log-transformed total aflatoxin and was not 

significantly different (P ≤  0.05) from A. duranensis 30073.  Arachis cardenasii 10017 is 

the Arachis species accession from which there has been the greatest amounts of 

introgression into tetraploid populations via hybridization with A. hypogaea.  

Interspecific tetraploid lines.  In the second experiment, a large amount of 

variation was observed among the 20 entries for all traits measured (Table 5).  Arachis 

species parent A. cardenasii 10017 had vigorous fungal growth and fluffy colonies but 

the lowest production of aflatoxins B1 and B2, and total aflatoxin, before and after log 

transformation.  The color score was relatively low, perhaps because of the high 

incidence of fluffy colonies, which do not develop green color as readily as normal 

colonies.  While A. cardenasii 10017 was one of the most aflatoxin-resistant accessions 

analyzed, A. hypogaea parent PI 261942 had high fungal growth, dark green color, and 

low mean fluffy score and was among the genotypes with high aflatoxin accumulation.  

There were large variances among the 17 interspecific tetraploid lines for fungal growth 

and aflatoxin contamination.  Several lines had more vigorous fungal growth and 

supported more aflatoxin production than the A. hypogaea parent PI 261942, but none 

accumulated less aflatoxin than A. cardenasii 10017.  Based on the log-transformed 
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result, GP-NC WS 2 was the only line that was not significantly different from the 

resistant Arachis species parent A. cardenasii 10017 (Fig. 1).  All other tetraploid lines 

except N96074L contained more aflatoxin than check Perry. 

Arachis species appear to be a valuable source of resistance to aflatoxin production, 

however, it is not unexpected that none of the 17 interspecific tetraploid lines was 

superior to A. cardenasii 10017.  This might because the 17 lines were initially selected 

for other resistance not for resistance to aflatoxin production.  Garcia et al. (1995) studied 

46 introgression lines (including GP-NC WS 1 to WS 10) from the same interspecific 

cross and reported that the aggregate of the several introgressed segments represented 

approximately 360 cM or 30% of the diploid peanut genome.  No single introgression 

lines contained all the introgressed segments. 

Further, A. duranensis accessions should be introgressed into A. hypogaea to 

provide additional lines for A. flavus evaluation.  Because inoculation and analysis of 

aflatoxin content is time consuming and expensive, the use of molecular markers tightly 

linked to aflatoxin resistance gene(s) would improve selection efficiency.  It would be 

useful to identify polymorphic markers in GP-NC WS 2 and develop populations for 

marker-assisted selection.  Garcia et al. (1995) reported both RFLP and RAPD markers 

were efficient in the detection of alien chromosome introgression.  Because these markers 

are representative of A. cardenasii, they may be useful if A. flavus resistant populations 

are developed.  It might then be possible to use marker-assisted selection in breeding for 

resistance to aflatoxin production. 
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Table 1.  Accessions of Arachis species used in the experiments and two A. hypogaea checks. 
Species Accession no. PI no. Collector Species Accession no.  PI no. Collector  

A.cardenasii   10017 262141 GKP A.duranensis   10038 LL. 2621331 GKP 

A.cardenasii   36015 475994 KSSc A.duranensis   7988 219823 K 

A.cardenasii   36018 475997 KSSc A.duranensis   21764 497263 ScVa 

A.cardenasii   36019 475998 KSSc A.duranensis   21766 497264 ScVa 

A.cardenasii   36020 475999 KSSc A.duranensis   30065 468201 GKBSPSc 

A.cardenasii   36032 476011 KSSc A.duranensis   30068 468203 GKBSPSc 

A.cardenasii   36035 476014 KSSc A.duranensis   30069 475844 GKBSPSc 

A.duranensis   10038 sl. 262133 GKP A.duranensis   30071 475846 GKBSPSc 

A.duranensis   21763 497262 ScVa A.duranensis   30072 475847 GKBSPSc 

A.duranensis   21767 497265 ScVa A.duranensis   30073 468319 GKBSPSc 

A.duranensis   30060 468197 GKBSPSc A.duranensis   30074 468320 GKBSPSc 

A.duranensis   30061 468198 GKBSPSc A.duranensis   30077 468323 GKBSPSc 

A.duranensis   30064 468200 GKBSPSc A.duranensis   30078 yl. fl. 468324 GKBSPSc 

A.duranensis   30067 468202 GKBSPSc A.duranensis   30078 or. fl. 468324 GKBSPSc 

A.duranensis   30070 475845 GKBSPSc A.duranensis   36003 475883 KSBScC 

A.duranensis   30075 468321 GKBSPSc A.duranensis   36005 475885 KSBScC 

A.duranensis   36002 475882 KSBScC A.duranensis   36006 475886 KSBScC 

A.duranensis   15101 468372 ScBo A.duranensis   36036 475887 KSSc 

A.hypogaea     Gregory   A.hypogaea     Gregory  

A.hypogaea     Perry      A.hypogaea     Perry     

B = D. J. Banks; Bo = E. Bordas; C = C. L. Cristobal; G = W. C. Gregory; K = A. Krapovickas; P = J. R. Pietrarelli;  
S = C. E. Simpson; Sc = A. Schinini; Va = S. E. S. Valente. 

Table 2. Mean squares fungal growth and aflatoxin production traits for 36 accessions of Arachis species and two A. 
hypogaea checks. 

     Aflatoxin ln Aflatoxin ln Aflatoxin  ln 
Source df Growth Color Fluffy B1  (B1+0.5) B2  (B2+0.5) (B1+B2)  (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Set 1 0.21 0.33 0.33 251084 0.7340 7 2.6371 253828 0.7508 

Tray (set) 4 5.33** 14.33** 3.03† 7196552* 9.0178** 2581* 10.4708** 7470704* 9.0897** 

Block (set, tray) 24 1.03*   3322373† 2.6811† 1397† 4.7712** 3457078† 2.7077† 

Species 2 1.00 0.57 1.81 38440664** 14.9129** 11254** 21.6792** 39767385** 15.0006** 

Accessions (species) 35 2.87** 5.00** 4.30** 1971370 3.4281** 815 3.6349* 2049683 3.4493** 

Error 77(53) 0.6 1.27 1.30 2013263 1.5917 860 1.9083 2095631 1.6019 

CV (%)  8.2 12.4 65.8 105.8 20.3 130.5 81.1 106.2 20.3 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   
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Table 3. Means for fungal growth and aflatoxin production traits for Arachis species and A. hypogaea checks.   
       Back-   Back-   Back- 
     Afla-  trans- Afla-  trans- Afla-  trans- 
     toxin ln formed toxin ln formed toxin ln(B1+ formed  
Species Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

A .cardenasii 9.65a 9.40a 1.17a 656a 6.1718a 479 11a 1.6865a 5 666a 6.1828a 484 

A. duranensis 9.38a 8.97a 1.90a 1114a 5.9818a 396 19a 1.4118a 4 1133a 5.9913a 399 

A. hypogaea 8.96a 9.17a 1.50a 4187b 7.9975b 2973 71b 3.8490b 46 4258b 8.0130b 3020 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
a Means followed by the same letter are not significantly different (P < 0.05) by t-test.   
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Table 4. Fungal growth and aflatoxin production traits for Arachis species and A. hypogaea checks. 
        Back-   Back-   Back- 
      Afla-  trans- Afla-  trans- Afla-  trans- 
      toxin ln formed toxin ln formed toxin ln(B1+ formed  
Set Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb ppb 

1 A.cardenasii  10017         8.42bc 8.67cde 1.33abc 327a-d 4.1990abc 66 0a-d -0.5311ab 0 327a-d 4.1994abc 66 
1 A.cardenasii  36015         8.87b-f 8.67cde 2.00bcd 849a-d 6.0908b-i 441 5a-d 0.8946a-f 2 854a-d 6.0929b-i 442 
1 A.cardenasii  36018         9.43c-h 8.67cde 0.67ab 312a-d 4.7929b-d 120 1a-d -0.4818ab 0 314a-d 4.7959b-e 121 
1 A.cardenasii  36019        10.07e-i 10.00e 1.33abc 1831b-g 7.0623e-j 1167 33b-d 2.2842c-j 9 1864b-g 7.0737e-j 1180 
1 A.cardenasii  36020         9.37c-h 9.33de 0.00a 1122a-e 6.9287e-j 1021 21a-c 3.0599f-j 21 1143a-e 6.9465e-j 1039 
1 A.cardenasii  36032         9.31c-h 9.33de 1.33abc 180a-d 5.5770b-h 264 0a-d 0.4014a-e 1 179a-d 5.5829b-h 265 
1 A.cardenasii  36035        10.96i 10.00e 2.67cd 1084a-e 6.5011c-j 665 18a-c 2.2872c-j 9 1102a-e 6.5137c-j 674 
1 A.duranensis  10038 sl.     8.96b-f 6.67b 2.00bcd 452a-d 4.4899bcd 89 7a-d 0.2937a-d 1 459a-d 4.4939bcd 89 
1 A.duranensis  21763         9.44c-h 8.67cde 2.67cd 3655e-h 6.6788d-j 795 67c-e 3.0560e-j 21 3722e-h 6.6928d-j 806 
1 A.duranensis  21767         8.93b-f 7.33bc 1.33abc 2620c-g 7.1989f-j 1337 45c-e 2.7826d-j 16 2665c-g 7.2127f-j 1356 
1 A.duranensis  30060        10.48hi 9.33de 3.33d 1480a-e 5.6955b-i 297 26a-d 1.0310a-g 2 1506a-e 5.7025b-i 299 
1 A.duranensis  30061         9.02b-g 9.33de 0.00a 2343b-g 7.3242f-j 1516 39c-e 2.4770c-j 11 2382b-g 7.3364f-j 1535 
1 A.duranensis  30064         9.90c-i 10.00e 2.00bcd 814a-d 3.7916ab 44 21a-c 0.7345a-f 2 836a-d 3.7988ab 44 
1 A.duranensis  30067       10.49ghi 10.00e 2.00bcd 1013a-e 7.1849e-j 1319 16a-c 2.2976c-j 9 1029a-e 7.1973e-j 1335 
1 A.duranensis  30070         7.71b 6.67b 0.67ab 269a-d 5.0642b-f 158 3a-d 0.2938a-d 1 272a-d 5.0682b-f 158 
1 A.duranensis  30075         9.82c-i 10.00e 0.00a 1529a-e 7.3231f-j 1514 25a-d 2.2659c-j 9 1554a-e 7.3345f-j 1532 
1 A.duranensis  36002         8.64bcd 8.00bcd 0.67ab -1012a 5.6886b-i 295 -25a -0.4493ab 0 -1037a 5.6908b-i 296 
1 A.duranensis  15101         9.91d-i 10.00e 2.67cd 509a-d 5.3636b-g 213 1a-d 0.5876a-f 1 510a-d 5.3676b-g 214 
1 A.hypogaea    Gregory      7.69b 9.33de 1.33abc 4450gh 7.6793g-j 2163 66c-e 2.9615d-j 19 4516g h 7.6892g-j 2184 
1 A.hypogaea    Perry         9.91d-i 8.67cde 2.00bcd 4264fgh 7.7346hij 2286 78de 3.6351hij 37 4342fg h 7.7492hij 2319 
2 A.duranensis  10038 ll.     9.44c-h 8.00bcd 1.33abc 862a-d 6.3893c-j 595 18a-c 1.3406a-h 3 880a-d 6.4022c-j 603 
2 A.duranensis  7988          9.82c-i 9.33de 0.67ab 645a-d 5.4956b-h 243 6a-d -0.8178a 0 651a-d 5.4913b-h 242 
2 A.duranensis  21764        10.70hi 10.00e 1.33abc 1111a-e 5.8989b-i 364 23a-c 1.7486b-i 5 1134a-e 5.9153b-i 370 
2 A.duranensis  21766         8.90b-f 8.67cde 0.67ab 719a-d 5.4747b-h 238 5a-d 0.0195abc 1 724a-d 5.4728b-h 238 
2 A.duranensis  30065         8.96b-f 8.00bcd 1.33abc 1407a-e 6.6433d-j 767 33b-d 2.9121d-j 18 1440a-e 6.6626d-j 782 
2 A.duranensis  30068        10.21f-i 10.00e 2.67cd 1143a-e 5.4950b-h 243 22a-c 1.5549a-i 4 1164a-e 5.5070b-h 246 
2 A.duranensis  30069         9.90d-i 10.00e 2.00bcd 2157b-g 6.9006e-j 992 42c-e 3.0775f-j 21 2199b-g 6.9185e-j 1010 
2 A.duranensis  30071         9.85c-i 10.00e 1.33abc -298ab 5.5430b-h 255 -17ab 0.0511abc 1 -315ab 5.5466b-h 256 
2 A.duranensis  30072         9.72c-i 10.00e 5.33e 97abc 5.8239b-i 338 4a-d 1.0976a-h 2 100abc 5.8373b-i 342 
2 A.duranensis  30073         4.59a 4.00a 0.67ab 642a-d 2.0592a 7 15a-c 1.0598a-h 2 656a-d 2.0694a 7 
2 A.duranensis  30074         9.91d-i 9.33de 2.00bcd 399a-d 6.3338c-j 563 -1abc 1.4839a-h 4 398a-d 6.3430c-j 568 
2 A.duranensis  30077         9.54c-i 10.00e 5.33e 1168a-e 7.4919g-j 1793 23a-c 3.5349g-j 34 1191a-e 7.5142g-j 1833 
2 A.duranensis  30078 yl. fl.10.04d-i 10.00e 2.67cd 1127a-e 6.1339b-j 461 25a-d 2.5005c-j 12 1152a-e 6.1521b-j 469 
2 A.duranensis  30078 or. fl.9.70c-i 10.00e 2.67cd 832a-d 6.6576d-j 778 13a-c 1.7226a-i 5 845a-d 6.6680d-j 786 
2 A.duranensis  36003         9.34c-h 9.33de 2.00bcd 1380a-e 6.6604d-j 780 24a-d 1.6879a-i 5 1405a-e 6.6716d-j 789 
2 A.duranensis  36005         9.83c-i 10.00e 2.00bcd 1727b-f 7.6759g-j 2155 22a-c 3.1908f-j 24 1749b-f 7.6890g-j 2184 
2 A.duranensis  36006         9.28c-h 8.67cde 0.67ab 53abc 5.5146b-h 248 2a-d 0.5460a-f 1 55abc 5.5218b-h 250 
2 A.duranensis  36036        10.04d-i 10.00e 2.00bcd 2347c-g 7.5283g-j 1859 52d-e 2.7512d-j 15 2399c-g 7.5436g-j 1888 
2 A.hypogaea    Gregory      8.69b-e 10.00e 2.00bcd 5340h 8.5415j 5122 93e 4.6470j 104 5433h 8.5604j 5220 
2 A.hypogaea    Perry         9.54c-i 8.67cde 0.67ab 2694d-g 8.0346ij 3085 47c-e 4.1524ij 63 2741d-g 8.0533i j 3144 

Mean  9.38 9.07 1.73 1341 6.2166 916 23 1.7036 12 1364 6.2270 930 
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 

color, or all fluffy colonies) in one-point increments.   
a Means followed by the same letter are not significantly different (P < 0.05) by t-test.   
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Table 5. Means for fungal growth and aflatoxin production traits for interspecific tetraploids lines, A. cardenasii, and the  
A. hypogaea checks. 

      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans- 
    toxin ln formed toxin ln formed toxin ln(B1+ formed  
Genotype Growth Color Fluffy B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

A. cardenasii 10007  10.00d 5.87a 7.50e 6716a 7.2004a 1340 219a 4.2738a 71 6935a 7.2252a 1373 

Interspecific lines 

N96074L 7.00a 9.01d-g 0.83a 7002a 8.7501bc 6311 171a 4.9954abc 147 7174a 8.7737bc 6461 

N96076L 9.67cd 9.33e-h 0.83a 14207abc 9.4341b-f 12507 469abc 5.9335c-h 377 14676abc 9.4643b-f 12891 

GP-NC WS1 9.00bcd 9.36e-h 0.67a 23060bcd 10.0168d-h 22400 604a-e 6.3768e-i 588 23664bcd 10.0432d-h 22998 

GP-NC WS2 6.67a 6.54ab 0.50a 5796a 8.4420ab 4637 162a 4.6057ab 100 5957a 8.4644ab 4742 

GP-NC WS3 8.33b 8.03cd 1.00a 25721cd 9.9609d-h 21182 706a-e 6.3748e-i 586 26427cd 9.9885d-h 21774 

GP-NC WS4 10.00d 9.02d-g 1.33ab 43376ef 10.6274fgh 41248 1434f 7.2112ijk 1354 44810ef 10.6597fgh 42605 

GP-NC WS5 8.67bc 9.00d-g 0.83a 15631abc 9.4873b-f 13191 362ab 5.7121c-f 302 15993abc 9.5100b-f 13493 

GP-NC WS6 9.50cd 6.68ab 5.67d 21931bcd 9.8078c-h 18175 630a-e 6.2063d-i 495 22561bcd 9.8349c-h 18673 

GP-NC WS7 8.17b 8.09cd 1.17ab 11295ab 9.2936b-e 10868 243a 5.4338b-e 229 11537ab 9.3145b-e 11098 

GP-NC WS8 8.67bc 8.23de 2.83c 16194abc 9.5752b-g 14403 403ab 5.8751c-g 356 16597abc 9.5998b-g 14761 

GP-NC WS9 9.17bcd 7.03bc 4.83d 31848de 10.2586e-h 28527 1004c-f 6.7710g-j 872 32851de 10.2892e-h 29412 

GP-NC WS10 9.83d 8.70def 2.50bc 40345ef 10.5268fgh 37300 1143ef 6.9547h-k 1048 41488ef 10.5546fgh 38355 

GP-NC WS11 10.00d 10.11gh 1.17ab 31886de 10.3522e-h 31327 1053def 6.9265g-k 1018 32940de 10.3846e-h 32357 

GP-NC WS12 10.00d 9.66fgh 1.33ab 39896ef 10.4776e-h 35511 1503fg 7.0498ijk 1152 41399ef 10.5108e-h 36708 

GP-NC WS13 10.00d 9.22e-h 1.17ab 61158g 10.9813h 58764 2682h 7.8181k 2485 63840g 11.0231h 61274 

GP-NC WS14 9.50cd 10.01gh 1.00a 16376abc 9.4851b-f 13161 448ab 5.8451c-g 345 16823abc 9.5114b-f 13512 

GP-NC WS15 10.00d 10.33h 0.83a 46857f 10.7104gh 44821 2049g 7.5058jk 1818 48906f 10.7510gh 46677 

A. hypeaga 

Perry 9.50cd 10.08gh 1.00a 14977abc 8.8631bcd 7066 515a-d 5.3000a-d 200 15493abc 8.8921bcd 7274 

PI261942 9.83d 9.00d-g 1.83abc 32304de 10.2459e-h 28168 860b-e 6.5773f-j 718 33164de 10.2715e-h 28895 

Mean 9.18 8.67 1.94 25329 9.7248 16728 833 6.1873 486 26162 9.7533 17211 

CV (%) 9.7 10 63.9 42.3 10.8  57.0 14.5  42.5 10.8  

§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green 
color, or all fluffy colonies) in one-point increments.   

a Means followed by the same letter are not significantly different (P<0.05) by t-test.   
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Fig. 1. Fungal growth and aflatoxin of interspecific tetraploid lines (     ) their 

parental lines and checks (     ) 
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ABSTRACT 

 
Aflatoxins are toxic and extremely carcinogenic secondary metabolites produced 

primarily by two fungi, Aspergillus flavus Link ex Fries and A. parasiticus Speare.  Much 

effort has been placed on screening peanut (Arachis hypogaea L.) genotypes for 

resistance to Aspergillus colonization and aflatoxin production, and significant 

differences have been found among genotypes.  However, most studies used only one or 

two fungal isolates, and the interaction between peanut genotype and Aspergillus strain 

has not been well documented.  To test the interactions between peanut genotype and 

strains of two Aspergillus species, seeds of five peanut lines were manually blanched, the 

cotyledons separated, and inoculated with conidia of each of two strains of A. flavus and 

two of A. parasiticus.  Seeds were placed on moistened filter paper in petri dishes and 

incubated 8 d at 28 C.  Dishes were arranged on plastic trays enclosed in plastic bags and 

stacked with PVC spacers between trays.  A 4×5 triple rectangular lattice design with two 

repetitions of block arrangements was used.  Aspergillus species, strain within species, 

and genotype had significant effects on almost all traits measured.  Aspergillus flavus 

produced more fungal growth, higher color and “fluffy” colony scores, but significantly 

less aflatoxin than did A. parasiticus.  No aflatoxins G1 or G2 were produced by A. 

flavus.  No correlation between fungal growth and aflatoxin production was observed.  A. 

flavus NRRL 29472 produced the largest amount of fungal growth but the least amount 

of aflatoxin while A. parasiticus NRRL 2999 produced the greatest fungal growth but the 

highest levels of aflatoxins among the four strains.  PI 337409 accumulated the least 

amount of aflatoxin as expected, but susceptible check Perry was not the most highly 
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contaminated.  Results using A. flavus 3357 were consistent with previous results using 

the same isolate.  Aspergillus species and strain had more effect on aflatoxin production 

than did peanut genotype.  There were significant interactions between peanut genotype 

and Aspergillus strain for log transformed aflatoxin production.  These results suggest the 

importance of using several aflatoxigenic strains of A. flavus and A. parasiticus when 

screening for stable and high resistant to aflatoxin producing genotypes.   

Key words:  Arachis hypogaea L., groundnut, plant pathogen interactions. 
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Toxigenic fungi of the genus Aspergillus are capable of infecting a wide range of 

crops including corn, cotton, and peanuts.  Contamination occurs when the aflatoxin-

producing fungi infect plants or plant products either during crop development or in 

storage.  The toxigenic species of Aspergillus include A. flavus Link ex Fries, A. 

parasiticus Speare, and A. nomius Kurtzman, Horn, & Hesseltine.  Aspergillus flavus and 

A. parasiticus are important in the colonization and contamination of agricultural crops.  

There are four major aflatoxins that occur in crops: B1, B2, G1 and G2.  The dominant 

aflatoxins produced by A. flavus are B1 and B2, whereas A. parasiticus produces two 

additional aflatoxins, G1 and G2 (Payne, 1998).  Aflatoxin B1 is considered to be the 

most important of the four because it is the most toxic and has been classified by the 

International Agency for Research on Cancer (1987) as a probable human carcinogen.  

Because of human health concerns, many countries have set maximum levels of aflatoxin 

allowed in food and feed (Stoloff et al., 1991).  The U. S. Food and Drug Administration 

permits maximum aflatoxin levels of 20 ppb in peanut products destined for human 

consumption; the European union allows 3 ppb of total aflatoxin and 2 ppb of aflatoxin 

B1.  Aflatoxin contamination has had a tremendous impact on the peanut industry.  

Aflatoxin contamination costs the farmer, buying point, and sheller segments of the 

southeastern U.S. peanut industry more than $25 million annually (Lamb and Sternitzke, 

2001).  Reduction of aflatoxin contamination of peanuts grown and sold in the U.S.A. 

remains a high priority of the U.S. peanut industry. 

The ability of peanut cotyledons to support aflatoxin production has received 

increasing attention.  Rao and Tupule (1967) first reported varietal differences in 

production of aflatoxins following invasion of seeds by aflatoxigenic strains A. flavus.  
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Other researchers did not confirm their findings, but many studies since then have been 

conducted to screen peanut germplasm for resistance to aflatoxin production.  Although 

no germplasm completely resistant to aflatoxin accumulation has been found, genotypes 

differ in the concentrations of aflatoxin they support during infection by A. flavus (Mehan 

et al., 1986; Dange et al., 1989; Ghewande et al., 1989). 

Most studies used only one or two fungal isolates, and did not compare different 

fungal isolates.  Many strains of A. flavus and A. parasiticus invade peanuts and produce 

aflatoxins (Joffe, 1969; Schroeder and Boller, 1973; Diener and Davis, 1977), but isolates 

of these species vary widely in the amount of aflatoxin they produce on peanuts and in 

their capacity of producing different aflatoxins (Hesseltine et al., 1970; Dorner et al., 

1984).   

A few studies used different genotypes and strains to compare the responses of 

different genotypes to different strains.  Nagarajan and Bhat (1973) tested peanut lines 

TMV 2 and US 26 inoculated with three isolates of A. flavus and two isolates of A. 

parasiticus and reported that aflatoxin production in peanut depended both on the host 

varieties and on the fungal strains.  Differences between isolates were relatively 

consistent across peanut genotypes.  Wilson and Bell (1984) compared aflatoxin 

production on peanut, corn and soybean after inoculation with isolates of A. flavus and A. 

parasiticus and found that both fungal isolate and substrate had significant effects on 

aflatoxin production.  The authors did not discuss the interaction between genotypes and 

isolates of fungi.  Mehan et al. (1982) tested nine peanut genotypes for resistance to seed 

colonization by five different strains of A. flavus, and aflatoxin production by three 

different strains of A. flavus.  They reported that A. flavus strains differed significantly 
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from one another in their ability to colonize and internally infected seeds to produce 

aflatoxin.  Significant interactions between peanut genotypes and strains of A. flavus were 

observed for seed colonization and internal seed infection.  Although not discussed by the 

author, the data presented indicated the occurrence of strong interaction between peanut 

genotypes and A. flavus strains for aflatoxin production.  Information on interactions 

between host and pathogen for aflatoxin production is obviously important for resistance 

breeding.  

The objectives of this experiment were i) to test the effect of A. flavus and A. 

parasiticus strains on aflatoxin production in different peanut genotypes, and ii) to assess 

the nature of interactions, if any, between peanut genotype and Aspergillus species, and 

between peanut genotype and strains within a species.   

MATERIALS AND METHODS 

Four genotypes with reduced capability for aflatoxin production identified from a 

previous study (Xue et al., 2002, unpublished data) were used in this experiment:  PI 

337409 (‘Rosado’, collected at Yaguaron, Paraguay, FAN 155 in the collection at 

National University of the Northeast, Corrientes, Argentina), PI 590325 (‘Monir 240-30’, 

ICG 2800, a landrace originating in Mexico), PI 290626 (‘Sel. No. 230’, from Mysore, 

India, core collection number CC 232), and PI 590299 [‘C 184’, ICG 911, a breeding line 

developed at the International Crops Research Institute for the Semi-Arid Tropics 

(ICRISAT)].  Large-seeded virginia-type cultivar Perry (Isleib et al., 2003) was included 

as a susceptible check.  Seeds were produced under irrigation at the Peanut Belt Research 

Station at Lewiston in the 2002 growing season.  Aspergilles flavus strain NRRL 3357 

and A. parasiticus strain NRRL 2999 were obtained from Microbial Genomic and 
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Bioprocessing Research Unit (Peoria, IL).  Aspergillus flavus strain NRRL 29472 and A. 

parasiticus strain NRRL 29553 were obtained from National Peanut Research Laboratory 

(Dawson, GA).  All strains are highly aflatoxigenic.  A factorial treatment design was 

used in this experiment with five genotypes, two Aspergillus species, and two strains of 

each species to form 20 treatment combinations.   

The experimental unit was a group of inoculated seed pieces in a petri dish. 

Approximately 5 g of seeds in each experimental unit were chosen from a particular line.  

Seed testas were manually removed to eliminate the potential barrier to A. flavus growth.  

The cotyledons of each seed were separated to permit the seed to rest without rolling.  

The seed-halves were surface-sterilized by immersion in a 0.525% (vol:vol) sodium 

hypochlorite solution (10% vol:vol commercial bleach) for 3 min followed by a rinse in 

approximately 20 mL of sterile water.  The sample was then placed on the surface of four 

sheets of sterile filter paper moistened with 3 mL sterile water in a 10 cm plastic petri 

dish.  Each piece was inoculated with 25 µL of a suspension containing approximately 

1×106 conidia per mL of one of the four strains. 

A 4×5 triple rectangular lattice design with two repetitions of block arrangements 

was used.  The 20 dishes in each of those replicates were arranged on a tray in four rows 

and five columns with columns as blocks.  Trays were then enclosed individually in large 

plastic bags with PVC spacers between stacked trays to allow air circulation.  The trays 

were rotated in vertical position each of the 8 d of incubation at 28 C.   

After 8 d of incubation, samples were removed from the incubator and rated 

separately for fungal growth, green color, and development of “fluffy” colonies on a 

proportional scale of 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium 
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on all quarters, dark green color, all fluffy colonies).  Samples were dried for 1 d at 60 C, 

and another 3 d at 50 C, ground to a friable meal in a coffee mill and stored in 

scintillation vials until analyzed for aflatoxin content by high-pressure liquid 

chromatography in the NC State Univ. Mycotoxin Lab.  Aflatoxin was extracted from a 2 

g ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 ratio of extractant volume 

to sample weight.  The extract was purified using a Mycosep 224 column (Romer Labs, 

Union, MO).  Aflatoxins B1, B2, G1, and G2 were measured by fluorescence high 

performance liquid chromatography as the post-column-generated bromide derivative 

(Traag et al., 1987; Trucksess et al., 1994).  Aflatoxin data were log-transformed [Y´= 

ln(Y+0.5)] to stabilize error variance and subjected to analysis of variance by the general 

linear model procedure (PROC GLM) of SAS version 8.2 (SAS Institute, Cary, NC).  

Means were separated by Fisher’s protected t-test.  Means of the transformed data were 

“back-transformed” with the inverse of the transformation function (Y = eY´- 0.5) to 

present values in parts per billion (ppb). 

RESULTS AND DISCUSSION 
 

Although a rectangular lattice design was used in this experiment, blocks had no 

detectable effects on aflatoxins before or after log transformation.  Data from the 

experiment were then analyzed as a randomized complete block design instead of as an 

incomplete block design (Table 1).  Log transformation resulted in lower coefficient of 

variation and great precision of comparison between treatments. 

The main effects of Aspergillus species, strain within species, and genotype were 

significant for all the traits measured (Table 1).  Interaction between genotype and 

species was not significant for any of the traits (P > 0.05) except for log-transformed 
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aflatoxin B2 (P < 0.05).  Interaction between genotype and strain within species was 

significant for fluffy score, log-transformed aflatoxin B2, log-transformed aflatoxin B1, 

and log-transformed total aflatoxin. 

Because the two A. flavus strains used in this experiment did not produce aflatoxins 

G1 and G2, data on those toxins were analyzed without the observation from A. flavus 

species (Table 2).  Peanut genotype had no effect on aflatoxin G2 and G1 (P > 0.05), but 

had highly significant effects on log-transformed G1 and G2 (P < 0.01).  Strains had 

highly significant effects on both untransformed and log-transformed aflatoxin G1, G2.  

No significant interactions between strain and genotype were detected.   

There were significant differences between the two species for all traits measured 

(Table 3).  Aspergillus flavus on average had more fungal growth, and greater color and 

fluffy scores than A. parasiticus.  No aflatoxins G1 and G2, and much less aflatoxins B1 

and B2 were produced by A. flavus than by A. parasiticus.   

Strains within species differed significantly from one to another with respect to 

fungal growth and aflatoxin production.  Aspergillus flavus NRRL 29472 produced the 

greatest amount of growth and fluffy colony development while A. flavus NRRL 3357 

did not develop any fluffy colonies in this experiment, but the amount of aflatoxin 

production was not significantly different between the two strains.  For the two strains 

within A. parasiticus, there were no significant differences in growth, color and fluffy 

scores, but the amounts of aflatoxins produced were significantly different.  Aspergillus 

parasiticus NRRL 2999 produced much more aflatoxins G1, G2, B1 and B2 than did A. 

parasiticus NRRL 29553.  The rank of the four strains averaged over five genotypes from 
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high to low was A. parasiticus NRRL 2999, A. parasiticus NRRL 29553, A. flavus NRRL 

3357, and A. flavus NRRL 29472.   

There was no apparent association between growth and aflatoxin production.  

Aspergillus flavus on average produced more fungal growth but less aflatoxin compared 

to A. parasiticus.  Seeds inoculated with A. flavus strain NRRL 29472 had the greatest 

fungal growth score (almost all seeds were entirely colonized), and fluffy colony 

development, but it produced the least aflatoxin among the four strains.  In contrast, A. 

parasiticus strain NRRL 2999 colonized only about half the seeds inoculated, but it 

produced the largest amount of aflatoxin among the four strains.  

Peanut genotype had a significant effect on all traits except untransformed aflatoxin 

G1 and G2.  Aflatoxins were produced in all genotypes, but differences between them 

were significant.  Based on the untransformed total aflatoxin averaged over all four 

strains, the rank of peanut genotypes from lowest producer to highest accumulator was PI 

337409, PI 290626, Perry, PI 590325, and PI 590299 (Table 4).  PI 337409 had the least 

fungal growth and the lowest aflatoxin production among the five genotypes.  This lines 

has been reported to be a source of stable, high-level resistance to in vitro seed 

colonization by A. flavus (IVSCAF) (Mixon and Rogers 1973; Mehan and McDonald, 

1980), field seed infection (Zambettakis et al., 1981; Kisyombe et al., 1985), and 

preharvest aflatoxin contamination (Azaizeh et al., 1989).  PI 337409 has been used in 

several breeding programs to develop commercial cultivars with resistance to A. flavus 

(Mixon, 1983; Rao, et al., 1995; Upadhyaya et al., 2001).  However, Mehan et al. (1982) 

tested nine peanut genotypes including PI 337409 for resistance to seed colonization and 

aflatoxin production following infection of scarified, surface-sterilized seeds by 
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aflatoxigenic strains of A. flavus.  PI 337409 showed significantly less seed colonization 

and internal infection than the other genotypes, but supported substantial aflatoxin.  

Wilson et al. (1977) found production of aflatoxin in PI 337409 to be similar to that of 

IVSCAF-susceptible genotypes PI 339396 and Florunner when seed lots were stored 

under high humidity.  Anderson et al. (1995) reported that PI 337409 was also 

susceptible to preharvest aflatoxin contamination in field. 

PAC-resistant line PI 290626 (C. C. Holbrook, personal commun.) contained less 

aflatoxin than Perry.  This line was a low aflatoxin accumulator in previous tests.  PI 

590299 and PI 590325 were reported to be resistant to seed colonization (Mehan and 

McDonald, 1980; Tsai and Yeh, 1985), but they accumulated more aflatoxin than Perry 

averaged over all four strains in this experiment.  Perry was used as a susceptible check.  

It had the most vigorous fungal growth, color and fluffy development, but it was not the 

most susceptible entry in term of total aflatoxin production averaged over the four strains 

used in this experiment.   

The five peanut genotypes used in this experiment were chosen from a previous 

germplasm screening test based on untransformed total aflatoxin production when 

inoculated with A. flavus 3357.  In that test, the five selected genotypes ranked (from low 

to high) PI 337409, PI 590325, PI 290626, PI 590299 and Perry.  In the current study, 

those genotypes ranked exactly the same if only comparing the untransformed total 

aflatoxin content of those five genotypes inoculated with A. flavus 3357 (Table 4).  This 

demonstrated the repeatability of the experimental technique. 

Significant interaction between genotypes and strains within species was observed 

for log transformed aflatoxin production.  Such interaction can arise from either or both 
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of two causes (Cockerham, 1961), one being that the variances among peanut genotypes 

were different in different environments, and the other being a lack of perfect positive 

correlation of the genotypic effects in the different strains.  In the untransformed data, 

variances were greater when using A. parasiticus than when using A. flavus, especially 

for A. parasiticus NRRL 2999.  However, log transformation of the data made the 

variances among genotypes much more stable across different strains.  Heterogeneous 

variance among peanut genotypes inoculated with different strains was not a significant 

cause that contributed to the occurrence of interactions between peanut genotypes and 

Aspergillus strains.  

Correlations of the genotypic effects for aflatoxin production using different strains 

were imperfect (Table 4), and these were the major cause for the occurrence of 

interaction between peanut genotypes and Aspergillus strains for log-transformed 

aflatoxin production data.  The rank of the five genotypes was not always consistent 

across different Aspergillus strains.  For example, based on log-transformed values for 

aflatoxin content the five genotypes ranked the same for the two A. parasiticus strains 

(from low to high PI 337409, PI 290626, Perry, PI 590325, and PI 590299).  This order 

was different when the lines were inoculated with A. flavus.  The greatest inconsistency 

of the rank occurred when inoculated with A. flavus NRRL 29472; Perry and PI 337409 

reversed their ranks with Perry being the lowest producer.  The other three genotypes did 

not change rank.  When inoculated with A. flavus NRRL 3357, PI 337409 was still the 

lowest aflatoxin producer, and PI 590299 was still the largest aflatoxin producer, but the 

three genotypes in the middle changed ranks.  To some extent, the significance of the 

interaction detected for the log-transformed data may reflect the increase in precision 
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achieved by transformation.  In spite of the occurrence of some rank changes, there was a 

considerable degree of consistency in the rankings across the four strains.  With only one 

exception each, PI 590299 was the highest aflatoxin accumulator; PI 590325 the second 

highest, PI 290626 the second lowest, and PI 337409 the lowest aflatoxin accumulator.  

This result suggests that there is at least some degree of consistency across strains.   

Conclusions we may draw from this experiment are: 1) Aflatoxin production 

depends on the peanut genotype, Aspergillus species and strain.  This result was 

consistent with previous reports (Nagarajan and Bhat, 1973; Wilson and Bell, 1984).  In 

this experiment Aspergillus strain exerted a greater effect on the aflatoxin content of seed 

than did peanut genotype.  2) Interactions between genotypes and species were not 

significant, but interactions between genotypes and strains within species were significant 

for log-transformed aflatoxin values. These interactions were caused mainly by imperfect 

correlations of the genotypic effects for aflatoxin production using different strains.  

These results suggest the importance of using several aflatoxigenic strains of A. flavus 

and A. parasiticus in a program of screening resistant genotypes.  Our results contrast 

those of Nagarajan and Bhat (1973), who reported that the relative differences in A. 

flavus isolates were consistent across peanut genotypes, i.e. there was no interaction. 

The variability of toxicity between species and strains, and their interactions with 

genotype may partially explain the contradictions among the results of certain studies if 

they used different species or different strains for inoculation.  It might also be one of the 

reasons that in vitro study results are generally poorly correlated with field results.  

Beside the possibility that different resistance mechanism are involved in field versus in 

vitro resistance, the array of Aspergillus strains in the field is more complex than in most 
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in vitro studies.  The resistance of certain genotypes results from interactions with the 

genotype, the pathogen population and the environment. 
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Table 1. Mean squares from analysis of variance of fungal growth and aflatoxin B1, B2 and total (B+G).  
     Aflatoxin  Aflatoxin  Aflatoxin  
Source df Growth Color Fluffy B2 ln (B2+0.5) B1 ln (B1+0.5) (B+G) ln (B+G+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Tray 5 5.13* 5.66* 4.89 21791759** 8.5917** 6231160929** 6.2301** 17780295370** 6.6926** 

Species. 1 170.41** 168.03** 288.30** 155212351** 167.7110** 62145365774** 152.4912** 182354526748** 204.2559** 

Strain in Species 2 42.24** 43.42** 323.48** 49416334** 7.0209** 7352740436** 2.1970** 30384457656** 3.5746** 

Genotype 4 31.10** 33.09** 9.66* 11245058* 9.5487** 2841843641** 5.3851** 7175957284* 5.9179** 

Spe. × Geno. 4 0.76 1.12 5.55 4794104 2.0133* 1229425341† 1.0234† 4170813727† 1.0718† 

Str.(Spe.) × Geno. 8 2.43 2.48 7.84* 4693233 2.0204** 891012525 1.2451** 2561637807       1.3149** 

Error 95 2.01 1.91 2.91 3850294 0.6258 575114240.4 0.4438 2067787873 0.4611 

CV (%)  20.8 20.3 98.4 119.8 12.6 74.1 7.0 92.6 7.0  
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark 

green color, or all fluffy colonies) in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

Table 2. Mean squares from analysis of variance of fungal growth and aflatoxin, G1, G2.  
  Aflatoxin  Aflatoxin  
Source df G2 ln (G2+0.5) G1 ln (G1+0.5) 
 ppb  ppb 

Tray 5 13856406* 5.2087** 4956801190** 4.2191** 

Genotype 4 5292359 6.7547** 1576682620† 3.4535** 

Strain 1 51476259** 24.1277** 11802725464** 14.4993** 

Strain × Geno. 4 4446858 1.0375† 778068596 0.6333† 

Error 45 5413402 0.4465 705475087 0.2757 

CV (%)  164.7 10.5 92.3 5.4 
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.  
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Table 3. Mean for Aspergillus species and strains. 
        Back   Blck-   Back-   Back-   Back- 
      Afla-  trans- Afla-  trans- Afla-  trans- Afla-  trans- Afla-  trans- 
      toxin ln formed toxin ln formed toxin ln formed toxin ln formed toxin ln (B+ formed  
Species Strain Growth Color Fluffy G1 (G1+0.05) G1 G2 (G2+0.5)  (G2+0.5) B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B+G)  G+0.5) (B+G) 
    0-10 rating§   ppb  ppb ppb  ppb ppb  ppb  ppb  ppb ppb  ppb 

A. flavus   8.0 8.0 6.6 0 . . 0 . . 9626 8.4120 4500 500 5.0939 163 10126 8.4503 4676 

A. paras. . 5.6 5.6 0.2 28764 9.7287 16791 1412 6.3782 588 55139 10.6665 42895 2775 7.4583 1734 88090 11.0596 63551 

LSD.05  0.5 0.5 0.6       8692 0.2415  711 0.2867  16482 0.2461  

A. flavus NRRL 3357 6.8 6.8 0.0 0 . . 0 . . 11670 8.4309 4586 608 4.8600 129 12278 8.4608 4725 

A. flavus NRRL29472 9.2 9.2 6.6 0 . . 0 . . 7581 8.3930 4416 392 5.3278 205 7974 8.4398 4627 

A. paras. NRRL 2999 5.4 5.4 0.2 42789 10.2202 27453 2339 7.0124 1110 70661 10.9365 56188 4054 7.8818 2648 119842 11.4046 89736 

A. paras. NRRL29553 5.8 5.8 0.1 14738 9.2371 10270 486 5.7441 312 39618 10.3966 32747 1496 7.0349 1135 56339 10.7146 45007 

LSD.05  0.7 0.7 0.9 13813 0.273 1210 0.3475  12291 0.3414  1006 0.4055  23306 0.3480  
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments.   
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Table 4. Mean for genotype and treatment combinations. 
        Back   Blck-   Back-   Back-   Back- 
      Afla-  trans- Afla-  trans- Afla-  trans- Afla-  trans- Afla-  trans- 
      toxin ln formed toxin ln formed toxin ln formed toxin ln formed toxin ln (B+ formed  
Genotype Strain Growth Color Fluffy G1 (G1+0.05) G1 G2 (G2+0.5) (G2+0.5) B1  (B1+0.5) B1 B2  (B2+0.5) B2 B+G  G+0.5) (B+G) 
    0-10 rating§   ppb  ppb ppb  ppb ppb  ppb  ppb  ppb ppb  ppb 

PI 590299    7.4 7.4 1.8 39966 10.3894 32511 1608 7.1668 1295 46793 10.3238 30450 2226 7.2459 1402 69806 10.5699 38945 
PI290626   7.1 7.2 1.8 31017 9.4934 13272 1882 6.1385 463 29942 9.3991 12077 1700 6.1659 476 48091 9.6049 14837 
PI 590325   6.5 6.5 1.9 34253 9.8873 19678 1553 6.6618 781 37336 9.5844 14535 1697 6.2953 542 56937 9.7990 18015 
PI 337409   5.0 5.0 0.7 9663 8.9552 7747 247 5.2052 182 17128 9.0885 8852 486 5.4815 240 22569 9.2482 10385 
Perry   8.0 8.0 2.5 28921 9.9181 20293 1771 6.7187 827 30714 9.3004 10942 2078 6.1919 488 48137 9.5527 14082 
Mean  6.8 6.8 1.7 28764 9.7287 18700 1412 6.3782 710 32383 9.5392 15371 1637 6.2761 629 49108 9.7549 19253 

LSD.05   0.8 0.8 1 21840 0.4317  1913 0.5492  13744 0.3818  1125 0.4534  26060 0.3891  
PI 590299 AF1 7.8 7.8 0.0 0 . . 0 . . 18649 9.5392 13893 851 6.2678 527 19500 9.5776 14437 
PI290626 AF1 7.5 7.7 0.0 0 . . 0 . . 12322 8.4638 4739 630 5.0446 155 12952 8.4990 4909 
PI 590325 AF1 6.0 5.7 0.0 0 . . 0 . . 4293 8.1652 3516 109 4.4146 82 4402 8.1884 3599 
PI 337409 AF1 4.3 4.3 0.0 0 . . 0 . . 1972 7.4414 1705 39 3.4861 32 2011 7.4602 1737 
Perry AF1 8.5 8.5 0.0 0 . . 0 . . 21114 8.5452 5141 1411 5.0869 161 22525 8.5788 5317 
PI 590299 AF2 9.5 9.5 6.8 0 . . 0 . . 16153 9.5115 13513 932 6.5976 733 17086 9.5650 14257 
PI290626 AF2 9.7 9.7 7.3 0 . . 0 . . 4187 8.0563 3153 194 5.0298 152 4381 8.1060 3314 
PI 590325 AF2 9.2 9.2 7.2 0 . . 0 . . 9733 8.5275 5051 492 5.4471 232 10225 8.5729 5286 
PI 337409 AF2 7.8 7.8 2.8 0 . . 0 . . 5606 8.5149 4988 251 5.3909 219 5857 8.5581 5209 
Perry AF2 9.7 9.7 8.7 0 . . 0 . . 2228 7.3548 1563 90 4.1737 64 2318 7.3968 1630 
PI 590299 AP1 6.0 6.0 0.0 54665 10.7607 47129 2264 7.5817 1962 95404 11.3698 86663 4581 8.3349 4166 156915 11.8576 141156 
PI290626 AP1 5.3 5.3 0.0 52454 10.1363 25242 3459 6.9360 1028 70839 10.8630 52207 4850 7.8265 2506 131602 11.3369 83862 
PI 590325 AP1 5.0 5.0 0.0 52557 10.5506 38200 2531 7.4528 1724 94223 11.2241 74915 4541 8.1766 3556 153853 11.6955 120030 
PI 337409 AP1 3.3 3.3 0.0 10116 9.0967 8925 291 5.4415 230 27343 10.1859 26526 835 6.6315 758 38585 10.5170 36939 
Perry AP1 7.3 7.3 1.2 44154 10.5570 38445 3148 7.6497 2100 65495 11.0396 62290 5460 8.4392 4624 118257 11.6160 110862 
PI 590299 AP2 6.2 6.2 0.3 25266 10.0180 22427 951 6.7519 855 56965 10.8750 52837 2542 7.7832 2399 85724 11.2794 79173 
PI290626 AP2 6.0 6.0 0.0 9580 8.8506 6978 305 5.3411 208 32419 10.2134 27265 1125 6.7627 864 43429 10.4779 35520 
PI 590325 AP2 6.0 6.0 0.3 15950 9.2239 10136 576 5.8708 354 41095 10.4207 33545 1646 7.1430 1265 59267 10.7391 46125 
PI 337409 AP2 4.5 4.3 0.0 9210 8.8137 6725 204 4.9690 143 33591 10.2116 27217 818 6.4176 612 43823 10.4573 34797 
Perry AP2 6.5 6.7 0.0 13687 9.2791 10712 394 5.7876 326 34020 10.2622 28629 1348 7.0677 1173 49449 10.6192 40912 

Mean  6.8 6.8 1.7 28764 9.7287 21492 1412 6.3782 893 32383 9.5392 26468 1637 6.2761 1214 49108 9.7549 39454 

LSD.05  1.6 1.6 2 30440 0.6017  2666 0.7658  27484 0.7635  2249 0.9066  52114 0.7782  
§ Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color or all fluffy colonies) in one-point increments.   
AF1 = A. flavus NRRL 3357;  AF2 = A. flavus NRRL29472;   AP1 = A. parasiticus NRRL 2999;  AP2 = A. parasiticus NRRL29553.   
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ABSTRACT 

Aflatoxins are highly toxic secondary metabolites produced by fungi of the genus 

Aspergillus capable of infecting a wide range of crops including peanuts (Arachis 

hypogaea L.).  Reduction of aflatoxin contamination through genetic manipulation has 

been attempted in several peanut-producing countries since the late 1960s.  The objective 

of this research was to estimate genetic variances and heritabilities for resistance to 

aflatoxin production in a cross between low aflatoxin-accumulating genotype PI 290626 

and high aflatoxin-accumulating cultivar Gregory.  Two F3 plants were harvested at 

random from each of 36 random F2-derived families.  The 72 F3:4 progenies were tested 

in two experiments each comprising a set of 18 F3:4 progenies from nine F2:4 families plus 

the two parents.  Seeds cotyledons were separated and manually blanched, inoculated 

with conidia of A. flavus, placed on moistened filter paper in petri dishes and incubated 

for 8 d at 28 C.  Dishes were arranged on plastic trays in an incomplete block design, 

enclosed in plastic bags and stacked with PVC spacers between trays.  Susceptible parent 

Gregory supported significantly more fungal growth and aflatoxin production than either 

the average of the progenies or the resistant parent.  There was no difference between 

mean of the progenies and resistant parent PI 290626 for any trait except fungal growth.  

Variance components were estimated for two alternative genetic models, one with 

additive and dominant genetic effects, and one with additive and additive-by-additive 

epistatic effects.  Estimates of additive genetic variance were either negligible or negative 

for all traits in either model.  Estimates of narrow-sense heritability for the F2 generation 

were nearly zero using either model while estimates of broad-sense heritability were 
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moderate to high for all traits.  The results indicated that the primary form of genetic 

variance in this population is nonadditive, suggesting that selection within the population 

will be effective only in advanced inbred generations.   

Key words:  Arachis hypogaea L., groundnut, breeding. 
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Aflatoxins are highly toxic secondary metabolites that are produced by fungi of the 

genus Aspergillus capable of infecting a wide range of crops including peanuts (Arachis 

hypogaea L.).  The species of Aspergillus that are important in the colonization and 

contaminate of agricultural crops are A. flavus Link ex Fries and A. parasiticus Speare.  

There are four major aflatoxins, B1, B2, G1 and G2.  Aflatoxin B1 is considered to be the 

most important because it is the most toxic and has been classified by the International 

Agency for Research on Cancer (1987) as a probable human carcinogen.  In many 

developing countries aflatoxin is a major health risk to humans and animals due to the 

high levels of contaminated products consumed.  Because of human health concerns, 

many countries have set maximum levels of aflatoxin allowed in food and feed (Stoloff, 

et al., 1991).  The U. S. Food and Drug Administration permits maximum aflatoxin levels 

of 20 ppb in peanut products destined for human consumption; the European Union 

allows 3 ppb of total aflatoxin and 2 ppb on aflatoxin B1.  Aflatoxin contamination has 

had a tremendous impact on the peanut industry.  Farmer stock peanut lots containing 

visible evidence of A. flavus growth may not be sold in the edible market and must be 

crushed for oil.  Aflatoxin contamination costs the farmer, buying point, and sheller 

segments of the southeastern U.S. peanut industry more than $25 million annually (Lamb 

and Sternitzke, 2001).  Reduction of aflatoxin contamination of peanuts grown and sold 

in the U.S.A. remains a high priority of the U.S. peanut industry. 

Contamination occurs when aflatoxigenic fungi infect plants or plant products 

either during crop development or in storage.  The two most important conditions that 

favor preharvest invasion and aflatoxin contamination of peanut seed are high soil 

temperature and late season drought stress.  Post-harvest aflatoxin contamination is most 
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often attributable to improper storage of the pods or seed.  High moisture and high 

temperature are the factors that contribute to post-harvest aflatoxin contamination. 

Management of aflatoxin in peanuts is complex.  Besides adopting certain cultural, 

harvest, and storage practices, resistant cultivars should be an effective and low-cost part 

of an integrated aflatoxin management program.  Alleviation of aflatoxin contamination 

through genetic manipulation has been attempted in several peanut-producing countries 

since the late 1960s.  Breeding for resistance to Aspergillus is predicated on high-level 

resistance sources, reliable assessment methods and an understanding of the inheritance 

of the traits.  Many efforts have been made to better understand the interactions between 

plant and pathogen, and four mechanisms of resistance to Aspergillus spp. have been 

defined: resistance to in vitro seed colonization by A. flavus (IVSCAF), field resistance to 

seed colonization (FSCAF), resistance to pre-harvest aflatoxin contamination (PAC), and 

resistance to aflatoxin production.  Many sources of resistance have been identified by 

different screening methods.  Of the many resistance sources reported, the resistance in 

J11, PI 337394F, PI 337409, UF 71513, Ah 7223, Faizpur 1-5 and Var. 27 has been 

confirmed by testing over locations (Rao et al., 1989).  All these sources exhibit 

resistance to IVSCAF, FSCAF or PAC.  U4-7-5 and drought-resistant line VRR 245 were 

reportedly resistant to aflatoxin production.   

J11, PI 337394F, PI 337409, UF 71513-1, Faizpur 1-5 and U4-7-5 have been used 

in breeding programs to develop desirable commercial cultivars with resistance to A. 

flavus.  Lines with resistance to seed colonization and infection [GFA-1, GFA-2, AR-1, -

2, -3, and -4 (Mixon, 1986)], or resistance to seed infection (ICGV 88145, ICGV 89104, 

ICGV 91278, ICGV 91283, and ICGV 91284) have been bred (Rao et al., 1995; 
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Upadhyaya et al., 2001).  AR-1, -2, -3, and -4 have been used as new resistance sources 

in Thailand, and drought-resistant line 55-437 has been used in Senegal (Rao et al., 

1989).   

U4-7-5 is the only low-aflatoxin production genotype that has been used in a 

breeding program.  ICGV 89104 was selected from a cross between U4-7-5 and J11 and 

was reported with resistance to seed infection in field, and seed colonization in artificial 

inoculation conditions.  Its natural aflatoxin contamination was zero, compared with 2.1 

µg kg-1 in J11 (Rao et al., 1995).  ICGV 91283 was selected from a cross between U4-7-5 

and JL 24.  JL 24 is susceptible to seed infection and seed colonization by A. flavus.  

ICGV 91283 was reported resistant to seed infection in field and seed colonization after 

artificial inoculation.  Aflatoxin content in this line was not reported (Upadhyaya et al., 

2001).  The results suggested that low-aflatoxin production trait could be transferred to 

other lines. 

Inheritance of resistance has not been studied extensively.  Mixon (1976) estimated 

the broad sense heritability for IVSCAF-resistance to be 75.5% in the F2 generation of a 

cross between resistant genotype PI 337409 and susceptible line PI 331326.  Upadhyaya 

et al. (1997) reported heritability estimates of 56 to 87% for preharvest seed infection.  

Utomo et al. (1990) reported the broad-sense heritability estimates in F2-derived F6 

populations from two crosses, AR-4 / NC 7 and GFA-2 / NC 7.  AR-4 and GFA-2 are 

IVSCAF-resistant genotypes, and NC 7 is a susceptible cultivar.  The heritability 

estimates from those two crosses were 55 and 63%, respectively, for seed colonization, 

27 and 33% for preharvest seed infection, and 23 and 21% for aflatoxin production.  
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There were no significant correlations among those types of resistance, and it was 

concluded that they were controlled by different genes.   

Efforts to select for resistance to pre- or post-harvest aflatoxin production have been 

limited because of the high cost of aflatoxin analysis and the lack of highly resistant 

peanuts.  Few efforts have been made to breed for post-harvest aflatoxin production.  

Several lines with low levels of post-harvest aflatoxin production have been identified in 

previous studies in this series.   The objective of this research is to study the inheritance 

of aflatoxin production in a cross between low-aflatoxin accumulating genotype PI 

290626 (Sel. No. 230) and high aflatoxin-accumulating cultivar Gregory (Isleib et al., 

1999).    

MATERIAL AND METHODS 

A cross was made between resistant genotype PI 290626 and susceptible cultivar 

Gregory.  PI 290626 (Sel. No. 230, core collection number CC 232) is a genotype with 

low levels of preharvest aflatoxin contamination (C. C., Holbrook, personal commun.).  

This line exhibited stable reduced aflatoxin accumulation compared to checks in our 

screening program for resistance to aflatoxin production by Aspergillus.  Thirty-six 

random F2 plants were harvested from the cross, seeds planted in progeny rows, and two 

F3 plants harvested at random from each of the 36 F2-derived families.  The 72 F3:4 

progenies was tested in two experiments with two sets of 18 progenies in each 

experiment.  Each set comprised 18 F3:4 progenies from 9 F2:4 families plus the two 

parents for a total of 20 entries in each set.   

The experimental unit was a group of inoculated seed pieces in a petri dish. 

Approximately 5 g of seeds in each experimental unit were chosen from a particular line.  
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Seed testas were manually removed to eliminate the potential barrier to A. flavus growth.  

The cotyledons of each seed were separated to permit the seed to rest without rolling.  

The seed-halves were surface-sterilized by immersion in a 0.525% (vol:vol) sodium 

hypochlorite solution (10% vol:vol commercial bleach) for 3 min followed by a rinse in 

approximately 20 mL of sterile water.  The sample was then placed on the surface of four 

sheets of sterile filter paper moistened with 3 mL sterile water in a 10 cm plastic petri 

dish.  Each piece was inoculated with 50 µL of a suspension containing approximately 

1×106 conidia mL-1 of A. flavus strain NRRL 3357 (National Center for Agricultural 

Utilization Research, Peoria, IL).   

Petri dishes in the same rep were arranged on a plastic tray.  Trays were then 

enclosed individually in large plastic bags with PVC spacers between stacked trays to 

allow air circulation.  The trays were rotated in vertical position each of the 8 d of 

incubation at 28 C.  4×5 rectangular lattice designs with three replications were used for 

each set.  The 20 dishes in each of those replicates were arranged on a tray in four rows 

and five columns with columns as blocks.  Two trials with two sets in each trial were 

conducted.  

After 8 d of incubation, samples were removed from the incubator and rated 

separately for fungal growth, and development of “fluffy” colonies on a proportional 

scale of 0 (no growth, or fluffy colonies) to 10 (dense mycelium on all quarters, dark 

green color, all fluffy colonies).  Samples then were dried for 1 d at 60 C, and another 3 d 

at 50 C, then ground to a friable meal in a coffee mill and stored in scintillation vials until 

analyzed for aflatoxin content by high-pressure liquid chromatography in the NC State 

Univ. Mycotoxin Lab.  Aflatoxin was extracted from a 2 g ground sample with 
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acetonitrile-water (21:4 v:v) in a 5:1 ratio of extractant volume to sample weight.  The 

extract was purified using a Mycosep 224 column (Romer Labs, Union, MO).  Aflatoxin 

was measured by fluorescence high performance liquid chromatography as the post-

column-generated bromide derivative (Traag et al., 1987; Trucksess et al., 1994).  

Aflatoxins B1, B2, G1, and G2 were measured.   

Aflatoxin data were log-transformed [Y´= ln(Y+0.5)] to stabilize error variance and 

subjected to analysis of variance by the general linear model procedure (PROC GLM) of 

SAS version 8.2 (SAS Institute, Cary, NC).  There were two types of entries: parents and 

progenies from the cross.  Differences among parents and the mean of the hybrid 

population were considered to be fixed, and the effects of F2- and F3-derived families 

were considered to be random.  Random effects were tested by Satterthwaite approximate 

F-tests using the RANDOM and TEST statements of PROC GLM.  Data were analyzed 

using the incomplete block experiment structure, but if there was no significant block 

effect, they were re-analyzed as randomized complete block designs.  Design variance 

components and adjusted means of fixed factors were estimated by restricted maximum 

likelihood (REML) method using the mixed model procedure (PROC MIXED) of SAS 

version 8.2 (SAS Institute, Cary, NC).  Means of the parents and the hybrid population 

were separated by Fisher’s protected t-test.  Means of the transformed data were “back-

transformed” with the inverse of the transformation function (Y = eY´- 0.5) to present 

values in parts per billion.   

Genetic variances were estimated by equating the design components of variance to 

their genetic equivalents based upon the genetic covariances between relatives and 

solving the set of simultaneous equations for the genetic parameters.  The methodology 
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of Cockerham (1983) was used to determine the genetic interpretation of the design 

components of variance, i.e., variance among F2 families in the F4 generation ( 2
:4F2σ ) and 

variance among F3 families within F2 families in the F4 generation ( 2
:4F3σ ).  For purposes 

of variance component estimation, the F2 generation was considered to be the base 

population in Hardy-Weinberg equilibrium, and the F3 and F4 generations were 

considered to be inbred to coefficients of inbreeding equal to 0.5 and 0.75, respectively.  

Because the F3:4 families were derived from a cross between two pure lines, it was 

assumed that there were only two alleles per polymorphic locus and that gene frequencies 

at those loci were all 0.5.  In this case, Cockerham’s parameters reflecting the covariance 

between additive and dominance effects (D1), the variance of dominance effects 

occurring in homozygotes (D2), and the sum of squared inbreeding depression effects 

(
∨

H ) take on special values:  D1=D2= 0 and 
∨

H = 2
Dσ  so that the general covariance 

between Sg and Sg´ individuals derived by inbreeding from a common ancestor in the St 

generation is:  

 Ctgg´=(1+Ft) 2
Aσ +{[1+Ft)(1-Fg)(1-Fg´)]/ (1-Ft)} 2

Dσ +(1+Ft)2 2
AAσ  [Eq. 1] 

For the family types used in this study, the covariance between F4 (S2) plants tracing to 

the same F2 (S0) plant was:  

 C022= 2
Aσ +(1/16) 2

Dσ + 2
AAσ  = 2

:4F2σ  [Eq. 2] 

While the genetic covariance between F4 plants tracing to the same F3 (S1) plant was:  

 C122=(3/2) 2
Aσ +(3/16) 2

Dσ +(9/4) 2
AAσ  = 2

:4F2σ + 2
:4F3σ  (Eq. 3) 

The genetic interpretation of the design components of variance was: 
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 2
:4F2σ  = C022= 2

Aσ +(1/16) 2
Dσ + 2

AAσ   [Eq. 4] 

and  

 2
:4F3σ  = C122-C022= (1/2) 2

Aσ +(1/8) 2
Dσ +(5/4) 2

AAσ   [Eq. 5] 

The residual error variance in the experimental design includes the balance of the gentic 

variance among F4 individuals not attributable to variance among F3:4 families plus the 

within-rep experimental error: 

 2σ  = C222-C122+ 2
Eσ  = (1/4) 2

Aσ +(1/4) 2
Dσ +(13/16) 2

AAσ + 2
Eσ  [Eq. 6] 

Because only two family types were tested, only two genetic parameters could be 

estimated.  Therefore, two models were used for purposes of genetic interpretation of the 

design components where one model included additive and dominance effects (A and D 

model) and another included additive and additive-by-additive epistatic effects (A and 

A×A model).  Narrow-sense heritability was estimated by:  

 h2 = 2
Aσ / 2

Pσ  where 2
Pσ  = 2

Aσ + 2
Dσ + 2

Eσ  [Eq. 7] 

Broad-sense heritability was estimated as: 

 H = ( 2
Aσ + 2

Dσ ) / 2
Pσ  or H = ( 2

Aσ + 2
 AA×σ ) / 2

Pσ  where 2
Pσ  = 2

Aσ + 2
Dσ + 2

Eσ  [Eq. 8] 

In estimating heritabilities, negative variance components estimates were set to zero 

before adding them into sums.   

RESULTS AND DISCUSSION 

The experiment was designed with incomplete block experiment structure, but no 

block effect was detected for any trait measured.  Data was then analyzed as randomized 

complete block designs.  Run, set within run, tray within run and set were all included in 

the model for all the traits (Table 1).  Run had no significant effect on any trait, but set 



152

within run and tray within run and set had a significant effect on all of the traits.  There 

were two types of entries: parents and progenies from the cross.  Type had no significant 

effect on any trait measured, however, the parents differed significantly for all traits 

measured except fluffy colony score.  Family [F2:4 (type)] effects were not significant for 

fungal growth, and untransformed aflatoxin B1, B2 and total aflatoxin, but were 

significant for fluffy development and log-transformed aflatoxin B1, log-transformed 

aflatoxin B2, and log-transformed total aflatoxin.  Log transformation greatly reduced the 

coefficient of variance.   

The mean of all progenies from the cross and mean of the two parents did not differ 

significantly for any trait except growth (Table 2).  Resistant parent PI 290626 had 

significantly less visible fungal growth than the mean of F3-derived families and 

susceptible parent Gregory.  There was no difference between Gregory and mean of the 

progenies for fungal growth.  In contrast, susceptible parent Gregory contained 

significantly more aflatoxin than the average of the progenies or the resistant parent.  

There was no significant difference between mean of the progenies and resistant parent 

PI 290626 for any trait except fungal growth.   

Based on the nested family structure, it was possible to estimate only two genetic 

parameters including additive and dominant genetic effects in one model and additive and 

additive-by-additive epistatic effects in the other (Table 3).  In either model, the estimates 

of additive variance were negative except for fluffy colony score.  Negative estimates of 

variance were set to 0 when used in calculating heritabilities (Table 3).  Except for fluffy 

score, estimates of narrow-sense heritability for all traits in either model were 0 because 

of negative estimates of additive variance.  For fluffy score, the estimate of narrow-sense 
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heritability was 24% using the additive-dominant model and 34% using the A+A×A 

model.  Estimates of broad-sense heritability using the additive-dominant model were 

very high (83-94%) except for fluffy score.  The broad-sense heritability using the 

A+A×A model ranged from 25 to 35%.   

Based upon these estimates, one must conclude that the primary form of genetic 

variance in this population is nonadditive, suggesting that selection within the population 

will be ineffective in early segregating generations.  It is unusual to find negligible 

additive variance in quantitative traits in peanuts as in most self-pollinated crop species 

(Wynne and Coffelt, 1982).  Because there were only two family types in the mating 

design, it was possible to include only two types of genetic effects in the model used to 

estimate genetic variance, one additive and the other either dominance or additive-by-

additive epistasis.  It was not possible to determine if one or the other model provided a 

superior interpretation of the data.  However, if the nature of the nonadditive variation is 

from high-order additive-by-additive forms of epistasis, then selection in highly inbred 

generations should be effective. 
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Table 1. Mean squares from analysis of variance of fungal growth and aflatoxin production traits.  
    Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth Fluffy B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb  

Run 1 16.67ns 1.04* 244616ns 3.2782ns 164549499ns 1.9242ns 177482914ns 1.9583ns 

Set(Run) 2 2.42† 0.04ns 294159** 3.4708** 257226686** 3.2954** 274913244** 3.2974** 

Tray (Run×Set) 8 1.46† 0.78** 41283** 1.9881** 33105607** 1.5760** 35417732** 1.5841** 

Type 1 39.20† 1.25ns 154831ns 1.2884ns 120656364ns 1.4679ns 129455575ns 1.4632ns 

Parent (Type) 1 48.17* 0.04ns 524605† 10.1140** 236315996** 4.1464** 259109185** 4.2776** 

F2:4 (Type) 35 2.15ns 0.69** 48141** 1.3387ns 27235401† 0.6836ns 29478243† 0.6955ns 

F3:4 (Type×F2:4) 36 1.61* 0.22ns 30837** 0.9443** 17931274** 0.5172** 19372336** 0.5245** 

Error 155 0.75 0.27 12782 0.4475 8957808 0.2633 9615172 0.2656 

CV (%)  10.0 121.3 63.1 13.99 51.8 6.1 52 6.1 
§ Proportional rating scale from 0 (no growth, or fluffy colonies) to 10 (dense mycelium on all quarters, or all fluffy colonies) 

in one-point increments.   
†,*,** Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively. 
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Table 2. Mean for A. flavus NRRL 3357 growth and aflatoxin production of cross lines and parent.  
      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans- 
    toxin ln formed toxin ln formed toxin ln (B1+ formed  
Genotype Growth Fluffy B2  (B2+0.5) B2 B1  (B1+0.5) B1 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

Cross† 8.8±0.6* 0.4±0.4 171±73 4.7572±0.3996 116 5541±2176 8.3448±0.3636 4208 5712±2248 8.4±0.3643 4328 

Parent† 7.4±0.8 0.2±0.5 256±116 5.0014±0.6317 148 7905±2877 8.6055±0.4931 5461 8160±2988 8.6±0.4963 5615 

Cross 8.8±0.6b 0.4±0.4a 171±73a 4.7572±0.3996a 116 5541±2176a 8.3448±0.3636a 4208 5712±2248a 8.4±0.3643a 4328 

PI 290626 6.0±0.9a 0.2±0.5a 108±118a 4.3523±0.6468a 77 4767±2951a 8.1898±0.5047a 3604 4875±3064a 8.2±0.5079a 3681 

Gregory 8.8±0.9b 0.3±0.5a 403±118b 5.6506±0.6468b 284 11043±2951b 9.0211±0.5047b 8275 11446±3064b 9.1±0.5079b 8565 
a Means followed by the same letter are not significantly different (P < 0.05) by t-test.   
§ Proportional rating scale from 0 (no growth, or fluffy colonies) to 10 (dense mycelium on all quarters, or all fluffy colonies) in one-point increments.   
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Table 3. Estimates of variance component and heritabilities for aflatoxin production in F2 population from the cross between PI 290626 and Gregory.  
    Afla-  Afla-  Afla-  
Variance Component   toxin ln toxin ln toxin ln (B1+ 
or Heritability Growth Fluffy B2  (B2+0.5) B1  (B1+0.5) (B1+B2)  B2+0.5) 
  0-10 rating§    ppb ppb ppb 

Run 0.6240±0.9120 0.2890±0.4332 7176±15315 0.2475±0.4527 6681164±13620980 0.1956±0.3785 7117517±14535527 0.1966±0.3799 

Set(Run) 0.0000. 0.0146±0.0356 5711±6965 0.0934±0.1388 4790217±5578402 0.1038±0.1360 5126969±5976129 0.1038±0.1362 

Tray(Run×Set) 0.0301±0.0329 0.0262±0.0196 1340±1036 0.0762±0.0498 1135856±827642 0.0649±0.0394 1213606±885445 0.0652±0.0396 

F2:4 (Type) 0.0927±0.1098 0.0804±0.0341 2237±2392 0.0664±0.0681 695467±1235523 0.0227±0.0348 777685±1341446 0.0236±0.0354 

F3:4(Type×F2:4) 0.2744±0.1296 0.0000. 5453±2489 0.1599±0.0763 2514259±1408816 0.0797±0.0420 2742237±1522038 0.0814±0.0426 

Residual 0.7832±0.0887 0.2600±0.0267 14478±1705 0.4647±0.0530 10388512±0 0.2781±0.0318 11145644±0 0.2803±0.0320 

A×D Model 

A -0.0593 0.1073 -653 -0.0181 -748883 -0.0229 -791245 -0.0228 

D 2.4326 -0.4290 46235 1.3516 23109605 0.7293 25102875 0.7425 

E 0.1899 0.3404 3082 0.1313 4798332 0.1015 5067737 0.1004 

h2 0.0000 0.2396 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

H 0.9276 0.2396 0.9375 0.9114 0.8281 0.8778 0.8320 0.8809 

A and A×A Model 

A -0.2114 0.1341 -3543 -0.1026 -2193234 -0.0685 -2360174 -0.0692 

A×A 0.3041 -0.0536 5779 0.1690 2888701 0.0912 3137859 0.0928 

E 0.5890 0.2701 10668 0.3531 8589751 0.2212 9186177 0.2222 

h2 0.0000 0.3317 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

H 0.3405 0.3317 0.3514 0.3237 0.2517 0.2919 0.2546 0.2946 
§Proportional rating scale from 0 (no growth, or fluffy colonies) to 10 (dense mycelium on all quarters, or all fluffy colonies) in one-point increment. 
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SUMMARY AND CONCLUSIONS 

 

Peanut genotypes with resistance to in vitro seed colonization (IVSCAF), field seed 

colonization (FSCAF) and aflatoxin contamination (PAC) have been reported.  However, 

no germplasm highly resistant to aflatoxin production has been found in cultivated 

peanut.  Therefore, a technique was developed to identify genotypes that support reduced 

levels of aflatoxin production when subjected to post-harvest conditions highly conducive 

to fungal growth and aflatoxin synthesis.  This technique provides control of 

environmental factors and generally results in a low coefficient of variance in the analysis 

of data.   

Using this technique, the effect of the high-oleate trait of peanut on aflatoxin 

production was tested by comparing normal oleic lines with high-oleic backcross-derived 

lines after inoculation with A. flavus.  High-oleate peanuts developed significantly more 

aflatoxin than normal-oleate lines, but the magnitude of the difference varied with 

background genotype.  In order to determine if concentrations of linoleate in peanut seeds 

could be used to predict their ability to support to aflatoxin production, seeds of 

genotypes representing a range of linoleate concentration were tested for aflatoxin 

production.  Low-linoleate lines consistently contained more aflatoxin, while normal- to 

high-linoleate lines contained variable amounts of aflatoxin.  Although the fatty acid 

profiles accounted for significant portions of the genetic variation, it is not practical to 

use fatty acid concentration as a predictor of aflatoxin, especially for lines in the normal 

range for oleate and linoleate.   
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The same technique was used to evaluate seven accessions of wild peanut species 

of A. cardenasii Krapov. and W. C. Gregory, 29 accessions of A. duranensis Krapov. and 

W. C. Gregory, and 17 interspecific tetraploid lines for the resistance to aflatoxin 

production.  On average, the two diploid species produced significantly less aflatoxin 

than A. hypogaea checks.  The difference between the two wild species was not 

significant.  Arachis duranensis accessions PI 468319 (GKBSPSc 30073), PI 468200 

(GKBSPSc 30064), and PI 262133 (GKP 10038sl), and A. cardenasii accessions PI 

262141 (GKP 10017), PI 475997 (KSSc 36018) had very low levels of aflatoxin 

accumulation and should be valuable sources of resistance to aflatoxin contamination.  

Only one interspecific tetraploid line, GP-NC WS 2, contained aflatoxin not significanlyt 

different from resistant parent A. cardenasii GKP 10017, and it appears to be a line with 

reduced capacity for aflatoxin accumulation.   

In order to identify germplasm with more than one type of resistance, lines 

previously reported with resistance to IVSCAF, FSCAF or PAC were tested for their 

ability to support aflatoxin production.  The results suggested that there were no strong 

correlations of IVSCAF, FSCAF or PAC resistance with aflatoxin production resistance, 

so it should be possible to identify a genotype with high resistance to IVSCAF, FSCAF 

or PAC, and aflatoxin production, i.e., to combine different kinds of resistance in one 

genetic background.  PI 590325, PI 590299, PI 290626, and PI 337409, had the lowest 

levels of aflatoxin among all the entries tested.  These four genotypes and susceptible 

check Perry were used to test the interactions between peanut genotypes and strains of 

Aspergillus species.  The results revealed that aflatoxin production depended on peanut 

genotype, Aspergillus species and strain.  Aspergillus species and strain had more effect 
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on aflatoxin production than did genotype.  There were significant interactions between 

genotypes and strains within species for log transformed aflatoxin production.  These 

results suggest that the technique might be improved by using several aflatoxigenic 

strains of A. flavus and A. parasiticus to identify genotypes with stable and low aflatoxin 

production.   

A population developed by crossing resistant genotype PI 290626 with susceptible 

cultivar Gregory was used to study the inheritance of resistance to aflatoxin production.  

The primary form of genetic variance in this population was nonadditive, suggesting that 

selection within the population will be ineffective in early segregating generations and 

should be left until later inbred generations when lines are more or less true-breeding. 

Results from these studies have important implications for post-harvest handing and 

storage in peanuts.  The increased ability of high-oleic lines to support aflatoxin 

production during storage suggests that special care should be taken in handling and 

storage of high-oleic peanuts to prevent the growth of Aspergillus spp.  Special efforts 

should be made to screen a large amount of germplasm for high sources of resistance to 

aflatoxin production and to combine the different resistance type into a single genotype 

through various breeding approaches.  The highly resistant lines identified from wild 

peanut species of A. cardenasii and A. duranensis should be incorporated into cultivated 

cultivars.  Using mixed strains of Aspergillus spp. as inoculation sources might help 

identify germplasm with more stable resistance.   



 162
 

 

 

 

 

 

 

APPENDICES 



 163
 

 

APPENDIX A:  AFLATOXIN PRODUCTION ABILITY OF 10 COMMERCIAL 

PEANUT CULTIVARS 

 

In a previous in vitro study of aflatoxin contamination conducted by a visiting 

scholar in 1996 (Shanlin Yu, personal commun.), position effects were observed within 

the plastic sleeves used to reduce water loss from a stack of petri dishes containing 

inoculated peanut seed halves.  In this study, a Latin square design was used to control 

the variation due to position within the stack.  Ten commercial peanut cultivars were used 

to see if they varied in aflatoxin production. 

MATERIALS AND METHODS 

Genetic entries.  Cultivars NC7, NC 9, NC 10C, NC-V 11, NC 12C, Gregory, 

Perry, VA-C 92R VA 93B, VA 98R. 

Inoculum preparation.  Spores were washed from a 10-day-old culture of A. 

flavus strain NRRL 3357 with a 0.05% aqueous solution of Triton X-100.  The initial 

suspension was diluted to provide 1×106 spores mL-1.   

Experimental design.  The cultivars were tested in a 10×10 Latin square design.  

In the Latin square design, “rows” were plastic sleeves containing stacks of 10 petri 

dishes each, and “columns” were positions within the stacks (Fig. 1).   

Inoculation and incubation.  For each cultivar, 50 undamaged sound mature seeds 

were selected and their testas removed by hand.  For each experimental unit, five seeds 

were split into halves by separating the cotyledons.  Each half was cut into two quarters 

by cutting perpendicular to the main axis of the cotyledon.  The quarters were surface-
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sterilized by immersion in a 0.525% (vol:vol) sodium hypochlorite solution (10% vol:vol 

commercial bleach) for 3 min followed by a rinse in approximately 20 mL of sterile 

water.  The sample was then placed on the surface of four sheets of sterile filter paper 

moistened with 5 mL sterile water in a 10 cm plastic petri dish.  Each was inoculated with 

25 µL of a suspension containing approximately 1×106 conidia per mL of A. flavus strain 

NRRL 3357 (National Center for Agricultural Utilization Research, Peoria, IL).  Dishes 

were arranged in stacks with each dish inverted, i.e., with its cover facing down as 

diagrammed below.  Petri dishes were stacked in ordered groups of ten (1-10 from 

bottom to top) (Fig. 1).  Each group was enclosed in a plastic sleeve and placed in an 

incubator at 28 C for 8 d.  Dishes were checked daily, and sterile water was added as 

needed to keep the filter paper near saturation but without free water being evident at the 

paper surface.   

 

 

 

 

 

 

 

 

 Inverted petri dish Stack of 10 dishes enclosed in plastic sleeve 

Fig. 1. Diagram of seed layout in petri dish and stack. 



 165
 

Data collection.  After 8 d of incubation, samples were removed from the incubator 

and rated separately for fungal growth and green color on a proportional scale of 0 (no 

growth, green color) to 10 (dense mycelium on all quarters, dark green color).  Samples 

then were dried for 1 d at 60 C, and another 3 d at 50 C, ground to a friable meal in a 

coffee mill and stored in scintillation vials until analyzed for aflatoxin content by high-

pressure liquid chromatography in the NC state Univ. Mycotoxin Lab.  Aflatoxin was 

extracted from a 2 g ground sample with acetonitrile-water (21:4 vol:vol) in a 5:1 ratio of 

extractant volume to sample weight.  The extract was purified using a Mycosep 224 

column (Romer Labs, Union, MO).  Aflatoxins B1, B2, G1, and G2 were measured by 

fluorescence high performance liquid chromatography as the post-column-generated 

bromide derivative (Traag et al., 1987; Trucksess et al., 1994).   

Data analysis.  Aflatoxin data were log-transformed [Y´= ln(Y+0.5)] to stabilize 

error variance and subjected to analysis of variance using the general linear model 

procedure (PROC GLM) of SAS version 8.2 (SAS Institute, Cary, NC).  Means were 

separated by Fisher’s protected t-test.  Means of the transformed data were “back-

transformed” with the inverse of the transformation function (Y = eY´- 0.5) to present 

values in parts per billion. 

RESULTS AND DISCUSSION 

No aflatoxin G1 or G2 was detected in any sample.  Variation among entries was 

significant for fungal growth, color, aflatoxin B1, aflatoxin B2, total aflatoxins, and their 

log-transformed data.  Position effects within sleeves were significant for color and all 

aflatoxins.  Color was greatest at the top of the stack but was also more intense in the 

bottom two dishes.  Aflatoxin production was enhanced in the upper levels of the stack of 
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petri dishes (1-10 from bottom to top) (Fig 2).  It was observed that the dishes at the 

bottom of the stack appeared to be sealed shut by the weight of the upper dishes.  This 

may have resulted in insufficient air supply in the lower dishes and might have been a 

cause of the observed significant position effect.  It might be possible to get more 

uniform fungal growth and aflatoxin production by alleviating the pressure from dishes 

stacked on the top, and by not inverting the petri dishes, i.e., placing the dishes with the 

cover on the bottom.   
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Table 1. Mean squares from analysis of variance of fungal growth and aflatoxin production traits for 10 commercial 
peanut cultivars. 

    Aflatoxin  Aflatoxin  Aflatoxin  
Source df Growth Color B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
   0-10 rating§   ppb  ppb  ppb 

Bag 9 2.09** 8.87** 23580379** 10.7342** 13305** 14.2527** 24686482** 10.8087**  

Position 9 0.58ns 7.38** 13722699** 5.2272** 5724** 4.7885** 14277833** 5.2532** 

Entry 9 2.98** 2.48ns 7037771** 2.5595* 4134** 2.5313* 7370898** 2.5768* 

Error 72 0.62 1.48 1757563 1.07556 1146 1.1612 1838750 1.0851 

CV (%)  19.4 45.1 63.3 15.1 83.8 39.4 63.5 15.1 
§ Proportional rating scale from 0 (no growth, green color,) to 10 (dense mycelium on all quarters, dark green color) in one-

point increments.   
*,** Denote mean squares significant at the 5%, and 1% levels of probability, respectively.   

Table 2. Mean for Aspergillus flavus NRRL 3357 growth and aflatoxin production in inoculated, incubated mature seeds of 10 
commercial peanut cultivars and data averaged over 10 positions (1-10 from bottom to top) 

      Back-   Back-   Back- 
    Afla-  trans- Afla-  trans- Afla-  trans- 
Treat-   toxin ln formed toxin ln formed toxin ln(B1+ formed  
 ment Growth Color B1  (B1+0.5) B1 B2  (B2+0.5) B2 (B1+B2)  B2+0.5) (B1+B2) 
   0-10 rating§   ppb  ppb ppb  ppb ppb  ppb 

NC 7 8.2 5.4 1616 6.5765 718 37 2.5086 12 2164 6.5905 728 

NC 9 8.0 6.2 1714 6.9892 1084 33 2.8542 17 1649 7.0055 1102 

NC 10C 7.2 6.3 1890 6.6288 756 37 2.5588 12 1751 6.6435 767 

NC-V 11 6.0 5.8 2813 6.9232 1015 29 2.6288 13 1919 6.9359 1028 

NC 12C 7.8 6.2 1200 7.7566 2337 49 3.6727 39 2862 7.7735 2376 

Gregory 8.2 3.9 3966 6.0746 434 21 2.0458 7 1221 6.0863 439 

Perry 9.2 5.2 1391 7.5408 1883 91 3.4545 31 4058 7.5590 1917 

VA-C 92R 9.4 3.4 1570 6.5643 709 23 2.3512 10 1414 6.5768 718 

VA 93B 9.6 6.0 2666 6.5305 685 33 2.3898 10 1603 6.5449 695 

VA 98R 7.6 5.6 2095 7.1243 1241 51 2.9144 18 2716 7.1390 1260 

Position 

1 8.2 7.4 1402 6.8524 946 24 2.6522 14 1427 6.8672 960 

2 8.4 6.1 2066 7.1618 1289 41 2.8760 17 2107 7.1769 1308 

3 8.0 4.6 1142 6.8057 903 14 2.3832 10 1156 6.8171 913 

4 8.2 3.2 1227 6.2493 517 21 2.1809 8 1249 6.2627 524 

5 8.8 3.6 1516 6.5269 683 26 2.3249 10 1541 6.5419 693 

6 8.0 3.8 1274 5.5415 255 26 1.7976 6 1300 5.5530 257 

7 8.8 4.8 1959 6.6863 801 48 2.5245 12 2007 6.7008 813 

8 7.8 5.5 1939 7.0349 1135 41 2.8564 17 1980 7.0502 1153 

9 7.8 6.6 3914 7.7512 2324 76 3.7028 40 3990 7.7687 2365 

10 7.2 8.4 4513 8.0987 3290 86 4.0803 59 4599 8.1164 3348 

Mean 8.1 5.4 2095 6.8709 1214 40 2.7379 15 2136 6.8855 1233 

LSD.05 0.7 1.1 1182 0.9246  30 0.9607  1209 0.9287  
§ Proportional rating scale from 0 (no growth, green color) to 10 (dense mycelium on all quarters, dark green color) in one-

point increments.   
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Fig. 2.  The correlation of position with growth, color and aflatoxin production. 
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APPENDIX B:  EVALUATION OF THE TRAY METHOD 
 
 

In the stacked-dish method of incubation, fungal growth, color, and aflatoxin 

production were subject to large position effects.  It was observed in APPENDIX A that 

the dishes at the bottom of the stack appeared to be sealed shut by the weight of the upper 

dishes, perhaps interfering with gas exchange.  This experiment was conducted to 

determine whether more uniform fungal growth and aflatoxin production could be 

obtained by placing dishes on plastic trays separated by rigid spacers to alleviate the 

pressure from dishes stacked one upon the other and by changing the orientation of the 

petri dishes from “cover down” to “cover up.” 

MATERIALS AND METHODS 

Genetic entries.  NC 7 seeds produced under irrigation at the Peanut Belt Research 

Station at Lewiston, NC in 2000. 

Inoculation and incubation.  Seed halves were prepared as previously described 

except that the five seeds for each experimental unit were weighed prior to processing 

and halves were not cut into quarters.  For each experimental unit, 10 halves were surface 

sterilized and arranged on 4 sterile moistened 70-mm filter papers.  Petri dishes were 

oriented in their conventional position, i.e., “cover up” with the deeper, narrower part on 

the bottom as diagrammed below.  Each seed half was inoculated with 50 µL of a 

suspension containing approximately 1×106 mL-1 conidia of A. flavus strain NRRL 3357.  

A set of 20 dishes was arranged in 4 rows and 5 columns on a cafeteria tray.  Each of the 

5 trays was independently enclosed in a plastic bag to reduce water loss.  Four 2-cm 

cylindrical sections of PVC conduit were used as spacers between each adjoining pair of 
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trays.  The stack was placed in an incubator at 28 C for 8 d.  Dishes were checked daily, 

and sterile water was added as needed to keep the filter paper near saturation but without 

free water being evident at the paper surface.  Trays were kept in the same-stacked 

arrangement for the entire period of incubation (1 to 5 from top to bottom) (Fig. 1).  Data 

collection and data analysis were as described in APPENDIX A.   

  Petri dish in conventional orientation   

 

 

 

 

 

 Arrangement of petri dishes in Tray 1(top) Stack of 5 trays separated by PVC spacers.   
  Each tray is enclosed in a plastic bag. 
 
Fig. 1. Diagram of seed layout in petri dish and stack of trays. 

 

RESULTS AND DISCUSSION 

Vigorous fungal growth and color development were observed in all the petri dishes 

in this experiment.  Because there was very uniform color development, this trait was not 

subjected to analysis of variance (Table 1).  Tray, row, and column all had significant 

effects on growth, content of aflatoxin B1 and B2 or total aflatoxin and their log 

transformed value.  Column effects were larger in magnitude than row effects.  Log 

transformed aflatoxin data had very low coefficients of variance compared to the results 

from the method used in APPENDIX A.  Tray one (top) and tray five (bottom) contained 

145         144        143        142        141 
 
 
135         134        133        132        131 
 
 
125         124        123        122         21 
 
 
115         114        113        112        111 
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significantly higher amounts of aflatoxin than the three trays in the middle (Table 2).  No 

interaction was detected between tray and row, tray and column, or row and column. 

The use of trays separated by plastic spacers to relieve any down-pressure on petri 

dishes at lower levels resulted in better growth, more uniform color development and 

higher levels of aflatoxin production than did use of stacked petri dishes.  The coefficient 

of variation was reduced for log transformed aflatoxin production.  Because of the 

increase in precision achieved with this technique than the method in APPENDIX A, we 

decided to use tray method to conduct our research.  The reason that caused the top tray 

and bottom tray to produce more aflatoxin was unclear.  It might be because of 

differences in light or temperature.  In the later experiments, we put one extra tray at the 

top and bottom of the stack to protect the center trays, and we rotated the trays from top 

to bottom daily.  In the later experiments, row effects were not important, and tray and 

column (block) effect were not significant in many cases because of the improvement of 

the experiment techniques. 
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Table 1. Mean squares from analysis of variance of fungal growth and aflatoxin production traits.  
   Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
  0-10 rating§  ppb  ppb  ppb  

Tray 4 4.87** 95930461** 5.7591** 22676** 5.6669** 98799567** 5.7488** 

Tow 3 1.80† 32137772* 2.7201** 12966* 3.9764** 33436729* 2.7362** 

Column 4 0.87ns 46923245** 2.4680** 18250** 3.0153** 48787735** 2.4755** 

Tray×Row 12 1.57† 5760026ns 0.2879ns 2216ns 0.4709ns 5979801ns 0.2900ns 

Tray×Column 16 0.48ns 3692676ns 0.1794ns 1897ns 0.3378ns 3853529ns 0.1810ns 

Row×Column 12 0.64ns 6812924ns 0.3032ns 3325ns 0.5580ns 7112242ns 0.3065ns 

Error 48 0.81 8806867 0.1990 3679 0.3697** 9163080 0.2010 

CV (%)  10.1 71.3 5.5 81.2 15.4 71.5 5.6 
§ Proportional rating scale from 0 (no growth,) to 10 (dense mycelium on all quarters) in one-point increments.   
†,*,**Denote mean squares significant at the 10%, 5%, and 1% levels of probability, respectively.   

 

Table 2. Mean of fungal growth and aflatoxin production of tray, row and column. 
   Aflatoxin  Aflatoxin  Aflatoxin 
Source df Growth B1 ln (B1+0.5) B2 ln (B2+0.5) (B1+B2) ln (B1+B2+0.5) 
  0-10 rating§  ppb  ppb  ppb  

Tray 1 8.4 7666 8.7846 121 4.5572 7787 8.7991 

 2 8.4 2871 7.6748 48 3.4743 2919 7.6897 

 3 9.2 3719 8.0386 70 3.9075 3788 8.0550 

 4 9.0 1958 7.4067 39 3.4088 1997 7.4253 

 5 9.5 4590 8.2909 96 4.4441 4686 8.3121 

Row 1 9.2 4355 8.1512 82 4.1262 4436 8.1693 

 2 8.8 2562 7.5821 42 3.3918 2604 7.5976 

 3 8.8 4494 8.0608 80 4.0021 4575 8.0783 

 4 8.6 5233 8.3624 95 4.3134 5328 8.3799 

Column 1 9.1 3706 7.9506 64 3.8238 3769 7.9671 

 2 9.0 2997 7.7596 50 3.6422 3047 7.7760 

 3 8.7 3106 7.7819 56 3.7182 3162 7.7995 

 4 9.0 4246 8.0816 79 3.9968 4325 8.0987 

 5 8.7 6750 8.6219 125 4.6109 6875 8.6401 

 Mean 8.9 4161 8.0391 75 3.9584 4236 8.0562 

 LSD.05 0.6 1886.9 0.28 38.6 0.39 1924.7 0.29 
§ Proportional rating scale from 0 (no growth,) to 10 (dense mycelium on all quarters) in one-point increments.   
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APPENDIX C:  TEST THE EFFECT OF SEED WEIGHT  

AND INOCULATION RATE  

 

The seed size of entries in our germplasm screening experiments varied from 1.5g/ 

5seeds to 5.5 g/5 seeds.  Because the aflatoxin analysis required at least 2 g, it was 

necessary to plate more seeds of the small-seeded lines.  Our usual rate of inoculation for 

large-seeded lines was 50 µL per seed-half of a suspension containing approximately 

1×106 mL-1 conidia of A. flavus strain NRRL 3357.  It was not clear how much spore 

suspension should be applied to each unit.  This experiment was designed to test the 

effect of different amounts of inoculation.  

MATERIALS AND METHODS 

Treatment.  A 2×5 factorial set of treatment combination was used with two 

susceptible cultivars (Virginia-type cultivar NC 7 and runner-type cultivar Florunner) and 

five rates of inoculation (20, 40, 60, 80, and 100 µL per seed half of 1×106 mL-1 conidia 

of A. flavus strain NRRL 3357). 

Inoculation and incubation.  Seed half preparation and management in the 

incubator were as described in APPENDIX B.  A randomized complete block design with 

six reps was used for this test.  Entries were arranged in two rows and five columns on a 

tray with each tray as one rep as diagrammed below (Fig. 1).  Trays were rotated from 

top to bottom daily (1 to 6 from top to bottom).  Data collection and analysis were as 

described in APPENDIX A.   
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RESULTS AND DISCUSSION 
 

The main effect of cultivar was significant (P < 0.01) for all traits, but there was no 

significant main effect of inoculation level, nor was there any significant cultivar-by-

inoculation level interaction.  Partition of the inoculation effect into linear, quadratic, and 

residual fractions failed to turn up any significant effect.   

Rather than finding greater levels of growth and aflatoxin in the Florunner seeds as 

one would expect due to their greater effective inoculation rate on a per-gram basis, 

growth and aflatoxin levels were greater in NC 7, indicating that genotypic effects other 

than seed size exert a greater influence than physical size of the seed.  For future studies 

including large- and small-seeded genotypes, it should not be necessary to correct the 

inoculation rate for seed size.   

 

 

 

 

 

 

 

 Arrangement of petri dishes in Tray 1 (bottom). Stack of 6 trays separated by PVC spacers.   
  Each tray is enclosed in a plastic bag. 
 

Fig. 1. Diagram of seed layout in petri dish and stack of trays. 
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Table 1. Mean squares from analysis of variance of a factorial experiment with Florunner and NC 7 cultivars inoculated 
at 20, 40, 60, 80, and 100 µL of spore suspension. 

  Seed Growth Fluffy Aflatoxin Aflatoxin Aflatoxin 
Source df weight rating rating B2 B1 (B1+B2) 
  G/5 seeds   0-10 rating§    ppb   ppb  ppb  
Total 59 2.90 7.76 0.10 4000171 2169859485 2351739966 

Rep 5 0.19† 0.27 0.06 1356280* 548062189 590257843 

Entry 9 18.45** 47.20** 0.22* 23081691** 12488831353** 13582948654** 

Cultivar 1 165.04** 421.35** 0.82** 206758978** 110903002789** 120686857686** 

Inoculation level 4 0.09 0.43 0.15 90821 119919345 124633695 

     Inoc (Linear) 1 0.03 0.53 0.08 146638 256235723 268641854 

     Inoc (Quadratic) 1 0.06 0.21 0.15 26260 87333308 84330780 

     Inoc (Remainder) 2 0.14 0.49 0.19 95193 68054174 72781074 

Cultivar × Inoculation 4 0.16 0.43 0.15 153238 254200503 265286354 

     Cult × Inoc (Lin) 1 0.07 0.53 0.08 228883 503752061 525456531 

     Cult × Inoc (Quad) 1 0.22 0.21 0.15 206472 42436810 48563426 

     Cult × Remainder 2 0.18 0.49 0.19 88798 235306570 243562729 

Error 45 0.09 0.70 0.09 477633 286264811 301218464 
§Proportional rating scale from 0 (no growth or fluffy colonies) to 10 (dense mycelium on all quarters or all fluffy colonies) in 

one-point increments.   
†,*,**Denote significance at the 10%, 5%, and 1% levels of probability, respectively.   

Table 2. Mean of seed weight, fungal growth and aflatoxin production of Florunner and NC 7 inoculated at 20, 40, 60, 80, 
and 100 µL of spore suspension.   

  Seed Growth Fluffy Aflatoxin Aflatoxin Aflatoxin  
Source  weight rating rating B2 B1 (B1+B2) 
  G/5 seeds   0-10 rating§    ppb   ppb  ppb  
NC 7  6.05 10.00 0.23 3906 96432 100338 

Florunner  2.73 4.70 0.00 193 10446 10640 
§Proportional rating scale from 0 (no growth or fluffy colonies) to 10 (dense mycelium on all quarters or all fluffy colonies) in 

one-point increments.   
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