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Abstract
Aspergillus flavus is an ascomycete fungus impacting agriculture, public and
environmental health due to production of acutely-toxic, carcinogenic aflatoxins in oil seed
crops, especially corn in Louisiana, and lung infections of immunocompromised patients
resulting in a leading cause of AIDS patients’ deaths globally. The most effective aflatoxin
mitigation strategy, biocontrol by atoxigenic A. flavus presents several concerns including:
dissemination of a human pathogen, possible sexual reproduction and reliance on precise
environmental conditions. Several aspects of A. flavus biology were investigated to potentially
improve treatments. Studies investigated how genotypically diverse members within the A.
flavus population interact with other population members and across kingdoms, and how these
interactions ultimately regulate aflatoxin production and contamination of corn. A main finding
was, biocontrol strains inhibited aflatoxin production of corn-adapted strains more completely
than soil-adapted strains. Biocontrol strains inhibited aflatoxin by production of secreted
inhibitory chemicals in addition to touch and direct replacement. Corn-adapted strains produced
more inoculum and infected more kernels at low inoculum levels than soil-adapted strains; a
likely explanation for differences between corn and soil A. flavus populations. Including
differences in male and female gametic structure production between strains in estimates of
effective breeding population size indicated sexual reproduction was less likely than expected
based on mating type distributions and sexual reproduction would be more likely after harvest,
when the numerous male corn-adapted population comes in contact with the female population
in the soil. Finally, gases produced by clones can inhibit or stimulate aflatoxin production of
neighboring clones. The main implication of this research is to improve biocontrol efficacy and
minimize infection by highly toxic soil-adapted strains, corn should not come in contact with soil
after harvest. Applying currently available male biocontrol strains to the soil dominated by
females should greatly increase the chance for sexual reproduction during cultivation. The speed
of sexual reproduction in the field needs to be investigated, as well as the use of infertile
biocontrol strains. The inhibitory secreted and volatile chemicals produced by A. flavus need to
be identified to help produce a fungus-free biocontrol product.
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Chapter 1. Overall Introduction
Aflatoxin contamination of corn, cotton, peanuts and tree nuts is a major problem in the
Southern United States and worldwide in tropical and sub-tropical climates (Horn 2003, Richard
2008, Wicklow 1991, Yu et al. 2005). Aflatoxin is a potent human toxin and carcinogen
produced by Aspergillus flavus, A. parasiticus and A. minisclerotigenes (Horn 2003, Richard
2008, Varga et al. 2009, Wicklow 1991, Yu et al. 2005). A. flavus is most commonly isolated
from affected commodities, therefore is blamed with the majority of aflatoxin contamination
(Horn 2003, Horn and Greene 1995). Recent public outbreaks of aflatoxin contamination have
occurred. In 2006, hundreds of dogs in the US died from aflatoxin contaminated foodstuffs
(Richard 2008). In 2004 hundreds of people died from consuming contaminated corn in Kenya
(Richard 2008). Aflatoxins also synergize with hepatitis B or C to greatly increase the risk for
liver cancer (Richard 2008, Yu et al. 2005). It is hypothesized that in areas where hepatitis is
common, many of the liver cancer deaths can be blamed on the consumption of contaminated
grain. Corn and cotton seed are tightly regulated by the federal government to prevent
contaminated grain from entering the food supply (Horn 2003, Lanclos 2002, Richard 2008, Yu
et al. 2005). Truckloads of grain are rejected at the grain elevator when there is as low as 300
parts per billion aflatoxin in the crop (Lanclos 2002). In 1998, Louisiana experienced a severe
corn aflatoxin contamination epidemic that resulted in almost total loss of the crop; subsequently,
periodic aflatoxin contamination problems have occurred (Lanclos 2002). Though not as bad as
1998, in 2013 there were considerable problems with contaminated corn in Louisiana.
Currently there are not any completely effective controls for aflatoxin contamination.
Development of effective chemicals to control A. flavus infection and subsequent aflatoxin
contamination has been elusive. Fertilizing with between 50-250 lbs. nitrogen per acre can result
in a reduction of aflatoxin if applied at planting and in the six-leaf stage (Tubajika et al. 1999).
Breeders have found varieties of corn that are more resistant to A. flavus infection and aflatoxin
contamination, but the level of protection is not sufficient to prevent aflatoxin contamination (Yu
et al. 2005). The most promising control of aflatoxin contamination is the application of a
biocontrol (Abbas et al. 2011, Cotty 1994, Cotty and Bhatnagar 1994, Dorner and Cole 2002,
Horn 2003, Mehl and Cotty 2010). Strains of A. flavus that do not produce aflatoxin (atoxigenic)
are spread on the soil surface (Abbas et al. 2011, Cotty 1994, Cotty and Bhatnagar 1994, Dorner
and Cole 2002, Horn 2003, Mehl and Cotty 2010). These strains then infect the crop and reduce
the aflatoxin contamination (Abbas et al. 2011, Cotty 1994, Cotty and Bhatnagar 1994, Dorner
and Cole 2002, Horn 2003, Mehl and Cotty 2010). To date, this biocontrol strategy has been
found to be effective in peanuts, corn, cotton and pistachios (Abbas et al. 2011, Cotty 1994,
Cotty and Bhatnagar 1994, Dorner and Cole 2002, Horn 2003, Mehl and Cotty 2010). Currently
there are significant efforts to develop biocontrol strains to be used throughout Africa
(Bandyopadhyay et. al. 2016). However, there are serious concerns with applying the
biocontrol: 1. increase in overall fungus propagules in the atmosphere, 2. possibility of sexual
recombination with toxigenic strains to make a super strain, and 3. the biocontrol is not always
effective and is very sensitive to proper moisture and timing of application (Moore et al. 2011).
Only by learning more about the biology of Aspergillus flavus can effective treatments be
devised. The research included in this dissertation investigated three parts of the biology of A.
flavus that may eventually lead to novel control measures: mechanism of biocontrol (Chapter 2),
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infection specificity of particular strains (Chapters 3 and 4) and effect of volatiles on aflatoxin
production (Chapter 5).
Kenneth Damann’s Lab at LSU demonstrated that the competitive exclusion mechanism
involved in aflatoxin biocontrol by direct replacement of the toxigenic strains is enhanced by
touch between the atoxigenic biocontrol strain and toxigenic strains (Huang et al 2011).
Understanding how biocontrol strains differentially regulate aflatoxin production could
potentially lead to new control systems. Chapter 2 highlights how expanding the breadth of the
inhibition specificity profile revealed limited inhibition of strains typically associated with the
soil population. Additionally, the most effective biocontrol strains typically grew faster with a
few exceptional strains. The exceptional, slow-growing strains lead to the discovery of
aflatoxin-production inhibitory, extracellular chemicals secreted by biocontrol strains.
Therefore, touch and direct replacement are not the sole causes of aflatoxin elimination by
biocontrol strains. In the future, identification of inhibitory extracellular compounds could be
used as a novel control. Compounds could be used as a prophylactic to stop aflatoxin
contamination in the field. Identification of genes responsible for inhibitory compounds
biosynthesis could become candidate genes to modify corn to inhibit aflatoxin production within
grains.
The lab also demonstrated that certain strains in a natural population were more
frequently infecting corn than expected by their low frequency in the soil (Sweany et al. 2011).
Chapter 3 highlights how corn strains were capable of infecting kernels even at low inoculum
doses, whereas the soil strains only infected at high inoculum doses. Chapter 4 highlights
differences between corn and soil strains in production of inoculum (conidia) and sclerotia and
the importance of the asexual cycle for persistence in the corn population. Differences in conidia
production increase probability of infection by corn strains but less sclerotial production (the
female structure for sexual reproduction) lowers the chance of A. flavus strains undergoing
sexual reproduction. Understanding the importance of inoculum production to infection, and
differences between the soil and corn populations can lead to important integrated pest
management suggestions, particularly avoiding contact with the soil after harvest.
Finally, it was demonstrated that volatiles affect aflatoxin production. In preliminary
work, if A. flavus grew in more wells within multi-well plates, aflatoxin production increased
within individual wells. Additionally, wells in the middle of the plate produced less aflatoxin
than wells at the periphery. Chapter 5 documents a series of experiments that demonstrate the
effect of multiple cultures of the same clone in closed systems on aflatoxin production.
Understanding the volatile modulation of aflatoxin production by A. flavus may lead to
recommendations for storage and ways to monitor for aflatoxin contamination and/or fungus
contamination by volatile sensing.
1.1 References
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Chapter 2. Intra-Specific Inhibition Profile by Atoxigenic Aspergillus flavus Reveals TouchIndependent Aflatoxin Inhibition
2.1 Introduction
Aflatoxin contamination of corn, cotton, peanuts and tree nuts is a major problem in the
Southern United States and worldwide in tropical and sub-tropical climates (Horn 2003, Richard
2008, Wicklow 1991, Yu et al. 2005). Aflatoxin is a potent human toxin and carcinogen
produced by Aspergillus flavus, A. parasiticus and A. minisclerotigenes (Horn 2003, Richard
2008, Varga et al. 2009, Wicklow 1991, Yu et al. 2005). Aspergillus flavus is most commonly
isolated from affected commodities, therefore is blamed with the majority of aflatoxin
contamination (Horn 2003, Horn and Greene 1995). Aflatoxin contamination has led to recent
outbreaks of poisonings. In 2006, hundreds of dogs in the US died from aflatoxin contaminated
foodstuffs (Richard 2008). In 2004, hundreds of people died from consuming contaminated corn
in Kenya (Richard 2008). Aflatoxins synergize with hepatitis B or C to greatly increase the risk
for liver cancer (Richard 2008, Yu et al. 2005). It is hypothesized that in areas where hepatitis is
common that many of the liver cancer deaths can be blamed on the consumption of contaminated
grain. Corn and cotton seed are tightly regulated by the federal government to prevent
contaminated grains entering the food supply (Horn 2003, Lanclos 2002, Richard 2008, Yu et al.
2005). A truck load of grain will be rejected at the grain elevator when there is as low as 300
parts per billion aflatoxin in the crop (Lanclos 2002). In 1998, Louisiana experienced a severe
corn aflatoxin contamination epidemic that resulted in almost total loss of the crop; subsequently
there are periodic aflatoxin contamination problems (Lanclos 2002). Though not as bad as 1998,
in 2013 there were considerable problems with contaminated corn in Louisiana.
Currently there are not any completely effective controls of aflatoxin contamination. Use
of chemicals to control A. flavus infection and subsequent aflatoxin contamination is elusive.
Fertilizing with between 50-250 lbs. nitrogen per acre can result in a reduction of aflatoxin if
applied at planting and in the six-leaf stage (Tubajika 1999). Breeders have found varieties of
corn that are more resistant to A. flavus infection and aflatoxin contamination, but the level of
protection is not adequate (Yu et al. 2005). The most promising control of aflatoxin
contamination results from application of an effective biocontrol (Abbas et al 2011(a), Cotty
1994, Cotty and Bhatnagar 1994, Dorner and Cole 2002, Horn 2003, Mehl and Cotty 2010).
Strains of A. flavus that do not produce aflatoxin (atoxigenic) are disseminated onto the soil
surface (Abbas et al 2011(a), Cotty 1994, Cotty and Bhatnagar 1994, Dorner and Cole 2002,
Horn 2003, Mehl and Cotty 2010). These strains then infect the crop and reduce the aflatoxin
contamination (Abbas et al 2011(a), Cotty 1994, Cotty and Bhatnagar 1994, Dorner and Cole
2002, Horn 2003, Mehl and Cotty 2010). To date, this biocontrol strategy has been effective in
peanuts, corn, cotton and pistachios (Abbas et al 2011(a), Cotty 1994, Cotty and Bhatnagar 1994,
Dorner and Cole 2002, Horn 2003, Mehl and Cotty 2010). Currently there are large efforts to
develop biocontrol strains to be used throughout Africa (Bandyopadhyay et. al. 2016). However,
there are serious concerns about use of the biocontrol: 1. increase in overall fungus propagules in
the atmosphere, 2. possibility of sexual recombination with toxigenic strains to make a super
strain, and 3. the biocontrol is not always effective and is very sensitive to proper moisture and
timing of application (Moore et al. 2011).
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The mechanism of biocontrol is competitive exclusion (Abbas et al. 2011, Mehl and
Cotty 2010, Chang and Hua 2007, Cotty and Bayman 1993, Dorner et al. 2003, Horn and Dorner
2009). Understanding how this mechanism is achieved could lead to improving the biocontrol
formulations. Labels of commercially available biocontrol strains assert competitive exclusion is
achieved by direct replacement or displacement of toxigenic strains by the application of
atoxigenic biocontrol strains. Atoxigenic strains are distributed on the soil surface and
outcompete the toxigenic native isolates in the soil and at the infection court and thus lower the
toxin production potential of the A. flavus population (Cotty 1994, Cotty et al. 2007, Horn and
Dorner 2009, Dorner et al. 2003). It is widely presumed biocontrol strains outcompete by
invading the infection court before toxigenic strains. Reduction in aflatoxin provided by
atoxigenic strains is more effective than expected by merely reducing the amount of growth of
the toxigenic strain in both corn and artificial media (Abbas et al 2011(a), Huang et al. 2011,
Mehl and Cotty 2010, Wicklow et al. 2003). In artificial medium, as the proportion of atoxigenic
conidia increases, the amount of reduction in aflatoxin is greater than predicted by direct
replacement (Wicklow et al. 2003). Under field conditions, pin-bar inoculating corn with
various ratios of toxigenic: atoxigenic conidia produced the same effect on aflatoxin as in
artificial medium (Abbas et al. 2011(a)). If different toxigenic strains were co-inoculated with
toxigenic CG136 on corn kernels, aflatoxin contamination was generally less than predicted by
the proportion of DNA from the strains in corn kernels; indicating the possibility for inhibition
between two toxigenic strains (Mehl and Cotty 2010). But a few strains when co-inoculated in
corn resulted in more toxin production, indicating the possibility of synergism between toxigenic
strains (Mehl and Cotty 2010). When CG136 was paired with atoxigenic strains, in some
instances the inhibition of aflatoxin contamination was much more than the growth of the
biocontrol isolate, pointing to a possible physiological phenomenon leading to the biocontrol
activity (Mehl and Cotty 2010). Preventing physical interaction between a toxigenic and
atoxigenic isolates removed toxin inhibition (Huang et al. 2011). When strains were separated
by a membrane larger than the typical diameter of fungal hyphae (4-10μm) there was inhibition
of aflatoxin, but when the membrane pores were smaller the toxigenic strain was able to produce
aflatoxin (Huang et al. 2011). There is specificity in touch inhibition. Not all atoxigenic isolates
can inhibit a specific toxigenic isolates and an atoxigenic isolate can inhibit some but not all
toxigenic isolates (Huang et al. 2011).
As expected for an organism capable of sexual reproduction, A. flavus is a diverse
species. Some strains produce an abundance of small sclerotia (< 400μm) and others produce
fewer large sclerotia (Cotty 1989). Small (S) strains are primarily limited to soils and
consistently produce high quantities of aflatoxin (Cotty 1989), whereas large (L) strains are
predominately found infecting crop seeds, including: peanuts, corn and cotton (Abbas et al.
2005, Camiletti et al. 2018, Cotty 1989, Vaamonde et al. 2003, Atehnkeng et al. 2008, Giorni et
al. 2007, Novas and Cabral 2002, Pildain et al 2004, Mauro, 2013) and can produce high
quantities of aflatoxin or little to no aflatoxin. There are two different mating types encoded by
two idiomorphs, Mat1-2 and Mat1-1 (Horn et al. 2009, Ramirez-Prado 2008). The mating
idiomorphs are responsible for pheromone signaling and allow for successful sexual
reproduction (Horn et al. 2009, Ramirez-Prado 2008). Strains Mat1-2 are primarily found in
corn, whereas both Mat1-1 and Mat1-2 are found equally in the soil (Sweany et. al 2011, Moore
et al. 2013). Populations can be subdivided into vegetative compatibility groups (VCGs).
Members of a VCG represent a quasi-clonal lineage because all share the same alleles for at least
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8 het loci and typically have the same toxin and sclerotial production capabilities (Horn and
Greene 1995, Bayman and Cotty 1991, Mauro et al. 2013, Camiletti et al. 2018, Novas and
Cabral 2002, Pildain et al. 2004). Atoxigenic biocontrol strains belong to separate VCGs than
toxigenic VCGs (Bayman and Cotty 1991, Horn and Greene 1995, Abbas et al. 2011),
additionally the soil populations are typically different from corn, cotton and peanut populations
(Sweany et al. 2001, Bayman and Cotty 1991, Horn and Greene 1995). Little is known about
how atoxigenic biocontrol strains specifically inhibit aflatoxin production of small and large
sclerotial isolates, Tx9-8 inhibits large-sclerotia isolates better than small-sclerotia isolates
(Chang and Hua 2007) whereas Af36 inhibits a small isolate better than large isolates (Garber
and Cotty 1997). Additionally, little is known about the role of mating system on aflatoxin
inhibition.
The following work was conducted to extend our knowledge of intraspecific biocontrol
interactions. Biocontrol isolate were co-cultured with a diverse toxigenic isolates from: different
VCGs, with varying simple sequence repeat fingerprints, producing either large or small
sclerotia, and belonging to either mating type. Growth curves for atoxigenic and toxigenic
isolates were determined to test the hypothesis that maximal touch is required for maximized
toxin inhibition. The need for physical interaction for toxin inhibition was reassessed due to
slow growth by a few highly inhibitory biocontrol isolates.
2.2 Materials and Methods
2.2.1 Selection of pH Buffer
Several biological buffers with pKa’s close to 4 were tested to optimize aflatoxin
production based on recommendations from Mohan (2003) and previous reports of minimal
aflatoxin degradation at pH4 (Doyle and Marth 1978) and maximal production when buffered to
pH 4.5 (Cotty 1988). For all experiments, A. flavus strains were grown in glucose salts medium
(Doyle and Marth 1978, Huang et al. 2011, Wicklow et al. 2003); the complete medium in a
single well within 48-well plates consisted of 100μl ddH20, 200μl 2.5x salts and 200μl 2.5x
glucose. One liter of 2.5x salts consisted of 8.76 g (NH4)SO4, 1.88g KH2PO4, 0.88g
MgSO4·7H2O, 0.188g CaCl2·2H2O, 0.025g ZnSO4·7H2O, 0.0125g MnCl2·4H2O, 0.005g
(NH4)6Mo7O24·4H20, 0.005g Na2B4O7·10H2O and 0.005g FeSO4·7H2O. One liter of 2.5x
glucose consisted of 125 g glucose. Water, salts and glucose were autoclaved separately to
prevent crystal formation. 2.5x salts solutions were augmented with either citrate buffer (1, 2 or
10x concentrations of 0.066M citric acid and 0.033M sodium citrate), acetate buffer (0.084M
acetic acid and 0.065M sodium acetate), or citrate-phosphate buffer (1 and 2x conc. 0.061M
citric acid and 0.077M sodium phosphate) and adjusted to pH4 with HCl and NaOH. In each
well, 200μl of 2.5x glucose, 200μl of 2.5x salts (with or without buffer), 50μl of toxigenic
conidia suspension (1x106 conidia/ml water) and either 50μl of water, 50μl of atoxigenic conidial
suspension (1x106 conidia/ml water), or an additional 50μl toxigenic conidial suspension were
mixed together. Toxigenic isolate 53 was grown alone and with atoxigenic isolate 51 in each of
the buffered salts in 48-well plates and incubated in a dark incubator at 25°C for 4 and 8 days.
Each growing condition was replicated in 8 wells, with aflatoxin extracted from the each of 4
wells after 4 days of growth and the remaining 4 wells were extracted after 8 days of growth. All
remaining (~240μl) medium was pipetted from below the mycelia mat and mixed 1:1 with
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acetonitrile. Aflatoxin was quantified with HPLC analysis as described below. ColorpHast pH
indicator strips (MilliporeSigma, Darmstadt, Germany) ranging from 0-14 measured pH at 2, 4,
and 8 days of growth.
2.2.2 Specificity profile
To determine the extent of aflatoxin inhibition, several atoxigenic biocontrol isolates
were co-cultured with five toxigenic isolates of each combination of mating type (Mat1-1 or
Mat1-2) and sclerotial morphotype (large or small) (Table 2.1). Toxigenic isolates were selected
from different VCGs and simple sequence repeat fingerprint groups collected from Louisiana in
2007 and from an Australian collection (Geiser et al. 1998, Geiser et al. 2000). Atoxigenic
isolates selected are either commercial or in development biocontrol isolates (Af36, K49 and
NRRL 21882), isolates that have shown biocontrol potential (Tx9-8), isolates investigated for
touch inhibition (51, 4-2 and 5-1) and others previously shown to have good inhibition in culture
in preliminary studies (17, 19 and 22). Despite low aflatoxin production, 4-2 and 5-1 were
included as biocontrol isolates because they were highly inhibitory of 3 toxigenic isolates and the
only “biocontrol” isolates that produce small sclerotia (Mat1-2) or were Mat1-1 (Huang et al.
2011).
Freshly harvested (from 5-day old cultures grown on V8 at 30°C in the dark) atoxigenic
and toxigenic conidia were co-cultured in 24-well plates. In spite the need to space out cocultures over 6 weeks, single toxigenic isolates were grown with all atoxigenic isolates in a
single week which decreased the influence of week to week variability in aflatoxin production of
single isolates. For co-cultures, 400μl of glucose salts medium with 2x citrate buffer with
toxigenic conidia (0.5x-1x105 con./ml) was added to 400μl of medium with atoxigenic conidia
(0.5x-1x105 con./ml) and mixed by pipetting 4 times in a single well. There were two toxigenic
controls: 1. 800μl of the medium with toxigenic conidia (1x) and 2. 400μl of medium with
toxigenic conidia (0.5x) plus 400μl medium. Both the toxigenic controls and co-cultures were
replicated 4 times. 24-well plates were wrapped in Parafilm, placed individually in small boxes
with two moistened brown-paper towels and incubated in a dark 25°C incubator for 4 days.
Aflatoxin was extracted from all of the remaining medium (~240μl) below mycelial mats mixed
with equal portions of methanol and quantified by HPLC as described below. Mixed linear
models were used to estimate multivariate analysis of variance with SAS version 9.4 (Cary,
North Carolina). To address issues with normality, aflatoxin values were log transformed. The
fixed effects were biocontrol isolate and toxigenic isolate and their interaction. Means were
separated by post-hoc comparison of Fisher’s Least Significant differences at α<0.05 of
individual atoxigenic isolates co-cultured with all toxigenic isolates and individual toxigenic
isolates co-cultured with all atoxigenic isolates.
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Table 2.1. Aspergillus flavus isolates used in biocontrol specificity experiments
Isolate

Sourcez

Mat. Typer

Sclerotiaq

NRRL 3357
07-M-S-3-1-40
1-26
07-S-4-3-2
07-S-7-1-2
3-2
11-4
F14
07-S-3-2-4
70s
A120
07-S-2-1-1
07-M-S-1-5-6
07-S-3-2-5
07-M-S-2-4-2
53
07-C-1-1-1
14-2
07-S-1-1-7
F60
07-S-4-1-4
07-S-2-1-2
07-M-S-3-1-35
Tx19-21S
1-22
Atoxigenic isolates
K49
51
NRRL 21882
Af36
Tx9-8
22 (07-M-S-3-2-3)
19 (07-M-S-2-6-3)
17 (07-S-3-1-6)
4-2
5-1

Peanut F.A. Hodgesy
Soil Louisianax
Soil Australiaw
Soil Louisianax
Soil Louisianax
Soil Australiaw
Soil Australiaw
Soil Georgiaw
Soil Louisianax
Soil Arizonav
Soil Californiaw
Soil Louisianax
Soil Louisianax
Soil Louisianax
Soil Louisianax
Corn Louisianau
Corn Louisianax
Soil Australiaw
Soil Louisianax
Peanut Georgiaw
Soil Louisianax
Soil Louisianax
Soil Louisianax
Soil Texasw
Soil Australiaw

M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-1
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2

L
L
L
L
L
L
L
L
S
S
S
S
S
S
L
L
L
L
L
L
S
S
S
S
S

Corn Mississippit
Corn Louisianax
Peanut Georgias
Cotton seed Arizonav
Soil Texast
Soil Louisianax
Soil Louisianax
Soil Louisianax
Soil Australiaw
Soil Australiaw

M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-2
M1-1

L
L
L
L
L
L
L
L
S
L

z

VCGp

RS8

RS3
RS5
RS8
RS16
RS4
RS11

RS12
RS2

Reported
aflatoxino
10,950
138 ± 50
16,819
8,685
105 ± 27
30 ±5.2
86 ± 22
14653
129 ± 56
307 ± 31
24,241
17,132
47,476
10,317
700
43,146
123 ±31
11,174
125 ± 36
24688
50,050
37,062
86 ± 13
118 ± 26

New
aflatoxinn
681±71
456±229
333±39
113±45
95±20
0
0
8±0.84
15,666±5200
14,371±1200
2,836±344
937±179
445±106
0
6,228±774
3467±452
3,072±462
188±105
96±25
35±12
14,350±4300
5,478±679
5,287±532
354.6885
6.9±0.39

2±1
41 ± 13

95±74
59±51

BH24

BH24
RS6

Isolates obtained from multiple A. flavus population studies both in the United States and
globally:
y
collected by F. A. Hodges, x. Sweany et al. 2011, w. Geiser et al. 2000, v. Cotty 1989,
u
Huang et al. 2011, t. Chang and Hua 2007 and s. Horn and Greene 1995.
r
Aspergillus flavus is heterothallic and mating type was previously determined by amplifying the
Mat1-1 or Mat1-2 loci.
q
Sclerotia are characterized by small sclerotial diameters < 400μm or large > 400μm.
p
VCG’s were assigned in Sweany et al. 2011 and given the designation RS# or in Horn and
Greene 1995 and designated BH#.
o
Aflatoxin values (ng/ml) taken from original papers; all used different substrates.
n
Aflatoxin production after 4 days growth at 25°C in the dark in 2x citrate buffered glucose salts
medium in 24-well plates.
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2.2.3 Biomass accumulation
Since touch is critical for toxin inhibition within the first 24 hours of growth of the
toxigenic isolates based on an earlier study (Huang et al. 2011), a time course study was
conducted to determine if there were differences in biomass accumulation of all atoxigenic and
toxigenic isolates except 3-2, 11-4, F14, 07-S-3-2-5, F60, 1-22, 4-2 and 5-1 because of low
aflatoxin production which limited the interpretation of differential inhibition. Each isolate was
grown in standard 100mm Petri dishes in 15ml of liquid glucose-salts (2x citrate buffer) medium
with 1x105 conidia per ml. For each time point, 4 replicate plates were placed in small boxes and
incubated in the dark at 25°C. Tissue was harvested from an entire Petri dish at 36, 48 and 72
hours by scraping mycelia out of the dishes with a spatula, which was then centrifuged, dried and
weighed. The 36-hour tissues were collected in 1.5-ml micro-centrifuge tubes and dried with
forced air in a laminar flow hood. The 48- and 72-hour tissues were pelleted in 50ml centrifuge
tubes and dried overnight on chromatography paper. Multiple mixed linear models were used to
describe the linear nature of biomass accumulation over the time course experiment (Garret et al.
2004). In all models log-adjusted dry weight (mg) was the response (y) variable and logadjusted hours of growth was the continuous fixed effect (x). Individual strains were categorical
fixed effects as well as their interactions with hours of growth. Three models were calculated,
essentially multiple regression with only hour as the continuous variable and two polynomial
regression models with hour and hour2 (quadratic-u-shaped curves) or hour3 (cubic-s-shaped
curves):
Linear growth model: dry wt.=β1(hour) + β0(intercept) + β(error)
Quadratic growth model: dry wt.= β2(hour)2 + β1(hour) + β0(intercept) + β(error)
Cubic growth model: β3(hour)3 + β2(hour)2 + β1(hour) + β0(intercept) + β(error),
where β is the parameter estimate that approximates the influence of the term in parenthesis on
mycelial dry weight. The best model was selected by choosing the model with the lowest
positive AIC value (Garret et al. 2004).
2.2.4 Relating biomass accumulation to inhibition specificity
To determine the influence of biomass accumulation of either the toxigenic or atoxigenic
isolates on the intraspecific aflatoxin inhibition, parameter estimates (β) from the biomass
growth models were regressed against aflatoxin accumulation in co-culture. Due to different
basal levels of aflatoxin production between isolates, aflatoxin production was adjusted to be
proportional to the overall mean aflatoxin production of toxigenic strains growing alone at 1x
concentration. To alleviate problems with covariance, separate linear mixed models assessed
the effect of biomass accumulation of atoxigenic or toxigenic strains on toxin production in coculture with competing toxigenic or atoxigenic strains. Stepwise model selection was performed
starting with the simplest model and finishing with the most complex (Garret et al. 2004). The
simplest linear model, included either atoxigenic or toxigenic biomass parameter estimates (β0,
β1, β2, or β3 from above) as a continuous fixed effect, the competing toxigenic or atoxigenic
isolate as a random effect (essentially a block with no interest in differences between competing
isolates) and the response variable was aflatoxin production in co-culture with parameter
estimate isolate and corresponding competitor. Toxigenic isolates belonging to the same mating
and sclerotial morphotypes were considered to be members of a single mating/sclerotia
morphotype strain. The most complex model added mating and sclerotia morphotype strain as
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fixed categorical effects and isolate was changed to a categorical fixed effect. Models were
selected based on highest Pseudo R2, lowest AIC value and significant interaction terms from
type III tests of fixed effects (Garret et al. 2004). Pseudo R2 values were calculated by dividing
the sum of squares of all the terms in the model + the residual into only the sum of squares for
the terms in the model from the type I analysis of variance output. Additionally, the data were
plotted to look for obvious outliers. Outliers were removed from the models and the models
were reassessed for fit.
2.2.5 Filter inserts
Growth rates did not always correspond to the level of aflatoxin production inhibition,
therefore, inhibition between atoxigenic and toxigenic strains without physical contact (touch)
between the isolates was reassessed. The 24-well plate filter-insert system (Huang et al. 2011),
which was used to demonstrate the necessity of touch for toxin inhibition, was utilized to
determine if toxin could be inhibited without touch. Standing inserts with 0.4μm poremembranes were placed in individual wells. Medium filled both wells and inserts, fungi are not
able to pass between the insert and well compartments due to small pore size, but chemicals can
diffuse between compartments. To prevent touch, 400μl of toxigenic isolate 53 conidial
suspension (1x105 conidia/ml) was grown in inserts separated by the 0.4μm membrane from
400μl of conidial suspensions (1x105 con./ml) of either atoxigenic isolate 17 (not previously
utilized by Huang et al. 2011), 21882 or 51 in the well below the insert. 17 and 21882 were also
mixed with 53 and the mixture was grown on both sides of the filter inserts. To allow for
passage of both hydrophobic and hydrophilic compounds, two types of 0.4μm pore size standing
inserts were used: hydrophilic PTFE (PICM01250, MilliporeSigma, Darmstadt, Germany) and
hydrophobic polycarbonate (PIP01250, MilliporeSigma, Darmstadt, Germany). Both glucose
salts medium buffered with 2x citrate buffer and non-buffered media were used. Each
strain*insert*media combination was replicated 4 times and placement of strains was
randomized within a plate, but each plate contained a single filter insert and medium type. Plates
were sealed with Parafilm, placed in a box with two wetted paper napkins and incubated at 25°C
in the dark. Aflatoxin was extracted after 5 days and quantified by HPLC as described below.
Multivariate analysis of variance was estimated with linear mixed models. The response variable
was log-transformed aflatoxin (ng/ml) and fixed effects were location (insert vs. well) of
toxigenic isolate 53, atoxigenic competitor, medium, filter material, and the full interaction of all
the effects. The study was expanded to include atoxigenic isolates Af36, K49, 19, TX9-8 and 17
utilizing only polycarbonate inserts and buffered glucose salts medium. 53 was grown alone or
co-cultured with the atoxigenic isolates in the inserts separated from either the atoxigenic isolates
growing alone or in co-culture with 53 in the wells. To compare across plates, aflatoxin values
were adjusted to be proportional to the mean aflatoxin of the controls. Multivariate analysis of
variance was estimated with linear mixed models. The response variable was log-transformed
aflatoxin (ng/ml) and the fixed effects were atoxigenic competitor, type of interaction (touch, no
touch, or touch on one side of the membrane) and the interaction of those terms.
2.2.6 Filtrate inhibition
Experiments were conducted to determine if culture filtrates from atoxigenic isolates
inhibit aflatoxin production. In the first experiment, 100ml of 1x105 conidia/ml suspensions of
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atoxigenic isolates 17, Af36, 51 and K49 were grown in buffered glucose salts medium in 500 ml
Erlenmeyer flasks in the dark at 25°C for 2 and 4 days. Additionally, non-inoculated medium
was incubated for 2 and 4 days. Both the incubated medium and atoxigenic cultures were
filtered with 0.22µm PES vacuum filtration systems (431097, Corning, Inc., Tewksbury, MA),
mixed 1:1 with fresh buffered glucose salts inoculated with 1x105 conidia/ml of 53. Four reps of
800μl of each mixture was added to 24-well plates and incubated in the dark at 25°C for 4 days.
Aflatoxin was extracted and quantified as described below. Multivariate analysis of variance
was estimated with linear mixed models. The response variable was log-transformed aflatoxin
(ng/ml) and fixed effects were atoxigenic strain and filtrate age and their interaction.
Additionally, 4-day-old filtrates from less inhibitory atoxigenic strains, 21882, 51, Tx9-8, and 22
in addition to isolate 17 were paired with toxigenic isolated 53 in a similar manner to the above
experiment and conidia were also mixed with 53 in a similar manner to the specificity profile
above. Multivariate analysis of variance was estimated with linear mixed models. The response
variable was log-transformed aflatoxin (ng/ml) and fixed effects were atoxigenic strain and type
of biocontrol interaction (touch or filtrate) and their interaction.
2.2.7 Aflatoxin extraction and quantification
Aflatoxin was extracted from liquid medium for all experiments by pipetting an aliquot
of medium from below the hyphal mat and mixing one: one with either acetonitrile for the pH
buffer experiments, or methanol for the remaining experiments. Extracts were filtered through
200mg alumina-basic (58Å, 60-mesh powder, 11503-A1, Alfa Aesar, Tewksbury MA) in 1.5ml
polypropylene columns with 20μm polyethylene frits (Sobolev and Dorner 2002) and the
extracts for the pH buffers were quantified by reversed-phase HPLC as described in Sweany et
al. 2011. The remaining extracts were maintained at 20°C and 10µl of each sample was
separated in a Waters e2695 Separations Model HPLC (Waters Corp., Milford, MA) containing a
Nova-Pak C18 4µm 3.9x150mm column held at 38°C, then sent through a PHRED cell (Aura
Industries Inc., New York) and aflatoxin was excited by 365nm wavelength and 440nm emission
was detected by a 2475 FLR Detector (Waters Corp., Milford, MA) (Joshua 1993). The solvent
was mixed by the pump at a ratio of 37.5 Methanol: 62.5 water at a 0.8ml/min flow rate. An
individual sample run was 17 minutes with aflatoxin B1 peaks resolving at ~13.5 minutes.
Empower software (Waters Corp., Milford, MA) was used to calculate the area under AFB1
peaks. The peaks were manually assigned and aflatoxin quantity was calculated based on a
calibration curve calculated from 4 reps of standards with 1, 5, 50, 500 and 1000 ng/ml aflatoxin
B1.
2.3 Results
2.3.1 Selection of pH buffer
Several pH buffers were assessed to maintain pH at 4 to optimize aflatoxin production by
Aspergillus flavus and limit aflatoxin degradation (Table 2.2). No growth was observed in the
acetate buffer. All concentrations of citrate and citrate phosphate buffers prevented the medium
from reaching pH 1 after 8 days of growth. Only the 10x concentration of citrate buffer
maintained the pH buffer at 4, but there was essentially no aflatoxin production. Aflatoxin
production only increased from 4 to 8 days in 2x concentrations of citrate and citrate phosphate
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buffers. This coincided with an increase of pH at day 8. Buffering the medium did not change
the inhibition of toxin production by toxigenic isolate 53 when it was grown in co-culture with
atoxigenic isolate 51. The doubled concentration of citrate buffer was selected for the remainder
of experiments because: 1. pH was maintained around 4 at 4 days of growth, 2. aflatoxin
continued to accumulate after 4 days of growth (minimizing the effect of any degradation), 3.
maximum aflatoxin production which allows for greater resolution power in comparisons of
biocontrol isolates’ inhibition capabilities, and 4. aflatoxin inhibition by 51 was not altered.
Table 2.2. Selection of pH buffer to optimize aflatoxin production by A. flavus

No buffer
Acetate
1x citrate phosphate
2x citrate phosphate
1x citrate
2x citrate
10x citrate

Mean aflatoxin B1 ng/ml with 95% confidence intervals
53 1x
53 2x
53+51
Day 4 AFB1 (pH)z
Day 8
Day 4
Day 8
Day 4
Day 8
97 ± 11 (2)
2.5 ± 3.6 (1-2)
139 ± 43 (1-2)
1.9 ± 1.4 (1-2)
5.7 ± 5.9 (2)
0.6 ± 1.0 (1-2)
No growth
No growth
No growth
No growth
No growth
No growth
14 ± 5.6 (3-)
8.5 ± 2.3 (2)
114 ± 61 (3-)
97 ± 66 (2-3)
1.5 ± 0.66 (3-)
0.64 ± 0.99 (2-3)
51 ± 26 (3)
150 ± 230 (5)
340 ± 53 (3)
520 ± 220 (5-6)
2.0 ± 0.90 (3)
6.5 ± 4.9 (5)
190 ± 46 (3-)
130 ± 60 (3)
270 ± 54 (3)
170 ± 63 (4-5)
2.9 ± 1.2 (3)
9.9 ± 7.0 (3)
550 ± 110 (3)
1200 ± 200 (7-8)
1000 ± 330 (3+)
1200 ± 890 (7-8)
13 ± 12 (4)
49 ± 14 (7-8)
2.4 ± 1.5 (4+)
1.7 ± 0.73 (4)
26 ± 5.9 (4)
65 ± 77 (4)
1.1 ± 0.70 (4+)
0.63 ± 0.35 (4-5)
5
5
5

Aspergillus flavus toxigenic strain 53 was grown at a concentration of 1x10 , 2x10 or 1x10 in
co-culture with atoxigenic 51 at 1x105 conidia/ml in glucose-salts medium modified with
different pH buffers in 48-well plates. Aflatoxin production and pH was measured after 4 and 8
days of growth at 25°C.
z
pH was measured with pH indicator strips and reported in (parentheses).
2.3.2 Inhibition specificity profile

Toxigenic A. flavus isolates produced different quantities of aflatoxin (F24/146=491,
p<0.0001) (Figure 2.1, Table 2.3). Isolates produced consistently less aflatoxin when wells
were inoculated with half as many conidia (F1/146=20.23, p<0.0001). If isolates were treated as
random variables, belonging to a particular mating type and sclerotial morphotype did not
significantly affect aflatoxin production (F3/20.7=1.90, p=0.161). Although Mat1-1, large
sclerotial strains produced relatively low aflatoxin. All 8 Mat1-1, large isolates produced less
than 700ng/ml aflatoxin, whereas several isolates from the other groups produced greater than
3,000ng/ml of aflatoxin (4 of 6 Mat1-1, S; 3 of 5 Mat1-2, S; 3 of 6 Mat1-2, L). Two Mat1-1,
small and one Mat1-2, small isolates produced greater than 10,000ng/ml aflatoxin. Each mating
type-sclerotial group included isolates that produced less than 100 ng/ml aflatoxin.
Toxigenic isolates were differentially inhibited by atoxigenic strains, not only were there
differences between atoxigenic isolates as to which toxigenic isolates they inhibited, but
toxigenic isolates were differentially inhibited by individual atoxigenic isolates (toxigenic
strain*atoxigenic strain F105/449=10.13, p<0.001). In general, isolates 17, K49 and Af36 were the
best inhibitors of aflatoxin production, with 17 being the most consistent inhibitor. Atoxigenic
isolate 17 reduced aflatoxin production by all but one strain of both Mat1-1 and Mat1-2 large
strains to below 20ng/ml (the FDA limit for safe consumption). However, isolate 17 did not
reduce aflatoxin production of small strains as substantially and 3 small isolates produced more
than 1,000 ng/ml. Isolates 19 and/or 22 provided more inhibition than K49 and 36 for a few
toxigenic isolates. When grown with Mat1-1, large isolates, 07-M-S-3-1-40 and 07-S-7-1-2,
K49 and Af36 provided almost no aflatoxin inhibition. Often, 51 inhibited aflatoxin the least,
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though 51 was rarely the least inhibitory strain of Mat1-1 large isolates and highly inhibitory of
07-M-S-3-1-40 and 07-S-7-1-2. “Biocontrol” isolates 4-2 and 5-1 produced small quantities of
aflatoxin, but remained inhibitory of aflatoxin production. Small, Mat1-2 isolate 4-2 was highly
inhibitory of many Mat1-2, small isolates and reasonably inhibitory of Mat1-1, small isolates.
Whereas Mat1-1, large 5-1 was highly inhibitory of most large strains of both mating types.

Figure 2.1. Aflatoxin production by toxigenic A. flavus isolates grown alone (A) or in co-culture
(B) with atoxigenic strains A. Toxigenic isolates were grown in 24-well plates for 4 days at
25°C in the dark at a concentration of 1x105 conidia/ml (1x). Toxigenic isolates are sorted by
their mating type genes and sclerotium diameter (large >400 µm and small <400 µm in diameter)
and in order from left to right in A or bottom to top in B, Mat1-1 and small: 07-S-3-2-4, 70s,
A120, 07-S-2-1-1, 07-M-S-1-5-6, 07-S-3-2-5; Mat1-2 and small: 07-S-4-1-4, 07-S-2-1-2, 07-MS-3-1-35, Tx19-21S, 1-22; Mat1-2 and large: 07-M-S-2-4-2, 53, 07-C-1-1-1, 14-2, 07-S-1-1-7,
F60, and Mat1-1 and large: 3357, 07-M-S-3-1-40, 1-26, 07-S-4-3-2, 07-S-7-1-2, 3-2, 11-4, and
F14. Mean aflatoxin values are reported with standard error bars. Different letters represent
statistically different log-adjusted mean aflatoxin production based on Tukey-adjusted LS-means
at α=0.05. B. Toxigenic isolates were grown alone or in co-culture with atoxigenic strains in 24well plates for 4 days at 25°C in the dark. B. is a stacked bar chart, every segment within a bar
represents the mean and standard error bars at the top or each segment of aflatoxin production of
an individual toxigenic isolate (order mentioned above) growing alone (either 1x105 or 0.5x105
conidia/ml) or in co-culture (0.5x105 con./ml) with the atoxigenic isolates (0.5x105 con./ml)
along the x-axis. “Atoxigenic” strains 4-2 and 5-1 both produced 95±74 and 59±51 ng/ml
aflatoxin respectively. Truly atoxigenic isolates are in order of initial growth rates as predicted
by growth curve models in Figure 2.2 and Table 2.5.
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Table 2.3. Aflatoxin inhibition specificity profile of toxigenic and atoxigenic A. flavus isolates in co-culture
Toxigenic strains grown alonez
1xy
.5x
Mat1-1 small sclerotial Toxigenic isolates
15,666 ± 5,227w
11,023 ± 3,123
07-S-3-2-4
A, av
A, a
14,372 ± 1173
9,453 ± 9340
70s
AB, a
AB, abc
2,836 ± 344
1,927 ± 231
A120
C, a
C, ab
937 ± 179
561 ± 221
07-S-2-1-1
D, a
D, abc
445 ± 106
342 ± 39.3
07-M-S-1-5-6
DE, a
D, ab
3 ± 3.6
3 ± 3.6
07-S-3-2-5
J, c
I, c
Mat1-2 small sclerotial toxigenic strains
14,350 ± 4,313
8,576 ± 1,894
07-S-4-1-4
A, a
AB, ab
5,478 ± 679
4,737 ± 1122
07-S-2-1-2
BC, a
ABC, ab
5,287 ± 532
3,801 ± 683
07-M-S-3-1-35
C, a
BC, ab
355 ± 93.9
275 ± 73.6
Tx19-21S
EF, a
DE, a
7 ± 0.3
7 ± 0.2
1-22
I, b
H, b
Mat1-2 large sclerotial toxigenic strains
6,228 ± 774
4,444 ± 1760
07-M-S-2-4-2
ABC, a
ABC, abc
3,467 ± 452
3,638 ± 316
53
C, a
BC, a
3,072 ± 462
2,690 ± 778
07-C-1-1-1
C, a
C, ab
188 ± 105
98 ± 32.4
14-2
FG, a
F, ab
96 ±24.6
59 ±39.3
07-S-1-1-7
G, a
FG, ab
35 ± 12
31 ± 11.4
F60
H, c
G, cd
Mat1-1 large sclerotial strains
681 ± 71
665 ± 214
3357
DE, a
D, a
456 ± 229
353 ± 182
07-M-S-3-1-40
DE, ab
D, abc
333 ± 39
295 ± 45.6
1-26
EF, a
DE, a
113 ± 45.2
123 ± 46
07-S-4-3-2
G, a
EF, a
95 ± 20.4
76 ± 23.7
07-S-7-1-2
G, b
FG, bc
0±0
0±0
3-2
K, b
J, b
7 ± 0.3
6 ± 0.1
11-4
I, ab
H, ab
8 ± 0.8
8 ± 1.6
F14
I, b
H, b

Atoxigenic strains mixed one:one with toxigenic conidia x
51
K49
21882

36

Tx9-8

22

19

17

4-2

5-1

12,919 ± 2,112
A, a
10,850 ± 1,747
AB, ab
1,910 ± 323
E, ab
583 ± 166
FG, ab
317 ± 73.6
G, abc
6±0
L, bc

1,584 ± 423
B, d
4,956 ± 816
A, ef
271 ± 65.2
DE, e
94.1 ± 28.2
EF, defg
71 ± 19.6
F, ef
6±0
H, bc

5,332 ± 428
AB, b
8,418 ± 448
A, bcd
1,927 ± 380
CDE, ab
511 ± 133
FG, abc
277 ± 68.1
GH, abc
5 ± 3.1
O, c

2,921 ± 163
AB, c
5,506 ± 508
A, de
760 ± 325
CD, d
61 ± 25.7
FGHI, fg
56 ± 16.2
FGHI, f
6±0
LM, bc

4,229 ± 922
AB , bc
7,717 ± 1,261
A, bcde
1,491 ± 263
CDE, abc
250 ± 35.1
FG, cd
271 ± 81.0
F, abc
6±0
K, bc

3,157 ± 807
B, bc
7,125 ± 900
A, bcde
849 ± 279
CD, cd
170 ± 34.3
FGH, de
211 ± 36.5
EFG, bcd
6±0
L, bc

1,193 ± 479
BC, d
6,750 ± 1,759
A, cde
1,355 ± 157
BC, abcd
501 ± 64.0
CDE, abc
218 ± 27.1
EF, abcd
6±0
KL, bc

1,082 ± 253
A,d
1,465 ± 399
A, g
231 ± 92.6
BCD, e
163 ± 78.8
CDE, de
65 ± 31.0
DEF, ef
6 ± 0.1
H, bc

87 ± 12.3
HIJ, e
3,284 ± 1248
A, f
1,274 ± 422
B, bcd
28 ± 6.2
LM, g
114 ± 30.6
GHIJ, de
120 ± 16.9
FGHI, a

4,214 ± 937
ABC, bc
8,304 ± 1,272
A, bcd
1,806 ± 782
CD, abc
437 ± 92.1
E, bc
164 ± 15.4
F, cd
23 ± 4.7
JKL, b

6,869 ± 380
BC, bc
2,094 ± 585
E, bc
3,519 ± 363
DE, ab
94 ± 24.7
H, b
8 ± 0.7
KL, b

1,425 ± 298
BC, f
1,059 ± 485
BC, cd
547 ± 337
CD, de
13 ± 3.5
GH, ef
7 ± 0.1
H, b

4,891 ± 1,002
ABC, cd
1,626 ± 281
DE, c
2,884 ± 477
BCD, ab
116 ± 42.3
HIJK, b
7±0
NO, b

1,412 ± 165
BC, f
1,535 ± 524
BC, c
368 ± 81
DE, de
12 ± 3.9
JKL, ef
6±0
KLM, b

4,940 ± 868
A, cd
1,753 ± 669
CD, c
2,215 ± 560
BC, b
75 ± 18.6
HI, bc
7 ± 0.5
K, b

3,012 ± 634
B, de
1,139 ± 431
C, cd
921 ± 540
CD, cd
86 ± 36.7
HIJ, b
7 ± 0.2
KL, b

2,790 ± 300
AB, e
1,564 ± 588
BC, cd
330 ± 98
E, e
22 ± 7
HIJ, de
12 ± 5.3
JKL, b

765 ± 181
AB, g
1,156 ± 563
A, cd
279 ± 129
BC, e
7 ± 1.1
H, f
8 ± 2.3
H, b

286 ± 107
DE, h
638 ± 270
BC, d
72 ± 31.6
IJK, f
54 ± 5
JKL, bc
28 ± 13.6
LM, a

5,247 ± 291
AB, bc
1,740 ± 552
D, c
2,132 ± 886
CD, bc
40 ± 18.1
HIJK, cd
8 ± 0.5
M, b

5,268 ± 815
CD, ab
900 ± 134
F, b
596 ± 223
FG, cde
99 ± 35.2
H, ab
18 ±13
JK, bc
15 ± 0.6
JK, ef

672 ± 397
BCD, f
256 ± 87.9
DE, cd
263 ± 98.4
DE, defg
73 ± 51.2
F, b
5 ±3.5
H, c
7 ± 1.1
H, gh

1,999 ± 894
CDE, bcde
1,064 ± 142
EF, b
1,334 ± 234
DEF, abc
55 ± 20.9
JKL, b
17 ±6.3
MN, bc
27 ± 9.8
LM, cde

1,496 ± 1080
BC, def
126 ± 26.8
EFG, e
134 ± 88
FG, g
105 ± 32.4
FGH, ab
7 ±0.6
KLM, c
7 ± 0.2
LM, h

1,565 ± 722
CDE, cdef
753 ± 79.4
E, b
781 ± 56
DE, bcd
48 ± 11.7
I, b
11 ±3.9
JK, c
16 ± 3.1
J, def

1,273 ± 381
C, def
393 ± 73.9
DE, c
495 ± 287
DE, cdef
40 ± 13.6
J, bc
10 ±2.7
KL, c
15 ± 2.1
KL, ef

1,000 ± 415
CD, ef
363 ± 102
DE, c
489 ± 41.8
CDE, cdef
63 ± 29.8
GH, b
15 ±2.3
JK, bc
14 ± 3.2
IKJ, efg

184 ± 143
CDE, g
7 ± 0.2
H, f
6 ± 3.7
H, h
15 ± 3.2
FGH, c
5 ±3.6
H, c
11 ± 3.1
GH, fgh

62 ± 11.2
IJK, g
309 ± 98.8
CDE, cd
209 ± 63.6
EFG, efg
72 ± 8.4
IJ, ab
69 ±5.8
IJ, a
123 ± 11.7
FGHI, a

3,216 ± 424
BCD, abcd
189 ± 47.8
EF, de
172 ± 120
FG, fg
91 ± 12.2
FGH, ab
12 ±2
LM, c
67 ± 17.3
GHI, b

357 ± 77.3
G, ab
114 ± 28.1
H, de
82 ± 8.3
H, bc
41 ± 6.9
I, bc
15 ± 5.8
JK, fg
0±0
M, b
6±0
L, ab
7 ± 0.2
L, b

46 ± 21.1
F, de
248 ± 65
DE, bc
80 ± 25.1
F, bc
9 ± 0.6
H, f
38 ± 10
FG, cde
0±0
I, b
6±0
H, ab
6±0
H, b

193 ± 82.5
HI, bc
234 ± 38.8
GH, bc
129 ± 17.4
HIJ, b
69 ± 16.3
IJKL, ab
43 ± 11.3
KLM, bcd
0±0
P, b
5 ± 3.1
O, b
7 ± 0.1
NO, b

27 ± 12.7
IJK, e
172 ± 31.3
EF, cd
35 ± 9.7
GHIJ, cd
11 ± 1.3
JKL, ef
28 ± 4.5
HIJ, def
0±0
N, b
5 ± 3.1
LM, b
3 ± 3.6
MN, b

115 ± 51.4
H, cd
349 ± 91.7
F, ab
135 ± 65
GH, b
67 ± 3.2
HI, ab
41 ± 9.9
I, bcd
0±0
L, b
6±0
K, ab
6 ± 0.1
K, b

89 ± 23.3
HI, cd
264 ± 40.6
EF, bc
109 ± 51.9
GH, b
43 ± 3.9
IJ, bc
16 ± 2.3
K, efg
0±0
M, b
6±0
L, ab
6±0
L, b

216 ± 115.9
EF, bc
86 ± 8.2
FG, e
44 ± 4.9
GHI, cd
20 ± 1.5
IJK, de
18 ± 2.3
IJK, defg
0±0
M, b
4 ± 3.1
L, b
5 ± 3.1
L, b

40 ± 11.3
EFG, de
7 ± 0.5
H, g
13 ± 5.6
GH, e
6±0
H, f
5 ± 3.1
H, h
0±0
I, b
0±0
I, c
4 ± 3.6
HI, b

163 ± 19.2
EFGH, bc
513 ± 42
CD, a
67 ± 20
IJK, bc
87 ± 15.6
HIJ, a
247 ± 23.7
DEF, a
31.7 ± 9.2
KLM, a
24 ± 9.2
M, a
99 ± 34.8
GHIJ, a

174 ± 98.8
FG, bc
15 ± 3.1
KLM, f
24 ± 9.4
JKL, de
39 ± 32.9
IJK, cd
8 ± 0.5
M, gh
28.6 ± 7.1
IJKL, a
11 ± 1.5
LM, ab
49 ± 15.9
HIJ, a

z

Each toxigenic isolate was grown in 24-well plates and aflatoxin was extracted after 4 days of growth in the dark at 25°C.
Conidia concentration was either 1*105 (1x) conidia/ml of liquid medium or 0.5*105 (.5x) conidia/ml if the toxigenic strain was
(Table 2.3 notes continued)
y
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grown alone.
x
Atoxigenic and toxigenic isolates were co-cultured in 24-well plates and aflatoxin was extracted after 4 days at 25°C in the dark, the
concentration of both atoxigenic and toxigenic isolates were 0.5x105 (0.5x) conidia/ml.
w
Means ± standard deviation were calculated for 4 replicate wells. Aflatoxin production (ng/ml) for each well was quantified using
HPLC.
v
Different letters represent different Tukey-adjusted LS means at α<0.05. Different means within individual columns if Capitalized
letters are different (different ability of a single atoxigenic to inhibit aflatoxin production of multiple toxigenic isolates). Different
means across individual rows if lower-case letters are different (different abilities of atoxigenic isolates to inhibit a single toxigenic
isolate).
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2.3.3 Growth rates of Aspergillus flavus
Since physical interaction and contact between toxigenic and atoxigenic strains is
important for inhibition and highly inhibitory isolate 17 was observed to germinate, elongate and
branch earlier than the least inhibitory isolate 51, growth rates of A. flavus isolates were
determined by collecting and drying mycelia after 36, 48 and 72 hour of growth. After 36 hours,
mycelial volumes were visibly different between atoxigenic isolates. Isolate 17, and to a lesser
extent isolate 19, required two full micro-centrifuge tubes to contain the mycelia, whereas the
remaining strains only needed one tube. Growth curves for isolates were predicted with a linear
mixed model which essentially regressed log-adjusted dry weight on log-adjusted number of
hours of growth for each isolate. Based on the lowest AIC value, the growth curves were best
approximated by a quadratic model when compared to a linear and cubic model, reflecting the
curvilinear nature of the growth curves (Table 2.4., Figure 2.2). The cubic model had a negative
AIC value which suggested adding a cubic term over fit the growth curve (variance predicted by
the model was less than what was observed in the model i.e. false confidence) and therefore not
used in the final model. Within the quadratic growth model: dry wt.= β2(hour)2 + β1(hour) +
β0(intercept) + β(error). There are 3 parameter estimates including: β0 is an estimate for the yintercept, β1 is an estimate of the initial slope or growth rate (mg/hour), and β2 is an estimate for
acceleration in growth or mg/hour2. There were differences among atoxigenic and toxigenic
isolates for all parameter estimates including, intercept, growth rate and growth acceleration
(Table 2.5). There was an inverse relationship between growth rate and acceleration between
isolates. The best inhibitor, isolate 17, had a faster initial growth rate, larger y-intercept and
slower acceleration than all other atoxigenic isolates, except isolate19. The remaining atoxigenic
isolates’ parameter estimates overlapped the most with Mat1-1, large strains. Whereas isolates
Table 2.4. Tests for fit and fixed effects for A. flavus biomass growth curves
Linear model: dwt=hours of growthz
Normality
W=0.940028
p<0.0001
AIC-valuex
831.0
Type III tests of fixed effectsw
Hour
F1/296=2432.99
p<.0001
Hour2
Hour3
Isolate
F26/296=0.12
1.000
Hour*isolate
F26/296=0.08
1.000
Hour2*isolate
Hour3*isolate
y

Quadratic model: dwt= h+h2
W=0.959269
p<0.0001
323.9

Cubic model: dwt=h+h2+h3
W=0.951188
p<0.0001
-81.4

F1/296=840.46
F1/296=1822.75

<.0001
<.0001

F26/296=6.20
F26/296=5.25
F26/296=5.44

<.0001
<.0001
<.0001

F1/242=1416.37
F1/242=995.49
F1/242=794.2
F26/242=18.06
F26/242=12.17
F26/242=16.80
F26/242=15.9

z

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Mixed linear models estimated growth curves of A. flavus of log-transformed, mycelial dryweights (dwt) (response variable) vs. log-adjusted # hours (continuous fixed effect) incubated in
the dark at 25°C. Isolate was an addition categorical fixed-effect. Quadratic models included an
effect of hour2 on dry weight and cubic included the effect of hour3 on dry weight and describe
u-shaped and s-shaped curves respectively.
y
Shapiro-Wilk (W) tests for normality and p-values were calculated based on the residuals from
the individual models, a value closer to 1 is more normally distributed.
x
Akaike information criterion (AIC) assess relative fit of the models, smaller values represent a
better fit, though negative values are interpreted as over fit models.
w
Type III tests for fixed effects are reported as F-statistics with effects that influence dry
weights having a p-value less than 0.05. Subscript numbers are fixed effect degrees of freedom /
error degrees of freedom.
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17 and 19 parameter estimates overlapped more with small (Mat1-1 and Mat1-2) sclerotial
strains. If isolates within a mating-sclerotial morphotype were treated as a random variable,
there was a significant interaction of mating-sclerotia morphotype on the intercept (F3/207=9.90,
p<0.0001), growth rate (F3/218=9.10, p<0.0001) and acceleration (F3/218=10.29, p<0.0001). Large
(Mat1-1 and Mat1-2) strains had smaller y-intercepts, slower initial growth rates but higher
acceleration rates than small (Mat1-1 and Mat1-2) strains. There were no statistical differences
in the growth curves of mating types within sclerotial size classifications. Essentially, isolates 17
and 19 and small sclerotial strains accumulate biomass earlier and faster, but the acceleration is
relatively stable, whereas, large strains and the remaining atoxigenic isolates slowly accumulate
biomass initially, but have a higher acceleration that results in a later, more substantial, growthspurt.

Figure 2.2. Growth curves of atoxigenic and toxigenic A. flavus. Quadratic growth curves for
individual atoxigenic strains (A) and toxigenic strains (C, D, E, and F) were predicted from a
biomass dry weight at 36, 48 and 72 hours or growth. The lines within charts represent predicted
values of dry weight from the quadratic growth curve model. The bars represent the mean ± s.e.
mycelial dry weight. C. Mat1-1, large (>400 microns) sclerotia isolates, D. isolates with Mat1-2,
large, E. Mat1-1, small (<400 microns) sclerotia, F. Mat1-2, small. B. Aflatoxin production by
toxigenic strains after 72 hours of growth. There was very limited aflatoxin production at 48
hours and no detectable aflatoxin at 36 hours.
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Table 2.5. Parameter estimates for individual biomass growth curves
β0 i.e. intercept (mg)z
Estimate

T-valuey

Overallv
-4.69
-11.4
Atoxigenic isolates
51
-5.27
-0.98
K49
-4.69
.
21882
-4.59
0.18
Af36
-4.66
0.06
Tx9-8
-3.90
1.36
22
-3.57
1.92
19
-2.60
3.59
17
-1.94
4.71
Toxigenic, Mat1-1, large sclerotia
07-S-7-1-2
-4.82
-0.23
07-M-S-3-1-40
-4.73
-0.06
1-26
-4.39
0.52
07-S-4-3-2
-3.55
1.96
3357
-3.07
2.77
Toxigenic, Mat1-1, small sclerotia
07-S-3-2-4
-3.27
2.44
A120
-3.02
2.87
07-S-2-1-1
-2.72
3.38
70s
-2.00
4.62
07-M-S-1-5-6
-1.97
4.67
Toxigenic, Mat1-2, large sclerotia
07-M-S-2-4-2
-4.93
-0.41
14-2
-3.22
2.52
53
-3.17
2.61
07-C-1-1-1
-2.99
2.91
07-S-1-1-7
-2.88
3
Toxigenic, Mat1-2, small sclerotia
Tx19-21S
-3.01
2.88
07-M-S-3-1-35
-3.13
2.67
07-S-4-1-4
-2.50
3.76
07-S-2-1-2
-1.70
5.13
z

β1(hour) i.e. growth rate (mg/h)z

β2(hour2) i.e. growth accel. (mg/h2)z

PIntervalw Est. T-value P-value Interval
valuex
<.001
0.258 2.84
0.005

0.497

11.2

<.001

0.327
.
0.856
0.954
0.177
0.055
<.001
<.001

fgh
fgh
fgh
fgh
defg
cdef
abc
ab

0.141
0.258
0.261
0.274
0.407
0.468
0.702
0.828

-0.91
.
0.02
0.12
1.16
1.63
3.45
4.43

0.362
.
0.983
0.901
0.247
0.103
<.001
<.001

ghi
ghi
fghi
fghi
defgh
cdefg
abc
ab

0.554
0.497
0.478
0.497
0.413
0.377
0.296
0.227

0.9
.
-0.3
0
-1.34
-1.92
-3.21
-4.31

0.367
.
0.762
0.998
0.180
0.056
0.002
<.001

i
ghi
ghi
ghi
efgh
defg
abcde
abc

0.821
0.952
0.604
0.051
0.006

fgh
fgh
efgh
cdef
bcd

0.217
0.242
0.313
0.479
0.589

-0.32
-0.13
0.42
1.72
2.57

0.748
0.898
0.671
0.087
0.011

ghi
ghi
efgh
def
abcd

0.504
0.496
0.463
0.377
0.336

0.11
-0.01
-0.54
-1.91
-2.56

0.911
0.990
0.592
0.057
0.011

hi
ghi
fghi
defg
bcde

0.015
0.005
0.001
<.001
<.001

bcde
bcd
abc
ab
ab

0.543
0.585
0.664
0.786
0.807

2.21
2.54
3.15
4.11
4.26

0.028
0.012
0.002
<.001
<.001

cde
abcd
abcd
ab
ab

0.352
0.324
0.302
0.219
0.222

-2.31
-2.76
-3.11
-4.44
-4.39

0.022
0.006
0.002
<.001
<.001

def
bcde
abcde
ab
ab

0.683
0.012
0.010
0.004
0.003

fgh
cde
bcd
bcd
bcd

0.199
0.522
0.562
0.598
0.612

-0.46
2.05
2.36
2.64
2.67

0.647
0.041
0.020
0.009
0.008

ghi
cde
bcde
abcd
abcd

0.515
0.333
0.341
0.324
0.309

0.29
-2.61
-2.49
-2.76
-2.91

0.772
0.010
0.014
0.006
0.004

hi
bcde
bcdef
bcde
bcde

0.004
0.008
<.001
<.001

bcd
bcd
abc
a

0.570
0.59
0.687
0.835

2.42
2.58
3.33
4.48

0.016
0.010
0.001
<.001

bcde
abcd
abc
a

0.314
0.347
0.27
0.183

-2.91
-2.38
-3.62
-5.00

0.004
0.018
0.004
<.001

bcde
cdef
abcd
a

Est.

T-value P-value Interval

Parameter estimates for the components of quadratic growth curve model estimated with
mycelial dry weights of individual isolates grown in the dark at 25°C for 36, 48 and 72 hours.
The fixed effects were log(hours) of growth, log(hours)2, isolate and the interaction of isolate
with hours and hours2. The response variable is log(dry weight). The regression components are
β0 which estimates the y-intercept, βhour which estimates the effect of hours of growth on dry
weight or the initial slope i.e. growth rate (log(dry weight)/log(hour)), and βhour2 which estimates
the effect of hour2 on dry weight or essentially acceleration of growth (log(dry
weight)/log(hour)2).
y
T-values for the overall model parameter estimates compare estimates to zero, but T-values for
individual isolate parameter estimates compare estimates to K49.
x
The p-values are calculated from t-tests with 269 degrees of freedom.
w
Parameter estimates with the same letter are not significantly different from one another based
on differences in t-values. If the difference is less than 2 then α >0.0465.
v
Overall model is the summed to last term in the model and is the curve predicted for K49.
2.3.4 Relating atoxigenic growth rates to toxin inhibition
To determine if faster growing atoxigenic isolates reduce aflatoxin production more
during co-culture, parameter estimates (growth rate (β1), growth acceleration (β2) and intercept
(β0)) from atoxigenic growth curves were used as continuous fixed effects in linear models with
aflatoxin production during co-culture as the response variable. In general terms, if atoxigenic
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isolates were placed in order of their growth rates from slowest to fastest, there was a linear
decrease in aflatoxin production during co-culture with toxigenic strains (Figure 2.1). The most
complex mixed linear models best described the relationships between the atoxigenic growth
curve parameter estimates and aflatoxin production during co-culture, due to significant
interactions between toxigenic isolates and parameter estimates (Table 2.6). The most complex
model included mating-sclerotia morphotype as fixed categorical effects and isolate as a
categorical fixed effect (not a random effect). By plotting the growth rate parameters vs.
aflatoxin production in co-culture, Af36 and K49 appeared to be outliers and inhibited more
substantially than strains with similar growth rates. Therefore, Af36 and K49 were removed
from the mixed linear model and greatly improved the model fit (AIC=8985.2 and Pseudo
R2=0.38 w/ Af36 and K49 vs. AIC=6430.5 and Pseudo R2=0.64 without Af36 and K49).
Despite interactions between mating-sclerotial morphotype and toxigenic isolates on the growth
curve estimates in each model, atoxigenic growth rates, acceleration and intercepts highlysignificantly affected aflatoxin production during co-culture with all toxigenic isolates (Table
2.6). Only faster growth rates and greater y-intercept parameter estimates resulted in less
aflatoxin production in co-culture (negative slope), in contrast greater growth acceleration
resulted in greater aflatoxin production in co-culture with toxigenic isolates (Figure 2.3, Table
2.7). The inverse relationship between growth rates and growth acceleration of each isolate
(Table 2.5) can explain the slope direction change for the relationship between growth and
acceleration rates with aflatoxin inhibition. Additionally, the differences suggest that higher
acceleration rate will not compensate for initially slower growth to decrease aflatoxin production
during co-culture. If toxigenic isolates within a mating-sclerotial morphotype were treated as a
random variable there was a significant interaction between mating-sclerotia morphotype and the
growth parameter estimates for each linear model: growth rate (F3/429=4.73, p=0.0029),
acceleration (F3/429=5.93, p=0.0006) and intercept (F3/429=5.32, p=0.0013). Focusing on the
growth rate linear model, on average Mat1-1, small strains had the steepest negative slope (2755) which was significantly different from Mat1-2, Small (-2031), Mat1-1, Large (-1800), and
Mat1-2, Large (-1744) strains which corresponded to the highest intercept (theoretically an
atoxigenic strain with no growth rate) for Mat1-1, small strains and significantly less for the
other strains. Mat1-1 strains are not as inhibited by slower growing biocontrol strains. With the
exception of K49 and Af36, atoxigenic strains’ faster growth rates (not acceleration) inhibited
aflatoxin production more substantially.
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Table 2.6 Tests for model fit and fixed effects on linear nature of growth curve parameter
estimates influence on aflatoxin production during co-culture.
Growth rate
Growth acceleration
Intercept (log(mg))
(log(mg)/log(hour))
(log(mg)/(log(hour))2)
Linear models of atoxigenic biomass growth curve parameter estimates against aflatoxin production in coculture with toxigenic strains.z
Normalityy
0.974
p<0.001
0.975
p<0.001
0.974
p<0.001
AIC-valuex
6431
6390
6483
Psuedo-R2w
0.637
0.646
0.642
Type III tests of fixed effectsv
Atox growth parameter est.
F1/414=396
p<0.001
F1/414=413 p<0.001 F1/414=406
p<0.001
Mat & sclerotia type
F3/414=26.4 p<0.001 F3/414=1.46 p=0.225 F3/414=1.01
p=0.387
Toxigenic isolates w/in
F15/414=6.26 p<0.001 F15/414=3.15 p<0.001 F15/414=2.98 p<0.001
Mat&sclerotia type
Atox growth*mat&sclerotia F3/414=5.22 p=0.002 F3/414=6.56 p=0.002 F3/414=5.88
p<0.001
Atox growth*tox isolate
F15/414=3.87 p<0.001 F15/414=4.08 p<0.001 F15/414=3.98 p<0.001
Linear models of toxigenic growth curve parameters on aflatoxin production during co-culture with
atoxigenic strains.
Normality
0.958
p<0.001
0.959
p<0.001
0.958
p<0.001
AIC-value
8185
8145
8289
Psuedo-R2
0.702
0.700
0.702
Type III tests of fixed effects
Tox growth parameter est.
F1/537=2.57 p=0.110 F1/537=1.60 p=0.207 F1/537=1.99
p=0.159
Mat & Sclerotia type
F3/537=16.3 p<0.001 F3/537=35.9 p<0.001 F3/537=37.5
p<0.001
Atoxigenic isolate
F7/537=12.3 p<0.001 F7/537=4.27 p<0.001 F7/537=4.49
p<0.001
Atoxigenic*MatScler
F21/537=9.31 p<0.001 F21/537=6.05 p<0.001 F21/537=5.99 p<0.001
Tox growth*MatScler
F3/537=26.2 p<0.001 F3/537=24.6 p<0.001 F3/537=25.4
p<0.001
Tox growth*Atox isolate
F7/537=4.11 p<0.001 F7/537=4.34 p<0.001 F7/537=4.32
p<0.001
Tox*Atox*Matscler
F21/537=7.26 p<0.001 F21/537=7.33 p<0.001 F21/537=7.34 p<0.001
z

The relationships between atoxigenic and toxigenic growth curve parameter estimates on
aflatoxin production during co-culture were analyzed separately using mixed linear models with
fixed effects of sclerotia size (small <400μm, large >400μm) and mating type (Mat1-1 or Mat12) of the toxigenic isolates and toxigenic or atoxigenic isolate considered as class variables.
Atoxigenic and toxigenic isolate conidia were mixed 50:50 and grown in 24-well plates for 4
days at 25°C and aflatoxin was quantified using HPLC. To account for differences in basal
aflatoxin production between isolates, aflatoxin production was adjusted to be proportional to the
overall mean aflatoxin production of all isolates growing alone. Growth curves were estimated
with hyphal dry mass after 36, 48 and 72 hours of growth.
y
Shapiro-Wilk (W) tests for normality and p-values were calculated based on the residuals from
the individual models, a value closer to 1 is more normally distributed.
x
Akaike information criterion (AIC) assess relative fit of the models, smaller values represent a
better fit.
w
Pseudo R2 were calculated by dividing the sums of squares of the fixed effects by the total
sums of square of the fixed effects plus the residual.
v
Type III tests for fixed effects are reported as F-statistics with effects that influence adjusted
aflatoxin production having a p-value less than 0.05. Subscript numbers are fixed effect degrees
of freedom / error degrees of freedom.
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Table 2.7. Line parameter estimates predicted for atoxigenic growth rate influence on toxin
production by toxigenic isolates in co-culture with corresponding atoxigenic strains.
Toxigenic
isolates
Mat1-1, Large
07-M-S-3-1-40
07-S-4-3-2
07-S-7-1-2
3357
1-26
Mat1-2, Large
53
07-M-S-2-4-2
14-2
07-S-1-1-7
07-C-1-1-1
Mat1-1, Small
07-S-3-2-4
70s
A120
07-S-2-1-1
07-M-S-1-5-6
Mat1-2, Small
07-S-4-1-4
Tx19-21S
07-S-2-1-2
07-M-S-3-1-35

Intercept
est.z

T-valuey

P-valuex

Intervalw

Slope
est.v

T-value

P-value

Interval

2452
2545
1502
1716
1717

2.2
2.5
-0.64
0
.

0.029
0.014
0.522
0.997
.

a
a
b
b
b

-2088
-2466
-1228
-1643
-1576

-0.80
-1.4
0.54
-0.10
.

0.425
0.165
0.587
0.917
.

a
a
a
a
a

1363
2800
1838
759
1470

-0.32
4.0
1.1
-2.1
.

0.751
<.001
0.275
0.035
.

bc
a
b
c
b

-1544
-3512
-1592
-548
-1516

-0.04
-3.1
-0.12
1.5
.

0.965
0.002
0.906
0.135
.

a
b
a
a
a

2800
3224
3112
2250
3193

-1.2
0.09
-0.24
-2.8
.

0.243
0.927
0.810
0.005
.

ab
a
a
bc
a

-3554
-2875
-2991
-1640
-2716

-1.3
-0.25
-0.42
1.7
.

0.196
0.806
0.674
0.097
.

bc
ab
bc
a
ab

2006
1494
1428
2933

-2.8
-4.3
-4.5
.

0.006
<.001
<.001
.

b
b
b
a

-2075
-1652
-746
-3652

2.5
3.1
4.5
.

0.014
0.00
<.001
.

b
ab
a
c

z

The y-intercept from full linear mixed model with adjusted aflatoxin production of toxigenic
isolates during co-culture with atoxigenic isolates having different growth rates. The response
variable was adjusted aflatoxin (ng/ml). Atoxigenic growth rates from biomass growth curves
were continuous fixed effects and toxigenic isolates within mating and sclerotial types were
treated as class fixed effects. Atoxigenic isolates K49 and Af36 were removed from the model
due to poor fit.
y
T-values compared individual isolate parameter estimate to the last toxigenic isolate in a
mating-sclerotial morphotype.
x
The p-values are calculated from the t-tests with 537 degrees of freedom.
w
Estimates for parameter estimates with the same letter are not significantly different from one
another with in a group by calculating differences in t-values if the difference is less than 2 with
an α>0.046.
v
Slopes are the change in aflatoxin production during co-culture divided by change in biomass
growth rates of atoxigenic strains ((ng/ml)/(log(mg)/log(h)).
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Figure 2.3. Atoxigenic growth curve parameter estimate influence on production during coculture with toxigenic A. flavus isolates. Within each graph, the lines are predicted from the
linear models of atoxigenic growth curve parameter estimates on adjusted aflatoxin production in
co-culture with toxigenic isolates belonging to mating and sclerotia (large >400 um, small <400
um) types. The dots represent the mean ± s.e. aflatoxin production of a toxigenic isolate cocultured with atoxigenic strain of that particular growth parameter estimate. The overall mean
production of aflatoxin in a 1x concentration was 3,828 ng/ml. A. Linear model using atoxigenic
growth rate parameter estimate a continuous fixed effect. B. Linear model with atoxigenic
acceleration and C. the model with the intercept parameter estimates from the atoxigenic growth
curves.
2.3.5 Relating toxigenic growth rates to evasion of biocontrol
To determine if faster growing toxigenic isolates can outcompete and evade touchinhibition by atoxigenic isolates during co-culture, parameter estimates (growth rate (β1), growth
acceleration (β2) and intercept (β0)) from toxigenic growth curves were used as continuous fixed
effects in linear models with aflatoxin production during co-culture with atoxigenic isolates as
the response variable. In the full mixed linear models, mating-sclerotia morphotypes and
atoxigenic isolates significantly interacted with toxigenic growth curve parameter estimates at
every level (Table 2.6). There was no significant effect of toxigenic growth-curve parameter
estimates on toxin production in co-culture with biocontrol isolates: growth rate (F1/537=2.57,
p=0.110), growth acceleration (F1/537=1.60, p=0.207) and intercept (F1/537=1.99, p=0.159). Since
growth rates of atoxigenic isolates were important for maximizing toxin inhibition, discussion
will focus on the effects of toxigenic growth rate on aflatoxin production during co-culture with
atoxigenic isolates. If atoxigenic competitors were treated as random variables, there were
significant interactions between mating-sclerotial morphotype and toxigenic growth rates on
aflatoxin production in co-culture (F3/586=17.01, p<0.0001). On average, faster-growing small
(Mat1-1 and Mat1-2) sclerotial isolates produced more aflatoxin (positive sloped line) in coculture with atoxigenic strains and in contrast faster-growing large (Mat1-2 and Mat1-1) isolates
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Table 2.8. Line parameter estimates predicted for toxigenic growth rates influence on toxin
production by toxigenic isolates in co-culture with atoxigenic isolates.
Atox w/ toxigenic
of different growth
ratesz
17 w/ M1-1, L
17 w/ M1-2, L
17 w/ M1-1, S
17 w/ M1-2, S
19 w/ M1-1, L
19 w/ M1-2, L
19 w/ M1-1, S
19 w/ M1-2, S
21882 w/ M1-1, L
21882 w/ M1-2, L
21882 w/ M1-1, S
21882 w/ M1-2, S
22 w/ M1-1, L
22 w/ M1-2, L
22 w/ M1-1, S
22 w/ M1-2, S
36 w/ M1-1, L
36 w/ M1-2, L
36 w/ M1-1, S
36 w/ M1-2, S
51 w/ M1-1, L
51 w/ M1-2, L
51 w/ M1-1, S
51 w/ M1-2, S
K49 w/ M1-1, L
K49 w/ M1-2, L
K49 w/ M1-1, S
K49 w/ M1-2, S
Tx9-8 w/ M1-1, L
Tx9-8 w/ M1-2, L
Tx9-8 w/ M1-1, S
Tx9-8 w/ M1-2, S

Intercept
est.y

T-valuex

P-valuew

Intervalv

Slope
est.u

T-value

P-value

Interval

62.2
134
-79.1
-1397
370
701
-1228
-1727
2052
1284
753
2748
1824
957
-1488
847
1836
1390
425
-1798
-17.2
4543
3015
2268
2646
605
-1012
-841
2914
1124
-633
1037

-0.36
1.2
2.8
.
0.18
1.9
1.5
.
-2.2
-1.3
-0.23
.
-0.78
0.02
-0.46
.
1.5
2.6
2.7
.
-3.6
1.8
1.7
.
1.4
1.2
1.0
.
2.3
0.1
-1.6
.

0.716
0.224
0.039
.
0.854
0.056
0.147
.
0.025
0.192
0.821
.
0.433
0.985
0.645
.
0.127
0.009
0.007
.
<0.001
0.066
0.094
.
0.161
0.252
0.299
.
0.021
0.918
0.102
.

b
ab
a
b
a
a
a
a
b
ab
a
a
a
a
a
a
ab
a
a
b
b
a
a
a
a
a
a
a
a
b
b
b

292
-5.07
764
2564
1090
8.64
4098
3444
-891
-228
2025
-1944
-1656
-694
4068
-71.3
-3003
-1459
535
3372
3238
-6013
-397
-824
-4403
-123
2402
1873
-2999
-579
3435
302

0.54
-0.91
-2.3
.
0.48
-1.3
-1.1
.
2.3
1.4
0.39
.
0.91
0.14
0.48
.
-1.6
-2.1
-2.8
.
3.9
-2.3
-1.3
.
-1.6
-0.60
-1.2
.
-2.5
-0.67
2.1
.

0.586
0.363
0.020
.
0.628
0.184
0.261
.
0.022
0.162
0.693
.
0.364
0.889
0.635
.
0.104
0.034
0.005
.
<0.001
0.021
0.202
.
0.116
0.548
0.219
.
0.014
0.502
0.037
.

a
ab
b
a
a
a
a
a
a
ab
ab
b
a
a
a
a
ab
b
b
a
a
c
bc
b
a
a
a
a
c
bc
a
b

z

Individual parameter estimates for aflatoxin production of toxigenic isolates growing in coculture with atoxigenic isolates as influenced by toxigenic growth rates of isolates belonging to
mating-sclerotia morphotypes.
y
The y-intercept from full mixed linear model. The response variable was adjusted aflatoxin
(ng/ml). Toxigenic growth rates from biomass growth curves were continuous fixed effects and
atoxigenic isolates and mating-sclerotial morphotypes were treated as categorical fixed effects.
Atoxigenic isolates K49 and Af36 were included in the model because there was no detriment to
the model.
x
T-values compared an individual atoxigenic parameter estimates grown in co-culture with
toxigenic growth rates of particular mating-sclerotial morphotype group to co-cultures with
Mat1-2, small isolates.
w
The p-values are calculated from the t-tests with 537 degrees of freedom.
(Table 2.8 notes continued)
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v

Estimates for parameter estimates with the same letter are not significantly different from one
another within an atoxigenic isolate by calculating differences in t-values if the difference was
less than 2 with an α>0.046.
u
Slopes are the change in aflatoxin production during co-culture divided by change in growth
rates of toxigenic strains.

Figure 2.4. Aflatoxin production during co-culture with atoxigenic and toxigenic isolates in
relation to toxigenic isolate growth rates. A. Data points are average aflatoxin production of
toxigenic isolates during co-culture with atoxigenic isolates plotted by toxigenic isolates growth
rate, and mating-sclerotia morphotype and coded according to the legend. Error bars represent
standard errors of the mean. Lines from linear model predicting the influence of toxigenic
growth rates belonging to mating-sclerotial morphotype on aflatoxin production during coculture with atoxigenic isolates (random variable). Lines for Mat1-1, large strains (B), Mat1-2,
large strains (C), Mat1-1, small strains (D), and Mat1-2, small strains (E) individually plotted
with average aflatoxin production during co-culture with individual atoxigenic strains by
toxigenic isolate initial biomass growth rates.
produced less aflatoxin (negative slope) in co-cultures (Figure 2.4). The parameter estimates
from the full model (Table 2.8) switched between positive and negative slopes within the
mating-sclerotial morphotypes when cultured with different atoxigenic isolates. A closer
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inspection revealed, a positive relationship between growth rates of Mat1-1, large isolates, or no
slope between growth rates of Mat1-2, large isolates and aflatoxin production during co-culture
with the fastest growing, most inhibitory isolates 17 and 19. Conversely, there was a negative
relationship between growth rates of large (Mat1-2 and Mat1-1) isolates when grown in coculture with the remaining slower growing atoxigenic isolates (i.e. faster toxigenic growth, more
inhibition). For the most part, there was a positive relationship between growth rates of small
isolates and aflatoxin production during co-culture with atoxigenic isolates. Although, similar to
large strains, there was a negative relationship between Mat1-2 small isolates growth rates and
aflatoxin production during co-culture with slower growing atoxigenic strains, but there was still
a positive relationship when grown in co-culture with K49 and Af36. There is some evidence
that faster growing toxigenic strains can evade inhibition from the most inhibitory atoxigenic
isolates. There are many exceptions, which suggests that more contact leads to touch-inhibition.
2.3.6. Aflatoxin inhibition across filter inserts
In contrast to the expectation that faster growth of biocontrol strains would lead to more
displacement or out-competition of toxigenic isolates and more touch-inhibition, atoxigenic
isolates K49 and Af36 grew slowly but inhibited aflatoxin production similar to the fastest
growing atoxigenic isolates. Therefore, the critical role of touch for aflatoxin inhibition was
reassessed. In a pilot study, toxigenic isolate 53 produced less aflatoxin if both atoxigenic
isolates 17 or 21882 grew on the opposite side of a 0.4 µm filter insert (670ng/ml ± 62.7 for 53
alone, or 140 ± 15.8 and 144 ± 32.0 for 53 separated from 17 and 21882, respectively). To
ensure these were not anomalous results due to the addition of citrate buffer to glucose salts
medium or change in filter material, atoxigenic isolates 17, 21882 and 51 were grown both
separated from 53 by a membrane, or mixed together with conidia of 53 on either side of the
membrane, in either buffered or non-buffered glucose salts medium and with either
polycarbonate of polytetrafluoroethylene filter inserts. There was a significant interaction
between medium, atoxigenic isolate and filter material (F5/87=3.12, p=0.0123). There was less
aflatoxin production when 17, 21882 and 51 were grown on the opposite side of filter inserts
from 53 in either medium (Figure 2.5, A & B). Atoxigenic isolate 17 consistently inhibited
aflatoxin production without touch, 21882 did not significantly lower aflatoxin production in
buffered medium if separated by a PTFE insert and 51 lowered aflatoxin without touch the least
without significantly lowering aflatoxin in buffered glucose salts separated by PC insert or in
non-buffered medium separated by a PTFE insert. Only 17 and 21882 were directly mixed with
toxigenic 53 conidia to allow for touch. Atoxigenic 17 consistently produced substantial
inhibition of aflatoxin production when in direct contact with 53 whereas there was less aflatoxin
production when there was direct contact between 21882 and 53 compared to separation by a
PTFE membrane in buffered salts and polycarbonate membrane in non-buffered salts.
Atoxigenic isolates 22, 19, Tx9-8, Af36 and K49 also inhibited aflatoxin production of 53 when
separated by 0.4μm PC filter inserts (Figure 2.5, C). There was significantly less production
when those were grown in mixed cultures with 53 except Tx9-8. There was no additional
inhibition if 53 grew in inserts separated from a mixture of atoxigenic and 53 conidia or
atoxigenic isolate alone. Though there were different levels of inhibition, all atoxigenic isolates
were able to inhibit the aflatoxin production of 53 without contact or touch. The fast-growing
most-inhibitory isolate 17 and slower growing isolates K49 and Af36 inhibited aflatoxin the
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most even without contact or touch. Contact or touch between atoxigenic and toxigenic isolates
generally improved the aflatoxin inhibition.

Figure 2.5. Aflatoxin inhibition with or without contact (touch) between a toxigenic isolate and
atoxigenic isolates. Aspergillus flavus toxigenic isolate 53 was grown in filter inserts physically
separated from atoxigenic isolates by 0.4µm pore membranes made of polycarbonate (PC) or
hydrophilic polytetrafluoroethylene (PTFE). Atoxigenic isolates 17, 21882 and 51 were either
mixed with conidia of isolate 53 (touch) or on opposite side of the filter insert from 53 (notouch) either in buffered glucose salts medium (A) or non-buffered glucose salts medium (B).
There was a significant interaction between medium, filter material, atoxigenic isolates
(F5/87=3.12, p=0.0123), therefore different letters represent different LS means at α<0.05 for all
means across A and B. C. The remainder of atoxigenic isolates used in the specificity profile
were grown either mixed with 53 (touch) or separated from 53 in 0.4µm polycarbonate filter
inserts grown in buffered glucose salts medium. Additionally, 53 was mixed with atoxigenic
isolates only in the wells and 53 alone in the insert (one-sided touch). In C to account for
aflatoxin production differences in the controls (53 growing alone) across 3 24-well plates,
aflatoxin production was adjusted to be proportional to the overall mean aflatoxin production of
the controls. There was a significant interaction between atoxigenic isolates and type of
interaction (no touch, one-sided touch, touch on each side of membrane) (F11/75=8.21, p<0.001).
Different letters represent different LS means at α<0.05 for all means across in C. nt stands for
not tested.
2.3.7 Aflatoxin inhibition by atoxigenic culture filtrates
Toxigenic isolate 53 was grown in atoxigenic culture filtrates to determine if the aflatoxin
reduction across a filter was due to competition for nutrients or production of inhibitory
compounds. There was limited inhibition of aflatoxin production when 53 was grown with
filtrates from 2-day 17, Af36, K49 and 51 cultures (Figure 2.6). The differences were equivalent
to the reduction from growing with dilute medium. Culture filtrates from 4-day-old Af36, K49
and 17 all inhibited aflatoxin production by 53; 17 reduced aflatoxin production by more than
75%. In a second experiment, 22, 21882, Tx9-8 and 17 filtrates were all able to inhibit aflatoxin
production of 53. Whereas filtrates from 4-day-old 51 did not inhibit aflatoxin production in the
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initial experiment (Figure 2.6 A), in the expanded second experiment 51 filtrate inhibited
aflatoxin production a small amount. The inhibition given by filtrates was not as substantial as
growing in co-culture with 53.

Figure 2.6. Atoxigenic culture filtrates inhibit aflatoxin production. Atoxigenic isolates were
grown in buffered liquid glucose salts medium for 2 (A) or 4 (A&B) days and filtered through
0.22µm PES filters. In A, 53 conidial suspensions were mixed with either culture filtrates, fresh
medium or diluted fresh medium and grown in 24-well plates. There were interactions between
the age of the filtrate and source of filtrate (F5/36=94, p<0.001), therefore, different letters
represent different LS means at α<0.05 across all means in A. B. 53 was either grown in a
mixture with atoxigenic conidia or culture filtrate from 4-day-old cultures in 24-well plates.
There was an interaction between 53 grown with atoxigenic conidia or culture filtrates
(F5/36=37.87, p<0.001), therefore different letters represent different LS means at α<0.05 across
all means in B.
2.4 Discussion
Inconsistencies between atoxigenic isolate growth rates and the amount of aflatoxin
touch-inhibition on various Aspergillus flavus toxigenic isolates provided concrete evidence that
atoxigenic isolates produce inhibitory substances that act beyond direct replacement and touchinhibition mechanisms of biocontrol. As previously observed in corn, cotton (Mehl and Cotty
2010, Abbas et al. 2011, Chang and Hua 2007, Abbas et al. 2006, Cotty 1990), atoxigenic
biocontrol strains had different abilities to inhibit aflatoxin production by toxigenic strains when
grown together in co-culture. Atoxigenic isolates Af36, K49 and 17 substantially lowered
aflatoxin production and in some instances below the maximum limit for safe consumption (20
ppb). Toxigenic strains that produce small sclerotia and are mating type Mat1-1 are not as
readily inhibited as other types of toxigenic strains. As a general rule, atoxigenic strains with
greater initial biomass accumulation rates inhibited aflatoxin more than slower growing strains.
Counter to the expectation of direct replacement, where the mechanism for loss of aflatoxin
production is atoxigenic isolates outcompete toxigenic isolates for a given niche, faster growth of
toxigenic strains (presumably should be more competitive with atoxigenic isolates) did not
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reduce the ability of many atoxigenic strains to inhibit aflatoxin production. Buffering pH of
medium with citrate buffer limited aflatoxin degradation with extended culture times and
allowed for a continuation of aflatoxin production. Atoxigenic strains inhibited aflatoxin
production without contact either through a membrane or with culture filtrates. It is critical to
identify the inhibitory compounds and how they regulate aflatoxin production to continue to
improve the biocontrol efficacy to ameliorate aflatoxin contamination in the United States and
world-wide.
Buffering the incubation medium to pH 4 was targeted to minimize degradation from
severe medium acidification (pH < 2) and greater degradation by Aspergillus parasiticus and A.
flavus to a lesser extent at neutral pH (Doyle and Marth 1978 (a, b and e)). Aflatoxin production
increased from 4 to 8 days of growth in citrate and citrate phosphate buffers at 0.2M and 0.26M
respectively, effectively minimizing the degradation of aflatoxin observed by Doyle and Marth
1978 and Cotty 1988 at neutral pH of 5-7. The pH remained above 2 with both buffers, but after
8 days the pH increased to 5+ and 8, respectively, implying some consumption of citrate by A.
flavus. Although 1M citrate buffer concentration maintained pH 4, there was no aflatoxin
production.
Several atoxigenic strains in use or in development for commercial biocontrol of
aflatoxin were screened for their abilities to inhibit aflatoxin. Strain NRRL 21882 is the strain
(Dorner et al. 2003) used in Syngenta Aflaguard’s formulation of biocontrol, Af36 is the strain
characterized by Peter Coty and in use by the Arizona Cotton Research and Protection Council
(Cotty et al. 2007), and finally K49 is a strain being developed by Hamad Abbas at the USDA in
Stoneville, MS (Abbas et al. 2011 (b)). Excluding the 4 of 25 toxigenic isolates that made less
than 10 ng/ml of aflatoxin, 21882 inhibited aflatoxin less than K49 and AF36 when grown with
all but 2 of the toxigenic isolates. 21882 did not significantly lower the aflatoxin production of 6
isolates. On the whole, K49 and Af36 significantly reduced aflatoxin production more than
21882 for 13 of 21 toxigenic isolates and at less than significant levels for an additional 6
isolates. This demonstrated the superior ability of K49 and Af36 to inhibit aflatoxin in coculture. In contrast, Hamad Abbas (Abbas et al. 2011 (b)), found that under field conditions,
pin-bar inoculating corn with 21882 lowers aflatoxin contamination similar to K49 and usually
more than K49 and Af36. K49 and Af36 resulted in similar aflatoxin reduction for all but 1
toxigenic isolate. There is a trend for K49 to inhibit aflatoxin production of small strains better
than Af36, conversely Af36 inhibited large strains better than K49. For all but two toxigenic
isolates, atoxigenic isolate 17 inhibited aflatoxin significantly more than either Af36 or K49,
although differences were not always significant. Mat1-2, large sclerotia isolates were
significantly more inhibited by 17. Isolate 17 should be examined as a potential biocontrol strain
due to its superior inhibitory ability, but 17 produces fewer conidia which may limit its ability to
infect corn or other crops. Based on SSR fingerprints and nit-complementation atoxigenic
isolate 19 is in the same vegetative compatibility group as 21882 (DeRobertis and Damann,
unpublished data), though 19 generally inhibited toxigenic isolates better than 21882 with 8 of
21 toxigenic strains were inhibited significantly more by 19. 19 also was found to grow faster
than 21882. K49 and Af36, similarly are in the same VCG and closely related (Abbas et al. 2011
(a)) but also have different inhibition capabilities, unlike 19 and 21882 there are no growth rate
differences to explain the possible variation.
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Toxigenic strains were differentially inhibited by single atoxigenic strains, indicating
some specificity in the interactions among isolates as has been suggested by other authors (Mehl
and Cotty 2010, Abbas et al. 2011 (a), Abbas et al. 2011 (b), Wicklow et al 2003, Chang and
Hua 2007). Chang previously found that Tx9-8 inhibited a large sclerotial isolate better than a
small sclerotial isolate (Chang and Hua 2007). Here too, small isolates were the least inhibited
by Tx9-8, while large sclerotial strains were inhibited more by Tx9-8. Cotty (Garber and Cotty
1997) found that Af36 lowers aflatoxin contamination more during co-inoculation with a small
sclerotial isolate than with a large sclerotial isolate. Here too, when aflatoxin was adjusted to be
proportional to the overall mean, Af36 lowered most Mat1-2 small isolates more than other
atoxigenic isolates, but Mat1-1 small strains were not inhibited as much as Mat1-1, large strains.
Af36 consistently reduced aflatoxin by more than half for all toxigenic isolates. Across all
atoxigenic strains, small sclerotia isolates especially Mat1-1, small isolates were less inhibited in
aflatoxin production than large isolates. Additionally, Mat1-1 large strains were inhibited
relatively less in toxin production than Mat1-2 large strains, as also observed by Huang et al,
2011. Additionally, large, Mat1-2 strains were almost completely inhibited by isolate 17, but
several small strain isolates produced over 1000 ng/ml aflatoxin.
The relative and absolute ability of all atoxigenic isolates to substantially inhibit Mat1-2
large strains has the potential to improve integrated pest management of aflatoxin contamination.
Small strains generally produce more toxin than large strains, although there are exceptions, and
small strains are very rarely isolated from corn in pre-harvest studies (Abbas et al. 2005,
Camiletti et al. 2018, Cotty 1989, Vaamonde et al. 2003, Atehnkeng et al. 2008, Giorni et al.
2007, Novas and Cabral 2002, Pildain et al 2004, Mauro, 2013). Small strains have been
implicated in a deadly aflatoxin outbreak in Kenya, though isolations were conducted postharvest and post-storage from kernels (Probst et al. 2007, Probst et al. 2010). Mat1-1 strains are
very rarely isolated from pre-harvest corn (Sweany et al. 2011, Reyes 2017). Soil populations of
A. flavus consist of a mixture of large and small sclerotial isolates (Cotty 1989 Abbas et al. 2005,
Donner et al. 2009, Horn and Dorner 1999, Sweany et al. 2011) with a mixture of Mat1-1 and
Mat1-2 mating types (Sweany et al. 2011, Moore et al. 2013). The only Mat1-2, large isolate for
which aflatoxin production was not reduced to less than 10ng/ml by isolate 17 was isolated from
soil. On the other hand, Mat1-2 isolates 53 and 07-C-1-1-1 (syn. Tox4) which are in the same
widely distributed VCG in the US (Reyes 2017), and consistently found in corn were completely
inhibited by isolate 17. Isolate 17 inhibited Mat1-2, large isolates by at least 100x from the
grand mean, whereas other mating-sclerotia morphotypes were inhibited by only 10-20x from
the grand mean. In many places where aflatoxin contamination of corn is problematic, corn is
allowed to dry on the soil surface. If corn is not allowed to contact the soil, the exposure to
Mat1-1 and small strains should be limited. Since Mat1-1 and small strains are not well
inhibited by the atoxigenic strains, the biocontrol should have greater effectiveness if used prior
to harvest and exposing harvested kernels to the soil surface is avoided during drying or storage.
Biocontrol by atoxigenic strains has been considered to work by competitive exclusion by
flooding the environment with conidia of atoxigenic strains and thereby lowering the chances of
infection by toxigenic strains and additionally by outcompeting toxigenic strains for
establishment in the corn kernel niche (Abbas et al. 2011, Mehl and Cotty 2010, Chang and Hua
2007, Cotty and Bayman 1993, Dorner et al. 2003, Horn and Dorner 2009). There is increasing
evidence that the aflatoxin reduction during biocontrol interactions is greater than simple
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displacement of toxigenic strains. During replacement series studies in both corn and suspendeddisk assays, as toxigenic conidia were replaced with atoxigenic conidia there was greater
reduction of aflatoxin production than expected if there was a direct linear relationship (Wicklow
et al. 2003, Abbas et al. 2011(b)). More fungal biomass was produced when toxigenic and
atoxigenic strains were co-cultured on a suspended disk (Wicklow et al 2003). If competitive
exclusion occurred by preventing growth of the toxigenic isolate, faster-growing toxigenic
strains would be expected to evade the toxin inhibition by biocontrol strains. This study found
no consistent trend that toxigenic isolates with faster growth rates evaded inhibition by
atoxigenic strains. Looking at the plots of toxigenic growth rates vs. aflatoxin production
(Figure 2.4), there was a trend that Mat1-1 strains produced relatively more aflatoxin in coculture with atoxigenic strains than Mat1-2 strains for both small and large sclerotial strains.
This indicated that mating type may have been a more important genetic feature than growth
rates for the toxigenic strains to elude aflatoxin inhibition by atoxigenic strains. The completely
atoxigenic isolates were all Mat1-2, indicating the possibility that an incompatible mating
interaction favors toxin inhibition. Aspergillus flavus can be heterokaryotic in nature (Abigael
2018) and after hyphal fusion of different protoplasts (Papa 1980, Runa et al. 2015). A mutation
at the afl-1 locus rendered A. flavus non-toxigenic, if it is heterokaryotic with wild-type nuclei,
aflatoxin production remains high (Papa 1980), but if the nuclei fuse and become 2N, aflatoxin
production is abolished (Papa 1980, Woloshuk et al. 1995). Possibly, if there is a compatible
mating reaction, hyphae fuse and allow for toxigenic nuclei to disperse into more of the hyphal
network and the heterokaryotic mycelia produce more aflatoxin. The low toxin Mat1-2 small
“biocontrol” isolate (4-2) was highly inhibitory of aflatoxin production by Mat1-2 small isolates
and to a lesser extent Mat1-1 small isolates and more inhibitory than the remaining Mat1-2 large
atoxigenic isolates. This indicates there may also be a genetic interaction between small isolates
that is different than the interaction between small and large isolates that would allow for better
inhibition. More effort needs to be made to identify small sclerotia atoxigenic isolates which
could lead to more effective biocontrols against small strains.
Whereas there was no clear pattern for faster growing toxigenic strains to outcompete
biocontrol strains to evade inhibition; there was a pattern for faster growing atoxigenic strains to
better inhibit aflatoxin production. The faster growth by more inhibitory isolates supports the
theory that biocontrol competitive exclusion works by atoxigenic strains outcompeting toxigenic
strains and occupying the corn or grain niche first or faster (Abbas et al. 2011, Mehl and Cotty
2010, Chang and Hua 2007, Cotty and Bayman 1993, Dorner et al. 2003, Horn and Dorner
2009), but also supports thigmoregulation as a component of inhibition (Huang et al. 2011). If
there is faster growth by atoxigenic strains, there will be more opportunities for touch at the
hyphal tips where it is theorized that a signaling event would occur to lead to aflatoxin inhibition.
There were interactions between small and large sclerotia isolates of different mating types and
the effect of atoxigenic growth rate to impact aflatoxin production; Mat1-1 small strains had the
steepest negative slope of atoxigenic growth rate versus toxin production in co-culture,
suggesting that inhibition is most effective if the biocontrol strains grow quickly, whereas for
other mating-sclerotial morphotypes, the differences in growth rate between atoxigenic isolates is
not as important. More importantly, K49 and Af36 were able to inhibit similar to the fastestgrowing atoxigenic isolate 17 in spite of relatively slow growth. It is thus likely that other
differences between atoxigenic isolates contribute to inhibition of aflatoxin production. Mehl
and Cotty (2010) also found Af36 reduces aflatoxin production in corn more substantially than

31

other strains that displaced the toxigenic isolate more substantially. Whereas, Huang et al.
(2011) found there was no inhibition of aflatoxin production when 53 was separated from 51 and
21882 by a 0.4 µm filter, here several strains inhibited aflatoxin without contact. In the present
study, 51 and NRRL 21882 inconsistently inhibited aflatoxin without contact, supporting
previous findings. However, newly investigated Af36, K49 and 17 were highly inhibitory of
aflatoxin production when separated by a membrane from 53. Other strains were also inhibitory,
but not to the same extent. All strains were better inhibitors when grown in contact with 53. The
difference between touch and no touch for isolates 19, 22, and 51 was 1,000ng/ml less aflatoxin,
whereas for isolates 17, Af36 and K49 there was at most a 200ng/ml difference. Likely close
contact is more important for inhibition by certain isolates whereas production of a secreted
inhibitory component is more important for other isolates. A possible explanation is that the
inhibitory compound is constitutively expressed and for some isolates, touch or contact with the
toxigenic strains induces greater production of the inhibitory compound. Culture filtrates of all
isolates except 22 and 51 inhibited aflatoxin, and isolates K49, Af36, and 17 inhibited more than
would be expected based on competition for nutrients as indicated by comparison of aflatoxin
production in diluted medium. It has been previously reported that non-secreted aflatoxin
degradative enzymes are produced by toxigenic A. flavus and A. parasiticus, and can degrade
aflatoxin (Doyle and Marth 1978 (a-e)). These can be limited by controlling pH with citric acid
(Cotty 1988, Doyle and Marth 1978 (a), Doyle and Marth 1978 (e)). Additionally, it was found
that an atoxigenic strain NRRL 482 did not degrade aflatoxin whereas toxigenic A. flavus and A.
parasiticus do degrade aflatoxin (Doyle and Marth (b)). Additionally, Af36 filtrate was
previously shown to enhance aflatoxin production (Cotty and Bayman 1993). Since the previous
evidence for degradation was only by toxigenic isolates, and glucose salts medium was buffered
with citrate, it is unlikely the atoxigenic strains degraded aflatoxin, alternatively they were likely
inhibiting aflatoxin production either by close contact with the toxigenic strains and production
of inhibitory substances.
This work adds to our understanding of limitations to and the mechanisms of biocontrol
to mitigate aflatoxin contamination currently in use for cotton, corn, peanuts and pistachios.
Small and Mat1-1 strains are not inhibited as well as Mat1-2 large (corn adapted) strains. A.
flavus isolates Af36, K49 and 17 were the most inhibitory. This research was only done in vitro,
and whereas most in vitro studies agree with the field studies some do not, it remains unclear
whether isolate 17 would be a better biocontrol strain and if biocontrol effectiveness could be
improved by limiting contact between the grain and soil during and after harvest. Evidence of a
possible involvement of a secreted inhibitory substance by biocontrol strains was also presented
in the present study. Due to concerns with applying the biocontrol because of the chance of
sexual recombination, increased propagules of a human pathogen and sensitivity to
environmental conditions, it is important for the inhibitory compounds and their genetic control
to be identified and explored to aid in finding better biocontrol strains and to potentially develop
a fungus-free biological control product.
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Chapter 3. Infectivity Dose Response Curves for Corn and Soil Aspergillus flavus Strains.
25 per plate
Sitting in the hood, I contemplate,
What is the point of it all,
Do you care that one infects more than 8?
Buried under plates, under kernels, under 1000’s of isolates,
Are the data enough to convince,
YOU
ME
One infects more than 8?
And still why would you care,
What about the toxin in corn,
Will this meticulousness be an exercise in futility,
or empirical revelation?
Transfer...transfer...transfer...
Wait...wait...wait...
Write...write...write...
--Rebecca R Sweany
3.1. Introduction
Aflatoxin contamination of corn, peanuts, cotton and tree-nuts is a major concern for
food safety due to acute toxicity and carcinogenicity to humans and animals (Horn 2003, Richard
2008, Wicklow 1991, Yu et al. 2005). Aflatoxin is produced by the fungi Aspergillus flavus, A.
parasiticus, and A. minisclerotigenes (Horn 2003, Richard 2008, Varga et al. 2009, Wicklow
1991, Yu et al. 2005), but the primary causal agent for aflatoxin contamination of corn is A.
flavus. Aspergillus flavus is generally thought to be a weak, opportunistic-pathogen and it has
been suggested that all isolates are equally capable of infecting crops if the environmental
conditions are conducive (Horn 2003, St. Leger et al. 2000, Wicklow 1991, Yu et al. 2005).
There is conflicting evidence of specificity between different strains of A. flavus and
susceptible crops, but recent studies have begun to point to infection specificity (Abbas et al.
2005, Bayman and Cotty 1991, Horn and Green 1995, Sweany et al. 2011). It is commonly
understood that A. flavus infects crops more readily than closely related A. parasiticus (Horn and
Green 1995), but it was thought that differences among A. flavus strains in their abilities to infect
crops were minor (Horn 2003, Wicklow 1991). Corn kernels, bean leaves and insects were
infected by all isolates of A. flavus when the tissues were mechanically wounded (St. Leger et al.
2000). However, A. flavus can infect crops in the absence of wounds, so this study does not
show if there are any differences in the pathogenicity of strains under natural conditions (Horn
2003, St. Leger, Wicklow 1991). Although several population studies point to infection
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specificity. It has been demonstrated that isolates from different crops in Argentina (Vaamonde
et al. 2003) and in Mississippi and Arkansas (Abbas et al. 2005) produce different quantities of
aflatoxin indicating the possibility there are different strains of A. flavus among the crops which
are better at infecting different hosts. Evidence supporting specificity between peanuts and
different A. flavus vegetative compatibility groups (VCGs) in a single field showed some VCGs
found infrequently in soil were more common in the peanuts (Horn and Greene 1995, McAlpin
and Wicklow 2002). Members of the same VCG have the same alleles for at least 8 het-loci and
represent a quasi-clonal lineage. Often members of a VCG share genotypic and phenotypic
characteristics including: similar levels and types of aflatoxin production, similar sclerotial size
and mating types (Horn et al. 1996, Sweany et al. 2011). Determining specificity in peanuts is
generally considered straightforward because peanut pegs are in direct contact with the soil
(Horn 2003), although there is evidence that peanuts are infected by A. flavus during pollination
before peg formation (Diener et al. 1987). In contrast, determining specificity for cotton and
corn is more complex because cotton and corn require either an insect vector or airborne
dissemination of conidia from the soil to infect the seed (Bayman and Cotty 1991, Horn 2003,
Wicklow 1991, Wicklow et al. 1998). The source of airborne inoculum may come from
relatively distant areas (Bayman and Cotty 1991, Horn 2003, Wicklow 1991). In a single field in
Arizona, comparisons of VCGs from the soil and cotton seeds revealed that only two soil VCGs
were found in the cotton seed and several VCGs were only present in the soil (Bayman and Cotty
1991). Thus it appears that certain VCGs specifically infect cotton (Bayman and Cotty 1991).
Similar specificity was observed in corn in Illinois where only two RFLP genotypes (correlated
with VCG) were shared between 128 corn isolates and 31 soil isolates (Wicklow 1991, Wicklow
et al. 1998). Unlike the studies on peanuts and cotton, there were no predominant genotypes in
corn (Wicklow et al. 1998). In Louisiana, the corn population consisted primarily of two VCGs
(88% of 612 isolates) and only 5% (of 255 isolates) of the soil isolates belonged to those two
VCGs (Sweany et al. 2011). These results indicated that those two VCGs have a specific ability
to infect corn. Other research has shown that after corn was planted, there was consistently a
shift to a higher proportion of large (L = >400μm) sclerotia strains of A. flavus from small (S =
<400μm) sclerotia strains in the soil population, presumably due to specific strains from corn
remaining in the corn crop residue (Jaime-Garcia and Cotty 2006). However, it should be
recognized that the soil population may not entirely represent the plant-infecting population and
sclerotia size does not account for all the differences among A. flavus strains.
Knowledge of what factors determine plant pathogenicity in A. flavus is limited and has
not always been evaluated under natural conditions. Mutants deficient in phytase, laeA and veA
are less pathogenic on corn than wild type mutants (Amaike and Keller 2009, Reese et al. 2011).
These studies employed wounding during inoculations and do not necessarily represent what
occurs in nature. Isolates have also been screened for production of pathogenicity factors,
particularly production of pectinases (Mellon and Cotty 2004). The assumption was that strains
lacking these genes are not pathogenic, but several strains isolated from cotton bolls did not
produce pectinases which were still pathogenic but less invasive during greenhouse experiments
(Mellon and Cotty 2004). The presence or absence of degradative enzymes does not always
relate to pathogenicity under field conditions. Other studies have looked at gene expression of A.
flavus during infection, but not at differential expression of strains with different pathogenicity.
To fully understand the genes critical for infection, infection specificity needs to be taken into
account.
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Aspergillus flavus infects corn during pollination (Marsh and Payne 1984). Conidia that
land on silks, germinate and hyphae grow down the silk surface (with occasional tissue invasion)
into the husks; yellow-brown silks support the most growth of A. flavus (Marsh and Payne 1984).
It is unclear how infection of the kernels occurs (Marsh and Payne 1984). The fungus colonizes
the interstitial surfaces of the developing ears, first at the distal tip and then progresses down the
ear (Marsh and Payne 1984). From histological studies, there is debate about how infection of
the kernel occurs. Endosperms are rarely found to be infected in kernels adjacent to wounded
kernels in field studies, in spite of fungus growth in breaks along the pericarp including the silk
scar (Smart et al. 1990, Wicklow et al. 1988). There is often colonization of the tip or pedicel
(Wicklow et al. 1988, Rajasekaran et al. 2013, Smart et al. 1990). It is theorized that infection
leads from the pedicel into the glumes and beyond the abscission layer into the embryo where the
majority of aflatoxin is produced (Wicklow et al. 1988, Rajasekaran et al. 2013, Smart et al.
1990). If in moist chambers, the kernel endosperm supported fungal infection without wounds if
GFP-transformed but not GUS-transformed strains were inoculated (Rajasekaran et al. 2013,
Brown et al. 1999). In contrast if kernels are wounded at the distal end near the silk scar, there is
evidence of an infection cushion along the scutellum before infection of the embryo (Dolezol et
al. 2013, Windham et al. 2018). Unfortunately, in the attempt to simulate natural infection of
silks (Marsh and Payne 1984), there was only colonization and no infection within the kernels.
Thus, some critical stages in the infection process in the field are not well understood and it is
possible that infection can originate from the silk scars in addition to the base of the kernel.
Infectivity titration was used to evaluate the hypothesis that there are differences in the
infection capacity on corn of A. flavus strains isolated in Louisiana. The two most prevalent corn
VCGs, the most widespread soil VCG, and a singleton soil VCG that did not complement with
any other isolate from Louisiana were inoculated onto corn-silks to determine if the corn strains
would result in more infection of kernels at harvest. Additionally, tissue specificity was assessed
to determine if there was infection of only the tip or the entire kernel.
3.2 Materials and Methods
An infectivity titration study was conducted to assess the ability of isolates from soil and
corn to infect corn under field conditions. In 2014, Hybrid DKC66-94 (Monsanto, St. Louis,
Missouri) and in 2015 N78S-3111(Syngenta, Basel, Switzerland) were inoculated with 4
different isolates at concentrations of 1x105, 107 and 109 conidia/ml. The corn was grown at the
LSU AgCenter Central Station in Baton Rouge, LA. Aspergillus flavus was re-isolated from
corn kernels to determine if there were infection differences.
3.2.1 Isolate selection
Isolates were selected from a 2007 study comparing soil and corn A. flavus populations
across the state of Louisiana (Sweany et al. 2011). Isolate 07-C-7-10-3 (VCG 1) originally
isolated from a corn kernel in a growers’ field near Beggs in St. Landry Parish, Louisiana was
selected because it belongs to the most abundant VCG, VCG 1 (81% of corn isolates, 3% of soil
isolates) originally isolated from corn in 2007, a non-producer of aflatoxin. Isolate 07-C-1-1-1
(VCG 4) originally isolated from a corn kernel at the LSU AgCenter Macon Ridge Research
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Station in Winnsboro, Franklin Parish was selected because it belongs to the second most
abundant corn VCG 4 (11% of corn isolates, 1% of soil isolates), is in a VCG that was isolated
multiple years prior to the survey of soil and corn populations and is highly toxigenic, producing
43,000 ng/ml aflatoxin B1 on rice. Isolate 07-S-3-2-4 (VCG 8) originally isolated from soil at
the Northeast Research Station in St. Joseph in Tensas Parish was selected because it belonged to
the most wide-spread soil VCG, which was isolated from 4 fields (6% of soil isolates, 0% of
corn isolates) and produces high aflatoxin (15,000 ng/ml aflatoxin B1). Finally, isolate 07-M-S3-6-1 (VCG SOLO), isolated from soil in a grower’s field near Washington, St. Landry Parish,
was selected because it did not complement with any other nit-mutants and was assumed to be a
singleton strain and produced high quantities of aflatoxin (19,000 ng/ml). Both VCG 1 and 4
produce no or few large (> 400μm) sclerotia and are Mat1-2 and VCG SOLO produce no
sclerotia and is Mat1-1, whereas VCG 8 produce small (< 400μm) sclerotia and is Mat1-1
(Figure 3.1).
3.2.2 Inoculum production
Inoculum was produced by transferring plugs of each isolate from one-week cultures on
V8 agar medium into 500-ml flasks with 50 g of corn cob grits and 100 ml ddH2O (Windham
and Williams 1998). Bacterial contamination was observed in the first round of inoculum
production for VCG 8 and VCG SOLO, so in subsequent preparations the corn cob grits were
autoclaved for 40 minutes, kept at room temperature overnight, and subsequently autoclaved for
20 minutes to kill any germinated bacterial endospores. New inoculum was produced for VCG 8
but VCG SOLO contaminated inoculum was used because of only minor contamination. The
isolates were incubated for 3 weeks at 30°C in the dark. To encourage more conidiation, flasks
were shaken every other day. To harvest conidia, grits in 500 ml flasks were washed three times
with 3-400 ml sterile 0.001% sodium dodecyl sulfate in ddH2O and filtered through 4 layers of
cheese cloth. Conidia were pelleted by centrifuging at 7000g for 10 mins and repeated until all
conidia were combined into a single 250ml centrifuge bottle. Pelleted conidia were resuspended
and washed 3 times with sterile ddH2O and recentrifuged. Pellets were dried in fume hood for
approximately 2 weeks. To obtain the appropriate dilution, 10 mg of dried conidia were added to
10 ml of water and counted using a hemocytometer. For field inoculation, the conidia were
diluted to 1x109 conidia/ml ddH2O based on dry weights. To achieve 1x107 and 105 conidia/ml
concentrations, serial dilutions of the concentrated suspension was made by adding 10 ml of
stock to 990ml sterile ddH2O.
3.2.3 Inoculation and harvest
Within a single field, each isolate was applied at concentrations of 1x105, 107, and 109
conidia/ml to silks when the silks were yellow-light brown color in 3 replicate plots. The plots
consisted of 60-25 ft. long rows of corn separated by 10 ft. corn-free alleys. Each individual
isolate*dose was applied to a single row to prevent cross-contamination. The isolate*dose
treatments were randomized within each plot. The first 4 guard rows were skipped, and every 5th
row was inoculated. Two inoculation techniques were used: 1. silks were either dunked in a
specimen-jar lid filled with inoculum, or 2. silks were sprayed with 1 ml of inoculum from a
spray bottle. The densest inoculum, 109 conidia/ml was only applied by dipping silks because
the conidia clogged the spray nozzle. Within the row, 5 plants were skipped, then silks of 15
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plants were sprayed with inoculum then 10 plants were skipped and 15 plants dipped into
inoculum. Ears were harvested at maturity and dried in an industrial drier and shelled
individually. Corn was stored in an air-conditioned room in 2014 and moved to 4°C cold room
after weevils were detected. In 2015, shelled corn was stored in 4°C cold room.
3.2.4 Aspergillus flavus isolation
For each strain*dose*inoculation method treatment, 40 kernel lots from each of 10 ears
were independently surface sterilized. Approximately 40 kernels were placed in a 50 ml
centrifuge tube which was filled with 2% hypochlorite solution with 100μl tween 20/l and
shaken vigorously for 1.5 min (Figure 3.1). The kernels were then washed three times with
sterile ddH2O by shaking for 15 sec. To assess tissue specificity and ensure kernels were
infected instead of isolating from conidia lodged within the tissue of the pedicel or tip, tips were
aseptically dissected away from the remainder of the kernel. Twenty-four tips were inoculated
onto standard AFPA medium in Petri dishes (Bell and Crawford 1967, Bothast and Fennell 1974,
Pitt et al. 1983). To prevent cross contamination from radicles of germinating kernels, individual
kernels were transferred onto individual wells containing 0.5 ml of AFPA within 48-well plates.
AFPA medium is a selective and differential medium that becomes orange on the reverse side if
Aspergillus flavus is growing (Bell and Crawford 1967, Bothast and Fennell 1974, Pitt et al.
1983). Aspergillus flavus from the tips and kernels were transferred onto V8 medium after 5-7
days of incubation under lights at 30°C. Single conidium isolates were obtained by streak
plating conidial suspension on PDA, and transferring single germinated conidia to V8 medium.
As mentioned above a weevil infestation was discovered in the 2014 shelled corn, A.
flavus isolation was not attempted from ear samples that had obvious weevils to minimize the
interaction of insect dissemination with infection by the fungus alone. Weevil presence was
inferred by presence of any of the following: corn flour, adult weevils, frass, holes in corn
kernels, or colonization and rot caused by saprobic fungi and bacteria. If possible, non-shelled
ears replaced the weevil infested ear samples, care was taken to avoid portions of ears with
weevil damage. If the non-shelled ear had more than 10% of the kernels infested by weevils it
was also not used. In all, from VCG 1, 4 ears from plot B and all 10 ears from plot C that were
dipped in 1x105 were lost to weevils (336 kernels), from VCG 4, 1 ear from plot C and all ears
from plot B that were dipped into 1x105 conidia per ml were lost to weevils (264 kernels), from
VCG 8 all ears from plot C which were dipped and sprayed with 1x107 (480) were lost to
weevils.
3.2.5 Isolate identification
Aspergillus flavus isolates were identified by vegetative compatibility group
determination. Briefly, nitrogen non-utilization mutants were induced on chlorate medium as
described in Sweany et al. (2011). Sparsely growing hyphae were transferred to Czapek Dox
(CD) medium and confirmed as mutants after 3 weeks. The putative kernel mutants from silks
inoculated with a specific VCG were paired with known CNX, NirA, or NiaD mutants derived
from the isolates applied to the plants. The putative mutants and known mutants were placed 1in
apart in an equilateral triangle pattern on a single Petri-dish with CD modified with soluble
starch. Dense wild-type growth at the junction between standard mutant and putative mutant
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was evidence for anastomosis and heterokaryon formation and identity with a specific VCG. If
re-isolated mutants were not in the same VCG as the applied VCG, they were paired a second
time with the applied mutant to confirm lack of identity. Those re-isolated mutants not in the
same VCG as the applied VCG were additionally paired with the mutants from the 3 isolates
applied to other plants.

Figure 3.1. Aspergillus flavus isolation technique. Top left: corn kernels from individual ears
were surface sterilized in 50ml centrifuge tubes. Left middle: kernels were dissected with a knife
to separate the pedicle (tip) tissue from the remaining embryonic and endosperm tissue. Top
middle: corn kernels were transferred separately to wells containing AFPA in 48-well plates.
Top right: kernel tips were transferred onto Petri-dishes filled with AFPA, a selective and
differential medium showing the orange differential pigment indicating fungal growth of A.
flavus or A. parasiticus. Bottom row from left to right are the original isolates of corn (VCGs 1
and 4) and soil (VCGs 8 and SOLO) strain grown on Wickerham medium (Chang et al. 2012,
Raper and Thom 1968). VCGs 1, 4 and SOLO produced a dense lawn of conidia and VCG 8
produced limited conidia and an abundance of melanized sclerotia <400µm.
A word of caution, DO NOT amend CD with extra pure starch, potato powder (Cas:90025-8) to observe successful hyphal anastomoses. Complementation zones are typically
demarked by a concise zone of green conidia on the top and white agglomerations of 2-4+ mm of
starch granules on the reverse (Sweany et al. 2011), whereas when extra pure starch was used
occasional wispy, aerial-hyphae with dispersed conidial heads were observed and only sporadic
pin-point agglomerations were observed on the reverse. On each plate there are positive
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controls, often there was no phenotype indicating heterokaryons. AMMEND CD with
SOLUBLE STARCH, Cas: 9005-84-9 (J.T.Baker, Randor, PA). All VCG analysis was repeated
with soluble starch; the zones of complementation became clearer, typified by wild-type growth
at the junction zones and only a few false negatives.
3.2.6 Data analysis
Generalized mixed linear models with a logit link and binomial distribution were used to
address several questions using proc GLIMMIX in SAS version 9.4 (SAS Institute, Cary, North
Carolina) (Garrett et al. 2004). Tissues were given a value of 1 if infected and 0 if not infected.
Logit link predicts the logit=log (odds of infection). The odds of infection were calculated for
each ear of corn; odds=p(infected)/p(not infected), where p equals proportion of 24 kernels or tips either
infected or not infected. To answer the first question, do corn and soil strains have different corn
infection incidence, infectivity dose response curves were estimated by a generalized mixed
linear model. The response variable was log odds by the applied isolate (based on VCG
confirmation). The continuous fixed effects were log(dose) and log(dose2). Tissue (tip vs.
kernel) and strain (VCG 1, 4, 8 or SOLO) were categorical fixed effects and year was a random
effect. To compare odds across treatments, dose was changed to a categorical fixed effect and
year changed to a fixed effect. Pairwise comparison of treatment odds with α<0.05 were
considered statistically different. To determine if there were differences in tissue infection, a
similar generalized mixed linear model was created with the log odds infection by applied VCG
as the response variable. The fixed categorical effects were tissue (tip, kernel w/o tip and whole
kernel), year and strain pooled for dose and inoculation method. Finally to determine if
inoculation methods resulted in infection differences an additional generalized linear mixed
model was estimated for log odds infection by applied VCG. Due to low incidence of infection at
105 and 107 full model did not converge, therefore separate models with fixed effects of
inoculation method (spray vs. dip) and dose were analyzed for each tissue type (tip or kernel)
within each year.
3.3 Results
3.3.1 Inoculum production
There were striking differences in the amount of conidia produced by different A. flavus
strains on corn cob grits. The corn VCGs (1 & 4) produced many more conidia than soil VCGs
(8 & SOLO) resulting in the need for 3 times as much corn cob grits (an additional 36 500-ml
Erlenmeyer flasks) to produce comparable inoculum for VCG 8 (Table 3.1). An abundance of
hyphal growth was observed for VCG SOLO and especially VCG 8, whereas grits inoculated
with VCG 1 and VCG 4 were covered with green conidia. VCG 8 dried conidia pellets weighed
3 and 10 x less than VCGs 1 and 4. Additionally, there were fewer conidia within those pellets.
Unfortunately, there was only enough VCG 8 inoculum to inoculate one plot with 1x109
conidia/ml in 2014. During centrifugation of conidia, VCGs 1 and 4 conidial pellets were more
compacted and were not easily resuspended in water, whereas the conidia from 8 and SOLO,
produced loose pellets that easily resuspended in water.
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Table 3.1. Comparison of conidium production on corn cob grits by selected Aspergillus flavus
isolates.
Corn grit
VCGz Sourcey Year Conidial pelletx
Pellet/corn gritv Conidia/pelletu
weightw
1 (corn) Corn 2014
27.34 g
950 g
28.8 mg/g
3.58x107
1 (corn) Corn 2015
10.21g
950 g
10.7 mg/g
2.6x107
4 (corn) Corn 2014
31.34 g
950 g
33.0 mg/g
2.0x107
4 (corn) Corn 2015
10.25 g
1000 g
10.3 mg/g
2.7x107
8 (soil)
Soil
2014
4.61 g
2300 g
2.0 mg/g
1.9x107
8 (soil)
Soil
2015
7.86 g
2800 g
2.8 mg/g
1.2x107
? (soil)
Soil
2014
5.97 g
800 g
7.5 mg/g
4.0x107
? (soil)
Soil
2015
7.69 g
1200 g
8.7 mg/g
2.9x107
z
Isolates representing predominant corn vegetative compatibility groups and predominant soil
VCG 8 and a singleton VCG SOLO were transferred onto sterilized corn cob grits to produce
field inoculum.
y
Source VCGs were isolated.
x
Dry weight of conidial pellets harvested from corn cob grits for field inoculum.
w
Total weight of corn cob grits used to produce conidial inoculum.
v
Weight of the conidial pellet/corn cob grits used to produce conidia.
u
The number of conidia per mg conidial pellet.
3.3.2 Isolations and VCG analysis
Aspergillus flavus isolation attempts were made from a total of 27,240 kernels, 15,960
from silks dipped in 1x105, 107 and 109 con./ml inoculum and 11,280 from silks that were
sprayed with 1x105 and 107 inoculum (Table 3.2). In 2014, there were no attempts to isolate
from 1,560 kernels either because plots B and C were not inoculated with 1x109 conidia/ml
suspension of VCG 8, or because ears were lost to weevil infestation (see section 3.2.4). Based
on the characteristic yellow-orange reverse side pigment development, A. flavus infected 880
kernels and 786 tips from dipped silks and 433 kernels and 317 tips from sprayed silks, but A.
flavus was isolated from both tissues of the same kernel only 505 and 186 times from dipped and
sprayed silks, respectively. Overall A. flavus infected 5.5% of kernels, 4.9% of kernel tips or
3.2% of entire kernels for silks dipped in inoculum, and 3.8% of kernels, 2.8% of tips, or 1.6% of
entire kernels for silks sprayed with inoculum. A total of 100 and 33 possible A. flavus colonies
from tips of dipped and sprayed silks, respectively, were not confirmed because the colonies died
before transferring to V8 medium. These dead colonies were from ears where A. flavus was
growing out of almost all 24 tips plated on a single plate of AFPA medium (Figure 3.1). The
AFPA limits conidia production, especially when there are many colonies growing on a single
plate. The colonies were necrotic and brown.
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Table 3.2. Aspergillus flavus isolated after harvest from kernels of corn on which silks were
inoculated prior to harvest
Applied Kernels
A. flavusx Mutantsw VCG 1v
VCGz sampledy
Total isolations from corn kernels with the tip removeds
2014
1
3264
441
404
280 (0.086)
4
3336
291
276
23 (0.007)
8
2640
177
173
17 (0.006)
?
3600
152
142
8 (0.002)
2015
1
3600
70
64
26 (0.007)
4
3600
97
93
5 (0.001)
8
3600
35
32
0 (0)
?
3600
50
49
1 (0)
Total isolations from tips removed from kernels
2014
1
3264
286
235
153 (0.047)
4
3336
203
149
14 (0.004)
8
2640
122
78
2 (0.001)
?
3600
145
130
5 (0.001)
2015
1
3600
89
86
50 (0.014)
4
3600
131
124
8 (0.002)
8
3600
73
69
7 (0.002)
?
3600
54
52
2 (0.001)

VCG 4v

VCG 8v

SOLOv

No
Mixedt
compu

91 (0.028)
0 (0)
198 (0.059)
0 (0)
2 (0.001) 69 (0.026)
28 (0.008)
0 (0)

18 (0.006)
4 (0.001)
0 (0)
74 (0.021)

27
57
89
34

n.a.
n.a.
n.a.
n.a.

1 (0)
59 (0.016)
1 (0)
0 (0)

0 (0)
1 (0)
24 (0.007)
1 (0)

0 (0)
2 (0.001)
0 (0)
41 (0.011)

37
26
7
6

n.a.
n.a.
n.a.
n.a.

41 (0.013)
0 (0)
113 (0.034)
1 (0)
3 (0.001) 35 (0.013)
26 (0.007)
1 (0)

19 (0.006)
2 (0.001)
0 (0)
59 (0.016)

26
19
40
45

n.a.
n.a.
n.a.
n.a.

6 (0.002)
74 (0.021)
24 (0.007)
0 (0)

6 (0.002)
0 (0)
2 (0.001)
36 (0.01)

26
42
10
13

n.a.
n.a.
n.a.
n.a.

0 (0)
0 (0)
26 (0.007)
1 (0)

Total isolates from both kernel and tip of a single kernel (data combined from isolations of paired tips and
kernels)
2014
1
3264
217
216
154 (0.047) 44 (0.013)
0 (0)
22 (0.007)
22
4
3336
146
143
17 (0.005) 113 (0.034)
1 (0)
2 (0.001)
25
8
2640
101
100
12 (0.005) 2 (0.001) 37 (0.014)
0 (0)
61
?
3600
83
82
3 (0.001) 26 (0.007)
0 (0)
40 (0.011)
25
2015
1
3600
21
21
11 (0.003)
1 (0)
0 (0)
0 (0)
11
4
3600
78
78
2 (0.001) 52 (0.014)
0 (0)
0 (0)
34
8
3600
24
24
0 (0)
0 (0)
24 (0.007)
0 (0)
0
?
3600
21
21
1 (0)
0 (0)
0 (0)
17 (0.005)
4
z

29
14
8
13
6
7
0
1

Corn (1 and 4) and soil (8 and SOLO) VCGs were separately inoculated onto silks either by
spraying or dipping silks into conidial suspensions.
y
The number of corn kernels surface sterilized, dissected into tips and kernels, and individually
plated onto selective medium.
x
Number of kernels or tips with presumed A. flavus growth on or from tissue based on pigment
production AFPA. Some developed necrosis and could not be further isolated.
w
Number of A. flavus isolates from which a single nit-mutant was obtained
v
Number of mutants and (proportion of kernels) that were assigned to VCGs based on nitcomplementation with mutants of the applied isolates. The grey shaded entries represent isolates
that corresponded to the same VCG that was inoculated onto the silks.
u
Number of nit-mutants that did not complement with any nit-mutants of the applied isolates.
(Table 3.2 notes continued)
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t

Number of kernels where the tip and kernel without tip isolates of a single kernel were in
different VCGs or mixed infections. n.a. not applicable because single isolates were taken from
each tissue type of individual kernels, so comparisons only made between kernels and tips of a
single kernel.
s
Aspergillus flavus was isolated from either the tip (pedicel) or kernel tissue of dissected kernels
Nit-mutants were obtained for 2,156 isolates, but 126 (6%) A. flavus isolates did not
produce any nit-mutants after several attempts to force nit-mutants on chlorate medium. Five
hundred and four nit-mutants (23%) did not complement with any of the applied VCGs nitmutants (nit-mutants obtained for each applied isolate were self-complimentary and did not
complement with the other applied non-self isolates) (Table 3.2). Regardless of treatments, corn
(VCGs 1 and 4) strains were isolated more frequently than soil (VCGs 8 and SOLO) strains; 601
isolates belonged to VCG 1, 667 to VCG 4, 159 to VCG 8 and 263 to VCG SOLO. In
combination, 1,317 (61%) isolates belonged to the same VCG that was inoculated onto corn silks
and 373 (17%) isolates belonged to one of the other VCGs that were inoculated onto silks. Of
the isolates that belonged to a different VCG than the inoculated VCG, VCG 4 was recovered the
most (223 times), followed by VCG 1 (92), then VCG SOLO (53), and VCG 8 (5). Most of the
non-target infections were in 2014, 305 of 1,817 (17%) isolates and in 2015 only 68 of 599
(11%) did not belong to the inoculated VCG.
3.3.3 Infectivity dose response curves
Different infectivity dose response curves for corn and soil VCGs were predicted from
infectivity titration with a generalized linear mixed model (Table 3.3). VCGs and interactions
between VCGs and both dose and dose2 significantly affected the dose response curves (Table
3.3). Individual dose response curve parameter estimates for intercept, dose, and dose2 were
similar if VCGs were originally isolated from the same source (corn=corn, soil=soil) but
different if isolated from corn or soil (corn≠soil) (Table 3.4, Figure 3.2). The curves generally
predicted less infection of tips than kernels by all VCGs, but the type of tissue did not
significantly affect the dose response curves (Table 3.3). Corn infectivity dose response curves
were boundless upward curves with ED50 of 8x1010 conidia/ml. Soil infectivity dose response
curves were downward curves with theoretical maximum infection of 6% (VCG 8) and 4%
(VCG SOLO). When year and dose were treated as fixed categorical effects to directly compare
infection incidence of each treatment, tissue did not significantly affect the linear model. There
were significant interactions between inoculum dose, VCG and year. In both years, only VCG 1
and 4 were able to establish infection at the lowest inoculum concentration (Figure 3.3). In
2014, VCG 1 infected the most kernels at each dose and VCG 8 was able to infect the same
amount of kernels at 107. The highest inoculum dose resulted in similar infection for VCG 4, 8
and SOLO. In 2015 there was much less overall infection of kernels, VCG SOLO infected the
most kernels at 107, but at 109 all strains evenly infected kernels.
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Table 3.3 Type III tests of fixed effects for A. flavus infectivity dose response curves
Effectz
F Valuey
Prob. > F
Inoculum dose
F1/1300= 4.61 0.0319
Inoculum dose2
F1/1300=0.40 0.5255
Strain (1, 4, 8 or SOLO)
F3/1300=9.69 <.0001
Tissue (tip vs. kernel)
F1/1300=0.34 0.5606
Dose*Strain
F3/1300=9.83 <.0001
Dose*Tissue
F1/1300=0.27 0.6002
2
Dose *Strain
F3/1300=10.28 <.0001
Dose2*Tissue
F1/1300=0.13 0.7201
Strain*Tissue
F3/1300=0.52 0.6706
Dose*Strain*Tissue
F3/1300=0.56 0.6424
2
Dose *Strain*Tissue
F3/1300=0.56 0.6444
z
Fixed effects for generalized linear mixed model with a logit link and binomial distribution
estimating infectivity dose response curves. Dose and dose2 were continuous fixed effects, strain
and tissue were categorical fixed effects. Year was treated as a random effect.
y
Type III tests for fixed effects are reported as F-statistics with effects that influence A. flavus
infection having a p-value less than 0.05. Subscript numbers are fixed effect degrees of freedom
/ error degrees of freedom.
Table 3.4. Parameter estimates for A. flavus infectivity dose response curves
β0 i.e. interceptz
βdose i.e. inoculum dosez
βdose2 i.e. inoculum dose2z
Estimate T-valuey P-valuex Est. T-value P-value Est. T-value P-value
Strains infecting tips (T-value comparing parameter estimates to VCG SOLO)
1
-4.74
2.2
0.028
-2.46
-2.07
0.038
0.007
2.07
0.039
4
1.58
3.11
0.002
-0.94
-3.19
0.002
0.035
3.24
0.001
8
-12.8
0.37
0.710
0.852
-0.39
0.697 -0.020 0.36
0.718
SOLO
-14.9
.
.
1.12
.
.
-0.027
.
.
Strains infecting kernels (T-value comparing parameter estimate to tips of same strain)
1
-2.08
0.53
0.597
-0.398 -0.59
0.556
0.019
0.65
0.516
4
-1.43
-0.3
0.766
-0.623
0.25
0.799
0.027 -0.21
0.832
8
-17.6
-0.51
0.608
1.44
0.54
0.591 -0.035 -0.49
0.626
SOLO
-15.7
-0.14
0.886
1.21
0.14
0.885 -0.029 -0.12
0.906
z
Parameter estimates for intercept, influence of log(dose conidia/ml), influence of log(dose)2 on
infection were generated from generalized linear mixed model with the log(proportion of tissue
infected with the inoculated strain/1-p) as the response variable. The continuous fixed effects
were dosage and dosage2 to reflect curvature within the dose response curves. Categorical fixed
effects were strain and tissue type.
y
t-tests calculated the difference in parameter estimates between individual strains and the last in
the model VCG SOLO for kernel tips, but for kernels, the t-values were comparing infection of
kernel and tip infection by a specific strain.
x
p-values were calculated for the t-tests.
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Figure 3.2. Aspergillus flavus infectivity dose response curves for corn kernels and tips of plants
inoculated with corn-infecting or soil isolates. Infectivity dose response curves estimated by
generalized linear model regressing inoculum dose and dose2 against the odds of the inoculated
strain infecting either A. kernels (with tip removed) or B. tip or pedicle of kernel.

Figure 3.3. Infection of corn kernels by corn and soil VCGs at different inoculum doses.
Average proportion of corn kernels infected by corn (VCG 1 and VCG 4) and soil (VCG 8 and
VCG SOLO) strains from corn ears with silks dipped in different inoculum doses. Error bars
represent standard error and different letters are statistically different based on LS comparison of
odds at α<0.05.
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3.3.4 Tissue specificity
Aspergillus flavus was isolated from both tips and kernels to verify that infection spread
beyond the pedicle into the kernel where infection of the embryo leads to aflatoxin accumulation.
Though infectivity dose response curves indicated there were not significant difference in curves
if A. flavus was isolated from tips or kernels, the dose response curves predicted less infection of
tip tissues than kernels. Therefore, to specifically determine if there were differences in tissue
infection, inoculum dose was removed as a fixed effect and data from both inoculation
techniques were included. Categorical variables year, strain and tissue were the fixed effects.
Tissue and tissue in two- and three-way interactions with year and strain had significant effects
on the linear model (Table 3.4). In 2014, VCGs 1, 4, and 8 infected significantly more kernel
tissues than either tip or the whole kernel. VCG SOLO infected significantly more kernels than
the whole kernel, indicating that in 2014 kernels were more likely to be infected than tips. As
mentioned previously, many A. flavus colonies growing from tips in 2014 died and were not
transferable. The analysis was repeated, where it was assumed if there was A. flavus growing
from a tip that it was the inoculated strain, though this changed the amount of tip infections, it
did not change the differences in odds of infection of different tissues. In contrast, in 2015 more
tips were infected than kernels for VCGs 1, 4, 8 and SOLO, though the differences were not
significant for VCG SOLO. Between the years, when there was overall greater infection in
2014 more kernels were infected than tips, but when the infection was lower in 2015 more tips
were infected than kernels.
Table 3.5. Type III tests of the fixed effects for differential tissue infection by A. flavus isolates
Effectz
F Valuey
Pr > F
Tissue
F2/3370=25.6 <0.001
Strain
F3/3370=46.0 <0.001
Tissue*strain
F6/3370=2.99 0.006
Year
F1/3370=361 <0.001
Tissue*year
F2/3370=3.18 0.042
Strain*year
F3/3370=24.9 <0.001
Tissue*strain*year F6/3370=5.05 <0.001
z
Fixed effects of generalized linear mixed model estimating infection of tissue by soil and corn
isolates. Fixed effects are: tissue (kernel, tip or entire kernel (kernel and tip), strain VCGs (1, 4,
8 and SOLO) and year (2014 or 2015) corn was inoculated.
y
Type III tests for fixed effects are reported as F-statistics with effects that influence A. flavus
infection having a p-value less than 0.05. Subscript numbers are fixed effect degrees of freedom
/ error degrees of freedom.
3.3.5 Comparison of inoculation techniques
Corn silks were either dipped or sprayed with inoculum of different isolates of A. flavus.
The 1x109 conidia/ml inoculum concentration was excluded as it was too dense to spray
effectively. Results were compared using separate generalized linear mixed models calculated
for each year and tip or kernel infection within those years because of lack of convergence due to
low infection at 1x105 and 107 inoculum doses. There were significant interactions between
inoculation methods and strain and dose*strain for both tip and kernel isolations in 2014, but in
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Figure 3.4. Infection of corn kernel tissues by different A. flavus strains. Average proportion of
either whole kernels, kernel without tip, or tip infected with VCGs (1 or 4) or soil VCGs (8 and
SOLO) inoculated by either spraying or dipping silks in inoculum. Error bars represent standard
error. Different letters represent different odds of infection based on LS comparison of odds at
α<0.05.
2015, there were no significant interactions involving inoculation technique and inoculation
technique alone did not significantly affect infection for either year (Table 3.6). In 2014, the
only significant differences were for VCG 1 at 1x105 for both tips and kernels, VCG 4 at 1x107
for both tips and kernels, and VCG 8 at 1x107 only for tips. There were inconsistencies for
which technique led to greater infection: for 1 and 8 dipping silks resulted in more infection,
whereas spraying 4 resulted in greater infection. On the whole both dipping and spraying silks
resulted in similar infection, but the dipping technique allowed for inoculation with highly
concentrated inoculum and more complete coverage of the silks.
Table 3.6. F-values and probabilities from Type III tests of fixed effects for evaluating A. flavus
inoculation techniquesz
Kernel
2014
Effects
F Value
Spray
F1/415=0.280
Dose
F1/415=72.8
Dose*spray
F1/415=0.480
Strain
F3/415=13.9
Spray*strain
F3/415=3.86
Dose*strain
F3/415=1.86
Dose*spray*strain F3/415= 6.07

Tips

2015
Pr > F
F Value
0.599 F1/461=0.650
<0.001 F1/461=6.71
0.491 F1/461=0.550
<0.001 F3/461=1.46
0.010 F3/461=0.260
0.136 F3/461=2.16
<0.001 F3/461=0.340

2014
Pr > F
F Value
0.419 F1/417=1.40
0.010 F1/417=34.0
0.458 F1/417=0.200
0.2258 F3/417=6.04
0.857 F3/417=3.21
0.093 F3/417=0.220
0.794 F3/417=5.55

z

Pr > F
0.237
<0.001
0.653
<0.001
0.023
0.881
0.001

2015
F Value Pr > F
F1/462=0.58 0.445
F1/462=8.25 0.004
F1/462=0.00 0.975
F3/462=4.61 0.004
F3/462=1.83 0.140
F3/462=2.27 0.080
F3/462=2.40 0.067

Analysis to determine if there were differences between spraying and inoculating silk
techniques was done separately for each tissue type and year because generalized linear mixed
models that included both fixed effects failed to converge.
(Table 3.6 notes continued)
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y

Type III tests for fixed effects are reported as F-statistics with effects that influence A. flavus
infection having a p-value less than 0.05. Subscript numbers are fixed effect degrees of freedom
/ error degrees of freedom.
Table 3.7. Average proportion of kernels or tips infected with Aspergillus flavus corn or soil
VCGs after inoculation by dipping or spraying silks.
Kernelz
Tipz
VCG Dosey
Dipx
Spray
Dip
Spray
2014
1
1x105 0.034 ± 0.022 cd 0.010 ± 0.004 efgh 0.021 ± 0.009 cde 0.003 ± 0.002 f
4
1x105 0.004 ± 0.004 efgh 0.003 ± 0.002 fgh 0.009 ± 0.007 def 0.001 ± 0.001 f
8
1x105
0±0h
0.001 ± 0.001 gh
0±0f
0.001 ± 0.001 f
5
SOLO 1x10
0±0h
0.006 ± 0.004 efgh
0±0f
0.003 ± 0.002 f
1
1x107 0.085 ± 0.044 b
0.072 ± 0.040 b
0.046 ± 0.022 ab 0.032 ± 0.018 bc
4
1x107 0.015 ± 0.005 de 0.153 ± 0.055 a
0.010 ± 0.006 ef 0.064 ± 0.027 a
8
1x107 0.075 ± 0.032 bc 0.013 ± 0.013 b
0.031 ± 0.019 bcd
0±0f
7
SOLO 1x10 0.014 ± 0.011 def 0.018 ± 0.011 de 0.015 ± 0.011 cde 0.021 ± 0.007 cde
2015
1
1x105 0.001 ± 0.001 b
0±0b
0.006 ± 0.003 cd 0.015 ± 0.007 bc
4
1x105 0.001 ± 0.001 b
0.003 ± 0.003 b
0.003 ± 0.002 d
0.003 ± 0.002 d
5
8
1x10
0±0b
0±0b
0±0d
0±0d
SOLO 1x105
0±0b
0±0b
0±0d
0±0d
7
1
1x10 0.004 ± 0.002 b
0.004 ± 0.002 b
0.010 ± 0.005 bcd 0.01 ± 0.004 bcd
4
1x107 0.004 ± 0.002 b
0.036 ± 0.033 b
0.006 ± 0.003 cd 0.038 ± 0.031 a
7
8
1x10 0.001 ± 0.001 b
0±0b
0±0d
0.003 ± 0.002 d
SOLO 1x107 0.031 ± 0.029 a
0.008 ± 0.005 b
0.022 ± 0.022 d
0.003 ± 0.002 d
z
Aspergillus flavus was isolated from corn kernels with the tip (pedicel) removed, from the tip
alone from ears where silks were inoculated with isolates from corn (VCG 1 and 4) and soil
(VCG 8 and SOLO)
y
Inoculum doses (conidia/ml)
x
Silks were either dipped or sprayed with one ml of inoculum when silks were yellow-brown
color. Values are average proportion of kernels infected with the applied strain within an ear and
standard errors. Numbers followed by a common letter within a year and by tissue type are not
significantly different based on LS comparisons of Odds at α<0.05.
3.4 Discussion
Overall there were differences in the ability of Aspergillus flavus isolates commonly
found in corn and soil to “naturally” infect corn kernels in the field by silk inoculation. Corn and
soil isolates had different infectivity dose response curves. The responses for strains isolated
from corn were boundless upward facing curves reaching ED 50 at 8x1010 conidia/ml, whereas
dose response curves of soil strains reached maximum infection of 4-6% of kernels. Soil strains,
rarely infected corn kernels at the lowest inoculum dose, but could infect at higher doses,
especially VCG 8, which had similar infection incidence as corn strains. Corn strains produced
many more conidia than both soil strains. Kernel tips (pedicels) were more frequently infected
when overall infection was low, in contrast kernels were more frequently infected when overall
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infection was high. Our results indicate, that even though infection of corn kernels was low,
under conditions mimicking natural infections by A. flavus, there are subtle differences in
infection by corn and soil strains, but these subtle differences along with differences in primary
inoculum may help to explain extreme differences between corn and soil A. flavus populations.
In seminal work by Peter Cotty (1989), soil and cotton A. flavus populations were very
different. The cotton isolates primarily produce large sclerotia (> 400μm), whereas the soil
strains produce small sclerotia (<400μm) and few conidia. The corn strains from this study
resembled the L-strains, whereas one soil strain (VCG 8) resembled S-strains and the other soil
strain was an L-strain with opposite mating type. L-strains are more invasive of wounded cotton
locules and many times contaminated cotton with more aflatoxin (Cotty, 1989), though some Sstrains are highly aggressive and contaminate cotton with high levels of aflatoxin. Wounded
peanuts incubated in soils with various densities of members of Aspergillus section Flavi were
colonized by L-strains at lower densities than S-strains, but as in this study, at higher densities Sstrains colonized as many peanuts as L-strains (Horn 2006). Recent work sequencing the
genomes of S and L-strains provides support that L-strains are better infectors of cotton (Ohkura
et al. 2018). Most notably, S-strains have lost a cutinase gene in an inversion island between S
and L-strains and have fewer proteins with LsyM domains (Ohkura et al. 2018). LsyM protein
domains are pathogenicity factors that bind chitin, which helps to evade host detection and
defenses (Ohkura et al. 2018). S-strains have fewer genes with LsyM domains (Ohkura et al.
2018), indicating S-strains are still pathogenic but less effective as indicated in the infectivity
dose response curves because they are more readily recognized by the host. Other population
studies rarely find S-strains in crops (Abbas et al. 2005, Camiletti et al. 2018, Cotty 1989,
Vaamonde et al. 2003, Atehnkeng et al. 2008, Giorni et al. 2007, Novas and Cabral 2002, Pildain
et al 2004, Mauro, 2013), but they are found in soil, crop residue, and air samples (Bock et al.
2004, Jaime-Garcia and Cotty 2006, Cotty 1989 Abbas et al. 2005, Donner et al. 2009, Horn and
Dorner 1999, Sweany et al. 2011), and are therefore likely infecting crops, especially grain that
remains in soil post-harvest. Given that infection of live endosperm and embryo tissue results in
aflatoxin production, retaining pathogenicity factors is important for maintenance of the S-strains
in the heterotrophic soil environment.
Corn strains produced more conidia than soil strains, especially VCG 8. In the initial
descriptions of S-strains, limited conidial production was noted especially in comparison to
dense conidial production by L-strains (Cotty 1989), but no differences were noted among Lstrains as was observed herein between VCG SOLO and VCGs 1 or 4. Isolates from peanut and
peanut-field soil belonging L-strains and different VCGs produced different quantities of conidia
and in certain cases sparse conidia, unfortunately it was not reported how the differences related
to VCG or substrate (Horn et al. 1996). Differences in conidial production have important
implications for the production of primary inoculum in addition to differences in frequency of
infection at low inoculum level.
Corn VCGs 1 and 4 produced tight conidial pellets during inoculum production, whereas
the soil VCGs 8 (S-strain) and SOLO (L-strain) produced loose pellets and conidia remained
suspended. Conidia were pelleted in water, the tight binding of conidia away from water,
indicates the corn infecting conidia were more hydrophobic. Methods for determining
hydrophobicity of different spores measure the time for spores to settle in aqueous solutions,
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more hydrophobic spores agglomerate quicker, form tighter bonds, become heavier and settle
faster, the tight binding and stronger pellet formation during centrifugation is a similar principle
(Jeffs and Khachatourians 1997). In contrast, the soil conidia remained partially suspended in
water and were more hydrophilic. Hydrophobins are a class of cysteine-rich proteins which are
common virulence factors for many plant pathogenic fungi and cover the conidia and spores in a
rodlet layer (Sexton and Howlett 2006). Hydrophobins allow for better adhesion to the
hydrophobic cell walls especially on the cuticle (Sexton and Howlett 2006). Hydrophobins
should also allow for better aerial dispersal of conidia by rain-splash dispersal and increase the
chances for infection (Sexton and Howlett 2006). The difference between corn and soil
populations may not only be due to differences in the amount of inoculum production, but also
degree of hydrophobicity/hydrophilicity of inoculum. Since L-strains dominate in corn, cotton
and peanut populations, and both peanuts and corn are predominately infected during pollination,
it is important to determine if those populations are genotypically similar to determine which
attributes other than conidia production lead to successful contamination of those crops and
determine if biocontrols need to be specifically formulated for different crops.
Different parts of the corn kernels were infected by A. flavus. When there was overall
greater infection in 2014, more kernels from which tips were aseptically removed during
isolation were infected with A. flavus than were the tips alone. In contrast, in 2015 when overall
infection was less, more tips were infected. The tips included the pedicel, abscission layer, and
the base of the embryo, whereas the kernel included most of the embryo, pericarp and
endosperm. Following artificial wounding of corn ears or adjacent kernels, infections commence
at the pedicel, move into the glumes, through the abscission layer into the embryo without
infecting the endosperm (Smart et al. 1990, Wicklow et al. 1988). If the top of kernel is
wounded near the silk scar, infection starts in the endosperm followed by development of an
infection cushion on the scutellum and then invasion of the embryo (Dolezol et al. 2013,
Windham et al. 2018). Hyphae are often found in cracks of the pericarp despite lack of infection
of the endosperm below (Smart et al. 1990, Wicklow et al. 1988). In this study, there were no
attempts to look at infection of the tissues microscopically, because in general, most kernels
looked intact and there was no obvious rot or infection. Due to the greater infection of kernels
compared to tips in 2014, it can be speculated that infection started from the top of the kernel
(perhaps the silk scar) and not the base, whereas in 2015 infection started from the base. In
2014, entry of the kernels was likely gained through cracks in the pericarp or silk scar, but when
kernels were less susceptible to infection, the fungus likely colonized the base of the cob and
gained entry through the pedicle instead. The difference in infection between years could also be
attributed to differences in the corn hybrids. It will be important to understand if the differences
between hybrids were due to the intact nature of the pericarp or to different levels of resistance in
the endosperm to assist in selecting traits for resistance to A. flavus infection of the kernel and
embryo.
Nit-complementation and SSR fingerprints place VCG1 (DeRobertis and Damann,
unpublished data) in VCG 24 identified by Bruce Horn (Horn and Greene 1995), which is the
strain used in the commercially available biocontrol product, Aflaguard (Syngenta, Basil,
Switzerland) and commonly isolated from corn in Louisiana and along the Mississippi River
(Reyes 2017) and in soils across the Southeastern United States (Horn and Dorner 1999). In
2014, VCG 1 infected corn more frequently than the widespread highly toxigenic L-strain (VCG
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4), VCG 8 and SOLO, but in 2015 infected less than VCG SOLO and comparably to the other
VCGs. Lack of infection by VCG 1 in 2015 is concerning because of the potential implications
for biocontrol effectiveness. Biocontrol not only works by direct replacement of toxigenic
strains with atoxigenic strains in the soil but by infection of the crop and thigmoregulated toxin
inhibition (Abbas et al. 2011, Cotty and Bayman 1993, Huang et al. 2011, Wicklow et al. 2003).
If the biocontrol is not able to infect, but other highly toxigenic strains can infect (VCG 4 was
the highest non-inoculated colonizer), there is the potential for biocontrol failure and aflatoxin
contamination. In Louisiana, a grower applied biocontrol to a corn field and there was still
substantial aflatoxin contamination (DeRobertis, Damann and Lambert, unpublished data). It
was presumed the biocontrol was not applied properly, but in light of these findings, and lack of
isolation of the biocontrol strain, it must also be considered that the biocontrol strain did not
successfully infect the crop and thereby allowed for infection of toxigenic strains without any
aflatoxin inhibition.
In screening for pre-harvest resistance, there is a need to consider screening against
strains that would more likely infect a crop under natural conditions. Even though there were
subtle differences in infection by the corn and soil strains, corn strains infected at lower doses. A
recent study comparing corn and soil populations along the Mississippi River found VCG 1 and
4 have remained in the corn population for seven years, whereas the soil strains did not persist
giving more evidence of the specific capability of certain strains to infect corn (Reyes 2017).
Most corn breeders use NRRL 3357, originally isolated from peanut, which is an L-strain with a
different mating type from the predominant corn strains (Sweany et al. 2011, Reyes 2017, Ouku
et al. 2018) or Af70s, which is also a different mating type (Huang et al. 2011) and an S-strain.
Af70s is more similar to the isolate from VCG 8, which can infect at high inoculum levels but
has limited ability to produce inoculum (Cotty 1989). Negligible infection by VCG 8 in ears
inoculated by other VCGs could be attributed to limited spread of VCG 8 during infection due to
limited secondary inoculum production. Af70s was shown to be a more aggressive pathogen of
wounded locules in spite of not being found in the natural cotton population (Cotty 1989). Due
to potentially aggressive infection by a strain that would not normally be present in the corn
population, using a strain similar to VCG 8, such as Af70s, could potentially mask resistance to
strains that would infect under more natural conditions. Additionally, NRRL 3357, is an L-strain
that is Mat1-1 and therefore likely more similar to VCG SOLO than corn VCGs 1 and 4, which
are both Mat1-2, L-strains. The VCG SOLO isolate was not as efficient at infecting corn as both
VCG 1 and 4 isolates in 2014 and VCG 4 in 2015, indicating Mat1-1 L-strains may not be as
efficient at infecting corn. This is supported by the limited recovery of Mat1-1, L-strains from
corn populations in 2007 and 2014 (Sweany et al. 2011, Reyes 2017) and more off target
infections by isolates belonging to VCG 1 and 4. Unlike VCG 8, if strains similar to VCG
SOLO, as is NRRL 3357, were used to screen for resistance to A. flavus, there is the potential to
identify lines of corn that show reasonable resistance to a poor-infecting strain, but this
resistance may not be adequate to evade infection by more virulent strains that naturally infect
corn.
A caveat to ignoring the importance of infection by isolates like VCG 8 in screening for
resistance is that in Africa large outbreaks of aflatoxin contaminated grain have been attributed
to S-strains (Probst et al. 2007, Probst et al. 2010). In those studies, S-strains were isolated from
post-harvest corn that was likely allowed to dry on the soil surface as is commonly done in East
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Africa (Probst et al. 2007, Probst et al. 2010). Counter to the importance of S-strains in postharvest corn, all pre-harvest studies of corn, consistently isolate L-strains (Abbas et al. 2005,
Camiletti et al. 2018, Atehnkeng et al. 2008, Giorni et al. 2007, Mauro, 2013, Sweany et al.
2018). Though VCG 8 (an S-strain) was capable of infecting corn, VCG 8 produced limited
conidia and resulted in limited off-target infection. Similar to other S-strains, isolates from VCG
8 produced an abundance of sclerotia (Sweany et al. 2011). Small sclerotial strains are
concerning for management because they are always associated with high levels of aflatoxin
production (Cotty 1989, Sweany et al. 2011), survive well in the soil and levels often increase
after cotton harvest (Jaime-Garcia and Cotty 2006, Cotty 1989, Bayman and Cotty 1991),
presumably from saprobic infection of cotton seed. It needs to be investigated if the risk of
infection by S-strains could be limited by limiting exposure of corn to the soil surface where
there is a predominance of small strains in more tropical environments.
Silk inoculations with A. flavus demonstrated that there are only minor differences
between soil and corn strains in their ability to infect corn kernels. Corn strains infect better at
low inoculum levels and produce more inoculum, indicating the differences between soil and
corn populations are an additive effect of fecundity and invasiveness that lead to better inoculum
potential of corn strains. The limited infection by silk-inoculation presents an important
challenge for breeding and etiology studies. Wounds are not required for infection and aflatoxin
contamination events, but wounding allows for greater infection under field conditions and better
resolution of differences in contamination. Unfortunately, wounding also induces physiological
responses of the corn and may not be representative of infection under natural conditions,
therefore more resources for increased replication are needed to reasonably screen for resistance.
There were no differences between spraying and dipping inoculum with the exception that 1x109
conidia/ml could not be sprayed. The 1x109 inoculum resulted in 5% infection even when
infection was limited, suggesting silk-channel inoculation at 109 deserves further investigation as
an improved inoculation technique with limited wounding. The inoculum level is much higher
than would be expected in a grower’s field, which suggests production of conidia on corn cob
grits is not as effective at infecting corn as conidia produced in fields, it is critical to find ways to
produce more effective inoculum. Since S-strains are able to infect if they are at the infection
court, this work presents the need to evaluate use of harvest and storage strategies to minimize
contact with the soil that will minimize opportunities for S-strains to come into contact with and
infect corn and potentially lower aflatoxin contamination. This work also presents the
opportunity to explore pericarp integrity as a physical resistance to contamination.
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Chapter 4. Loss of Female Fecundity in Aspergillus flavus Corn Populations
4.1 Introduction
Aspergillus flavus is an important pathogen of corn, peanuts, cottonseed and many treenuts, not because of conspicuous rot, rather due to the production of acutely toxic and
carcinogenic aflatoxins (Horn 2003, Richard 2008, Wicklow 1991, Yu et al. 2005). Aspergillus
flavus is a cosmopolitan fungus found in many different environments including soils, air,
forests, and buildings but has the highest populations in agronomic soils (Horn 2003). Due to the
broad host range of A. flavus and early investigations which found equivalent infection of
different plants after wounding (St. Leger et al. 2000), A. flavus has not been considered to have
a strong degree of adaptation for tissue invasion of healthy plants and differences in
pathogenicity have been widely ignored. However, populations differ between crops and soil
(Abbas et al. 2005, Horn and Greene 1995, Bayman and Cotty 1991, Sweany et al. 2011).
Seminal work conducted by Peter Cotty (1989), found two dominant phenotypes of A. flavus
associated with cotton fields. The S-morphology, as exemplified by Af70s, consistently
produces thousands of small (<400μm) sclerotia, few conidia, and very high levels of aflatoxin in
culture and in vivo in cotton seed. The L-strain morphology on the other hand, produces few
sclerotia (>400μm) and copious conidia. Many L-strains do not produce sclerotia consistently
and sclerotium production is often induced by increasing the amount of sodium nitrate in the
culture medium. Additionally, L-strains do not produce sclerotia at hot temperatures (38°C),
whereas S-strains are not limited by warm temperatures. The L-strains’ aflatoxin production
ability varies, several L-strains do not produce any aflatoxin. Although L-strains produce little
aflatoxin, they established more extensive infection of cotton locules and greater reduction of
locule mass than S-strains and often resulted in higher aflatoxin contamination than other Sstrains. In the same study, isolates were collected from cotton and cotton field soils in Arizona,
13% of the cotton isolates were S-strains whereas 53% of soil isolates were S-strains. Indicating
though some S-strains are capable of high levels of aflatoxin contamination in vivo, L-strains are
likely to contribute more to field level infection and aflatoxin contamination of cotton and are
likely more adapted to infect cotton. Populations studies of corn from Italy, Mississippi,
Louisiana, Texas, Nigeria and Argentina, also find a dominance of L-strains in corn in contrast to
soils (Abbas et al. 2005, Camiletti et al. 2018, Atehnkeng et al. 2008, Giorni et al. 2007, Mauro,
2013).
As expected for a sexually reproducing organism, A. flavus is a diverse species.
Aspergillus flavus produces different types of aflatoxins including AFB1, AFB2, AFG1 and
AFG2 (Geiser et al. 2000). Strains of A. flavus vary in their ability to produce these aflatoxins.
Many produce only the B aflatoxins, but a few produce both B and G toxins (Atehnkeng et al
2008, Razzaghi-Abyaneh, et al. 2006, Vaamonde et al. 2003, Cotty and Cardwell 1999, Pildain
et al. 2004, Cotty 1997). Phylogenetic characterization of a soil population, revealed genetic
recombination within A. flavus group I but not in group II (Geiser et al. 1998, Pildain et al.
2008). Group I consists of L and S strains that only produce the B toxins (or none), whereas
group II only consisted of genetically isolated S-strains that produce both B and G toxins and
commonly called A. minisclerotigenes (Geiser et al. 2000). Mating type genes have been
identified in A. flavus S and L-strains and A. minisclerotigenes (Ramirez-Prado et. al 2008,
Moore et al. 2013), the sexual cycle in the lab (Horn et al. 2009) and sclerotia collected from
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corn after harvest produce ascospores after incubation on soil, suggesting sexual reproduction
occurs after harvest (Horn et al. 2014). Crossing between A. flavus L and S strains and A.
minisclerotigenes suggests phylogenetic differences between A. flavus and A. minisclerotigenes
do not prevent sexual reproduction (Damann Jr. et al. 2010). Different morphotypes in soil and
crops may have implications for sexual recombination and fixation of genes within the
population. Sclerotia, normally considered to be asexual resting structures in fungi that aid in
survival in soil, in the case of A. flavus have recently been found to differentiate after successful
fertilization to develop asci and ascospores in a manner analogous to cleistothecium development
(Horn et al. 2009, Horn et al. 2014, Horn et al. 2016). Asexual spores (conidia) can also serve as
the male gamete and fertilize the female sclerotia (Horn et al. 2016).
Within Aspergillus and other ascomycetes, there are two aspects that govern successful
mating systems (Leslie and Klein 1996). One is governed by mating type genes which are
responsible for pheromone production that promote successful plasmogamy and karyogamy
(Leslie and Klein 1996). Aspergillus flavus has two mating idiomorphs Mat1-1 and Mat1-2
(Ramirez-Prado et. al 2008). Being heterothallic, successful sexual reproduction only occurs
when two strains have opposite mating type genes (Ramirez-Prado et. al 2008, Horn et al. 2009).
The other mating aspect is anatomical. Ascogonia are female cells that are fertilized by the male
antheridium to become asci with 8 ascospores after meiosis (Leslie and Klein 1996, Horn et al.
2009, Horn et al. 2014, Horn et al. 2016). Often ascomycetes with complex multicellular
ascocarps (cleistothecia, perithecia and apothecia) are considered to be females because
undifferentiated ascocarps are fertilized by (micro)conidia (sperm) or unincorporated hyphae
(Leslie and Klein 1996). The sclerotia of A. flavus could be considered female and conidia the
male structures because fertilization of sclerotia by conidia is necessary for eventual ascospore
development (Horn et al. 2016). Aspergillus flavus can be hermaphroditic or monoecious since
an isolate usually produces both conidia and sclerotia, but is incapable of self-fertilization
because of the requirement for opposite mating types for sexual reproduction.
This study was conducted to determine the conidial fecundity of corn and soil strains,
since conidia serve as the source of inoculum for corn infection and L-strains predominate in the
corn and cotton populations. The ability of several strains from corn and soil in Louisiana to
produce conidia was assessed and related to migration between the corn and soil populations.
Since sclerotia production is important for survival and sexual reproduction, but non-sclerotial
producing A. flavus are frequently isolated from corn and peanuts (Sweany et al. 2011, Novas
and Cabral 2002, Camiletti 2018), sclerotial fecundity was also determined. The impact of
differential conidial and sclerotial production, and distribution of mating types on the effective
breeding population size of both corn and soil was also assessed.
4.2 Materials and Methods
4.2.1 Strain selection
To determine if there were differences in fecundity among corn infecting and soil strains
of A. flavus, isolates were selected from a population study conducted in 2007 in Louisiana
(Sweany et. al. 2011) (Table 4.1). If possible, 3 isolates were selected from each of 16
vegetative compatibility groups (VCGs). To represent greater genotypic variability within the
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Table 4.1. Louisiana Aspergillus flavus isolates assessed for conidia and sclerotial fecundity.
Isolatez
07-C-1-9-4
07-C-5-4-4
07-C-7-10-3
07-S-2-5-7
07-M-S-3-1-9
07-M-S-3-1-27
07-S-2-1-1
07-M-S-1-3-3
07-M-S-3-1-18
07-C-1-1-1
07-C-4-1-2
07-S-1-1-1
07-C-3-5-5
07-S-4-4-1
07-M-S-1-5-7
07-S-3-1-6
07-S-6-4-1
07-S-6-5-2
07-C-3-2-5
07-S-2-1-3
07-S-3-1-11
07-S-3-2-4
07-S-5-3-6
07-S-6-5-5
07-C-5-1-5
07-S-1-1-11
07-S-2-4-4
07-M-C-3-1-7
07-M-C-3-2-3
07-M-S-1-1-4
07-S-1-1-7
07-S-4-3-1
07-S-2-1-2
07-S-3-1-2
07-S-6-1-2
07-S-3-1-1
07-S-3-1-3
07-S-3-1-9
07-S-3-1-8
07-S-3-1-12
07-S-5-1-6
07-S-6-5-4
07-S-6-5-6
07-M-S-2-4-2
07-M-S-2-4-6

Locationy
Franklin
Concordia
St. Landry
Franklin
Point Coupee
Point Coupee
Franklin
Caddo
Point Coupee
Franklin
Tensas
Franklin
Tensas
Tensas
Caddo
Tensas
Point Coupee
Point Coupee
Tensas
Franklin
Tensas
Tensas
Concordia
Point Coupee
Concordia
Franklin
Franklin
Point Coupee
Point Coupee
Caddo
Franklin
Tensas
Franklin
Tensas
Point Coupee
Tensas
Tensas
Tensas
Tensas
Tensas
Concordia
Point Coupee
Point Coupee
Rapides
Rapides

Sourcex
corn
corn
corn
soil
soil
soil
soil
soil
soil
corn
corn
soil
corn
soil
soil
soil
soil
soil
corn
soil
soil
soil
soil
soil
corn
soil
soil
corn
corn
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil

VCGw
1 (483:4)
1 (483:4)
1 (483:4)
2 (0:29)
2 (0:29)
2 (0:29)
3 (0:6)
3 (0:6)
3 (0:6)
4 (56:5)
4 (56:5)
4 (56:5)
5 (1:10)
5 (1:10)
5 (1:10)
6 (0:5)
6 (0:5)
6 (0:5)
7 (10:2)
7 (10:2)
7 (10:2)
8 (0:14)
8 (0:14)
8 (0:14)
9 (2:14)
9 (2:14)
9 (2:14)
10 (10:2)
10 (10:2)
10 (10:2)
11 (0:2)
11 (0:2)
12 (0:4)
12 (0:4)
12 (0:4)
13 (0:3)
13 (0:3)
13 (0:3)
14 (0:2)
14 (0:2)
15 (0:3)
15 (0:3)
15 (0:3)
16 (0:2)
16 (0:2)

z

Sclerotiav
None
None
None
Small
Small
Small
Small
Small
Small
None
None
None
Small
Small
Small
Small
Small
Small
Small
Large
Small
Small
Small
Small
None
Large
Large
Large/Small
Large/Small
Large/Small
Large
Large
Small
Small
Small
Large/Small
Large/Small
Large
Large
Small
Small
Small
Small
Large
Large

Mating typeu
n.t.
n.t.
M1-2
M1-2
n.t.
n.t.
M1-1
n.t.
n.t.
M1-2
n.t.
n.t.
n.t.
M1-1
M1-1
n.t.
M1-2
n.t.
M1-1
n.t.
n.t.
M1-1
M1-1
M1-1
n.t.
M1-1
M1-1
M1-2
n.t.
n.t.
n.t.
M1-2
n.t.
n.t.
M1-2
n.t.
n.t.
n.t.
n.t.*
n.t.
M1-2
n.t.
M1-2
M1-2
M1-2

Aflatoxint
2.37
4.81
0
14,793
13,897
27,059
24,241
10,629
21,756
43,145
13,762
16,968
.
26,846
18,493
0
3.81
4.77
5.72
14.0
3.59
14,653
17,492
13,691
1,884
7,959
5,227
0
0
2.67
11,174
9,571
50,050
35,549
18,237
13.0
12.8
2.55
2.42
2.61
29,236
17,485
17,240
10,317
10,226

Isolates were collected in 2007 during a population study examining differences between soil
and corn kernel populations in 11 fields throughout Louisiana (Sweany et. al. 2011), all data in
(Table 4.1 notes continued)
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the table are from that study.
y
Parishes (county) in Louisiana from which samples were collected.
x
Isolation from either corn ears or soil samples.
w
Vegetative compatibility groups (VCGs) were determined in study Sweany et al. 2011,
numbers refer to that study only. VCG1 is in the same VCG (VCG 24) as the biocontrol strain in
Aflaguard (Syngenta, Basil, Switzerland) identified by Horn (citations). In parenthesis (#isolated
from corn: #isolated from soil).
v
Sclerotia diameter are large if > 400μm and small if < 400μm. Those demarked as small/large
produced equivalent number of small and large sclerotia.
u
Mating type determined by PCR, n.t. non-tested assumed to be in same mating type as other
members of VCG because in a sub-sample of 132 of 669 isolates from 16 VCGs all isolates from
the same VCG had the same mating type (except one isolate in VCG 1).
t
Quantity of aflatoxin extracted from rice, ppb.
VCGs, isolates were selected from different fields, or samples within the fields, and different
sources (corn vs. soil). Isolates were revived from conidial stock suspensions stored at Louisiana
State University at -20°C in 50:50 v:v glycerol:water.
4.2.2 Conidial fecundity
To determine the conidial production of corn and soil isolates, each isolate was grown on
10ml of Czapek Dox agar solid medium in 10-cm-diameter Petri dishes (Thom and Raper 1945).
Fecundity was determined by two ways: 1. conidia were transferred to the center of a Petri dish
and incubated for one week, 2. a hyphal plug was transferred to the center of a second Petri dish
and grown until the hyphae reached the edge of the plate. For one or two isolates the hyphae did
not reach the edge of the plate, so conidia were harvested when growth appeared to cease for
those isolates. For each experiment, two or three isolates from each of 16 VCGs (45 isolates
total) were transferred to 3 replicate plates each and incubated at 30°C under fluorescent growing
lamps. The isolates and replicates were randomly distributed. At the end of each experiment,
conidia were harvested by dislodging conidia into 2 ml (one week) or 3 ml (full plate) of sterile
ddH2O with a glass rod. Conidia were counted microscopically with a hemocytometer. The area
of week-old colonies was calculated from the mean of the widest and narrowest diameters.
Conidial density was calculated by dividing conidial counts by colony areas. To determine if
there were differences in conidial production between VCGs, multivariate analysis of variance
was estimated with linear mixed models using SAS version 9.4 (SAS Institute, Cary, North
Carolina). The fixed categorical effects were VCGs with isolate treated as a random variable.
Response variables were either absolute conidial count or conidial density after one week of
growth or until colony reached the edge of the plate. To meet the assumption of normality, all
response variables were log transformed. Means were compared using Fisher’s Least Significant
differences of α<0.05.
4.2.3 Sclerotial fecundity
To determine if there were differences in sclerotial fecundity between corn and soil
strains, isolates were grown on Wickerham medium (Raper and Thom 1968), which has corn
steeps allowing for more conducive conditions for sclerotial production (Chang et al. 2012). All
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45 isolates, were transferred onto 3 replicate standard Petri dishes with 10 ml of Wickerham
medium. The isolates and replicate plates were randomly distributed in a large box and grew for
3 weeks in the dark at 30°C. Due to the concentric ring growth pattern, a 9 cm2 x-section of
medium was excised from each plate and the sclerotia were counted with the aid of a dissecting
microscope. To reduce counting errors for S-strains, x-sections were further subdivided into
sections that had less than 100 sclerotia per section and each sub-division was counted. An
additional plate was incubated for 3 months. Sclerotia diameters of 40 sclerotia (where possible)
were measured with an ocular micrometer along a diameter of the colony. To determine if there
were differences in sclerotial production between VCGs, multivariate analysis of variance was
estimated with linear mixed models using SAS version 9.4 (SAS Institute, Cary, North Carolina).
The fixed categorical effects were VCGs. Response variables were either, sclerotial density or
sclerotial diameter. Means were compared using Fisher’s Least Significant differences of
α<0.05. To achieve better resolution of differences in sclerotial production between VCGs
within small and large sclerotial strains, and fix issues with over dispersion caused by large
sclerotial strains producing very few sclerotia and small sclerotial strains producing thousands
sclerotia which adds more variance than allowable in the model for comparison of means, the
data were also analyzed separately by sclerotial size. This fixed issues with normality.
4.2.4 Immigration and fecundity
To determine if production of conidia or sclerotia influenced migration from soil to corn,
migration for each VCG was calculated and then regressed against conidial and sclerotial
fecundity. Migration can be measured by calculating the difference between a subset and the
total population ∆q=-m(q-qm), where ∆q is the change in proportion of an allele in a population
over number of generations, m is the migration coefficient out of the population, and qm is the
proportion of the allele in the population subset (Wright 1931). Since this study only
investigated the population of a single generation, migration of a particular VCG into corn was
simplified to mVCG=qcorn-qsoil where qcorn is the proportion of isolates from corn belonging to a
VCG and qsoil is the proportion of isolates from soil belonging to a VCG. Soil was considered to
be representative of the overall population because the soil is the presumed source of inoculum
for corn and should contain both soil and corn adapted strains of A. flavus. Linear mixed models
were calculated to determine if VCG migration was predictive of conidia and sclerotial
fecundity. The continuous fixed effects were VCG migration rates, and isolates within a VCG
were treated as random effects. The response variables were either conidial count after one week
of growth, conidial density of isolates grown to the edge of the plates, and sclerotial density. All
response variables were log transformed to meet the assumption of normality.
4.2.5 Effective population size
Sex ratios alter the effective breeding population size and influence the fixation of alleles.
If the ratios shift away from 50 male: 50 female, exemplified by polygynous species like redwing
black birds, where a population is composed of communities of females which mate with a single
male, the effective breeding population size is relatively low (Bensch 1997). Low effective
breeding population size reflects few male genotypes which will be introgressed into the future
generations, which leads to loss of alleles and less genetic diversity over time. Population
effective number (Ne) accounts for reduced genetic contribution to gametes of a skewed sex
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ratio, Ne=(4NmNf)/(Nm+Nf) where Ne is the effective population, Nm is the number of males in
the population and Nf is the number of females (Wright 1931). In fungi, mating types as the sex
classes can be substituted for male and female to calculate effective breeding population (Leslie
and Klein 1996). Therefore, effective mating population sizes were calculated for the total, corn,
and soil A. flavus populations with the above formula, but the number of males or females was
substituted by the percentage of isolates having either the Mat1-1 or Mat1-2 locus. Additionally,
that number of female-sterile strains within Gibberella fujikuroi species complex would also
alter the effective breeding population size (Leslie and Klein 1996). Female-sterile strains of G.
fujikuroi do not produce perithecia and only produce the male gametes, conidia. To account for
female-sterile individuals only contributing male gametes but hermaphrodites contributing both
male and female gametes (a greater contribution to the pool of gametes), Leslie proposed the
equation for effective population, Ne(f)=4N2Hh/(N + Nh)2, where N is the number of individuals
in a population and Nh is the number of hermaphrodites. Since only one A. flavus VCG was truly
female-sterile and there was a range of both conidial and sclerotia production among isolates, the
effective breeding populations were calculated to reflect the relative maleness and femaleness of
members in the populations. Ne=(4ΣfiNi · ΣmiNi)/( ΣfiNi + ΣmiNi) where fi is the relative
femaleness (sclerotial production) of the ith type of strain (either VCG or S, L or female-sterile
strain) and mi is the relative maleness (conidial production) of the ith type of strain (either VCG
or S, L or female-sterile strain) and Ni is the percentage of individual belonging to the ith type of
strain (derived from equations formulated by Crow and Kimura 1970). Maleness and femaleness
for a strain were expressed relative to the culture that produced the most conidia or sclerotia and
calculated by dividing all sclerotial and conidial counts for individual replicate plates by the
maximum count for those replicates and then averaged among all representatives that either
belonged to a VCG or S and L-strains.
4.3 Results
The phenotypes of A. flavus VCGs isolated from corn and soil were very different
(Figure 4.1). There were visual differences in the production of conidia and sclerotia between
strains. The VCGs most commonly isolated from corn produced dense lawns of conidia and
very few sclerotia, whereas those more frequently isolated from the soil, produced many
sclerotia.
4.3.1 Conidial fecundity
Conidial fecundity of VCGs was determined by counting the number of conidia produced
either after a single week of growth or until colonies grew to the edge of the Petri dish. There
were differences in both overall conidial production and conidial density regardless if isolates
grew for one week or to the edge of Petri dishes (all p-values <0.001). There were the same
general trends in absolute conidial production after one week of growth and conidial density after
growth to the edge of the plate (Figure 4.2), but the differences between VCGs were more
pronounced if isolates grew to the edge of the plate. The most abundant corn VCGs, 1 and 4
(80% of the corn population), produced more conidia than any other VCGs. The second most
abundant corn VCG 4, produced the most conidia, but only if allowed to grow to the edge of the
plate, indicating it does not produce conidia as quickly as VCG 1. There was a trend that VCGs
more frequently isolated from corn than soil produced more conidia than soil VCGs, though,
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VCG 7 was an exception to the trend. There were slight differences in the number of days it
took for isolates to grow to the edge of plates (F16/121=2.91, p<0.001). Based on Fisher’s LS
mean comparisons, VCG 1 (13 days) was different from VCG’s 5, 8, 15 and 16 (between 20 and
21 days).

Figure 4.1. Sclerotial and conidial phenotypic variability between A. flavus VCGs associated
with corn and soil. Two-week-old cultures of A. flavus VCGs grown on Wickerham medium in
the dark. Cultures are categorized by the sclerotial diameter size, large >400μm, mixed (both
large and small diameters) and small <400μm. Within the categories, the VCGs are arranged by
frequency isolated from corn with highest frequency on the left and secondarily organized by
density of sclerotia and conidial production. Sclerotia are spherical melanized structures. The
small sclerotia are blown up to illustrate the black mass, which is composed of hundreds of
sclerotia
4.3.2 Sclerotial fecundity
Sclerotial fecundity was approximated by counting the number of sclerotia produced by
isolates of different VCGs. There were differences between VCGs in the sclerotial density
(F10/72=77.1, P<0.001) (Figure 4.2). The trend for sclerotial production was the opposite of
conidial production, few or no sclerotia were produced by predominant corn VCGs. Those
VCGs commonly associated with soil produced an abundance of sclerotia.
4.3.3 Sclerotial size classes
Sclerotia diameters were measured for each isolate (Figure 4.3). There were differences
in the sizes of sclerotia between VCGs (F144/778=308.96, p<0.001). Most VCGs produced
sclerotia with diameters that were either greater than 400μm (large) or less than 400μm (small).
Though VCGs 6, 7, 13 and 14 produced a mixture of sclerotia greater and less than the 400μm
previously defined cutoff for small and large sclerotia (Cotty 1989). Those strains that were
typical of S-strains, produced sclerotia with a narrow range of approximately 100μm (16568

280μm). The only S-strain that was isolated from corn, VCG 5, produced larger sclerotia than
the remaining S-strains with a range of 200 µm (160-380 µm). Among the typical L-strains,
there were larger ranges of diameters; typically differences of 3-400 microns within a VCG with
the overall range of 350-850 µm. For the VCGs which produced a mixture of small and large
sclerotia diameters, differences ranged from 3-500 microns within VCGs, with an overall range
of 100-730. The VCGs with a mixture of small and large sclerotia also produced intermediate
levels of both sclerotia and conidia compared to L and S-strains.

Figure 4.2. Conidial and sclerotial production by A. flavus corn and soil VCGs. VCGs more
frequently isolated from corn are yellow, those isolated only from soil are dirt-colored bars, and
those more frequently isolated from soil have bi-colored stripes. Conidia were counted with the
aid of a hemocytometer from suspensions harvested from multiple isolates of each VCG grown
on Czapek Dox in standard Petri dishes illuminated at 30°C for either one week (A) or until the
isolate grew to the edge of the plate (typically 2 weeks) (B). A. Absolute conidial production is
reported as an indicator of relative speed of conidial production. B. The conidial density is
reported as an indicator of the amount of conidial production after the medium resources were
exhausted. A few isolates did not grow to the edge of the plate, so area was measured for those
isolates. C. The number of sclerotia were counted for a 9-cm2 x-section of isolates grown on
Wickerham medium for 3 weeks in a dark incubator at 30°C. Different letters within a panel,
represent different means based on Fisher’s Least Significance comparison of means at α<0.05.
Bars represent standard error.
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Figure 4.3. Sclerotial diameters of A. flavus corn and soil isolates. Sclerotia diameters were
measured after 3 months of growth on Wickerham medium in a dark incubator at 30°C. Where
possible, 40 sclerotia per isolate were measured. Different symbols represent sclerotia from
different isolates within a VCG (O, + or X). Green color signifies isolates from corn kernels and
red signifies isolates from soil. The cutoff for small and large is 400μm, 4 VCGs produced a
mixture of both small and large sclerotia. Different letters represent statistically different means
based on Fisher’s Least Significance comparisons of means at α=0.05.
4.3.4 Conidial vs. sclerotial fecundity in relation to niche and mating type
On the whole, there was a reciprocal sliding scale of conidial versus sclerotial fecundity,
S-strains produced the most sclerotia and the least conidia, L-strains that produced no or very
few sclerotia and the most conidia, but those strains which produced intermediate-sized sclerotia
also produced intermediate quantities of both sclerotia and conidia (Table 4.2, Figures 4.2 and
4.3). L-strains which were most frequently associated with corn produced either no or the least
sclerotia and the most conidia of any strain, and also belonged to Mat1-2. The Mat1-2 L-strains
that were isolated from soil produced fewer conidia and more sclerotia than the large Mat1-2
strains that were predominately isolated from corn. Large Mat1-1 strains which were
occasionally isolated from corn, produced more conidia but fewer sclerotia than the large Mat1-2
strains only isolated from soil. Large Mat1-1 strains produced amounts of both sclerotia and
conidia intermediate between Large Mat1-2 isolates associated with either corn or only soil. For
strains that produced both small and large sclerotia, the Mat1-1 isolates associated with corn
produced fewer conidia than both the Mat1-2 and unknown mating type strains only isolated
from soil. The mixed sclerotial strains from corn produced fewer sclerotia than the unknown
mating type but similar numbers as the Mat1-2. Among the small strains, the small isolates that
were rarely isolated from corn produced fewer conidia and though not the number of sclerotia
was not statistically significant less, they were slightly larger than for both the Mat1-1 and Mat170

2 strains only isolated from soil. Independent of mating type, L-strains associated with corn
more produced fewer and larger sclerotia and more conidia than other L-strains, mixed strains
and S-strains. Mixed strains associated more frequently with corn, produced fewer conidia and
fewer but larger sclerotia than mixed strains only associated with soil and intermediate to L and
S-strains. The S-strain isolated from corn, produced fewer conidia and fewer larger-sclerotia
than other S-strains of both mating types, but less conidia and more sclerotia than mixed and Lstrains (especially those associated with corn).
Table 4.2. Production of conidia and sclerotia of Aspergillus flavus isolates from different
mating type, sclerotial morphotype, and source.
Sourcez

Scler.y

Corn (soil)
Corn (soil)
Soil only
Soil (corn)
Soil only
Corn (soil)
Soil only
Soil only
Soil (corn)
Soil only

None
Large
Large
Large
Mixed
Mixed
Mixed
Small
Small
Small

Mat.
Typex
1-2
1-2
1-2
1-1
1-2
1-1
n.t.
1-2
1-1
1-1

Conidial density1 weekw
1.63x107 ± 0.152 a
1.10x107 ± 0.154 ab
4.75x106 ± 0.686 cd
6.96x106 ± 1.46 bc
6.17x106 ± 0.450 bc
3.27x106 ± 0.676 d
4.04x106 ± 0.705 cd
8.56x105 ± 0382 e
5.23x105 ± 1.27 f
8.30x105 ± 1.62 ef

Conidial densityfull platev
2.36x107 ± 0.202 a
2.55x107 ± 0.207 a
1.22x107 ± 0.301 b
1.94x107 ± 0.242 a
8.06x106 ± 0.709 b
4.53x106 ± 0.377 c
8.56x106 ± 1.50 bc
9.63x105 ± 2.08 e
6.36x105 ± 1.49 e
9.63x105 ± 2.08 d

Sclerotial
densityu
0g
0.843 ± 0.341 f
21.8 ± 2.03 d
8.08 ± 2.24 e
64.4 ± 3.36 c
62.5 ± 4.53 c
124 ± 10.6 b
517 ± 23.9 a
460 ± 31.4 a
573 ± 31.6 a

Sclerotia sizet
0
0.648 ± 0.012 b
0.620 ± 0.009 b
0.691 ± 0.011 a
0.470 ± 0.013 c
0.486 ± 0.011 c
0.330 ± 0.016 d
0.235 ± 0.002 f
0.271 ± 0.007 e
0.224 ± 0.003 ef

z

Corn (soil) category was assigned to members within VCGs that were more frequently isolated
from corn than soil. Soil (corn) was assigned to members within VCGs that were more
frequently isolated from soil than corn. Soil only was assigned to members of VCGs that were
never isolated from corn.
y
Isolates were categorized as none (failed to produce sclerotia), large (>400μm), small
(<400μm), or mixed small and large based on growth on Wickerham medium.
x
Mating type was assigned to members of a VCG if one or more members were previously
determined to have the Mat1-1 or Mat1-2 genes.
w
Conidial (conidia/cm2 colony area) density was calculated based on one week of growth on
Czapek Dox agar.
v
Conidial density was calculated after colonies grew to the edge of the plate (~2 weeks).
u
Sclerotia density was calculated based on the count of sclerotia in a 9-cm2 cross section of
isolates grown on Wickerham medium for 3 weeks.
t
As many as 40 sclerotial diameters (mm) were measured for isolates grown on Wickerham for 3
months.
4.3.5 Corn immigration in relation to maleness and femaleness
Immigration to corn from soil had a positive linear relationship to male fecundity
(conidial) (maleness one week: est. 3.55±1.25, F1/43=8.03, p=0.007; maleness end of plate: est.
3.05±1.03, F1/43=8.71, p=0.005) but negative linear relationship with female fecundity
(femaleness: est. -9.05±1.80, F1/43=25.4, p<0.001). The VCGs, which were the most male
fecund (VCG 1 and 4), also had the highest migration into corn (Table 4.3). Whereas, the most
female-fecund VCGs, had the lowest migration and were the most widespread soil strains.
Additionally, the two most widespread soil VCGs 8 and 2 were also the most male of the small
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sclerotial strains, indicating not only are female reproductive structures important for
maintenance in soil but also conidia are also important for persistence and dispersal in the soil.
Table 4.3. Relative male and female fecundity and migration among A. flavus VCGs
VCG Cornz Soily
Maleness
Maleness
Femalenessu Immigration
x,w
x,v
-1 week
-full plate
to cornt
1
483
4
0.642 ± 0.063
0.512 ± 0.044
0±0
0.773529
4
56
5
0.181 ± 0.03
0.623 ± 0.061
0.002 ± 0.001
0.071895
7
10
2
0.084 ± 0.019
0.098 ± 0.008
0.083 ± 0.006
0.008497
10
10
2
0.523 ± 0.082
0.486 ± 0.061
0±0
0.008497
5
1
10
0.013 ± 0.003
0.014 ± 0.003
0.611 ± 0.042
-0.037582
9
2
14
0.168 ± 0.025
0.421 ± 0.053
0.011 ± 0.003
-0.051634
11
0
2
0.136 ± 0.032
0.127 ± 0.015
0.024 ± 0.004
-0.007843
14
0
2
0.14 ± 0.019
0.148 ± 0.017
0.09 ± 0.007
-0.007843
16
0
2
0.119 ± 0.027
0.403 ± 0.105
0.034 ± 0.002
-0.007843
13
0
3
0.099 ± 0.016
0.186 ± 0.033
0.165 ± 0.014
-0.011765
15
0
3
0.032 ± 0.008
0.041 ± 0.011
0.642 ± 0.049
-0.011765
12
0
4
0.01 ± 0.001
0.011 ± 0.002
0.633 ± 0.063
-0.015686
6
0
5
0.118 ± 0.012
0.193 ± 0.022
0.082 ± 0.006
-0.019608
3
0
6
0.013 ± 0.004
0.018 ± 0.003
0.702 ± 0.051
-0.023529
8
0
14
0.038 ± 0.007
0.041 ± 0.004
0.819 ± 0.064
-0.054902
2
0
29
0.031 ± 0.002
0.010 ± 0.001
0.787 ± 0.04
-0.113725
z
Number of isolates included in the dataset originally isolated from corn.
y
Number of isolates included in the dataset originally isolated from soil.
x
Conidia can be considered the source of male gametes that fertilize sclerotia. Average
maleness relates to fecundity of male gamete (conidia) production. Maleness was calculated by
making conidial counts relative to the plate with the most conidia production.
w
Maleness was calculated from the absolute count of conidia after one week of growth.
v
Maleness was calculated from conidial density of isolates after the medium was
exhausted.
u
Femaleness relates to fecundity of ascocarps. Sclerotia in A. flavus differentiate into
cleistothecia and asci after fertilization and therefore can be considered a measure of female
fecundity. Femaleness was calculated by relating the sclerotial density to the plate with the
highest sclerotial production.
t
Immigration into the corn population from the soil population was calculated by subtracting the
proportion of members in the soil population in a particular VCG from the proportion of
members of the same VCG in the corn population.
4.3.6 Effective breeding populations
Effective breeding population sizes were compared to account from skews in male:
female sex ratios in the corn and soil populations (Table 4.4). Effective breeding population
sizes were calculated based on distribution of mating types (Mat1-1:Mat1-2), female sterile (only
conidia): hermaphrodites (conidia and sclerotia) and relative maleness (conidia): femaleness
(sclerotia) (either based on sclerotial types or within VCGs) for the whole population, or
populations subdivided into soil or corn populations. Due to an even distribution of mating types
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in the soil, soil had the highest effective breeding population. There were very few Mat1-1 in the
corn population resulting in much smaller effective breeding population of the corn population.
Since there were very few female-sterile strains in soil, accounting for hermaphrodites did not
change the population size for soil strains. In contrast, many of the Mat1-2 corn strains could
produce sclerotia but others were female-sterile, accounting for female-sterile strains increased
the effective breeding population size and minimized the skew by Mat1-2 for the corn
population. Regardless of calculation method, the effective breeding populations were smaller
for the corn populations. Many large sclerotial isolates produced only a small number of
sclerotia and therefore have limited contribution to the female gamete pool. Conversely small
sclerotial isolates produced limited conidia and therefore have limited contribution to the male
gamete pool. When the relative maleness and femaleness of small and large sclerotial strains
was factored into the effective breeding population, the population sizes were dramatically
reduced for soil and corn populations. Since there were differences in maleness and femaleness
between members of different VCGs belonging to the same sclerotial size, the effective breeding
population size was smaller if subdivided into VCGs especially for the corn population. By all
measures, the effective breeding size of the corn population was smaller than either the entire
population or soil population. The effective breeding population size was greatest for soil if only
considering mating types and female sterile strains. The effecting breeding population size of
soil was similar to the total population and occasionally smaller than the entire population if
maleness and femaleness were factored into the calculation.
Table 4.4. Effective breeding population sizes of A. flavus corn and soil populations
Population subdivided by mating type or sclerotia sizez
Matw Fs:H v ♂w:♀ u

♂f:♀ t

Corn 4:96 84:16 56:3.1
Soil 48:52 4:96 11:40
Total 26:74 61:39 43:14

46:3.1
15:40
37:14

Pop.x

Population subdivided into VCGsy

Ne(mat) s Ne(fs) r Ne(♂w:♀)q Ne(♂f:♀)p
15
100
77

47
100
81

12
35
42

z

12
44
41

♂w:♀
53:0.26
4.1:20
39:6.0

♂f:♀

Ne(♂w:♀)

Ne(♂f:♀)

47:0.26 1.0 (6.4) 1.0 (6.3)
6.4:20 14 (37) 19 (49)
47:6.0 21 (39) 21 (40)

Values calculated for entire populations of A. flavus from either x corn, soil and total
populations subdivided into mating type, hermaphroditic or sclerotia size categories. Sclerotia
size and mating types were previously reported in Sweany et al. 2011.
y
Values were calculated for populations subdivided into VCGs.
x
Corn and soil populations from Sweany et al. 2011.
w
Mating type ratio of Mat1-1:Mat1-2 based on percentage of population.
v
Ratio of female-sterile to hermaphroditic strains based on percentage of population.
u&t
Ratio of male gametes (conidia): female gametes (sclerotia) calculated by multiplying
percentage of either small, large or no sclerotia strains (y. VCG) within a population by average
maleness and the average femaleness of small, large or non-sclerotia producing (y. VCG)
isolates and totaling those numbers.
u
Absolute maleness after one week of growth.
t
Conidia density (maleness) after isolates grew until end of petri-dish (~2 weeks).
s
Effective breeding population size based on the distribution of mating type alleles.
r
Effective breeding population size based on number of males and hermaphrodites.
q
Effective breeding population size based on relative production of male gametes (conidia) after
one week to female gametes (sclerotia).
p
Effective breeding population size based on male gamete production after isolates grew to the
end of plates.
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4.4 Discussion
This study documented differences in conidial and sclerotial fecundity of A. flavus VCGs
isolated from corn and soil populations. The VCGs most frequently isolated from corn produced
an abundance of conidia and very few sclerotia. The most frequent soil VCGs produced an
abundance of sclerotia and very few conidia. Most strains’ sclerotial sizes conformed to the
established small and large sclerotia categories for A. flavus (Cotty 1989), but others produced a
mixture of small and large sclerotia which coincided with intermediate conidial and sclerotial
fecundity. The contribution of different conidial (males) and sclerotial (females) production
between members of both the soil and corn population reduced the effective breeding population
size, especially compared to distribution of mating types and female-sterile strains. Effective
breeding populations were greater in the soil, especially when the soil population mixed with the
corn population supporting the contention that sexual reproduction occurs in the soil and that
populations become more heterozygotic after harvest of crops.
The greater conidial production by corn strains supports earlier observations that Lstrains are widely isolated from corn, peanuts and cotton and L-strains produce few sclerotia and
generally more conidia than S-strains (Cotty 1989, Abbas et al. 2005, Camiletti et al. 2018,
Atehnkeng et al. 2008, Giorni et al. 2007, Mauro, 2013, Novas and Cabral 2002, Pildain 2004,
Horn and Greene 1995, Horn et al. 1996). Within the L-strains there were differences in conidial
production; those more frequently isolated from corn produced more conidia. Though not
isolated as frequently from corn as L-strains, mixed and S-strains isolated from corn produced
fewer conidia than others restricted to soil. Infection of the developing seeds begins during
pollination for both corn and peanuts (Marsh and Payne 1984, Diener et al. 1987). Production of
aerial dispersal units should be a selective advantage due to the increased chances for infection
of a nutrient rich source and subsequent production of more conidia (Leslie and Klein 1996). If
sexual reproduction occurs between an isolate that is adept in producing conidia and a soil strain
that produces fewer conidia there is the possibility of loss of inoculum potential and decrease in
dominance of the population. Lack of a sexual cycle should maintain high inoculum potential of
corn-infecting strains and persistence in the population. The importance of conidial production
by the asexual cycle for corn strains (incidental escapes from sexual cycles) is supported by the
fact that the highest conidial producers, VCGs 1, 4 and 10 persisted in the corn population from
2007 until 2014 but the remaining VCGs were not recovered from either soil or corn kernels
(Sweany et al. 2011, Reyes 2017). High density production of conidia by corn strains
circumvented the sexual cycle and resulted in the persistence of these phenotypes. Failure to
produce conidia by soil strains, would not only affect the ability to disperse, but the ability to
contribute male gametes during sexual reproduction. That some L-strains produce similar
amounts of conidia and do not infect corn suggests there are other attributes than just conidial
production that contribute to invasion of the corn niche.
Sclerotia are important to the lifecycle of A. flavus because they serve as survival
structures, sexual reproduction structures, and are believed to be the source of inoculum
(conidia) for infection of crops by sporogenic germination that is synchronized with tassel
development (Wicklow 1983, Diener et al. 1987). Failure to produce sclerotia by corn strains
across sclerotia types, suggests, multiple things: 1. sexual reproduction within the crop would be
infrequent, 2. sclerotial production may present a fitness cost for infection, 3. asexual cycle was
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important for fixation of aggressive pathogens, 4. a change in oxylipin production which are
known to govern shifts between conidial and sclerotial production in response to hosts, light, and
population quorums (Horowitz Brown et. al 2009), and 5. infectious populations are likely
maintained in other crops due to limited survival structures and to reduced chance for sexual
reproduction with sclerotia-producing soil strains. It is noteworthy that the sclerotia produced by
corn infectors were consistently larger than other strains that were associated with the soil in
each size category. Especially within the S-strain VCG 5, the only corn infecting isolate
produced larger sclerotia than the others in the same VCG. Presumably producing large sclerotia
requires more energy, so the enlargement of sclerotia of corn strains would require more energy
to make sclerotia and could explain why sclerotial production might constitute a fitness cost and
therefore be lost. Conversely, the smaller sclerotia size of soil strains reflects lower energy
requirement for their production, and theoretically less expensive for soil strains to produce the
female component and why there can be a maintenance of sclerotia in soil. Though it is
consistently found that small sclerotia are less likely to support ascospore production than large
sclerotia (Horn et al. 2014, Damann et al. 2010). Maintenance of sclerotia production by soil
strains has important implications for soil strains: increased tolerance to desiccation and UV
degradation affording greater survival (Coley-Smith and Cooke 1971, Wicklow 1983, Wicklow
1991), an ability to transition between low and high nutrient conditions (Debuchy et al. 2010),
increased ability to undergo sexual reproduction and increased chance for foreign genes to
migrate into the population by conidia fertilizing the sclerotia (Debuchy et al. 2010, Leslie and
Klein 1996). Frequent sexual cycles will help maintain variability in the population and increase
the ability to survive the environmental pressure of the soil (Leslie and Klein 1996). Further
investigation is warranted as to whether exposing corn L-strains to more stress and nutrient
conditions leads to induction of sclerotial production.
The prevalence of female-sterile members in Gibberella fujikuroi species complex has a
greater impact on reducing the effective breeding population size than distribution of mating
types (Leslie and Klein 1996). The two predominate corn VCGs are essentially female sterile
(Sweany et al. 2011), but unlike G. fujikuroi, there were not only shifts in strains in the
production of sclerotia, there were also big differences in the production of conidia. Conidia are
often considered the males of a population because they have the ability to fertilize the female
ascocarp. For the populations of A. flavus, the ability to produce conidia will change the
effective population size. This was made apparent by the reduction of effective population size
of the soil when both conidial and sclerotial population were considered. If only looking at the
mating types or number of female-sterile strains, the entire soil population will contribute to the
breeding population size. Many soil strains produced few conidia and if conidia and sclerotia
production by the soil population was considered, the breeding population size was reduced to
40%. Horn et al. 2016 showed that not all sclerotia are receptive to fertilization, but conidia
from those isolates can fertilize other sclerotia, supporting the importance of conidial production
for sexual reproduction. Those sclerotia-producing strains that were not fertilized, produced
more conidia, possibly to compensate for sterile ascocarps. Evidence from Horn’s study and the
consistent shift between conidial and sclerotial production suggests sexual differentiation may be
occurring in A. flavus and the male strains are more capable of infecting crops. The effective
breeding population size considering both conidial and sclerotial production is slightly greater
when the soil and corn populations are added together. This suggests that the sexual cycle is
more likely to occur as the differentiated corn and soil populations come in contact after harvest
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when there is a larger contribution of male gametes from the corn population. An additional
layer of complexity to consider for the effective breeding population of A. flavus derives from
the fact that S-strain and A. minisclerotigenes sclerotia are less likely to produce ascospores
(Horn et al. 2014, Damann et al. 2010). An explanation of the genetic isolation of A.
minisclerotigenes is that members within this species are not only limited in contributing male
gametes to the genetic pool but also have sterile ascocarps and therefore the probability of
contributing to the sexual cycle is severely limited (Geiser 1998, Pildain et al. 2008). Conidial
production of A. minisclerotigenes needs to be determined.
Female sterility will be lost with sexual reproduction, because there will be only 1 of 2
gametes that have the genes dysfunctional in production of the female body (Leslie and Klein
1996). Even though there was an apparent fitness gain for corn infectors to lose sclerotial
production, most strains produced a few sclerotia, which suggests there must be frequent sexual
reproduction within A. flavus to maintain sclerotial production. Frequent sex is supported by the
lack of maintenance of VCGs in the soil (Ortega-Beltran and Cotty 2018, Reyes 2017, Bayman
and Cotty 1991) and evidence of recombination in group I (Geiser 1998). If loss of ascocarps is
advantageous for plant pathogens, circumvention of the sexual cycle is important for persistence
in the crop, and can be accomplished by producing more asexual propagules (Leslie and Klein
1996). Maintenance of VCGs 1, 4, and 10 in the corn population from 2007 to 2014 is evidence
that corn infectors dodged sexual cycles by producing large quantities of asexual propagules
(conidia) (Sweany et al. 2011, Reyes 2017). It is noteworthy that VCG 1 was no longer the
dominant VCG, suggesting the possibility the population size decreased after sexual
reproduction. VCG 1 is the only VCG represented herein that has an isolate with a different
mating type, this individual also is the only isolate to produce sclerotia, suggesting this VCG has
the ability to undergo sexual reproduction in the field (Sweany et al. 2011). Of VCG 1, 4 and 10
only VCG 4 produced a few sclerotia and was more persistent, which suggests to be consistently
maintained in the A. flavus population, the need for minimal sclerotial production even if there
may be a small cost to the strain. The strains without sclerotial production may experience more
of boom and bust cycle.
This study documented a shift away from sclerotial production to conidial production in
the corn A. flavus population. This shift may be evidence of sexual differentiation within A.
flavus that is associated with specialization for different habitats; the males are fit for corn and
females more fit for soil. Accounting for difference in sclerotial and conidial production lowers
the effective breeding population of corn, soil, and total populations which becomes largest when
corn and soil populations are mixed indicating the increased likelihood of sexual reproduction
after harvest. Phylogenetic studies need to be conducted to understand the relatedness of strains
and determine if mixed sclerotial strains are hybrids of L and S-strains or potentially a new
taxon. The phylogenetic studies should include isolates from peanuts and cotton to learn if they
are similar to corn strains. Additionally, mating studies need to be conducted to determine the
inheritance of conidial and sclerotial production and if these are linked traits.
4.5 References
Abbas, H. K., Weaver, M. A., Zablotowicz, R. M., Horn, B.W., and Shier, W. T. 2005.
Relationships between aflatoxin production and sclerotial formation among isolates of

76

Aspergillus section Flavi from the Mississippi Delta. European Journal of Plant
Pathology 112:283-287.
Atehnkeng, J., Ojiambo, P. S., Donner, M., Ikotun, T., Sikora, R. A., Cotty, P. J., and
Bandyopadhyay, R. 2008. Distribution and toxigenicity of Aspergillus species isolated
from Maize kernels in three agro-ecological zones in Nigeria. International Journal of
Food Microbiology 122:74-84.
Bayman, P. and Cotty, P. J. 1991. Vegetative compatibility and genetic diversity in the
Aspergillus flavus population of a single field. Canadian Journal of Botany 69: 17071711.
Bensch, S. 1997. The cost of polygyny – definitions and applications. Journal of Avian
Biology 28:345-352.
Camiletti, B. X., Moral, J., Asensio, C. M., Torrico, A. K., Lucini, E. I., Gimenez-Pecci, M.P.,
and Michailides, T. J. 2018. Characterization of Argentinian endemic Aspergillus flavus
isolates and their potential use as biocontrol agents for mycotoxins in maize.
Phytopathology 108:818-828.
Chang, P-K., Scharfenstein, L. L., Mack, B., and Ehrlich, K. C. 2012. Deletion of Aspergillus
flavus orthologue of A. nidulans fluG reduces conidiation and promotes production of
sclerotia but does not abolish aflatoxins biosynthesis. Applied Environmental
Microbiology 78:7557-7563.
Coley-Smith, J. R. and Cooke, R. C. 1971. Survival and germination of fungal sclerotia. Annual
Review of Phytopathology 9:65-92.
Cotty, P. J. 1989. Virulence and cultural characteristics of two Aspergillus flavus strains
pathogenic on cotton. Phytopathology 79:808-814.
Cotty, P.J. 1997. Aflatoxin-producing potential of communities of Aspergillus section Flavi
from cotton producing areas in the United States. Mycological Resources 101:696-704.
Cotty, P.J. and Cardwell, K.F. 1999. Divergence of West African and North American
communities of Aspergillus section Flavi. Applied and Environmental Microbiology
65:2264-2266.
Crow, J. F. and Kimura, M. 1970. An introduction to population genetics theory. Harper &
Row Publishers, New York.
Damann Jr., K. E., DeRobertis, C., and Sweany, R. 2010. Mating between Aspergillus flavus
cryptic species I & II. Phytopathology100:S28.
Debuchy, R., Berteaux-Lecellier, V., and Silar, P. 2010. Mating systems and sexual
morphogenesis in Ascomycetes. Pages 501-535 in: Cellular and Molecular Biology of

77

Filamentous Fungi. Borkovich, K. A. and Ebbole, D. J. eds. ASM press, Washington
DC.
Diener, U. L., Cole, R. J., Sanders, T. H., Payne, G. A., Lee, L. S., and Klich, M. A. 1987.
Epidemiology of aflatoxin formation by Aspergillus flavus. Annual Review of
Phytopathology 25:249-270.
Geiser, D. M., Pitt, J. I., and Taylor, J. W. 1998. Cryptic speciation and recombination in the
aflatoxin-producing fungus Aspergillus flavus. Proceedings of the National Academy of
Sciences 95:388-395.
Geiser, D. M., Dorner, J. W., Horn, B. W., and Taylor, J. W. 2000. The phylogenetics of
mycotoxin and sclerotium production in Aspergillus flavus and Aspergillus oryzae.
Fungal Genetics and Biology 31:169-179.
Giorni, P., Magan, N., Pietri, A., Bertuzzi, T., and Battilani, P. 2007. Studies on Aspergillus
section Flavi isolated from maize in northern Italy. International Journal of Food
Microbiology 113: 330-338.
Horn, B. W. 2003. Ecology and population biology of aflatoxigenic fungi in soil. Toxin
Reviews 22:351-379.
Horn, B. W., Gell, R. M., Singh, R., Sorensen, R. B., and Carbone, I. 2016. Sexual reproduction
in Aspergillus flavus sclerotia: Acquisition of novel alleles from soil populations and
uniparental mitochondrial inheritance. PLoS ONE 11:e0146169.
Horn, B. W., Greene, R. L., Sobolev, V. S., Dorner, J. W., Powell, J.H., and Layton, R. C. 1996.
Association of morphology and mycotoxin production with vegetative compatibility
groups in Aspergillus flavus, A. parasiticus, and A. tamarii. Mycologia 88:574-587.
Horn B. W. and Greene R. L. 1995. Vegetative compatibility within populations of Aspergillus
flavus, A. parasiticus, and A. tamarii from a peanut field. Mycologia 1995:324-332.
Horn, B. W., Sorensen, R. B., Lamb, M. C., Sobolev, V. S., Olarte, R. A., Worthington, C. J.,
and Carbone, I. 2014. Sexual reproduction in Aspergillus flavus sclerotia naturally
produced in corn. Phytopathology 104:75-85.
Horowitz Brown, S., Scott, J. B., Bhaheetharan, J., Sharpee, W. C., Milde, L., Wilson, R. A., and
Keller, N. P. 2009. Oxygenase coordination is required for morphological transition and
the host-fungus interaction of Aspergillus flavus. Molecular Plant-Microbe Interactions
22:882-894.
Leslie, J. F. and Klein, K. K. 1996. Female fertility and mating type effects on effective
population size and evolution in filamentous fungi. Genetics 144:557-567.

78

Marsh, S. F. and Payne, G. A. 1984. Preharvest infection of corn silks and kernels by
Aspergillus flavus. Phytopathology 74:1284-1289.
Mauro, A., Battilani, P., Callicott, K. a., Giorni, P., Pietri, A., and Cotty, P. J. 2013. Structure of
an Aspergillus flavus population from maize kernels in northern Italy. International
Journal of Food Microbiology 162:1-7.
Moore, G. G., Elliot, J. L., Singh, R., Horn, B. W., Dorner, J. W., Stone, E. A., Chulze, S. N.,
Barros, G. G., Naik, M. K., Wright, G. C., Hell, K., and Carbone, I. 2012. Sexuality
generates diversity in the aflatoxin gene cluster: Evidence on a global scale. PLOS
Pathogens 9:e1003574.
Novas, M. V. and Cabral, D. 2002. Association of mycotoxin and sclerotia production with
compatibility groups in Aspergillus flavus from peanut in Argentina. Plant Disease
86:215-219.
Ortega-Beltran, A. and Cotty, P. J. 2018. Frequent shifts in Aspergillus flavus populations
associated with maize production in Sonora, Mexico. Phytopathology 108:412-420.
Pildain, M. B., Frisvad, J. C., Vaamonde, G., Cabral, D., Varge, J., and Samson, R. A. 2008.
Two-novel aflatoxin-producing Aspergillus species from Argentinean peanuts.
International Journal of Systematic and Evolutionary Microbiology 58:725-735.
Pildain. M. B., Vaamonde, G., and Cabral, D. 2004. Analysis of population structure of
Aspergillus flavus from peanut based on vegetative compatibility, geographic origin,
mycotoxin and sclerotia production. International Journal of Food Microbiology 93:3140.
Richard, J. L. 2008. Discovery of aflatoxins and significant historical features. Toxin Reviews
27:171-201.
Reyes Pineda, J. A. 2017. Characterization of Aspergillus flavus soil and corn kernel
populations from eight Mississippi River States. Master’s thesis, Louisiana State
University, Baton Rouge, Louisiana.
Razzaghi-Abyaneh, M., Shams-Ghahfarokhi, M., Allameh, A., Kazeroon-Shiri, A., RanjbarBahadori, S., Mirzahoseini, H., and Rezaee, M-B. 2006. A survey on distribution of
Aspergillus section Flavi in corn field soils in Iran: Population patterns based on
aflatoxins, cyclopiazonic acid and sclerotia production. Mycopathologia 161:13-192.
Raper, K.B. and Thom, C.A. 1968. A manual of the Penicilla. Williams & Wilkins Company,
Baltimore.
St. Leger, R. J., Screen, S. E., and Shums-Pirzadeh, B. 2000. Lack of host specialization in
Aspergillus flavus. Applied and Environmental Microbiology 66:320-324.

79

Sweany, R. R., Damann Jr., K. E., and Kaller, M. D. 2011. Comparison of soil and corn kernel
Aspergillus flavus populations: evidence for niche specialization. Phytopathology
101:952-959.
Thom, C. and Raper, K. B. 1945. A manual of the Aspergilli. The Williams & Wilkins
Company: Baltimore.
Vaamonde, G., Patriarca, A., Pinto, V. F., Comerio, R., and Degrossi, C. 2003. Variability of
aflatoxin and cyclopiazonic acid production by Aspergillus section Flavi from different
substrates in Argentina. International Journal of Food Microbiology 88:79-84.
Wicklow, D. T. 1983. Taxonomic features and ecological significances of sclerotia. Pages 6-12
in: “Aflatoxin and Aspergillus flavus in corn.” Diener, U. L., Asquith, R. L. and Dickens,
J. W. eds. Southern Cooperative Service Bulletin 279, Auburn.
Wicklow, D. T. 1991. Epidemiology of Aspergillus flavus in corn. Pages 315-328 in: Aflatoxin
in Corn: New Perspectives. O. L. Shotwell and C. R. Hurburgh, Jr., eds. Iowa Agric.
Home Econ. Exp. Stn. Res. Bull. 599, Ames.
Wright, Sewall. 1931. Evolution in Mendelian populations. Genetics 16:97-159.
Yu, J., Cleveland, T. E., Nierman, W. C., and Bennett, J. W. 2005. Aspergillus flavus genomics:
Gateway to human and animal health, food safety, and crop resistance to diseases. Rev.
Iberoam. Micol. 22:194-202.

80

Chapter 5. Influence of Neighboring Colonies on Aflatoxin Production by Aspergillus flavus
5.1. Introduction
Aspergillus flavus is an ascomycete fungus that impacts agriculture, public and
environmental health due to production of acutely-toxic, carcinogenic aflatoxins in oil seed crops
(Diener et al. 1987, Horn 2003, Wicklow 1991). Aflatoxins are toxic to humans and most
animals including mammals, fish and insects (Diener et al. 1987, Horn 2003, Wicklow 1991).
Peanuts and corn are especially prone to aflatoxin contamination in tropical and sub-tropical
environments (Diener et al. 1987, Horn 2003, Wicklow 1991). Aflatoxin production is favored
in developing seeds infected with A. flavus when crops experience heat and drought stress
(Diener et al. 1987, Horn 2003, Wicklow 1991). Evidence will be presented that A. flavus can
regulate aflatoxin production in response to clones growing in close proximity without contact
and only shared headspace.
The ecological function of aflatoxin production is not fully understood. Several
exogenous factors influence aflatoxin production including: light, pH, water activity, reactive
oxygen species (ROS), nitrogen, inorganic and organic salts etc. (Brakhage 2013, Roze et al.
2013, Woloshuk and Shim 2013). There is conflicting evidence that aflatoxin is a virulence
factor for infection of crops. Barring any phytotoxic effects of aflatoxin, it has been suggested
aflatoxin synthesis is essential to increase tolerance to oxidative stress from plants during the
infection process and under drought conditions (Roze et al. 2015, Fountain et. al. 2015). Strains
of A. flavus without aflatoxin production capabilities (atoxigenic) also have tolerance to
oxidative stress and are commonly isolated from plants demonstrating aflatoxin is not necessary
for infection (Abbas et al. 2005, Atehnkeng 2008, Diener et. al. 1987; Fountain et al. 2015,
Giorni et al. 2007, Horn 2003, Sweany et al 2010, Wicklow 1991). Aflatoxin is speculated to be
important for survival in soil microbial communities. Aflatoxin is toxic to some common soil
gram+ bacteria including Bacillus, Streptomyces and Nocardia spp., but has limited toxicity to
several fungi and other gram+ and gram- bacteria (Burmeister and Hesseltine 1966, Arai et al.
1967). More recently, studies investigated the interactions of soil inhabitants with A. flavus.
Volatiles produced by A. nidulans both stimulate and reduce aflatoxin production in A.
parasiticus (Roze et al. 2007). Volatiles emitted from the soil-borne plant pathogenic bacterium
Ralstonia solanacearum induce chlamydospore production and increase aflatoxin production
(Spraker et al. 2014). Intensive research investigated the ability of atoxigenic A. flavus strains to
competitively exclude toxigenic strains from crops and reduce aflatoxin contamination (Cotty
1990, Dorner et al. 1992, Brown et al. 1991). Several lines of evidence indicate there is
inhibition of aflatoxin production but the chemical/biochemical interaction is still not understood
(Abbas 2011, Huang et al. 2010; Mehl and Cotty 2010. Wicklow et al. 2003). Altering the
concentration of conidia in culture alters aflatoxin production in a density dependent manner
similar to quorum sensing in bacteria (Affeldt et al. 2012, Brown et al. 2009; Cleström et al.
1983). At lower concentrations, A. flavus produces sclerotia and aflatoxin and as the
concentration increases there is a shift from sclerotial to conidial production and loss of aflatoxin
production (Affeldt et al. 2012, Brown et al., 2009). Deletion of oxylipin-generating
dioxygenase genes, especially ppoC, remove the loss of sclerotial production at high inoculum
densities and maintain aflatoxin production implicating oxylipins in the quorum sensing
developmental shift (Affeldt, Brodhagen and Keller, 2012; Brown et al., 2009). Cessation of
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aflatoxin production at higher conidial concentrations, provides evidence that aflatoxin is more
important to survival of A. flavus at a low population. At low population sizes there is more
competition with surrounding microbes but as the population increases and A. flavus successfully
colonizes the soil habitat there is less need to produce toxin to presumably compete with other
organisms.
Anomalous results occurred in investigations of the interaction between atoxigenic and
toxigenic A. flavus. Using the methods established by Huang et al. 2011, atoxigenic and
toxigenic strains can be separated within wells of 24-well plate by growing toxigenic isolates
within a .4µm filter insert and the atoxigenic in the wells. Normally when contact is not allowed
between atoxigenic and toxigenic A. flavus by the filter insert, there is no inhibition of aflatoxin
production. Though in a 24-well plate with 8 empty wells, there was a complete loss of aflatoxin
production when a toxigenic isolate was separated from the atoxigenic isolate. In addition to a
loss of aflatoxin production, the toxigenic isolate produced a dense lawn of green conidia
compared to normally limited conidial production. This sparked an investigation into the
influence of neighboring, non-connected cultures of A. flavus on aflatoxin production.
Specifically, is there density-dependent stimulation of aflatoxin production from gases produced
by the fungi? Initial experiments with 24-well plates found no statistical differences in aflatoxin
production if A. flavus grew in 6, 12, 18 or 24 wells, though there was a small increase that
coincided with an increase in the number of wells with A. flavus. Since there would be
essentially 48 cultures if wells and inserts are considered discrete units, either 12, 24, 36 or 48
wells were inoculated with a single strain of A. flavus in 48-well plates. No aflatoxin was
produced in a 48-well plate when A. flavus grew in only 12-wells, therefore a series of
experiments was conducted to determine if there is a density-dependent stimulation of aflatoxin
production in A. flavus. Evidence is presented that volatile chemicals produced during growth of
A. flavus both stimulate and inhibit aflatoxin production in a location and density-dependent
manner.
5.2 Materials and Methods
5.2.1 Basic experimental setup
To determine if the number of cultures within a closed system alters aflatoxin production
within an individual strain, two culture systems were used. The culture systems were comprised
of either Corning Costar flat bottom 48-well plates (3548 Corning, New York) or 8-35 mm wide
small Petri dishes (Falcon 351058, Corning, New York) nestled within a larger 150mm diameter
petri dish. For a single experiment, within at least 4-48 well plates either, 12, 24, 36 or 48 wells
were inoculated with a single isolate of A. flavus. For the Petri-dish design, either 1, 4 or 8 plates
were inoculated with a single isolate of A. flavus and replicated three times. The 48-well plates
were wrapped in Parafilm and placed in individual boxes with two wet paper towels and
incubated for 4 days in the dark at 25˚C. The small petri-dishes were placed uncovered in the
large covered petri-dish which was wrapped with 4 layers of Parafilm and incubated for 5 days in
the dark at 25˚C.
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5.2.2 Fungal isolates
Isolates 53 and AF70s were used in the 48-well plate assays. Isolates AF70s, Tox4 and 53 were
used in the Petri-dish design. Strain 53 was isolated from corn in Louisiana in 2004 and
produces large sclerotia > 400μm (Huang et al. 2011). AF70s was isolated from a cotton field in
Arizona and produces small sclerotia < 400μm (Cotty, 1989). Tox4 was isolated from corn in
2007 and rarely produces large sclerotia and belongs to the same vegetative compatibility group
as isolate 53 (Sweany et al, 2011). Tox4 and 53 are both Mat 1-2 and AF70s is Mat 1-1. For
each experiment, a fresh batch of spores was grown on V8 agar for one week prior to
inoculation. Spores were harvested in 2 mL of water by dislodging them with a glass rod.
5.2.3 Media
Liquid glucose salts medium (L-medium) was used in the 48-well plates containing: 3.5g
ammonium sulfate, 750 mg potassium phosphate, 350 mg magnesium sulfate 7-hydrate, 75 mg
calcium chloride di-hydrate, 10mg zinc sulfate 7-hydrate, 5 mg manganese chloride 4-hydrate, 2
mg ammonium molybdenate 4-hydrate, 2 mg sodium borate 10-hydrate and 2 mg ferrous sulfate
7-hydrate and 50 g glucose per liter (Wicklow et. al., 2003). The salts and glucose were
autoclaved separately. Solidified (2% agar) glucose salts medium (S-medium) was used in both
culture systems and was the only medium used for the petri dish design. A second medium was
buffered at pH4 with 0.053 M citric acid and 0.027 M sodium citrate (buffered L-medium) used
in the 48-well system. The buffered L-medium was also solidified with 2% agar in the 48-well
plates.
In the petri-dish system, 4 ml of medium was added to each petri dish. In the 48-well
plates, all wells were filled with 500μl of solid media. Five hundred microliters of liquid
medium were added either in all wells or columns 1 & 5; 1, 4, 5 and 9; 1, 2, 4, 5, 6 and 8.
Columns consisted of six wells.
5.2.4 Inoculations
The inoculum concentration of spores within the liquid medium in 48-well plates was
1x10 conidia/ml. One μl of 1x108 conidia/ml was transferred to the center of each Petri dish
giving a final concentration of 2.5x104 conidia/ml. On solid medium within the 48-well plates,
1μl of 1.25x107 conidia/ml was added on top of 500μl of medium to give a final concentration of
2.5x104 conidia/ml.
5

5.2.5 Prevention of gas exchange
In order to determine if gas exchange between wells or plates was responsible for
difference in aflatoxin production, the wells were either sealed or activated charcoal was added
as an adsorbent for any volatile organic compounds. Four layers of Parafilm were placed on top
of the wells of a 48-well plate in which all the wells were inoculated and filled with buffered Lmedium to prevent or limit gas exchange between wells. In the 48-well plates activated charcoal
was pipetted in the spaces between the wells filled with buffered L-medium. In the petri dish
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system, 3 grams of activated charcoal was spread onto the bottom of the large petri dish and the
smaller petri-dishes were placed on top of the activated charcoal.
5.2.6 Aflatoxin extraction and quantification
An exact quantity of liquid culture medium was mixed with an equal volume of
acetonitrile. The solid medium and spores were placed in a 1-dram vial for 48-well plates or in a
20 ml scintillation vial for 35 mm petri dishes. Chloroform was added to the vials and incubated
overnight in a fume hood. The chloroform was filtered through Whatman filter paper and
evaporated overnight. The aflatoxin was resuspended in 0.5 ml of 80:20 vol/vol methanol: water
and then mixed with 0.5 ml acetonitrile. All extracts were filtered thru a cleanup column, packed
with 200 mg basic aluminum oxide into an auto-sampler vial (Sobolev and Dorner, 2002). The
aflatoxin was then quantified with reversed-phase high performance liquid chromatography
using a Summit HPLC System (Dionex Corporation, California) with a P580 pump, ASI-100
automated sample injector, RF2000 fluorescence detector, and Chromeleon software version
6.20 (Joshua, 1993). A post-column derivatization step was conducted by exposing the extract to
a UV light in a PHRED (Aura Industries Inc., New York) (Joshua, 1993). The mobile phase was
22.5 HPLC grade Methanol: 22.5 HPLC grade Acetonitrile: 55 distilled water mixture at
1ml/min. The stationary phase was a Syncronis C18, 3x150mm long column (Thermo Fisher
Scientific Inc., Massachusetts). Aflatoxin B1 was detected at 11.8 minutes.
5.2.7 Data analysis
Means and standard error were calculated using Excel (Microsoft Corp, Washington).
Statistical analysis was conducted using SAS version 9.4 (SAS Institute, North Carolina).
ANOVAs were calculated using proc Mixed. For the 48-well plate experiments three full
models were evaluated. The first model assessed the effect of class variables: media (L&Smedium and buffered L&S-medium), well location (rows A&E, B&F and C&D), strain (53 and
Af70s) and number of inoculated wells on log (aflatoxin concentration +1). The second model
assessed the effect of activated charcoal, number of inoculated wells and location on
log(aflatoxin concentration +1). The final model tested the effect of Parafilm and location on
log(aflatoxin concentration +1). For the petri-dish design two models were conducted. An initial
model was conducted for a first experiment where only strain 53 was grown and the effect of
location and number of inoculated dishes was tested on aflatoxin concentration. A second full
model assessed the effects of class variables, number of inoculated plates, strains and activated
charcoal and on aflatoxin. There were significant interaction terms for all the full models,
therefore individual models were investigated. Post-hoc comparison of means were calculated
using Tukey-Kramer adjusted means and considered different if the p-value was 0.05 or less.
Where appropriate, aflatoxin values were adjusted to log (toxin+1) to meet the assumption of
normality.
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5.3 Results
5.3.1 Neighbors and well-location alter aflatoxin production
To test the initial hypothesis that the number of identical cultures within a closed system
influences aflatoxin production, variable number of wells within 48-well plates were filled with
citrate buffered liquid glucose salts medium (buffered L-medium) and inoculated with A. flavus
isolate 53 (Figure 5.1). Aflatoxin production was variable between wells and plates (Table 5.1,
A). Aflatoxin production was stimulated by increasing the number of wells inoculated with A.
flavus, with as much as 900 ppb more aflatoxin produced if all 48 vs. 12-wells were inoculated.
Additionally, aflatoxin production was inhibited in the interior wells.

Figure 5.1. Number of inoculated wells and well-location changed aflatoxin production by A.
flavus. Plates were inoculated with a single isolate of A. flavus in the four arrays depicted.
Centrally located wells produced more conidia and when all wells were inoculated the growth
was less dense. Aflatoxin varied with less aflatoxin production in the interior wells of the plate
and the greatest production when all wells were inoculated with A. flavus.
5.3.2 Filling empty wells does not alter location and neighbor effect
To determine the effect of empty wells filled with medium alone, the first experiment
was repeated with all wells filled with buffered L-medium. Overall, filling the non-inoculated
wells with medium resulted in higher levels of aflatoxin production, which was most pronounced
in the outer wells (Table 5.1, B). Regardless, aflatoxin production was still stimulated by
inoculating more wells with A. flavus, by at least 2000 ppb if more than 12 wells were
inoculated. Additionally, the location effect was not altered by the addition of medium; there
was still a substantial inhibition of aflatoxin production within the interior wells. Preservation of
the effects of well location and proportion of inoculated wells on aflatoxin production, indicates
the changes are likely a response to A. flavus growth instead of more medium in the wells.
5.3.3 Solid medium can minimize location and neighbor effect
Agar was added to both buffered and non-buffered medium (S-medium) to determine if
the location effect was caused by lower water content in the outer wells. The location effect was
completely ameliorated on buffered S-medium when all the wells were inoculated, but not when
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12 or 24 were inoculated (Table 5.1, D & E). The location effect was still pronounced on nonbuffered S-medium, with the exception of 36 inoculated wells. Increasing the proportion of
inoculated wells on both S-media resulted in a stimulation of aflatoxin production. On buffered
S-medium, more inoculated wells resulted in a minimal increase in aflatoxin production, though
Table 5.1. Variable aflatoxin production within and between single isolates grown in individual
wells of 48-well plates
Experimental variables within 48-well platesz
Strain
(exp).x
53(A)

Medium

Portion of wells inoculated with a single strain: mean aflatoxin
production in wellsy
1/4 (12)
½ (24)
¾ (36)
All (48)

L-buffered

Non-inoculated
wells filled?
empty

Activated
charcoal?
none

Well-row
location
Outer
Inner
Inner most

11.4 ± 9.1 cdw
0.10 ± 0.10 d
0d

33.5 ± 6.0 bc
0d
0d

119 ± 15 b
41 ± 15 bc
17 ± 11 d

914 ± 198 a
222 ± 97 b
75 ± 62 cd

(B)

L-buffered

filled

none

Outer
Inner
Inner most

130 ± 21 βγ
23 ± 6 γδ
3.8 ± 2.7 δ

2288 ± 454 α
200 ± 122 γ
22 ± 10 δ

2343 ± 354 α
125 ± 18 γ
9.3 ± 3.2 δ

1098 ± 254 αβ
119 ± 21 γ
18 ± 3.6 δ

(C)

L

empty

none

L

filled

none

Outer
Inner
Inner most
Outer
Inner
Inner most

123 ± 75 b
1.5 ± 0.65 c
0c
0c
0c
0c

1.4 ± 0.67 c
0c
0c
n.a.v
n.a.
n.a.

211 ± 28 a
1.4 ± 0.60 c
0c
n.a.
n.a.
n.a.

83 ± 33 b
1.2 ± 0.54 c
0.05 ± 0.03 c
n.a.
n.a.
n.a.

(D)

S-buffered

filled

none

Outer
Inner
Inner most

5610 ± 181 αβ
4433 ± 497 βγ
1062 ± 462 δ

5346 ± 154 αβ
3527 ± 419 γ
664 ± 189 δ

6308 ± 75 α
5965 ± 163 α
4583 ± 426 βγ

5932 ± 75 α
5923 ± 64 α
5670 ± 104 α

(E)

S

filled

none

Outer
Inner
Inner most

15 ± 8.6 de
5.0 ± 3.6 e
9.0 ± 4.6 e

652 ± 117 a
504 ± 109 a
264 ± 91 bc

832 ± 78 a
1046 ± 58 a
750 ± 86 a

124 ± 19 b
49 ± 8.3 cd
13 ± 1.7 e

(F)

L-buffered

n.a.

parafilm
blocked air
between wells

Outer
Inner
Inner most

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

1.2±0.60 γ
4.5±1.5 β
9.7±1.5 α

(G)

L-buffered

filled

charcoal

Outer
Inner
Inner most

486 ± 73 d
440 ± 44 d
340 ± 134 d

2040 ± 120 c
837 ± 70 d
266 ± 89 d

2943 ± 102 a
2734 ± 134 ab
2444 ± 138 abc

2805 ± 42 a
2596 ± 54 ab
2306 ± 161 bc

Af70s
(H)

L-buffered

empty

none

Outer
Inner
Inner most

1965 ± 370 βγ
363 ± 54 εζ
266 ± 65 ζ

2674 ± 386 β
2979 ± 474 β
3468 ± 381 αβ

6297 ± 476 α
2972 ± 425 β
567 ± 104 εζ

1064 ± 115 γδ
793 ± 89 δε
710 ± 66 δε

(I)

L-buffered

filled

none

0 ppb

0-19 ppb

Outer
Inner
Inner most
20-99 ppb

4475 ± 662 bc
4838 ± 1135 ab
5348 ± 575 ab
100-199 ppb

4793 ± 567 b
6002 ± 573 ab
6755 ± 479 a
200-499 ppb

6909 ± 502 ab
6316 ± 432 ab
2210 ± 476 cd
500-999 ppb

1064 ± 115 d
793 ± 89 d
710 ± 66 d
1000+ ppb

Aflatoxin schemeu

Aflatoxin was measured for individual wells with a single isolate of A. flavus growing to
determine if the number of cultures of A. flavus within a 48-well plates stimulate aflatoxin
production. Plates were incubated separately in boxes for 4 days in the dark at 25°C.
z
Several different variables were manipulated to determine consistency of aflatoxin differences
between wells in 48-well plates. Including different isolates, different medium (liquid (L) vs.
solid (S) glucose salts medium, citrate buffered vs. non-buffered glucose salts medium), filled
with medium vs. empty non-inoculated wells, activated charcoal between wells to adsorb gases,
and the row (6 total) location of cultures within plates.
y
To determine the influence of the number of cultures on aflatoxin production within 48-well
plates A. flavus conidia were pipetted into all wells of columns 1 & 5 (1/4 plate); 1, 4, 5 and 9
(Table 5.1 notes continued)
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(1/2 plate); 1, 2, 4, 5, 6 and 8 (3/4 plate) or all 48 wells of the plate.
x
Individual experiments denoted by capitalized letters investigated several different questions:
(A) Is there different aflatoxin production if there are different number of wells
inoculated with A. flavus?
(B) Are the differences in aflatoxin production caused by lack of medium in the empty
wells or does A. flavus growth contribute to changes in production?
(C) Are the differences in aflatoxin production maintained without citrate pH buffer?
(D) and (E) Does solidified medium minimize the differences between wells?
(F) Does blocking air-flow with Parafilm remove differences between wells?
(G) Does adsorbing gases to activated charcoal remove differences between wells?
(H) and (I) Does changing the isolate change the influence of the number of cultures on
aflatoxin production?
w
Different letters indicate different mean aflatoxin B1 ppb ± standard error values based TukeyAdjusted Least Significant Differences at α<0.05. For simplification, differences of means are
only reported within an individual experiment and not across experiments.
v
n.a. means not applicable because no experiment conducted.
u
Colors of the cells represent a heat map of aflatoxin production the colors are the same in
Figure 5.1. Values above 1000ppb are the same color, therefore, variation in exp. (D) and (I) is
not visible.
in the innermost wells there was still a trend for increasing aflatoxin production. On nonbuffered S-medium, there was an overall increase of 865 ppb as the number of inoculated wells
increased from 12 to 36, followed by a decrease when all 48 wells were inoculated.
5.3.4 Buffering pH enhances the response to neighbors but not location
Removing the citrate pH buffers decreased the sensitivity to neighboring colonies only in
L-medium and did not change the location effect. The pH decreased from 4 to 2 in the nonbuffered L-medium which coincided with less aflatoxin, sparse mycelia and conidia production
compared to buffered L-medium. There was an inconsistent aflatoxin response to the number of
wells inoculated with A. flavus in liquid medium (Table 5.1, C). Regardless, the highest
aflatoxin production within an individual well (473 ppb) occurred when all 48 wells were
inoculated. On S-medium (Table 5.1, E), removing pH buffers did not alter the stimulatory
effect of neighboring cultures.
5.3.5 Prevention of gas exchange limits differences and aflatoxin production
To determine if changes in aflatoxin contamination were due to gas exchange between
the neighboring wells of a 48-well plate with all wells inoculated and filled with buffered Lmedium, 4-layers of Parafilm were placed across the tops of the wells before the lid was put on
(Table 1, F). Aflatoxin levels were essentially zero in all the wells, in stark contrast to 900 ppb
aflatoxin production in the exterior rows with no Parafilm. In addition to minimal aflatoxin
production, the location effect was lost, and if anything, when Parafilm was used there was
slightly more aflatoxin production in the interior wells. Limiting gas exchange between wells
removed both the stimulation caused by more inoculated wells and the inhibition in the interior
of the plate and is potentially an effect of hypoxia on growth.
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5.3.6 Activated charcoal removes inhibitory gas(es)
Activated charcoal was added between the wells of 48-well plates to adsorb volatile
organic compounds and to determine if the changes in aflatoxin were caused by volatile
compounds produced by the fungus (Table 5.1, G). Addition of activated charcoal did not
change the aflatoxin production stimulation caused by inoculating more wells, but there was a
loss of the location effect. With the exception of 24 inoculated wells, there was no longer a
significant loss of aflatoxin production in the interior wells of the 48-well plates. Compared to
plates filled with buffered L-medium, the inhibition of aflatoxin production in the interior of the
plate was 27% (24 wells) to 200% (36 wells) when activated charcoal was placed in between the
wells, indicating the activated charcoal removed an inhibitory volatile compound.
5.3.7 Neighbors and location also effect Af70s
All previous experiments were conducted using A. flavus isolate 53, a second isolate
Af70s was grown in 48-well plates filled with buffered L-medium to determine if the changes in
aflatoxin production were strain dependent (Table 5.1, H & I). Regardless of whether the uninoculated wells were empty or filled with buffered L-medium, Af70s increased aflatoxin
production as the number of inoculated wells increased from 12 to 36 wells by 2-4000 ppb.
When all the wells were inoculated there was a reduction in aflatoxin production. Af70s
produced more aflatoxin than 53. The location effect changed for Af70s. When 12 or 24 wells
were inoculated, there was generally an increase of aflatoxin in the interior of the plate, but when
36 and 48 wells were inoculated there was a decrease of aflatoxin in the interior of the plate.
There was a stimulation of aflatoxin production as more wells were inoculated regardless of
strain, but the location effect was different between strains.
5.3.8 Changing design losses location effect
Neighboring wells are actually attached; there is a chance chemicals can permeate and
pass between the polystyrene wells, though not likely due to the 2mm thickness of the plastic at
the junction points. A second experimental setup was designed where the culture containers
were no longer physically touching to see if the chemical signals responsible for the changes in
aflatoxin production were diffusing between the cultures. Using a modification of Linz’s
technique (Roze, 2007), eight small Petri dishes were nestled within a larger Petri dish and either
one, four, or eight Petri-dishes were inoculated with strain 53 (Figure 5.2). Aflatoxin production
increased as the number of inoculated dishes increased from one to four by 200 ppb, followed by
a decrease when 8 dishes were inoculated, indicating the stimulatory and inhibitory effects were
likely a response to gases emitted from the fungus. Unlike within the 48-well plates, Petri dish
location did not significantly alter aflatoxin production (p=0.592).
Activated charcoal was added to the bottom of the large petri dish to determine if volatile
compounds produced by the fungus were responsible for the changes in aflatoxin production
(Table 5.2). Unlike the previous experiment, there was only a marginal increase (75 ppb) in
aflatoxin when four dishes were inoculated, but there was still a significant decrease in aflatoxin
production when all eight dishes were inoculated if no activated charcoal was added to the larger
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dish. When activated charcoal was added to the larger petri-dish, there was a significant increase
of at least 1000 ppb aflatoxin. Aflatoxin production if eight dishes were inoculated was restored
to the level of one or four inoculated dishes when activated charcoal was added to the large Petridish, suggesting an inhibitory volatile organic compound produced by the fungus was adsorbed
by the activated charcoal.
Mean AFB1: 392±40 ppb
ng/ml

Mean AFB1: 626±19
ng/ml

Mean AFB1: 385±9.5
ng/ml

Figure 5.2. Number of inoculated petri-dishes within a closed dish changes aflatoxin production.
Either 1, 4 or 8 small petri-dishes were center-point inoculated and enclosed in a larger dish. All
produced similar colonies with dense hyphal growth and minimal conidia; occasionally aerial
hyphae could be observed for those with 8 inoculated dishes.
Table 5.2. Variable aflatoxin production in 8-Petri-dish system
Strainz

Number dishes inoculated with a single strain:
mean aflatoxin production / dish
1x
4
8

Activated
charcoal?y
none
charcoal

1225±274 cd
3476±98 a

1299±80 d
2440±119 b

587±23 e
1689±63 c

Af70s

none
charcoal

3481±511 αβ
2988±462 αβγ

2464±131 βγ
3565±152 α

1579±105 δ
2078±159 γδ

Tox4

none
charcoal

2707±180 ab
3331± 743 a

1675±144 c
2401±138 b

763±49 d
1312± 84 c

53

Different number of 8 small Petri dishes were center point inoculated with the same A. flavus
isolates and sealed with in a larger Petri dish to determine if aflatoxin production changed if
more cultures grew near one another.
z
Three different isolates were tested to determine each responded similarly.
y
Activated charcoal was added to the bottom of the large Petri dish to adsorb gases produced by
A. flavus.
x
Different letters indicate different mean aflatoxin B1 ppb ± standard error values based TukeyAdjusted Least Significant Differences of less than α<0.05. For simplification, differences of
means are only reported within an individual experiment and not across experiments.
Finally to determine if the changes in aflatoxin production were consistent between
isolates of A. flavus, both Af70s and Tox4 were inoculated onto Petri-dishes with or without
activated charcoal (Table 5.2). Isolates Tox4 and Af70s aflatoxin production decreased as more
dishes were inoculated with the fungus. Both Tox4 and Af70s produced more aflatoxin than 53
with Af70s producing the most aflatoxin. For isolates Af70s and Tox4, activated charcoal
resulted in an increase in aflatoxin and restored the aflatoxin production to the same amount as
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when there were three or four fewer inoculated plates. Unlike 53 and Tox4, Af70s produced
less, though not statistically significant, aflatoxin when activated charcoal was applied to the
large dish with only one inoculated dish.
5.3.9 Common themes
Across all the experiments in 48-well plates, there was a consistent increase in aflatoxin
production when more wells were inoculated with A. flavus isolate 53 (Table 5.3). The increase
was independent of pH buffering, solidified vs. liquid medium and adsorption of volatile
compounds by activated charcoal. Only preventing air movement between the wells with
Parafilm lowered aflatoxin production. There was also a stimulation of aflatoxin production for
isolate Af70s if more wells were inoculated, but there was also a decrease in aflatoxin when all
wells were inoculated. The stimulation was isolate independent, in spite of the final inhibition.
In the petri-dishes, isolate 53 also stimulated aflatoxin production as the number of inoculated
dishes increased. There was an inhibition of aflatoxin production when all eight dishes were
inoculated. Isolates Tox4 and Af70s did not have increased aflatoxin production with more
inoculated dishes. Instead there was a consistent inhibition of aflatoxin production for Tox4 and
Af70s as more dishes were inoculated. For each strain, the addition of activated charcoal
resulted in an increase in aflatoxin comparable to having three or four fewer inoculated petridishes, suggesting the adsorption of an inhibitory volatile organic compound produced by the
fungi.
The location of a well within 48-well plates changed the amount of aflatoxin production.
There was a consistent reduction of aflatoxin production in the center of the plate that was
independent of pH-buffer and water content for strain 53. The difference between the interior
wells and exterior wells were minimized by the addition of activated charcoal, suggesting the
adsorption of inhibitory volatile organic compounds. Location of isolate Af70s in the 48-well
plates had a different effect on aflatoxin production. When only a few wells were inoculated,
there was an increase in aflatoxin in the inner wells, but when more wells were inoculated there
was less aflatoxin in the inner wells. Location of the dishes within a larger petri-dish did not
affect aflatoxin production and this was consistent between strains.
5.4 Discussion
Neighboring colonies (or cultures) of A. flavus strains grown within a closed system
altered the aflatoxin production of one another in the absence of physical contact. Different
responses occurred, either inhibition of aflatoxin production and or stimulation; both attributable
to growth of other A. flavus cultures. By controlling different variables, results suggested
volatile organic or gases from respiration likely contributed to the inhibition, and that gases from
cellular respiration the stimulation of aflatoxin production. Understanding how these volatile
interactions influence aflatoxin regulation, competition by A. flavus and aflatoxin accumulation
both pre and post-harvest deserves further attention.
In general, the number of independent cultures of a single A. flavus strain grown within a
closed system altered the aflatoxin production within physically separated wells or petri-dishes.
This is the first report of an interaction between genetically identical Aspergillus spp. changing
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aflatoxin production without direct physical interaction or sharing the same medium. Inoculum
concentration of conidia can regulate aflatoxin production in A. parasiticus and A. flavus, usually
there is a decrease in aflatoxin production with increased inoculum (Affeldt, Brodhagen and
Keller 2012, Brown et al. 2009, Cleström et al. 1983). The decrease in aflatoxin contamination
is associated with a developmental shift from sclerotial production (precursor for ascospore
production) to increased conidial production (Affeldt 2012, Brown et al. 2009). Atoxigenic
strains of A. flavus can inhibit aflatoxin production if grown in the same medium (including
corn) but only when there is direct contact ((Abbas et al., 2011; Huang, 2011; Mehl and Cotty,
2010; Wicklow et. al., 2003).
Culture-system design altered the aflatoxin production response to A. flavus growing in
close proximity to one another. Increasing the number of inoculated Petri-dishes resulted in
decreased aflatoxin production by all strains. Conversely, increasing the number of inoculated
wells within 48-well plates stimulated aflatoxin production. In closely related A. parasiticus, an
increase in the number of petri-dishes inoculated with A. nidulans inhibits aflatoxin production
and conidiation of A. parasiticus within a closed larger Petri-dish (Roze et al. 2007). The
inhibition is attributed to A. nidulans, but there is also a decrease in the number of dishes
inoculated with A. parasiticus, perhaps some of the inhibition in toxin production could have
been due to a lack of stimulation from neighbors of the same species (Roze et al. 2007).
Likewise, there was a slight increase in aflatoxin production by isolate 53 as the number of
inoculated dishes increased from one to four. Within the 48-well plate design, there were also
reductions in aflatoxin production. There was frequently a reduction of aflatoxin production if
all the wells were inoculated with A. flavus. Additionally, there were often dramatic reductions
in aflatoxin production within the interior of the plate, especially for isolate 53. The reduction
within the interior of the plate was strain specific and did not consistently happen for Af70s, in
some instances there was actually more aflatoxin production in the interior of the plate. There
was no corresponding location effect in the petri-dish design. The different responses of 53,
Af70s and Tox4 to neighbors is not surprising, since aflatoxin production, biocontrol capacity
and volatile production varies among strains (Abbas et al. 2011, Cotty 1989, Huang et al. 2011,
Mehl and Cotty 2010, De Lucca et al. 2012, Zerinngueet al. 1993). The greatest difference
between the 48-well plates and Petri-dish design was that within the 48-well plates there was a
consistent increase in aflatoxin production as more wells were inoculated with A. flavus. This is
the first report of the number of A. flavus cultures resulting in an increase in aflatoxin synthesis.
Ralstonia solanacearum grown in separate petri-dishes, has been shown to increase aflatoxin
production in A. flavus (Spraker et al. 2014). Altering culture system design has been shown to
alter aflatoxin production. As we found in this study, it has been commonly observed there is
more aflatoxin production on solid versus liquid medium. More relevant, when different peanuts
were inoculated with the same strain of A. flavus, if the dishes were stacked there was a
reduction of aflatoxin production in the lower portions of a stack (Xue et al. 2003). The location
effect was ameliorated by spreading dishes on trays and adding spacers between trays and
rotating trays during incubation (Xue 2003).
Since activated charcoal adsorbs both inorganic and organic gases, and adding activated
charcoal resulted in greater aflatoxin production, it is likely A. flavus produced inhibitory volatile
organic or inorganic compounds. The addition of activated charcoal to the bottom of petri-dishes
resulted in higher aflatoxin production and restored aflatoxin production to one level fewer
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cultures growing within the larger petri-dishes. Activated charcoal also ameliorated the
reduction of aflatoxin in the center of the 48-well plates. This suggests the same volatile
chemicals could be responsible for the aflatoxin reduction in the 48-well plates and petri-dishes.
If the volatile chemicals are organic they may be related to the oxylipins or psi factors produced
by A. flavus and lipid dioxygenases produced by A. parasiticus have been reported to be
responsible for quorum sensing and reduction of aflatoxin with increased inoculum
concentrations (Affeldt 2012, Brown et al. 2009). The psi factors have not been demonstrated to
be volatile chemicals, but they are in the same biosynthetic pathway as methyl jasmonate, which
may suggest volatility (Affeldt 2012). In the interior rows of the 48-well plates, there was
typically more conidial production and those conidia were greener than the outer rows, which is
consistent with the psi-factor quorum sensing phenotype changes (Affeldt 2012, Brown et al.
2009). Other possible organic volatiles have been demonstrated to lower aflatoxin production in
A. flavus and A. parasiticus include: ethylene (from A. nidulans and A. parasiticus), trans-2hexanol (from soybean), and at high concentrations 2-buten-1-ol (from A. nidulans) (De Lucca et
al. 2011, Roze et al. 2007, Roze et al. 2004). If inorganic CO2, H2O and O2 are likely gases that
would be adsorbed to activated charcoal. High levels of CO2 (20%+) have been demonstrated to
dramatically lower aflatoxin production, but lower levels at 3% can be a stimulatory (Davis and
Diener 1968, Roze et al. 2004, Sanders et al. 1968). Also, reduction in O2 below atmospheric
levels can reduce aflatoxin production but the magnitude is not as great as the increase in CO2
(Cleström et al. 1983, Davis and Diener 1968, Ellis et al. 1993). The effect of H2O should have
been controlled for by using solidified medium due to less likelihood of evaporation. There was
more aflatoxin production on solidified medium, but there was still inhibition in the interior of
48-well plates and if more Petri-dishes were inoculated. In both the 48-well plates and petridishes, addition of activated charcoal did not fully restore the aflatoxin production to the highest
aflatoxin level, this suggests either the adsorption of the activated charcoal was not sufficient to
collect all of the inhibitory organic compound(s), or other gases are involved in the reduction in
aflatoxin production.
Stimulation of aflatoxin production within the 48-well plates could not be attributed to
any of the environmental variables manipulated. Stimulation was not eliminated by controlling
pH, controlling moisture loss (by switching from liquid to solid medium or filling un-inoculated
wells with liquid medium) or adsorbing volatile chemicals. Only covering with Parafilm, which
presumably blocked exchange of gases between wells, prevented a stimulation of aflatoxin
production although Parafilm could just as easily trapped the volatile inhibitory substance.
Stimulation of aflatoxin production was likely caused by changes in atmospheric gases from
respiration. Water is a gaseous product of respiration that could lead to stimulation in aflatoxin
production, though this is inconsistent and when we changed to solid medium and filled the uninoculated wells with liquid media to control moisture levels there was still an incremental
increase in aflatoxin, making water an unlikely candidate for increases in aflatoxin production
(Davis and Diener 1968; Ellis et al. 1993, Sanderset al. 1968, Schmidt-Heydt et al. 2009). As
mentioned previously, extreme increases in CO2 and decreases in O2 have both been shown to
reduce aflatoxin production, so these would not directly cause the observed increases in aflatoxin
production (Cleström et al. 1983, Davis and Diener 1968, Sanders et al. 1968). Supplying CO2
at a rate of 3% compared to 0.1 and 0.7% resulted in a stimulation in aflatoxin, making it
impossible to rule out CO2 accumulation as a candidate to stimulate aflatoxin production (Roze
et al., 2004). Additionally, it is possible, as more cultures are growing within a 48-well plate, the
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atmospheric conditions become hypoxic and the fungus switched from aerobic respiration to
anaerobic respiration and produced alcohols. Ethanol and other alcohols, including 2-ethyl-1hexanol (produced by A. nidulans) and at low levels 2-buten-1-ol (produced by A. nidulans),
have been demonstrated to stimulate aflatoxin synthesis (Keller et al. 1994, Reddy et al. 1979;
Roze et al. 2007). Alcohol dehydrogenase 1 is found to be up-regulated on conducive medium
concurrent with the start of aflatoxin synthesis and throughout aflatoxin synthesis (Woloshuk and
Payne 1994). In several studies investigating volatile head space of A. parasiticus and A. flavus
growing on conducive medium and corn, ethanol and other alcohols were produced (De Lucca et
al. 2012, Roze et al. 2007, Roze et al. 2004, Roze et al., 2010, Spraker et al. 2014). Conceivably,
the reason 3% CO2 stimulates aflatoxin production because of a switch to anaerobic fermentation
and the stimulation was caused by ethanol (Roze et al., 2004). It is likely that alcohols were not
adsorbed by activated charcoal, because they are not efficiently bound by activated charcoal,
which may explain why there was still an increase in aflatoxin production when activated
charcoal was added (Smíšek and Černý, 1967). One explanation for lack of a substantial
increase in aflatoxin production in the non-buffered L-medium is due to the fact that the medium
becomes highly acidic (pH 1-2 after 4 days of growth), possibly due to the absorption of CO2
from respiration and subsequent acidification by H+ disassociation from bicarbonate or other
acids production by fungus growth. Under highly acidic conditions the hydroxyl group of
alcohols can be protonated and then can be easily substituted with chlorine ions in the medium
producing alkyl halides, thus functionally compromising the alcohol (Cotty 1988, Keller et al.
1997, Bruice 1998).
The inhibition of aflatoxin production at low well occupancy confounds the hypothesis
that aflatoxin production is an important competitive advantage in soil environments. The lack
of aflatoxin production at low “population” levels was only observed when A. flavus was grown
in a smaller culture container (11mm vs. 35mm diameter). Additionally, in 24-well plates there
was only a marginal increase of aflatoxin production as the number of inoculated wells increased
(data not shown). A possible explanation for differential aflatoxin stimulation is energy
conservation. If aflatoxin synthesis is energetically expensive, an effective conservation strategy
would be to produce aflatoxin only after detection of other microorganisms. This strategy would
be more important for smaller colonies, as would be expected in nature, where energy resources
are more limited. Inhibition of aflatoxin production when the A. flavus population level becomes
high, supports the hypothesis that aflatoxin is synthesized to aid in competition against other
microbes and is not important if the population is well established. The inhibitory compound
may be more specific for A. flavus rather than products of respiration. Determining the volatility
of oxylipins that regulate the transition from sclerotial and aflatoxin production to no toxin and
conidial production deserves further review.
The influence of volatiles produced by A. flavus on aflatoxin production warrant further
attention. At this point there is evidence of volatiles produced by A. flavus changed aflatoxin
production by A. flavus, but no definitive information about the type of chemical cues produced
by the fungus based on previous research. In the future it will be important to test more volatiles
produced by A. flavus to determine if these have inhibitory or stimulatory effects on aflatoxin
production. It will be important to determine the impact A. flavus competition and aflatoxin
production have in crops pre and post-harvest. In spite of determining that location and number
of cultures affected aflatoxin production, the variability within these categories remained high, so
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there are more factors within an incubator leading to the variability of aflatoxin production that
still needs to be understood. In the same study that found it was important to avoid excessive
stacking of peanuts, it was shown that location within the incubator can also effect aflatoxin
production (Xue, 2003). If 48-well plates are used to investigate aflatoxin production it is
important to inoculate every well and use buffered solid medium to reduce variability.
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Chapter 6. Overall Conclusions
The prevailing theme of this dissertation research was to understand how genotypically
diverse members within the A. flavus population interact with other population members and
across kingdoms and how these interactions ultimately regulate aflatoxin production and
contamination of corn. The bulk of the dissertation utilized a collection from Sweany’s 2010
master’s thesis entitled, “A Comparison of Soil and Corn Kernel Aspergillus flavus Populations:
Evidence for Niche Specialization.” Isolates from corn (n=612) and soil (n=255) populations
were very different based on mating types, sclerotial size, aflatoxin production, SSR fingerprints
and vegetative compatibility groups (VCGs). The corn population lacked diversity with 90% of
corn isolates belonging to two clonal lineages (VCGs), but the soil population was highly
diverse. Only 4% of soil isolates belonged to the 2 VCGs predominant in corn and the remaining
belonged to at least 14 different VCGs. For this dissertation, members from the corn and soil
population were characterized for their abilities to infect corn, produce inoculum, produce
biomass, inhibit or be inhibited in aflatoxin production (either by biocontrol strains or volatiles).
Mixed and generalized linear models were used to make predictions of infection and biomass
growth rates and aflatoxin inhibition which ultimately increased the understanding of infection
and how atoxigenic strains inhibit biocontrol strains. This will lead to recommendations to
growers and open further lines of investigation to uncover how to minimize aflatoxin
contamination of crops.
Chapter 2 focused on understanding the mechanism of aflatoxin-production inhibition by
atoxigenic (biocontrol) strains. Atoxigenic biocontrol strains competitively exclude aflatoxin
accumulation by A. flavus through direct replacement enhanced by thigmoregulated “touch”
inhibition. Investigating the inhibition specificity of particular atoxigenic strains to inhibit a
diversity of toxigenic strains, led to the discovery of aflatoxin-inhibitory extracellular chemicals
produced by atoxigenic strains. Twenty toxigenic isolates belonging to different VCGs, mating
types and sclerotial (small vs. large) morphotypes were co-cultured with several atoxigenic
strains. In general, Mat1-1 strains and small sclerotial strains were not well inhibited by
atoxigenic strains. In contrast, Mat1-2, large strains (consistently found infecting corn), were
almost completely inhibited by a strain identified in Louisiana, and two strains in commercial
development, Af36 and K49. Additionally, atoxigenic strains with faster initial growth rates
inhibited aflatoxin more substantially, supporting the idea that touch between the atoxigenic
strain and toxigenic strain is critical within the first 12-24 hrs of growth. However, there were a
couple key exceptions, and thus the necessity of touch for successful inhibition was
reinvestigated. Most strains could inhibit aflatoxin if the toxigenic strain was separated from the
atoxigenic strain by a membrane that allows diffusion of chemicals but not mycelia or other
fungal tissue. Additionally, filtrates of atoxigenic cultures could inhibit aflatoxin production.
The inhibition was not as extensive as with contact, leading to the conclusion that atoxigenic
strains can inhibit by constitutive production of extracellular chemicals, which are enhanced by
close contact with the atoxigenic strain. Therefore touch and direct replacement are not the sole
causes of aflatoxin elimination by biocontrol strains.
Chapters 3 and 4, focused on understanding if strains isolated from corn are better corn
infectors than soil strains and how conidia production influences corn and soil population
structure. Based on a field infectivity study, only corn strains could infect corn kernels when

99

silks were inoculated at a low conidia dosage, but the soil strains were occasionally equally
capable of infecting corn kernels at high doses. Only two corn VCGs and 2 soil VCGs were
used in the infectivity study. Because they produce few conidia, it was challenging to produce
adequate inoculum for the soil strains but the corn strains produced abundant conidia. Therefore
conidial fecundity was determined for all VCGs from both soil and corn. Corn strains were more
fecund than soil strains in terms of conidial production. The two most frequent corn VCGs also
produced the most conidia, but other low corn incidence strains produced similar amounts of
conidia; suggesting those VCGs predominate in the corn population due to greater overall
inoculum production and greater ability to infect. Sclerotial fecundity was also determined and
there was less sclerotial production in corn infecting strains regardless of sclerotial size and the
most abundant and widely distributed soil strains produced the most sclerotia. Balancing conidia
vs sclerotia production has important implications for sexual reproduction. Fecundity
differences between soil and corn strains in terms of sclerotia (female reproductive structures)
and conidia (~male spermatia) production greatly lowered effective breeding population size of
A. flavus overall and in soil and corn. Corn had the lowest effective breeding population
followed by soil, indicating that sexual reproduction likely occurs in soil. The effective breeding
population size was slightly increased when the corn and soil populations were added together,
indicating a greater chance of reproduction after harvest when the predominately conidial
producing strains are in close proximity to sclerotial strains. However, the overall low
probability of sexual reproduction based on sex differences and could explain long-term
maintenance of particular VCGs in corn and morphologically distinct S and L strains.
Chapter 5 focused on determining if a single strain of A. flavus produces gases that
change aflatoxin production. Several lines of evidence suggest that gases produced during
growth of A. flavus can both inhibit and stimulate aflatoxin production. The stimulation was
more apparent when cultures were grown in smaller volumes and inhibition was more obvious
within the interior of 48-well plates and on Petri dishes. The inhibition and stimulation are
differentially regulated because the addition of activated charcoal only ameliorated the
inhibition.
All chapters used linear mixed models and generalized linear mixed models to understand
the impacts of treatments on particular variables. Generalized linear mixed models were
instrumental in determining differences in the infectivity of corn and soil strains. The corn and
soil strains had different infectivity dose response curves as predicted by the generalized linear
mixed model. The soil strain curves were downward facing and reach a maximum infection at 4
and 6%, whereas the corn strain curves were boundless and have theoretical ED50 at 8x1010
conidia/ml inoculum. Linear mixed models provided the greatest insights for understanding the
specificity of aflatoxin inhibition. Only by including parameter estimates from growth curves of
both the toxigenic and atoxigenic isolates was it clear that Mat1-1 strains regardless of sclerotial
size were not as well inhibited as Mat1-2 strains. Also, since increasing atoxigenic growth rates
only had a significant linear relationship to toxin inhibition when two slow-growing highlyinhibitory strains were removed from the linear mixed model, it revealed there was more than
just touch that leads to inhibition. Without that hint, investigation of touch-independent
inhibition would not have initiated and it would not be determined that atoxigenic strains
produce secreted inhibitory compounds.
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By investigating interactions between members of the A. flavus population with both corn
and atoxigenic strains and describing differences in fecundity, recommendations can be given to
growers to minimize aflatoxin contamination. The soil population consists of a greater number
of small sclerotial strains which consistently produce high levels of aflatoxin and all soil strains
regardless of sclerotial size produce fewer conidia (less inoculum disseminated to silks) than
corn infecting strains. The soil population is also comprised of members that are not well
inhibited by characterized atoxigenic biocontrol strains. Therefore recommending that corn is no
longer dried on the soil surface, will not only reduce the chance of infection by highly
aflatoxigenic strains, but will enhance the efficacy of the biocontrol. At this point it is unclear
how gases produced by A. flavus can be utilized to improve integrated pest management, but
likely after determining what chemicals are leading to stimulation or inhibition,
recommendations can be developed for modifying the atmosphere during grain storage.
This dissertation research opens many lines of inquiry to understand how aflatoxin
production is regulated. It is critical to identify the chemicals inhibiting aflatoxin production.
There is evidence for both volatile and soluble chemicals that inhibit aflatoxin. Identification of
these chemicals could lead to new treatments. Also, it is critical to identify the genes that are
responsible for producing those chemicals and how these interact with the genomes of toxigenic
strains. Since the most inhibitory biocontrol strain belongs to a VCG that produces fewer
conidia than other biocontrol strains, it needs to be determined if 17 will be enhanced by
increasing the inoculum and if it is capable of infecting corn at all. It is also critical to
understand what virulence factors other than conidial production allow for successful
colonization of corn. This includes investigating activity of cutinase, cellulase, amylase, lipase,
and other degradative enzymes, gene expression and genome differences between corn and soil
strains.
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