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ABSTRACT

Aspergillus flavus is the primary causal agent of aflatoxin contamination in crops. Aflatoxins are
highly toxic carcinogens that threaten many agricultural systems throughout the world. Twenty-
eight genes located in a single aflatoxin biosynthesis gene cluster are required for aflatoxin
production. A. flavus isolates that are not capable of producing aflatoxins (atoxigenics) have
been utilized commercially as biocontrol agents. Atoxigenicity results from the modification of
genes within the aflatoxin biosynthesis cluster. Mechanisms by which A. flavus isolates become
atoxigenic are unknown for many atoxigenics. Twelve atoxigenic isolates under development
as biocontrol agents in the United States and Africa were subjected to several genetic analyses
including multiplex PCR and sequencing of aflatoxin biosynthesis genes. Deletion patterns
within the aflatoxin gene cluster varied among the atoxigenics, but certain deletion patterns
were shared by multiple isolates. Sequence analysis revealed that either breakpoints or
insertions exist in several isolates. The data obtained from this study will be used to develop
assays to interrogate large populations of A. flavus for specific DNA features. This will aid the
search for elite atoxigenic vegetative compatibility groups with superior value as biocontrol
agents and allow for monitoring specific genotypes in the environment for detection of
adaptive differences.



INTRODUCTION

There are several species of fungi
belonging to the genus Aspergillus that produce
aflatoxins. Aflatoxins are some of the most
potent, naturally-occurring liver carcinogens
currently identified (Probst et al., 2011).
Aspergillus flavus is the most common causal
fungus, producing aflatoxins B; and B, (Chang et
al., 2005). Agricultural systems are subjected to
contamination by these toxic chemicals, which
then become a major threat to the health of
individuals who consume the contaminated
crops. Health effects range from immune
suppression and growth retardation to cancer
and, in cases of severe poisonings, liver failure
followed by death (Williams et al., 2004). In
most developed countries aflatoxin
contamination is not a critical concern due to
strict regulations implemented by
governmental agencies that limit the
concentrations of aflatoxins allowed in food for
human consumption as well as feed for
livestock (van Egmond et al., 2007). Maximum
tolerable levels for aflatoxin range from < 1
ug/kg in some dairy products to 300 ug/kg for
certain feeds (Van Egmond, 2002). However,
not all individuals are fortunate enough to live
in areas where such guidelines are followed.
Consumers in underdeveloped nations, lacking
an appropriate system of regulation, are most
at risk for unsafe levels of aflatoxin exposure.
There are many regions where the products
from small-scale farms move from field to
mouth without the opportunity for practical
monitoring of aflatoxin content (Cotty, 2006). It
is crucial that the spread of toxigenic A. flavus
be significantly decreased in order to prevent
the populations of developing countries from
suffering the hazardous health effects caused
by aflatoxin contamination.

In order to minimize human exposure
to aflatoxins, biological control strategies
utilizing atoxigenic A. flavus strains have been
developed (Chang et al., 2005). Specifically, two
A. flavus isolates, AF36 and NRRL 21882, have
been registered as biopesticides with the
United States Environmental Protection Agency
for the management of aflatoxin-producing
fungi (Chang et al., 2005). Atoxigenic strains
that are used to control aflatoxin levels in
commercial crops utilize competitive exclusion
as the mechanism to reduce contamination. All
genes to produce aflatoxins are located in one
cluster of 28 genes. Atoxigenic isolates have
lost their ability to produce aflatoxins as a result
of genetic changes in this cluster. For example,
the biocontrol strain AF36 contains a single
nucleotide polymorphism (SNP) in a polyketide
synthase (PKS) gene, resulting in a premature
stop codon and atoxigenicity (Ehrlich and Cotty
2004; Ehrlich et al. 2007). Not all atoxigenic
isolates contain the same genetic alterations.
Atoxigenicity can result from multiple events
such as deletions, frame-shift mutations, base
pair substitutions, DNA insertions, and SNPs.
The molecular mechanisms responsible for the
loss of aflatoxin production are diverse and for
most atoxigenic A. flavus strains the specific
genetic changes resulting in atoxigenicity are
unknown (Donner et al., 2009).

Several atoxigenic strains of A. flavus
are currently under development as agents for
the prevention of aflatoxin contamination.
Regulatory agencies frequently ask for
mechanism of atoxigenicity during biopesticide
registration (Cotty et al., 2007). Precise
characterization of molecular lesions can
facilitate development of rapid assays that will
monitor genetic groups to which the atoxigenic
strains belong (i.e. through vegetative



compatibility analyses) (Cotty, 1994) and
atoxigenicity itself (Das et al., 2008). The
current study sought to determine mechanisms
of atoxigenicity for twelve atoxigenic strains
currently under development as biocontrol
agents and for which mechanisms have not

characterized and assays for monitoring the
molecular lesions were developed. Ultimately,
the current results will be used to develop
methods to rapidly identify specific genetic
alterations within A. flavus populations and
facilitate the process of developing methods to

previously been established. In the process, displace aflatoxin producers from
several mechanisms of atoxigenicity were agroecosystems

MATERIALS AND METHODS

Table 1: Aspergillus section Flavi isolates utilized in the current study

ID Isolate Origin Year VCG Source

B19 G018-2 Burkina Faso 2010 BF10 G018-2 Groundnut grain
K10 C6-E Kenya 2006 KNOOA Maize

K11 C8-F Kenya 2006 KNO12 Maize

K39 E63-I Kenya 2006 KNOO1 Maize

K49 R7-H Kenya 2006 KNO11 Maize

S01 M21-11 Senegal 2008 SNO3 Maize

S16 Ms14-19 Senegal 2008 SN004 Maize soil

S25 Ss19-14 Senegal 2008 SNOO5 Sesame soil
T01 AT5-B Texas 2008 TXATO043 Maize grain
T13 DO11-K Texas 2008 TXATO16 Maize grain
T16 DO114-A Texas 2008 TXATO39 Maize grain
T19 DO38-B Texas 2008 TXATOO05 Maize grain

ID = refers to the DNA code given to the isolate
Year = Year of isolation
VCG = Vegetative Compatibility Group

Twelve A. flavus isolates were chosen based on
their atoxigenicity and availability from personal
(Peter J. Cotty’s Laboratory, School of Plant
Sciences, University of Arizona, Tucson, AZ) and
public (USDA-ARS) culture collections. Each of
these isolates contains deletions in either the
aflatoxin cluster or the CPA cluster. These
deletions have not yet been characterized. The
origins of the 12 isolates are shown in Table 1.

DNA Extraction. Isolates were cultured on a
minimal nutrient media, 5-2 with 2% NaCl, and

incubated at 31° C for at least 3 days. This
media ensures high sporulation, allowing for an
appropriate amount of spores to be harvested
for DNA extraction.

In a laminar flow hood, 1.5 mL 0.1% TWEEN-80
was pipeted onto each cultured plate. A cell
spreader was utilized to suspend the spores in
the buffer. 1.2 mL of the spore suspension in
TWEEN-80 was transferred into a 1.5 mlL
microcentrifuge tube. The microcentrifuge
tubes were spun in a centrifuge for 5 minutes at



8000 xg.
removed using a pipet tip.

The supernatant was carefully

450 pl of Lysis Buffer (30 mM Tris, 10mM EDTA,
1% SDS, pH 8.0) was added to each
microcentrifuge tube followed by a brief vortex
to suspend the spores. The tubes were then
placed in a ThermoMixer at 60° C and 8,000
rpm for 1 hour.

The tubes were spun in a centrifuge at 14,000
xg for 30 minutes and 370 pL of the supernatant
was transferred to a new 1.5 pL centrifuge tube.
The tubes were placed on ice and 370 uL of 4M
ammonium acetate (NH;OAc) was added. The
tubes were inverted several times to ensure
proper mixing.

740 plL of ice-cold 100% ethanol was added to
the tubes and mixed by inverting. The tubes
were placed in the freezer at -20° C for 30
minutes. The tubes were then spun at
maximum speed for 5 minutes and the

supernatant was poured off.

The tubes were inverted and left upside down
on a paper towel to air dry for 1 hour. The
pellet was resuspended in 25 pL of sterile H,0.
The tubes were vortexed briefly to re-suspend
the DNA.

The concentration of the isolated DNA was
measured utilizing a spectrophotometer (model
ND-1000 Nano Drop).

PCR Conditions

Primer sets targeting PCR products within the
aflatoxin biosynthesis cluster (Table 3) were
used to profile the 12 isolates and determine
the presence or absence of aflatoxin
biosynthesis genes. The same primers were
also used to attempt amplifications across
missing gene segments, as summarized in

Figure 1. Two primers that target the telomere
repeat of A. flavus were used (Table 2) in order
to attempt amplifications from the last gene
present to the telomeric end of the
chromosome.

Each PCR reaction contained 2 pL genomic DNA,
0.5 pL of 10 uM forward primer, 0.5 uL of 10
UM reverse primer, 17 L deionized H,0 and
AccuPower® HotStart PCR PreMix (Bioneer,
Alameda, CA). Each PCR reaction had a 20 uL
volume and was performed with a MyCycler
thermocycler (Bio-Rad Laboratories). The PCR
cycle conditions were as follows: 5 minutes at
94°C followed by 38 cycles of 94°C for 20
seconds, [the annealing temperature specific to
the primers being used] for 30 seconds, 72°C for
[the appropriate extension time depending on
product size, ranging from 30 seconds to 6
minutes] and a final elongation period of 10 min
at 72° C.

Gel electrophoresis was run using 1.0% agarose
gel. Afterward, the amplicons were visualized
with GelRed Nucleic Acid Stain. Products to be
sent for sequencing were prepped for clean-up
utilizing 1 pL of ExoSAP and 16 pL of the
amplicon and run on the Exo-SAP 60 program in
the thermocycler. The Exo-SAP program
consists of 60 minute incubation at 37° C,
followed by an inactivation step of 85° C for 15
minutes.

Amplicons were sent to The Genomic Analysis
and Technology Core Facility (GATC) at the
University of Arizona, Tucson. The product sizes
of these amplicons ranged from 200 — 3000
basepairs.

Sequence Analysis

Product sequences were initially aligned to the
aflatoxin biosynthesis gene cluster sequences of



3 genomes from Genbank. The reference
sequences were A. flavus isolate 3357, A. flavus
isolate AF13, and A. flavus isolate AF36. The

Primer Design

Primers were designed using the Primer3
program, version 0.4.0 (Rozen and Skaletsky,
2000). The sequences from PCR amplicons
were used as the templates for creating the
primers. The following conditions were used

alignments were analyzed specifically by
searching for breakpoints and/or InDels

(insertions/ deletions).

when designing all primers: [divalent cations] =
1.5 mM, [monovalent cations] = 50.0 mM,
[dNTPs] = 0.2 mM, Primer Tm: Min = 62° C, Opt
=64° C, Max = 68°C.
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Figure 1 Schematic
representation of the aflatoxin
biosynthesis gene
presence/absence in each of
the isolates. The letters across
the top refer to the genes that
were targeted using the primers
listed in Table 2. (See key below
for additional gene
information). The isolate ID
names are listed down the left
side. The presence of a gene is
indicated by a black solid fill,
while the absence of a gene is
indicated by a grey solid fill. The
checker-filled areas are DNA
insertions (see Figure 3). The
red “x” signifies a breakpoint
(see Figures 2 & 3).



Figure 1 Key: Detailed positions of amplifications attempted

A: 743 bp of the telomeric side of g/cA, 140 bp of intergenic space

B: 196 bp of the telomeric side of nadA, 40 bp of intergenic space, 82 bp of the centromeric side of hypA
C: 573 bp of the telomeric side of moxY, 40 bp of intergenic space

D: 350 bp of the telomeric side of vbs, 137 bp of intergenic space

E: 387 bp of the telomeric side of omtA

F: 54 bp of intergenic space, 243 bp of the centromeric side of verB

G: 194 bp of the middle region of verA

H: 574 bp of the centromeric side of norA, 59 bp of intergenic space, 569 bp telomeric side of norA, 225 bp of intergenic space
1: 1071 bp of telomeric side of aflJ, 21 bp of intergenic space

J: 897 bp of the centromeric side of hexB

K: 153 bp of intergenic space, 583 bp of the centromeric side of hexA

L: 619 bp of the telomeric side of hexA, 14 bp of intergenic space

M: 536 bp of the centromeric side of pksA

N: 425 bp of the telomeric side of pksA

0: 175 bp of intergenic space, 155 bp of the centromeric side of cypA

P: 209 bp of intergenic space

Q: 1219 bp of intergenic space

R: 286 bp of intergenic space, 639 bp of the centromeric side of PKS

S: 770 bp of the middle region of PKS

T: 648 bp of the telomeric side of PKS

U: 541 bp of the subtelomeric region

V: 416 bp of the subtelomeric region

W: 320 bp of the subtelomeric region

X: 234 bp of the subtelomeric region

Y: 908 bp of the centromeric side of ctfR2

Z: 724 bp of the subtelomeric region, 28 bp of the centromeric side of ord1
AA: 650 bp of the telomeric side of ord3, 34 bp of the subtelomeric region

BB: 528 bp of the subtelomeric region, 56 bp of the centromeric side of apmA
CC: 447 bp of the centromeric side of mdr4, 22 bp of intergenic space, 1 bp of the telomeric side of mdr4
DD: 404 bp of the subtelomeric region

EE: 285 bp of the centromeric side of sidC

FF: 76 bp of the telomeric side of sidC, 109 bp of the subtelomeric region




762 bp 16,543 bp

3857 AGGCAAGT 0000

K10 GTCAACAT |

1

Figure 2 Schematic of the breakpoint found in isolate K10. A. flavus isolate 3357 (top) was aligned to the
K10 183T/teloR amplicon sequence (bottom) and a breakpoint, represented by the arrow, was detected.
The initial 762 bp of the amplicon sequence was identical to 3357, with the exception of 2 SNPs. The last
8 bases following the breakpoint arrow on isolate K10 form the reverse complement of the reverse
primer utilized, teloR. The breakpoint is located 1,176 bases after the transcription start site of the mdr4
gene. The solid grey fill indicates consensus among the sequences, while the dashed grey fill in 3357
indicates the remainder of the aflatoxin biosynthesis genes that are not present in isolate K10.

134,768 bp

598 bp )\
( \

3357 CCCAAGCACATGAATCACTCGGTCATTITAATGG i
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Figure 3 Schematic of the breakpoint found in isolate SO1. A. flavus isolate 3357 (top) and the SO1
omtB2F/teloR amplicon sequence (bottom) were aligned and revealed the breakpoint presented by the
arrow. The amplicon size was 631 bp. The initial 598 bp align with 100% identity to 3357, while the last
33 bases begin to form the telomeric repeat. The breakpoint is located 725 bases after the transcription
start site of the omtB gene. The solid grey fill represents the consensus between isolate 3357 and
isolate SO1, while the dashed grey fill represents the remainder of the aflatoxin biosynthesis genes that
are not present in isolate SO1.



709 bp 936 bp
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Figure 3 Schematic of the insertion found in isolates S16, T13, and S25. This diagram represents the
alignment between A. flavus isolate 3357 with the S16, T13, and S25 148T/teloR amplicon sequences.
The insertion was found through BLAST and is part of an Aspergillus oryzae isolate sequence (Accession
number: AB506492.1), represented with the purple fill. The solid grey fill indicates consensus among the
sequences, while the solid black lines represent SNPs that were found. There are 30 SNPs throughout
the first 709 basepairs that aligned with 3357 and only one SNP throughout the insertion sequence. The
solid white lines represent a single basepair insertion.

Image 1: Gel Electrophoresis Products using Telomere Primers

Image 1 shows the products obtained from amplifying from the last gene segment present in the
aflatoxin gene cluster to the telomere using the primers AgteloR and teloR (Table 2). Lanes 2 and 5 are
amplicons of the isolate K10; lane 2 contains the 183T/teloR amplicon, while lane 5 contains the


http://www.ncbi.nlm.nih.gov/nucleotide/333805526?report=genbank&log$=nucltop&blast_rank=1&RID=R3H8T5E401R

183T/AgteloR amplicon. Lanes 26 and 29 are amplicons of the isolate SO1; lane contains the omtB2-
F/teloR amplicon, while lane 29 contains the omtB2-F/AgteloR amplicon. Lanes 3, 6, 11, 16, 20, 24, 27
and 30 are all negative controls that contain deionized H,0 as the template. Lanes 1, 4, 7, 12, 17, 21, 25,
28 and 31 are all 1kb ladders.

Image 2: Multiplex Gel Electrophoresis Results
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Image 2 shows the products from a Multiplex PCR assay. Lanes 1, 8, and 15 contain the 1 kb ladder and
lanes 4, 7, 11 and 14 contain the negative control — deionized H,0. Lanes 2, 5, 9 and 12 contain the
isolate being assayed, TO1, and lanes 3, 6, 10 and 13 contain a positive control. The numbers of the
primer pairs corresponding to each band are listed in pink and red (pink representing amplicons that are
present and red representing products that did not amplify). The sizes of the ladder bands are listed in
white. The bands in the 2™ and 3" lanes are underlined in order to ease visualization of the presence of
amplicons in isolate TO1 that align properly with the positive control amplicons.



DISCUSSION

Previously the mechanisms causing
atoxigenicity among A. flavus isolates were not
completely understood. The current study
unveiled some of the genetic changes
responsible for the atoxigenicity in 12 isolates
under development as biocontrol agents in the
United States and Africa. Each of these isolates
has been analyzed with a Multiplex PCR assay,
which allowed for a brief characterization of the
genes present, or lack thereof, within the
aflatoxin biosynthesis cluster. The isolates can
be divided into six groups according to their
deletion patterns shown in Figure 1.

The first group consists of isolates B19,
TO1, and T16. These isolates all share identical
deletion patterns. The next group, consisting of
isolates S16, S25, and T13, shares a common
insertion sequence (see Figure 3). The third
group consists of isolates K39 and K49, each of
which share identical deletion patterns. The
fourth group, isolates K11 and T19, share the
same deletion pattern from the beginning of
the aflatoxin biosynthesis gene cluster to the
area surrounding the norB gene. This area
includes the last known genes present in isolate
K11, while isolate T19 has an additional 8,271
basepairs present that are not found in isolate
K11. The fifth and sixth groups consist of one
isolate each, due to their unique deletion
patterns. Isolates SO1 and K10 have deletion
patterns unlike any of the other isolates in this
study.

The assembly of these isolates into
separate groups based on their genetic
properties provides valuable information that
will later be useful in the development of
genetic assays that screen for potential
biocontrol isolates. It is interesting to note the
variability within each group. The first group

contains isolates from Burkina Faso and Texas.
Similarly, the second group contains isolates
from Senegal and Texas. The third group only
has isolates from Kenya, while the fourth group
has isolates from Kenya and Texas. Evidently,
the origin of the isolate does not always have a
direct correlation with the genetic changes that
occur within the aflatoxin biosynthesis cluster.
Phylogenetic analyses would need to be
performed in order to trace the divergence of
these isolates originating from different areas of
the world.

The genetic profiles created from the
Multiplex PCR data served as the basis for
choosing which areas to amplify with the
telomere-repeat sequenced derived primers.
PCRs were performed from the last genes
present in the cluster to the telomeric end of
the chromosome. Although primers teloR and
AgteloR (Table 2) are essentially the same
primer sequence, differing only slightly in the
anchor region, they were both used in each
attempted amplification to increase accuracy.
Upon sequence analysis there were two
breakpoints identified.

The first breakpoint was found in isolate
K10 (Figure 2). This was discovered by aligning
the K10 183T/teloR product sequence with A.
flavus isolate 3357 from the GenBank database.
Isolate K10 aligns with 3357 uninterrupted, with
the exception of 2 SNPs present on the mdr4
gene. The breakpoint occurs on the mdr4 gene
and is immediately followed by the reverse
compliment of the teloR primer sequence. This
discovery is a key element that will aid in the
creation of a PCR protocol that can rapidly
identify atoxigenic isolates with similar genetic
alterations.



The second breakpoint was identified in
isolate SO1 (Figure 3). This breakpoint was
recognized in a similar manner to the previous
one found in isolate K10. The alighment of the
S01 omtB2F/teloR product sequence to A.
flavus isolate 3357 demonstrates 100% identity
with no disruptions. The breakpoint occurs on
the omtB gene and, similar to the first
breakpoint, is followed by the reverse
compliment of the telomeric repeat. The
telomeric  repeat associated with this
breakpoint differs slightly from the known A.
flavus telomere repeat. However, the
differences in sequence are not drastic enough
to doubt the validity of the finding; instead,
they provide a new insight to variability within
this repeat region. Further investigations could
be conducted that determine whether this
change in the telomere repeat sequence is
involved at any level with the atoxigenicity of
the isolate.

Another finding from the sequence
analysis of products amplified with the
telomere-repeat sequence derived primers was
the presence of an insertion sequence in 3 of
the isolates: T13, S16, and S25 (Figure 3). Upon
alignment with the reference isolate, 3357, the
148T/teloR product sequences of isolates T13,
S16, and S25 displayed a considerably large area
of mis-consensus. The sequences of these
disagreements within the alignment were put
into the BLAST search engine and the top hit
was from an Aspergillus oryzae isolate
AB506482.1).  The
alignments of the sequences from isolates T13,
S16, and S25 can be seen in Figure 3. The
148T/teloR amplicons for all three of the
isolates were 1,645 basepairs long and when

(Accession number:

aligned together displayed 100% consensus.
The initial 709 basepairs of the amplicon
sequences aligned with 3357 consists of 30

SNPs. The insertion sequence only contains 1
SNP and one single basepair insertion when
aligned to the A. oryzae isolate obtained from
BLAST. From these findings, it can be inferred
that A. oryzae diverged from A. flavus. The
divergence of the two species could potentially
be involved in the causation of atoxigenicity. It
is interesting to note the origins of these 3
isolates. T13 originates from Texas, while S16
and S25 originate from Senegal. Further
research would need to be conducted to explain
the evolution of this genetic change that occurs
in these isolates.

The discovery of this insertion led to the
creation of 5 primer sets in the subtelomeric
region of the A. oryzae sequence from the
GenBank database (Table 2). The primers were
specifically made to target areas closer to the
centromeric region of the chromosome in order
to determine whether the insertion sequence
continued further into this region. Upon
analysis of the PCR products of these primers
with gel electrophoresis, it was evident that
amplicons were present; however, these
amplicons have not yet been sent for
sequencing. More primers can be designed
following a similar approach to verify the exact
size of the insertion present in the isolates. The
amplicons would need to be sent for
sequencing to analyze new genes that may be
encoded by the insertion.

Although internal amplifications across
missing gene segments were attempted, there
were not any that were successful. Future
studies involving these 12 isolates will consist of
designing primers that target specific sequences
within the aflatoxin biosynthesis cluster. These
primers will allow for internal amplifications to
be done across missing genes. The potential
amplicons that will be produced from these



amplifications will be sent for sequencing and
subsequently analyzed. The analysis should
provide further insight of what is really
occurring within the aflatoxin biosynthesis
cluster of atoxigenic isolates. Resultantly, we
should be able to identify additional genetic
modifications that will allow us to detect

potential bio-control agents more efficiently
and also help us to better understand evolution
and divergence among atoxigenic strains. The
ultimate goal is to facilitate regulatory approval
of additional atoxigenic strains as active
ingredients in biopesticides and to do so in a

quick and effective manner.
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