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Abstract

The species Aspergillus flavus and A. parasiticus are commonly found in
the soils of nut-growing areas in California. Several isolates can produce
aflatoxins that occasionally contaminate nut kernels, conditioning their
sale. Strain AF36 of A. flavus, which does not produce aflatoxins, is reg-
istered as a biocontrol agent for use in almond, pistachio, and fig crops in
California. After application in orchards, AF36 displaces aflatoxin-
producing Aspergillus spp. and thus reduces aflatoxin contamination.
Vegetative compatibility assays (VCAs) have traditionally been used
to track AF36 in soils and crops where it has been applied. However,
VCAs are labor intensive and time consuming. Here, we developed a
quantitative real-time PCR (qPCR) protocol to quantify proportions of
AF36 accurately and efficiently in different substrates. Specific primers
to target AF36 and toxigenic strains of A. flavus and A. parasiticus were
designed based on the sequence of aflC, a gene essential for aflatoxin

biosynthesis. Standard curves were generated to calculate proportions
of AF36 based on threshold cycle values. Verification assays using pure
DNA and conidial suspension mixtures demonstrated a significant rela-
tionship by regression analysis between known and qPCR-measured
AF36 proportions in DNA (R2 = 0.974; P < 0.001) and conidia mixtures
(R2 = 0.950; P < 0.001). Tests conducted by qPCR in pistachio leaves,
nuts, and soil samples demonstrated the usefulness of the qPCR method
to precisely quantify proportions of AF36 in diverse substrates, ensuring
important time and cost savings. The outputs of this study will serve to
design better aflatoxin management strategies for pistachio and other
crops.
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Aflatoxins are secondary metabolites produced by several Asper-
gillus species, and they are the most toxic and carcinogenic among
the currently known mycotoxins (Yu et al. 2004). The four major af-
latoxins (B1, B2, G1, and G2) negatively impact crop quality and
safety. Because aflatoxins are harmful to humans and livestock,
crops exceeding the stringent tolerance thresholds are banned from
commercialization and consumption in nations that enforce aflatoxin
regulations (Grace et al. 2015; Payne 1998).
In California, tree nut crops are economically important commod-

ities destined for both domestic consumption and export, and their
production continues to increase (California Department of Food
and Agriculture 2018; Perez et al. 2017). Tree nut crops such as pis-
tachio and almond are occasionally contaminated with aflatoxins
(Doster and Michailides 1994; Palumbo et al. 2014). Aflatoxin con-
tamination in pistachio and almond nuts sometimes exceeds the reg-
ulatory limits of 20 or 10 mg/kg for total aflatoxins imposed by the
U.S. Food and Drug Administration and the European Food Safety
Authority, respectively. The low tolerance for aflatoxins is a serious
concern for Californian growers, and sometimes their nut lots are de-
nied from entering lucrative markets. During the last 10 years, the
Rapid Alert System for Food and Feed put in place by the European

Union reported the border rejection of 86 and 92 loads of almond and
pistachio, respectively, coming from the United States (Moral et al.
2020). Therefore, growers in California must implement aflatoxin
mitigation strategies to prevent rejection of their crops.
Two fungal species, A. flavus and A. parasiticus, are the major pro-

ducers of aflatoxins and both are common in nut-growing areas in
California (Donner et al. 2015; Doster andMichailides 1994). A. par-
asiticus produces both B and G aflatoxins, whereas the population of
A. flavus is composed of both toxigenic isolates, which produce B af-
latoxins, and nontoxigenic (i.e., atoxigenic) isolates (Amaike and
Keller 2011; Donner et al. 2015; Klich 2007). The populations of
each of these species can be divided into vegetative compatibility
groups (VCGs) (Bayman and Cotty 1993; Horn and Greene 1995).
There are several A. flavus VCGs composed exclusively of atoxi-
genic members and those can be used as biocontrol agents to limit
crop aflatoxin contamination in the field (Mehl et al. 2012; Ortega-
Beltran et al. 2019).
After several years of research during the 1980s and 1990s, the

U.S. Department of Agriculture Agricultural Research Service
(USDA-ARS) registered the aflatoxin biocontrol product A. flavus
AF36 with the U.S. Environmental Protection Agency as the first
atoxigenic aflatoxin biocontrol product for use in cottonseed in Ari-
zona (Cotty and Mellon 2006). The active ingredient of that biocon-
trol product is the strain AF36 (referred to hereafter as AF36). AF36
was originally isolated in Yuma Valley, Arizona (Cotty 1989). Sub-
sequently, AF36 was registered for use in maize, pistachio, almond,
and fig grown in different U.S. states (Cotty et al. 2007; Doster et al.
2014; Ortega-Beltran et al. 2019).
Competitive exclusion of toxigenic isolates of Aspergillus spp. is

the main mechanism through which aflatoxin biocontrol agents de-
crease aflatoxin contamination in treated crops (Abbas et al. 2011;
Cotty et al. 1994; Doster et al. 2014; Mehl and Cotty 2010). Hence,
the quantification of AF36 before and after treatment is fundamental
for understanding its ability to colonize the target ecosystem and to
displace native Aspergillus toxigenic isolates. Routinely, tracking
of the AF36 strain has been done using vegetative compatibility
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assays (VCAs) (Doster et al. 2014; Grubisha and Cotty 2015). How-
ever, VCA is resource intensive and time consuming. Pyrosequencing is
a suitable tool to distinguishA. flavus genotypes, includingAF36, within
diverse matrices (Das et al. 2008; Mehl and Cotty 2010; Shenge et al.
2019) but the corresponding equipment is relatively expensive and not
commonly used. Quantitative real-time PCR (qPCR) can distinguish
various Aspergillus species (Luo et al. 2009; Sardiñas et al. 2011) and
could be used to distinguish specific genotypes within mixtures of As-
pergillus genotypes.
Members of VCG YV36, to which AF36 belongs, bear a single nu-

cleotide polymorphism (SNP) that causes an early stop codon in the
polyketide synthase (aflC) gene, resulting in the inability to produce
aflatoxins (Ehrlich and Cotty 2004). Based on the genetic dissimilarity
of AF36 (i.e., having a SNP in aflC not present in aflatoxin producers),
Ortega-Beltran et al. (2016) honed a multiplex-PCR assay to target the
SNP to differentiate AF36 from toxin producers. The assay incorpo-
rates an intentional mismatch to destabilize binding by an “erroneous”
primer (Kwok et al. 1990) and allows amplification of the PCR product
only by isolates containing the SNP. The development of a qPCR assay
that builds on the multiplex assay mentioned above would be an asset
to copewith the shortcomings ofVCAs. Such amethodwould be valu-
able to distinguish between crop samples treated with AF36 and those
that received no treatment and also to monitor frequencies of the bio-
control agent in any given environment to determine whether the ap-
plication of the product is necessary.
In this study, we designed a qPCR protocol to quantify proportions

of aflatoxin biocontrol strain AF36 within samples that contained
toxigenic isolates of A. flavus and A. parasiticus. Results of this work
demonstrate the potential of this specific qPCR assay to be used in a
diverse source of substrates (soil, conidial suspensions, fruit, or leaf
tissues), giving rise to the continuity of epidemiological and compe-
tition studies of AF36 in both the laboratory and field, since these
studies can be conducted using any substrate in a time- and cost-
effective manner. Shedding additional light on the biology, epidemi-
ology, and ecology of the biocontrol strain will ultimately lead to the
design of more efficient aflatoxin mitigation strategies.

Materials and Methods
Isolates. The AF36 strain was obtained from the USDA-ARS Af-

latoxin Reduction in Crops Laboratory in Tucson, Arizona. The
strains A. flavus 2A1L-11 and A. parasiticus 4C1P-11, native to Cal-
ifornia, were used as toxigenic strains (Ortega-Beltran et al. 2019).
Both toxigenic strains are part of the fungal collection maintained
at the University of California Kearney Agricultural Research and
Extension Center (KARE).
DNA extraction from pure cultures. The three strains (2A1L-11,

4C1P-11, and AF36) were grown separately in potato dextrose broth
liquid media (Difco Laboratories Inc., Detroit, MI) in Parafilm-
sealed volumetric flasks at 25°C for 4 days. Under aseptic conditions,
mycelia of each strain were washed with sterile water, air dried, har-
vested, and transferred into FastDNA tubes containing garnet matrix
and a 0.25-inch ceramic sphere (as shipped). The FastDNA extrac-
tion kit (MP Biomedicals, Irvine, CA) was used for DNA extraction
following the method described by Luo et al. (2009). The DNA
extracted from each sample was diluted in 35 ml of nucleotide-free
water and stored at −20°C for later use.
DNA extraction from conidia grown on plates and collected

from leaves. Conidia of each strain were scraped and harvested from
5-day-old potato dextrose agar (PDA) cultures grown at 30°C to ob-
tain conidial suspensions. In subsequent experiments, conidial sus-
pensions were also obtained from the surface of pistachio leaves
by washing them with sterile water. DNA extraction and dilution
was conducted as described above.
DNA extraction from pistachio nuts. Pistachio nuts were inten-

tionally chosen and picked manually from cultivar Kerman trees
prior to harvest of a pistachio orchard at KARE. The nuts were split
by kernel and hulls and cut into fine pieces using a sterile scalpel;
0.3 g was placed into a FastDNA extraction tube with 250 ml of pro-
tein precipitation solution and 900 ml of cell lysis/DNA solubilizing
solution for vegetation (MP Biomedicals). Samples were ground

twice with a homogenizer (MP Biomedicals) for 40 s. DNA extrac-
tion and dilution was conducted as described above.
DNA extraction from soil. Soil samples were collected from

treated and nontreated orchards at KARE. Several well-distributed
soil subsamples were taken from the first 2 cm of the surface layer
to obtain 1 kg of soil. Soil clods were pulverized using a rubber ham-
mer. Then soil was passed through a sieve (No. 20, ATSM E-11; dis-
infected with 10% bleach, rinsed, and dried between samples) and
stored in clean paper bags at 22 to 30°C until use. To extract genomic
DNA of Aspergillus spp., 500 mg of sieved soil samples was added
into the Lysing Matrix E tube (MP Biomedicals). The DNA extrac-
tion was performed as described above and DNA of each sample was
diluted in 40 ml of nucleotide-free water.
Specific primer design. We designed two pairs of primers to

quantify the proportion of AF36 with respect to toxigenic strains of
A. flavus and A. parasiticus. AF36 contains a naturally occurring mu-
tation conferring atoxigenicity. The single-site mutation (G→A) is
located at the 591 nucleotide in the aflC gene (Ehrlich and Cotty
2004).We used the primer-BLAST designing tool of NCBI. The aflC
reference sequence for the first pair was that of AF36 and the second
was that of toxigenic A. flavus strain NRRL3357. Those sequences
are publicly available in NCBI and deposited in GenBank as acces-
sions GCA_000006275.2 and GCA_012897275.1, respectively. The
first pair of specific primers, SNP36 Sh2 (5¢-GCCTATCGCTGTA
CAAACTG-3¢) and SNP36 Cb (3¢-GCTGGGGATCCAGAACTCA-
5¢; the letter in bold indicates the aflC mutation site found in AF36),
was used to target AF36 DNA. The SNP36 Cb primer, previously
designed by Ortega-Beltran et al. (2016) to identify AF36 using a con-
ventional PCR multiplex assay, incorporates an intentional mismatch at
the 593 nucleotide position in aflC (fifth nucleotide of the primer from
the 5¢ end). The second nucleotide of the SNP36 Cb primer binds to
the aflC SNP but not to DNA of strains that do not contain the SNP
(Fig. 1). The combination of SNP36 Cb and the new primer SNP36
Sh2 amplifies a 137-bp amplicon.
Likewise, we designed a new primer pair comprising Fw-nomutB

(5¢-CTTGGTCTACCATTGTTTGG-3¢), in which the first nucleo-
tide from the 3¢ end binds at the 591 nucleotide in aflC of isolates
lacking the AF36 SNP, and Rv-nomut267 (5¢-GGTAGGCGTCGTGTC
TAG-3¢). Isolates lacking the AF36 SNP amplify a 284-bp amplicon.
Conventional PCR. The PCR amplifications were performed in a

25-ml volume containing 5 ml of PCR Master Mix (Promega, Mad-
ison, WI), 0.8 ml of forward and reverse primers (4 mmol/liter each),
2 ml of template DNA (20 ng), and 16.4 ml of water. The following
conditions were used: an initial preheat at 95°C for 5 min, followed
by 40 cycles of denaturation at 94°C for 30 s, annealing at 64°C for
30 s, extension at 72°C for 30 s, and final extension at 72°C for 5 min.
Gradient PCR revealed 64°C as the optimal annealing temperature.
PCR products were examined in 1.5% agarose gels in Tris-acetate-
EDTA (TAE) buffer with a reference ladder.
Real-time qPCR. qPCR amplifications were performed with a

CFX96 Touch instrument (Bio-Rad, Hercules, CA) using SYBR
Green I fluorescent dye. Two amplifications for each sample (one
for each primer pair) were conducted in a 25-ml volume containing
12.5 ml of Brilliant II SYBR Green QRT-PCR Master Mix (Strata-
gene Corp., La Jolla, CA), 2 ml of template DNA extracted from
any source described above, 0.25 ml of both forward and reverse pri-
mers (4 mmol/liter each), and 10 ml of water. The conditions used

Fig. 1. Comparison of portions of the polyketide synthase gene (aflC) between highly
toxigenic Aspergillus flavus strain NRRL3357 and biocontrol strain A. flavus AF36
showing the single-site mutation (G→A) at the 591 nucleotide that confers
atoxigenicity to AF36 and the regions targeted by the two sets of primers used in
this study.

Plant Disease / Vol. 105 No. 61658



were the same as described above. After the amplifications were
completed, melting curves were obtained based on a standard proto-
col of the qPCR system (CFXMaestro Software) and used to confirm
that the signal of the melting curve peak was from the expected target
product. The qPCR products were also examined in 1.5% agarose
gels in TAE buffer.
Development of standard curves for DNA and conidia number

quantification (qPCR assay calibration). The primer pair, SNP36
Sh2/SNP36 Cb (for AF36) and Fw-nomutB/Rv-nomut267 (for
2A1L-11 and 4C1P-11), plus six 10× serial dilutions of DNA of each
strain (from 14 × 105 pg to 14 pg) were utilized to generate the stan-
dard curves for quantitative detection of the three strains used in this
study. The qPCR conditions described previously were used and the
threshold cycle (Cq) values versus the corresponding log quantities
(in picograms) of DNA from two replicates were employed to gener-
ate the corresponding standard curve for each strain. The standard
curves gave rise to two equations used to calculate the DNA concen-
tration of atoxigenic and toxigenic strains (standard curve generated
for AF36 [SCAF36] and standard curve generated for toxigenic A.
parasiticus and A. flavus [SCAFP] for 2A1L-11 and/or 4C1P-11).
We compared samples containing unknown amounts of DNA to
our standard curve to calculate DNA concentrations of each strain.
Similarly, a standard curve (SCAF36-conidia) was generated by

plotting the Cq values obtained from qPCR assays conducted in du-
plicate with the primer pair SNP36 Sh2/SNP36 Cb versus the log
number of conidia, which was obtained by extracting DNA from se-
rial conidial dilutions of AF36 (from 2.4 × 106 to 24 conidia/ml). A
second standard curve (SCAFP-conidia) was obtained by plotting the
Cq values from the qPCR assay performed twice with the primer pair
Fw-nomutB/Rv-nomut267 versus the log number of conidia, from
the extraction of DNA of six serial conidial dilutions of 2A1L-11
and 4C1P-11 (from 3.4 × 106 to 34 conidia/ml). The equations defin-
ing these curves allowed estimation of the number of conidia per mil-
liliter of each genotype present in a certain sample.
Determination of the proportion of AF36 in a sample. After

qPCR amplification, two Cq values were obtained, one for each of
the two primer pairs used in the study. By inserting the Cq value in
the pertinent standard curve equation, the amount of DNA for the
corresponding genotype present in the sample could be calculated,
and the proportion of AF36 was obtained as follows (equation 1): 

AF36  ð%Þ= A
A+B

×100  (1)

where A is the DNA quantity (in picograms) calculated from
SCAF36 using the primers SNP36 Sh2/SNP36 Cb, and B is the
DNA quantity (in picograms) calculated from SCAFP by using the
primers Fw-nomutB/Rv-nomut267.
Quantification of the proportion of AF36 (qPCR assay

verification). The designed qPCR was verified using (i) known mix-
tures of DNA from AF36 and 2A1L-11 or AF36 and 4C1P-11 and
(ii) known mixtures of conidial suspensions from the same three
strains.
DNA mixtures. Different DNA mixtures were prepared by using

14 × 103 pg of DNA of AF36 and 2A1L-11 or 4C1P-11 from pure
cultures, comprising 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 99%
(wt/wt) of AF36’s DNA.
Conidial suspension mixtures. Different conidial mixtures of

AF36 and 2A1L-11 or 4C1P-11 were prepared with a final density
of 107 conidia/ml to further confirm the applicability of the qPCR as-
say. Nine mixtures with various proportions of AF36 were made of
10, 20, 30, 40, 50, 60, 70, 80, and 90% of AF36’s conidia. Then
200 ml of each mixture was added into a 2-ml FastDNA tube, ground
twice with a homogenizer (MP Biomedicals) for 40 s each time, and
centrifuged at 14,000 rpm for 10 min, and the supernatant was dis-
carded. Next, the DNA of each mixture was extracted as previously
described for conidial suspensions.
The qPCR assay was conducted twice to obtain Cq values accord-

ing to both pairs of primers (SNP36 Sh2/SNP36 Cb and Fw-nomutB/
Rv-nomut267) for each DNA or conidial mixture. SCAF36 and

SCAFP equations were used to calculate DNA (in picograms) with
each primer pair for each combination of strains and equation 1 to de-
termine the proportion of AF36 in the mixture. Linear regression
through the origin between the known proportions of AF36 DNA
in mixtures and those quantified with qPCR assays was calculated.
In all linear regression analyses, the following were determined: sig-
nificance of the regression, coefficient of determination (R2), coeffi-
cient of determination adjusted for degrees of freedom (Ra2), and the
pattern of residuals. All data analysis was conducted using Statistix
10.0 Analytical Software (Tallahassee, FL).
Pistachio leaves. Leaves of pistachio cultivar Kerman were col-

lected from a 15-year-old experimental pistachio plot located at
KARE. The leaves were placed in plastic humid chambers (10
leaves/chamber). Subsequently, the leaves were inoculated using
15 ml of a conidial suspension (106 conidia/ml) combining AF36
and 2A1L-11 as 5:95, 50:50, and 95:5 (AF36 conidia/2A1L-11 con-
idia). Inoculated leaves were air-dried overnight at 18 to 22°C. Each
group of 10 leaves was then placed into a plastic bag with 25 ml of
0.1% Tween 80. The plastic bags were vigorously shaken for
1 min; conidial suspensions were collected in 50-ml Falcon tubes
and centrifuged for 10 min (2,300 rpm). Then 5 ml of the precipitated
conidia was separated in four 1.25-ml vials, ground twice with a ho-
mogenizer (MP Biomedicals) for 40 s, and centrifuged for 5 min at
14,000 rpm. The supernatant was removed and 500 ml of cell lysis/
DNA solubilizing solution for fungi was added to each vial; the vials
were vortexed for 20 s. DNA extraction and dilution were conducted
as described above. qPCRwas conducted twice and the proportion of
AF36 DNA in each mixture was calculated using equation 1 as pre-
viously described, based on the quantity of DNA of each strain
according to SCAF36 and SCAFP.
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Fig. 2. Percentage of each genotype calculated by quantitative real-time PCR assay
using natural soil samples infested with different mixtures of four fungal discs (mycelia
and conidia) on potato dextrose agar of on  ly nontoxigenic Aspergillus flavus AF36
(0:4) or AF36 combined with the toxigenic genotypes (A. flavus, 2A1L-11 or
A. parasiticus, 4C1P-11) in different proportions.

A,
B,



Soil samples. Manually infested soil samples were also used to
verify the qPCR assay. For this, 1 kg of soil from the 2-cm top surface
was acquired by subsampling a non-AF36-treated almond plot lo-
cated at KARE and sieved to be separated in seven 2-g samples as
described above. Different combinations of 5-mm-diameter discs
of PDA with 1-week-old growing colonies (mycelia and conidia)
of AF36, 2A1L-11, and 4C1P-11 were properly mixed with 2-g soil
samples. Then 500 mg of each soil sample was employed for DNA
extraction according to the procedure indicated above. Similarly,
qPCR was conducted twice for each sample and the proportion of
AF36 DNA was calculated using equation 1 as described
previously.
Application of the qPCR assay to determine the proportion of

AF36 in nut and soil samples collected from pistachio fields.After
verifying that the qPCR performed as expected, the equations from
standard curves were also used to compare the proportion of AF36
versus A. flavus and A. parasiticus present in nuts and soil samples
collected from fields.
Nut samples. Thirty early split pistachio nuts—atypical nuts

with split hulls, in which the kernel is exposed to insect and mold
invasions, including Aspergillus spp. (Doster and Michailides
1994)—were harvested from an AF36-treated plot (treated with A.
flavus AF36 Prevail, the new formulation, applied at a rate 10 kg/
ha) located at KARE. The early split nuts were divided into two
groups of 15 nuts each: those with rough and shriveled hulls, show-
ing a dark and stained suture (symptomatic) of Aspergillus spp. con-
tamination, and those with smooth hulls and without the stained
suture (asymptomatic) (Doster andMichailides 1994). In each group,
DNA extraction was conducted as described for pistachio nuts, inde-
pendently for kernels and hulls, and qPCR assays were performed to
obtain the Cq values that allow calculation of DNA quantities of each
genotype using the equations derived from the standard curves
(SCAF36 and SCAFP). Based on the results, AF36 incidence (per-
cent) and AF36 molecular severity (MS) were calculated according
to equations 2 and 3:

AF36  incidence  ð%Þ=AF36  samples  ðnÞ
N

100 (2)

AF36 molecular  severity = Log
AF36 DNA  ðpgÞ
Plant weight  ðgÞ (3)

where AF36 samples is the number of samples (n) with the presence
of AF36 (i.e., samples in which a certain amount of AF36 DNA was
detected using the qPCR assay, with respect to the total number of
samples [N]; equation 2). In equation 3, AF36 DNA is the quantity
of DNA according to SCAF36, whereas plant weight (in grams) cor-
responds to the amount of tissue used for the DNA extraction. In this
latter equation, if AF36 DNA < 5 pg, we considered AF36 MS equal
to 0.
Soil samples. Nine 10-g soil samples were taken from the first

2 cm of the surface layer in the same AF36-treated almond plot at
KARE. For comparisons, nine additional samples from AF36 non-
treated fields contiguous to the almond plot were collected adopting
the same criteria. Samples were dried in paper bags at room temper-
ature (21 to 25°C) for 1 week and then sieved; DNA was extracted as
described for soil samples. The qPCR assay was conducted three
times. From the results obtained, statistical analyses were conducted
to compare AF36 incidence (percent), as indicated in equation 2.
Since the presence of A. flavus and A. parasiticus in soil samples
without plant debris taken from the upper centimeter of the first soil
layer was mainly composed of scattered conidia (propagules) into the
soil matrix (Abbas et al. 2009; Horn 2003; Luo et al. 2009), we also
calculated the conidial density (percent) of each plot as follows:

Conidial  density = Log
  Conidia  ðnÞ

Soil weight  ðgÞ  (4)

Conidia (n) were calculated based on equations, SCAF36-conidia
and SCAFP-conidia resulted from the qPCR calibration test per-
formed using conidial suspensions of AF36 and 2A1L-11 or

4C1P-11 used for Cq values obtained by conducting the qPCR assay
as described previously.
In both the nut and soil assays, the different treatments were com-

pared according to the Kruskal-Wallis test (a = 0.05). qPCR assays
for both nuts and soil samples were performed three times.
Evaluation of the competition between AF36 and 2A1L-11 in

culture media. Five conidial suspensions (108 conidia/ml) were pre-
pared by combining AF36 and 2A1L-11 conidia at proportions of 95:
5, 80:20, 50:50, 20:80, and 5:95 (AF36/2A1L-11). Subsequently,
100 ml of each conidial suspension was transferred to 9-cm Petri
dishes with PDA and incubated at 30°C to begin the first generation
of competition between both strains. After 3 days of incubation, 1 ml
of sterile 0.1% Tween 80 was added to each plate with the Aspergil-
lus colonies, and the conidia were scraped with a sterile plastic rod.
From this new conidial suspension, 500ml was used for DNA extrac-
tion, and the proportion of AF36 in each sample was calculated as de-
scribed above. The remaining 500 ml from the conidial suspension of
each treatment was adjusted to 108 conidia/ml using a hemocytome-
ter, and 100 ml was transferred to a new PDA plate, which was incu-
bated again as described above to be considered as the second conidia
generation. This process (culture-conidia and wash-culture) was re-
peated six times to obtain six conidia generations. The dynamic in
the proportions of AF36 over generations was used to study the com-
petitive ability of AF36 and the toxigenic strain over several gener-
ations; this may provide clues to AF36 behavior in nature after
being released in the field. For each generation and treatment, the
mean and standard deviation were calculated using the Summary Sta-
tistic of Statistix 10.

Fig. 3. Standard curves from quantitative real-time PCR (qPCR) by plotting the
threshold cycle (Cq) versus the log conidia (No) using DNA extracted from serial
conidial suspensions of Aspergillus flavus, AF36 strain, by using A, SNP36 Sh2/
SNP36 Cb primers and A. flavus (2A1L-11, white dots) and A. parasiticus (4C1P-
11, black dots) by using B, Fw-no mut B/Rv-no mut-267 primers.
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Results
Primer specificity test. Primer pair SNP36 Sh2/SNP36 Cb suc-

cessfully distinguished AF36 from the toxigenic A. flavus and A. par-
asiticus used in the qPCR assay. No amplification from AF36 was
obtained using primer pair Fw-nomutB/Rv-nomut267, while this pair
was amplified by both A. flavus and A. parasiticus toxigenic strains.
Development of standard curves for DNA and conidia number

quantification (qPCR calibration). Figure 2 shows the standard
curve generated with primer pair SNP36 Sh2/SNP36 Cb by using
six serial dilutions of AF36 DNA, from pure culture. Figure 2B
shows the standard curve generated with primer pair Fw-nomutB/
Rv-nomut267 by using five serial DNA dilutions of 2A1L-11 and
4C1P-11 DNA.
The standard curves for conidia quantification, shown in Figure

3A, were generated with primer pair SNP36 Sh2/SNP36 Cb by using

DNA extracted from five serial conidia dilutions of AF36 (SCAF36-
conidia) as y = −0.270x + 11.672, where y is the log of the number of
conidia (conidia/milliliter) of AF36 and x is the Cq value from qPCR
(R2 = 0.959; P < 0.001). Figure 3B shows the curve for primer pair
FwnomutB/Rv-nomut267 by using DNA extracted from four serial
dilutions of 2A1L-11 and 4C1P-11 as y = −0.245x + 10.696, where
y is the log of the number of conidia (conidia/milliliter) of the toxi-
genic strain and x is the Cq value from qPCR (R2 = 0.879; P < 0.001).
Quantification of the proportion of AF36 (qPCR assay

verification). DNA mixtures. A highly significant (R2 = 0.974; P <
0.001) regression was obtained between the percentage of DNA of
AF36 existent in 11 known pure DNA mixtures and those quantified
with the qPCR assay (Fig. 4A). Regression was forced through the
origin to increase the meaning of the relationship between both var-
iables. The adjusted equation was y = 1.163x, where x is the percent-
age of DNA of AF36 present in the DNA mixture and y is the same
value calculated by using the qPCR assay.
Conidial suspension mixtures. Similarly, nine known proportions

of conidial suspensions as mixtures of AF36 with toxigenic strains
were confronted with those calculated using the qPCR assay (Fig.
4B). The linear regression was again forced through the origin; the
relation among variables y = 1.016x was highly significant (R2 =
0.950; P < 0.001), where x is the percentage of conidia of AF36 pre-
sent in the conidial mixture and y is the same value calculated by us-
ing the qPCR assay.
Pistachio leaves.Whenwe inoculated pistachio leaves using differ-

ent combinations of conidia of AF36 and other Aspergillus strains, a
highly significant (R2 = 0.924; P < 0.001) linear regression (y =
1.061x) was obtained between the inoculated AF36 conidia propor-
tions, x, and the AF36 proportions quantified from the qPCR assay, y.
Soil samples. In the inoculated soil with various known mixtures

of the Aspergillus genotypes, we detected the presence of 100% of
each genotype when added individually to the soil sample and it was
possible to identify distinctive proportions when AF36 was mixed in
a large (3:1) or a small (1:3) fraction with any of the other genotypes.
In the control treatments, the qPCR assay did not detect another Asper-
gillus strain other than those used to infest the soil samples (Fig. 5).
Application of qPCR to determine the proportion of AF36 on

various sources of samples collected from fields. Nut samples.Ap-
plication of the qPCR assay over early split pistachio nut samples col-
lected from commercially treated pistachio plots resulted in similar
AF36 incidence (percent; equation 2) and AF36MS (equation 3) val-
ues among kernel and hulls tested, but dissimilar values (P = 0.021)
for AF36 MS between symptomatic and asymptomatic hulls. No
other Aspergillus genotype distinct from AF36 was found in the sam-
ples. The incidences of AF36 contaminating early split pistachio nuts
ranged from 0 to 60% in both kernel and hull tissues, and the corre-
sponding MS values of AF36 were in a log scale range from 0 to 1.7
pg/g (Fig. 6).

Fig. 4. Linear regression between the percentage of Aspergillus flavus AF36 in A,
known mixtures of DNA and B, known conidial mixtures and the percentage of
AF36 in the mixture calculated by quantitative real-time PCR (qPCR). White dots
represent values of AF36 mixed with A. flavus 2A1L-11 and black dots represent
values of AF36 mixed with A. parasiticus 4C1P-11.

Fig. 5. Percentage of each genotype calculated by quantitative real-time PCR assay
using natural soil samples infested with different mixtures of four fungal discs (mycelia
and conidia) on potato dextrose agar of only nontoxigenic Aspergillus flavus AF36
(0:4) or AF36 combined with the toxigenic genotypes (A. flavus, 2A1L-11 or A.
parasiticus, 4C1P-11) in different proportions.
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Soil samples. In treated soils, AF36 had an incidence of 100%
among the examined Aspergillus communities and that incidence
was higher (P = 0.007) than that of AF36 in untreated soils (62%;
Fig. 7). In addition, the conidial density (equation 4) in the soil of

the treated plot (2,598 conidia/g) was significantly higher (P =
0.021) than in the untreated plot (39 conidia/g) (Fig. 7).
Evaluation of the competition between AF36 and 2A1L-11 in

culture media. The results of the competition experiments demon-
strated that after six generations, the proportion of AF36 remained
relatively stable when the starting point was at high concentration
(close to 100%) or in a low concentration at approximately 5% in
the mixture with 2A1L-11. However, from 80% at the beginning,
the percentage of AF36 varies around 60 to 80%, with a final decline
to 20% at the sixth generation. Conversely, from 50 and 20% as the
starting point, the population of AF36 ended up with an increase of
20% (Fig. 8).

Discussion
Crops such as almond or pistachio are occasionally contaminated

with aflatoxins and this can cause severe economic loss (Bayman
et al. 2002; Campbell et al. 2003; Doster 1996; Doster and
Michailides 1994; Ortega-Beltran et al. 2019; Palumbo et al. 2014).
Overall, an increase in aflatoxin contamination has occurred in the
last decade in temperate zones driven by the changing patterns in cli-
mate (Battilani et al. 2016; Cotty and Jaime 2007; Medina et al.
2017). These events have bolstered the research and delivery work
to mitigate the increment of aflatoxin contamination in regions where
susceptible crops have great economic value or are staple foods, such
as in many African nations (Bandyopadhyay et al. 2016). Diverse
control strategies have extensively been sought to prevent and reduce
aflatoxin contamination in crops; however, biocontrol of aflatoxins
using endemic atoxigenic strains has become a useful tool in several
parts of the world, since it is efficient in preventing toxin accumula-
tion and safeguards the quality of food and feed before and after har-
vest (Bandyopadhyay et al. 2016; Camiletti et al. 2017, 2018; Mauro
et al. 2015; Moral et al. 2020; Ortega-Beltran et al. 2019; Savić et al.
2020). The atoxigenic biocontrol technology was developed in the
United States, where it continues to be used and AF36 is currently
the most widely used biocontrol strain to reduce aflatoxin contamina-
tion (Moral et al. 2020).
Successful aflatoxin biocontrol is revealed by both aflatoxin re-

ductions in treated crops and displacement of aflatoxin producers
(Agbetiameh et al. 2019; Atehnkeng et al. 2014; Camiletti et al.
2018; Dorner 2009; Mauro et al. 2015; Weaver et al. 2015; Zhou
et al. 2015). Understanding how the populations of nonaflatoxigenic
strains change over time after being released into the environment al-
lows for determination of whether treatment is effective (Abbas et al.
2009; Donner et al. 2015; Horn 2003; Jaime-Garcia and Cotty 2004;
Mauro et al. 2013; Moore et al. 2017). It is also important to monitor
how the atoxigenic strains survive and compete with populations of
aflatoxin-producing species (Cotty et al. 2007; Cotty and Bayman

Fig. 6. Infection incidence (in percentages) and log molecular severity (in picograms/
gram) of the Aspergillus flavus AF36 strain quantified in early split nuts collected from
a commercially AF36-treated pistachio plot. Kernels and hulls were tested
independently. *P < 0.05, significant differences between asymptomatic (nuts with
smooth hulls and without the stained suture) or symptomatic (nuts with rough and
shriveled hulls, showing a dark and stained suture) kernels or hulls according to the
Kruskal-Wallis test.

Fig. 7. Left, Aspergillus flavus atoxigenic AF36 strain incidence (in percentages) and
right, conidial density (log (conidia/gram) quantified in soil samples collected from
AF36 commercially treated and contiguous untreated pistachio fields. **P < 0.01
and *P < 0.05, significant differences between AF36-treated and untreated soils
according to the Kruskal-Wallis test.

Fig. 8. Dynamic in the proportions of Aspergillus flavus atoxigenic AF36 strain
quantified by the quantitative real-time PCR (qPCR) assay over six 3-day-long
generations in culture media, starting from different initial proportions of AF36 in the
mixture with the toxigenic A. flavus 2A1L-11 strain.
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1993; Mehl and Cotty 2010). It is difficult to answer these questions
by using traditional approaches based on fungal culturing methods,
such as VCAs. However, VCAs are extensively used despite being
a time-, resource-, and labor-intensive task (Atehnkeng et al. 2016;
Bayman and Cotty 1991, 1993; Camiletti et al. 2018; Horn and
Greene 1995; Ortega-Beltran and Cotty 2018; Ortega-Beltran et al.
2018; Probst et al. 2011). The tediousness of VCAs provided the nec-
essary impetus to reconsider the way in which epidemiological stud-
ies of AF36 are conducted in tree nut orchards. Here we developed a
qPCR assay to quantify the proportion of AF36 versus toxigenic ge-
notypes of A. flavus and/or A. parasiticus from a diverse source of
samples, including mycelia from pure cultures, conidial suspensions,
soil, and plant tissues. The assay can be used to work with 48 samples
at a time, obtaining quality results in <2 h for a reasonable cost
(<$30 USD) (M. T. Garcia-Lopez and T. J. Michailides, unpublished
data). In comparison, it can take months to conduct VCAs for the
same number of samples.
Strain AF36 belongs to VCG YV36, which has spread from Cal-

ifornia to Georgia and is also endemic to México (Ehrlich and Cotty
2004; Ortega-Beltran et al. 2016). All YV36 members are atoxigenic
because of a SNP in aflC, although members of the VCG contain
additional degeneration in aflC and in other genes necessary for
aflatoxin production. However, the aflC SNP can be found in
atoxigenic isolates belonging to other VCGs (Ehrlich and Cotty
2004; Grubisha and Cotty 2015). Thus, the assay would also quantify
other atoxigenic isolates carrying the SNP, in addition to YV36
members that are native to the area. YV36 is one of the most common
atoxigenic VCGs across California tree nut orchards, with frequen-
cies of up to 7% of the Aspergillus communities (Ortega-Beltran
et al. 2019; Picot et al. 2018). However, when applied in orchards,
the strain AF36 will most likely dominate the communities. Detect-
ing the SNP in treated samples is a reasonable estimate of the pres-
ence of AF36. There are hundreds of VCGs in a single area and
not all of them are atoxigenic; among those that are atoxigenic, not
all of them contain the aflC SNP (Bayman and Cotty 1991; Ehrlich
and Cotty 2004; Ortega-Beltran and Cotty 2018).
The proportion of AF36 in various sources was accurately quanti-

fied using established standard curves. Highly significant regressions
between known and detected proportions of AF36 using the qPCR
assay were obtained from various sources. This demonstrates that
the qPCR assay can efficiently quantify AF36 proportions at the pop-
ulation level from different sources and distinguish AF36 from other
strains of A. flavus or A. parasiticus. The standard curves for each
primer pair were generated and the R2 coefficients proved to be good
indicators of robust and reproducible assays of this study. Because of
the equal conditions of qPCR protocols for both primer pairs, the
qPCR can be conducted at the same time with the two primer sets,
reducing the time of analysis and allowing simultaneous calculation
of proportions of AF36/A. flavus and/or A. parasiticus. Based on the
standard curves, the normal range from 20 to 35 of the Cq values per-
mits detection from 5 to 200,000 pg of AF36 DNA and from 19
to 66,000 pg of A. flavus and/or A. parasiticus DNA that might be
present in a sample from pure culture DNA. This sensitivity is appro-
priate to accurately quantify a target genotype in a given sample.
Likewise, our method allows quantification of the number of
conidia of each strain in a sample with limits varying from 170 to
2 × 106 conidia of AF36 and from 250 to 1 × 106 of A. flavus and/or
A. parasiticus. Higher accuracy occurred at densities >2,000 conidia/
g in both cases, while lower accuracy occurred at densities <250
conidia/g. Use of larger field samples, bearing consequently higher tar-
get DNA content, can increase accuracy, as proposed by Luo et al.
(2009) andWang et al. (2006). Maintaining consistency of the method-
ology in sample processing and quantification is important to systemat-
ically guarantee the high accuracy of unknown sample quantification.
The discrimination power for quantification of AF36 versus

A. flavus and/or A. parasiticus was also confirmed using samples
containing mixtures of DNA at different proportions. Moreover,
the accuracy of the method to quantify these fungi in artificially con-
taminated matrices was authenticated by an adequate regression co-
efficient when extracting DNA from washes of inoculated leaves. In

addition, the results confirmed the applicability of the method in con-
trolled studies using soil samples. Quantifying fungal levels in field
matrices is essential to continue with epidemiological studies for un-
derstanding the biocontrol strain behavior in nature.
The methods to extract Aspergillus DNA from a diverse source of

samples were successful to obtain the required DNA quality for
qPCR. Extraction of fungal DNA directly from soil is more difficult
compared with extractions from pure fungal cultures, plant tissues,
and some restricted environments by using a commercial kit, espe-
cially when the density of the pathogen’s propagules in soil is very
low. Previous reports described protocols to quantify A. flavus and
A. parasiticus (Carbone et al. 2007; Frisvad et al. 2005; Luo et al.
2009), which helped as references for the DNA extraction method
from soil samples used in this study.
Using the designed primers and the DNA extraction method, a qPCR

assaywas generated to quantify the proportion ofAF36with respect toA.
flavus and/or A. parasiticus contained in soil samples fromAF36-treated
versus untreated contiguous plots. As expected, treated fields were dom-
inated by AF36. Since the untreated fields were adjacent, most likely the
AF36 strain moved from the treated plot, although AF36 incidence and
its conidial density were significantly lower in the untreated plots.
Tests were also conducted with early split nuts collected from a

commercially AF36-treated plot, allowing the comparison of AF36
infection incidence and its MS in both kernels and hulls with fungal
infection symptoms or not. Symptomatic early split kernels (i.e.,
showing a dark and stained suture) had higher AF36MS in the kernel
than in the hull. Conversely, the healthy-looking (asymptomatic)
early split kernels had significantly higher AF36 MS in the hull, in-
dicating that the colonization process was at an early stage. This re-
search also involved a preliminary study on competition between
AF36 and other strains, which demonstrated the potential applicabil-
ity of the qPCR assay to track AF36 survival after being released into
the environment as a biocontrol agent. Bayman and Cotty (1993)
suggested that an atoxigenic strain was able to compete effectively
at the same inoculum proportion (50:50) or with even less atoxigenic
inoculum on cotton balls or in liquid fermentation systems. Similar
findings were reported byMauro et al. (2015) when examining atoxi-
genic strains native to Italy. They suggested that atoxigenic strains
used two mechanisms of action: by exclusion of the toxigenic strain
from the niche, and by competing for nutrients destined for aflatoxin
biosynthesis. The mechanisms of AF36 in reducing aflatoxin con-
tamination still need to be intensively studied. An efficient quantifi-
cation method is needed to determine the ability of AF36 to compete
with other individuals for infection sites and to elucidate how much
strength AF36 could express to reduce the aflatoxin production pro-
cess. When AF36 is released into the environment, many factors may
affect its survival, growth, and reproduction (Michailides et al.
2018). It is important to quantify such effects so the faithfulness of
biocontrol strains in the environment after release can be accurately
modeled and predicted (Abdel-Hadi et al. 2012; Marı́n et al. 2012).
Understanding the dynamics of AF36 under different scenarios is im-
portant to design the best strategies of application of a biocontrol
agent to reduce the risk of aflatoxin contamination in nut crops
(Ortega-Beltran et al. 2018). Determining how AF36 competes with
native aflatoxigenic strains under various conditions could greatly
help the decision-making process on better and more efficient use
of the biocontrol agent. All of the above issues rely on an efficient
and accurate method to rapidly process samples from various sources
to obtain valuable information timely. Our established qPCR assay
could be used to handle such difficult, time-sensitive tasks to accel-
erate aflatoxin management while improving food safety.
In addition, the formulation of AF36 needs to be improved to in-

crease the efficiency of displacement, and the qPCR assay developed
here can be useful for monitoring subsequent experiments without
the need to conduct the laborious VCA. Another possibility is to
monitor the residual effect of AF36 in treated orchards to determine
whether partial or complete yearly or biyearly treatment is needed.
This can considerably save costs to farmers and would provide
more farmers the opportunity to access the product. Furthermore, it
is expected that mixtures of atoxigenic strains will be used to
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complement the efficacy of AF36. Assays to quantify the proportions
of those strains need to be developed in the future.
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Conclusion. A qPCR protocol to quantify proportions of AF36
accurately and efficiently was developed for use in diverse substrates
(soil, conidial suspensions, fruit, or leaf tissues). This assay will
serve to conduct epidemiological and competition studies of AF36 in
both laboratory and field studies in a time- and cost-effective man-
ner. Increased knowledge of the biology, epidemiology, and ecology
of the biocontrol strain will ultimately lead to the design of more
efficient aflatoxin mitigation strategies.
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