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Abstract

In California, aflatoxin contamination of almond, fig, and pistachio has
become a serious problem in recent years due to long periods of drought
and probably other climatic changes. The atoxigenic biocontrol product
Aspergillus flavusAF36 has been registered for use to limit aflatoxin con-
tamination of pistachio since 2012 and for use in almond and fig since
2017. New biocontrol technologies employ multiple atoxigenic geno-
types because those provide greater benefits than using a single genotype.
Almond, fig, and pistachio industries would benefit from a multi-strain
biocontrol technology for use in these three crops. Several A. flavus veg-
etative compatibility groups (VCGs) associated with almond, fig, and
pistachio composed exclusively of atoxigenic isolates, including the
VCG to which AF36 belongs to, YV36, were previously characterized

in California. Here, we report additional VCGs associated with either
two or all three crops. Representative isolates of 12 atoxigenic VCGs sig-
nificantly (P < 0.001) reduced (>80%) aflatoxin accumulation in almond
and pistachio when challenged with highly toxigenic isolates of A. flavus
and A. parasiticus under laboratory conditions. Isolates of the evaluated
VCGs, including AF36, constitute valuable endemic, well-adapted, and
efficient germplasm to design a multi-crop, multi-strain biocontrol strat-
egy for use in tree crops in California. Availability of such a strategy
would favor long-term atoxigenic A. flavus communities across the af-
fected areas of California, and this would result in securing domestic
and export markets for the nut crop and fig farmer industries and, most
importantly, health benefits to consumers.

Aflatoxins are toxic fungal secondary metabolites that cause nega-
tive health effects, including death, in both humans and domestic ani-
mals (CAST 2003; Liu et al. 2012; Probst et al. 2007). These
mycotoxins are produced by fungi belonging to Aspergillus section
Flavi, including Aspergillus flavus and A. parasiticus (Amaike and
Keller 2011; Cotty et al. 1994). Among the four major aflatoxins
(B1, B2, G1, and G2), aflatoxin B1 is bothmost toxic andmost prevalent
and is classified as a Group 1 carcinogen by the International Agency
for Research on Cancer (IARC 2002). In developed nations, enforce-
ment of regulations prohibiting commercialization of food and feed ex-
ceeding aflatoxin tolerance levels is common (van Egmond et al. 2007;

Wu 2004). The European Union allows aflatoxin B1 at a maximum
concentration of 8 mg/kg and total aflatoxins at 10 mg/kg in almond
and pistachio intended for direct human consumption (van Egmond
et al. 2007) while, in the United States, total aflatoxin content of a
maximum of 20 mg/kg is allowed in pistachio and almond (Food
and Drug Administration 2005a,b). Crops exceeding those thresholds
are rejected from the market, which causes severe economic losses
for farmers, processors, and traders (Bui-Klimke et al. 2014;Wu 2015).
Genetic diversity within Aspergillus spp. is vast. Species can be

subdivided into vegetative compatibility groups (VCGs). VCGs are
genetically isolated subpopulations delimited by a self/nonself-
recognition system that restricts gene flow between individuals having
dissimilar alleles at loci governing vegetative incompatibility (Papa
1986). Significant variation in aflatoxin-producing potentials among
VCGs exists, particularly within A. flavus (Cotty 1997; Cotty et al.
1994; Doster et al. 1996; Horn et al. 2000). Members of certain A.
flavusVCGs do not produce aflatoxins due to defects in the aflatoxin
biosynthesis gene cluster. Those individuals are referred to as atoxi-
genic. Certain VCGs are composed exclusively of atoxigenic mem-
bers (Chang et al. 2005; Ehrlich and Cotty 2004; Grubisha and
Cotty 2015). In species other than A. flavus, variability in aflatoxin-
producing potential is less pronounced (Chang et al. 1995; Horn
et al. 2000; Nesci and Etcheverry 2002).
In California, over the last decade, there has been an increase in

unacceptable aflatoxin levels in pistachio, almond, and fig (Donner
et al. 2015; Doster et al. 1996, 2014; Picot et al. 2017). This has
resulted in rejection of tree crop lots, preventing entry into European
markets (Bui-Klimke et al. 2014; RASFF 2017). Hot and dry condi-
tions are associated with increases in aflatoxin contamination (Cotty
et al. 1994), and those conditions are common in California (Herring
et al. 2014; Liu et al. 2018) during the cropping season (March to
September). In addition, in some years, allocation of irrigation water
is restricted due to severe drought, and growers of nut crops and fig
fruit implement reduced deficit irrigation tactics.
Aflatoxin preventive measures used by tree crop industries in-

clude good agricultural practices, navel orangeworm (Amyelois tran-
sitella) control, and sorting of defective, stained, and decayed fruit
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(Campbell et al. 2003; Higbee and Siegel 2012; Palumbo et al. 2014).
However, these measures are often insufficient to produce crops with
safe aflatoxin levels. A commercially acceptable technology to re-
duce aflatoxins in crops is the use of atoxigenic A. flavus strains dur-
ing crop development to competitively displace naturally occurring
aflatoxin-producing strains (Cotty 2006; Dorner 2004; Doster et al.
2014). As a direct consequence of the application of atoxigenic
strains, treated crops become associated with the atoxigenic fungi
and significantly less aflatoxins are produced. In 2003, Aspergillus flavus
AF36, developed by the United States Department of Agriculture–
Agricultural Research Service (USDA-ARS), was the first bio-
control product to receive unrestricted registration by the United
States Environmental Protection Agency (USEPA) to mitigate afla-
toxin contamination of cottonseed (Cotty 2006; USEPA 2003).
The active ingredient, A. flavus isolate AF36, was initially isolated
in Arizona (Cotty 1989) and belongs to VCG YV36 (Ehrlich and
Cotty 2004). VCG YV36 is the most frequently encountered atoxi-
genic VCG in Californian pistachio, almond, and fig orchards (Doster
et al. 2007, 2014; Picot et al. 2018). AF36 has been registered now
for use in all of these perennial crops (Doster et al. 2014; USEPA
2012, 2017). It took approximately 10 years of research with AF36
in pistachio orchards to obtain unrestricted registration for pistachio
(USEPA 2012) and approximately five more years of research for
similar registrations for almond and fig. Justification based on
knowledge from use on pistachio and other crops was required to
bridge the registration to an unrestricted registration from USEPA
for use in almond and fig (USEPA 2017).
A second generation of aflatoxin biocontrol products employing

mixtures of diverse atoxigenic A. flavus strains has been developed
for use in African nations and the United States (Bandyopadhyay
et al. 2016; Shenge et al. 2017). Genotypes belonging to VCGs well
adapted to cropping systems in target areas are selected as active-
ingredient fungi (Atehnkeng et al. 2016; Mehl et al. 2012). Atoxi-
genic strain mixtures varying in adaptive traits to crops, soils, and
microclimates may be more effective at establishing long-term
atoxigenic Aspergillus communities (Atehnkeng et al. 2014; Mehl
et al. 2012; Probst et al. 2011). Use of AF36 in pistachio orchards re-
sults in aflatoxin reductions significantly below those obtained in
cottonseed and maize treated with AF36 (Doster et al. 2014). Using
mixtures of atoxigenic genotypes rather than a single genotype (e.g.,
AF36) in tree crops could result in greater aflatoxin reductions be-
cause of greater long-term reductions in the aflatoxin-producing po-
tential of associated A. flavus communities.
Fifteen frequent atoxigenic A. flavus VCGs originating from al-

mond, fig, and pistachio orchards in California were previously identi-
fied using microsatellite analysis, with the ultimate aim of identifying
active ingredients for biocontrol mixtures (Picot et al. 2018). The cur-
rent study sought to extend previous work (Picot et al. 2018) by (i)
characterizing membership in the 15 genetic VCGs common on al-
mond, fig, and pistachio grown in California and (ii) testing the
VCG abilities to reduce aflatoxin content in almond and pistachio ker-
nels during co-infection with aflatoxin-producing A. flavus and A. par-
asiticus isolates. This additional information on fungal germplasmwell
adapted to tree crops, with superior ability to reduce aflatoxin content,
is a resource for development of biocontrol products to treat almond,
fig, and pistachio crops in California. A multi-strain biocontrol product
directed at multiple crops may facilitate a true area-wide and environ-
mentally safe aflatoxin management strategy for the benefit of highly
profitable, aflatoxin-prone tree crops in California.

Materials and Methods
Atoxigenic A. flavus associated with almond. In total, 360 atoxi-

genic A. flavus isolates associated with almond soils sampled from
2007 to 2011 were part of a previous study (Table 1) (Picot et al.
2018) in which 15 dominant atoxigenic genetic groups (labeled H1
to H15) were delineated by microsatellite analyses (Grubisha and
Cotty 2009). In the current study, these isolates were subjected to fur-
ther characterization.
Fungi associated with pistachio and fig. Isolates of A. flavus as-

sociated with pistachio (n = 289) and fig (n = 40) recovered from

1982 to 2007 from diverse research projects in our laboratory were
used in the current study (Table 1). These isolates are maintained
in the culture collection at Kearney Agricultural Research and Exten-
sion Center in Parlier, CA. None of these pistachio and fig isolates
were part of our previous study (Picot et al. 2018). The aflatoxin-
producing potential of the isolates was unknown, and it was expected
that the populations were composed of both toxigenic and atoxigenic
strains. Pistachio isolates were recovered from soils (52.6%), leaf
washes (33.2%), nuts (9.7%), and male inflorescences (4.5%). Fig
isolates were recovered from fruit (52.5%) and soils (47.5%).
Vegetative compatibility analyses. Nitrate-nonutilizing (nit) mu-

tants of all A. flavus isolates from almond, pistachio, and fig (n = 360,
289, and 40, respectively) were generated using previously described
methodology (Ortega-Beltran and Cotty 2018). Briefly, nit mutants
were selected on SEL agar (Czapek-Dox broth, 25 g of KClO3,
50 mg of rose Bengal, and 2% Bacto-agar [Difco Laboratories
Inc., Detroit, MI] per liter, pH 7.0) by seeding spore suspensions (ap-
proximately 1,000 spores in 15 ml) into 3-mm central wells cut into
agar. Plates were incubated at 31°C for up to 1 month. Spontaneous
auxotrophic sectors were transferred onto MIT agar (Czapek-Dox
broth, 15 g of KClO3, and 2% Bacto-agar per liter, pH 6.5), and in-
cubated for 3 days at 31°C to further purify mutants. Mutants were
then grown on 5-2 agar (5% V8 juice [Campbell Soup Company,
Camden, NJ] and 2% Bacto-agar, pH 6.0) for 7 days at 31°C. Mu-
tants were saved as agar plugs of sporulating cultures in 8-ml vials
containing 4 ml of sterile distilled water until used in vegetative
compatibility analyses (VCA).
Complementary mutant tester pairs from 9 of the 15 atoxigenic ge-

netic groups were developed using previously described methodolo-
gies (Ortega-Beltran and Cotty 2018). Tester pairs were also
developed for two isolates not belonging to one of the 15 groups.
Briefly, tester pairs were developed by pairing of niaD mutants with
either a cnx or nirA− mutant on starch agar (36 g of dextrose, 20 g of
soluble starch, 3 g of NaNO3, and 2% Bacto-agar per liter, pH 6.0).
Complementary pairs were used to define individual VCGs. The
tester pair of VCGYV36 (H14 in study by Picot et al. [2018]), ATCC
96045 and ATCC 96047, was developed over 20 years ago (Cotty
1994). All mutants of isolates were subjected to VCA with tester
pairs of the 12 VCGs mentioned above, as previously described
(Ortega-Beltran and Cotty 2018). Isolates yielding complementary
mutants to a tester pair were placed in the corresponding VCG.
Influence of atoxigenic VCGs on aflatoxin contamination

of both almond and pistachio kernels co-inoculated in

Table 1. Origin and substrate in which Aspergillus flavus isolates were col-
lected and used in the current study

Isolates evaluated (n)y

County Almond Fig Pistachio

Butte 76 − −

Colusa 34 − −

Fresno − 8 17
Glenn 63 − −

Kern 83 − 47
Kings − − 17
Madera 104 17 136
Merced − − 12
Tulare − − 60
Fresno/Maderaz − 15 −

Total 360 40 289

y All A. flavus associated with almond were recovered from almond orchard
soils and were previously classified as atoxigenic based in earlier studies
(Donner et al. 2015; Picot et al. 2018). Isolates from fig and pistachio agro-
ecosystems belong to the fungal collection of our laboratory and were not
previously screened for aflatoxin-producing potential; − indicates that iso-
lates from those counties were not available (the crops are either not grown
on those counties or the fungal collection does not contain isolates originat-
ing from those counties).

z The origin of 15 isolates recovered from Calimyrna fig fruit is from both of
these counties. However, these were grown either in Fresno or Madera
counties.
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the laboratory. Ability of identified atoxigenic VCGs to limit afla-
toxin accumulation in almond and pistachio kernels was evaluated
when independently co-inoculated with highly toxigenic isolates of
either A. flavus (isolate 2A1L-11) or A. parasiticus (isolate 4C1P-
11). Twelve VCGs were evaluated on almond and eight of those
were also evaluated on pistachio. The toxigenic isolates were selected
because of their production of large aflatoxin quantities in both chem-
ically defined media and on viable almond kernels (A. Picot and T.
J. Michailides, unpublished results).
For inoculum preparation, all fungal isolates were grown on 5-2

agar for 7 days (31°C). Spores were collected with sterile cotton
swabs, suspended in sterile distilled deionized water, quantified using
a hemocytometer, and diluted to a concentration of 1.75 × 106 spores/
ml. Sterile glass vials (20 ml) contained approximately 5 g of mature,
viable, and healthy kernels previously surface sterilized by submersion
in hot water (80°C for 45 s). Both almond and pistachio kernels were
either co-inoculated with an aflatoxin-producer and an atoxigenic iso-
late (1:1; inoculated simultaneously) or with an aflatoxin-producer
alone. Initial kernel moisture was 4 to 6%. Spore suspensions contain-
ing approximately 350,000 spores/g of kernels were combined with
appropriate amounts of sterile distilled water to bring kernel moisture
to 25%. This created a favorable environment for fungal growth. Ad-
justed suspensions were vortexed and distributed evenly on the surface
of kernels. Kernels inoculated with sterile water served as a nontreated
control. After inoculation, vials were covered with sterile plastic caps
that allowed gas exchange and positioned in plastic containers (crisp-
ers; 32 by 23 by 10 cm) into a randomized complete design and incu-
bated for 7 days (31°C). Treatments consisted of four replicates and
each replicate consisted of a single kernel-containing glass vial. Each
experiment was repeated twice.
For almond, competition experiments were terminated by adding

30 ml of 60% methanol. Aflatoxins were extracted following the As-
sociation of Official Agricultural Chemists method (Kamimura et al.
1985), with minor modifications. Briefly, each almond-fungal-
methanol mixture was transferred to a 110-ml stainless steel labo-
ratory blending jar (MC-2; Waring Commercial, Torrington, CT).
Mixtures were combined with 1 g of NaCl and blended for 1 min.
Extracts were passed through fluted filter paper (number 1289;
Vicam Inc., Watertown, MA), combined with 10 ml of sterile water,
and passed through a glass microfiber filter paper (number 691;
VWR, Radnor, PA). From the second filtrate, a homogeneous 100-ml
aliquot was combined with 9.9 ml of water and the suspension was
eluted in an AflaTest immunoaffinity column (Vicam Inc.) at a rate
of 2 drops/s. Two rinses of 10 ml of water were conducted until
air came through columns. Aflatoxins were eluted into glass vials
passing 1 ml of high-performance liquid chromatography (HPLC)-
grade methanol through the columns at a rate of 1 drop/s. Water
(1 ml) was added to each vial. Vials were stored at −20°C before
HPLC analyses. Aflatoxins were quantified using an HPLC Hewlett
Packard 1050, as previously described (Doster et al. 1996).
For pistachio, competition experiments were terminated by adding

50 ml of 70%methanol and mixtures were blended for 1 min (Conair
Corporation, East Windsor, NJ) (Camiletti et al. 2018). Volumes of
1.5 ml of filtered mixtures were transferred to 2-ml glass vials and
evaporated at room temperature. The dry residue of each tube was
dissolved in an appropriate volume of 70% methanol (Camiletti
et al. 2018). Extracts (4 ml) were spotted directly onto thin-layer
chromatography (TLC) plates (Silica gel 60; Merck, Darmstadt, Ger-
many) using a micropipette. Plates were developed in chloroform-
acetone (88:12) for 40 min and air dried. Aflatoxins were quantified
using a CAMAG TLC Scanner 3 (Muttenz, Basle, Switzerland) with
winCATS 1.4.2 software (Probst et al. 2011). Standards curves were
calculated with different concentrations of aflatoxins B1, B2, G1, and
G2 purchased from Sigma-Aldrich (St. Louis, MO).
Statistical analyses. Aflatoxin B1 concentrations were log-

transformed [y = log10 (1 + aflatoxin concentration in mg/kg)] to
normalize variances. Experiments were performed with completely
randomized designs, and resulting data were subjected to analysis
of variance. Means were separated with Tukey’s honestly significant
difference test (a = 0.05). Aflatoxin reductions by atoxigenic isolates

were calculated as ([1 – aflatoxin content in kernels coinoculated
with an aflatoxin producer and an atoxigenic isolate]/[aflatoxin con-
tent in kernels inoculated with the aflatoxin producer alone]) × 100,
as described by Probst et al. (2011). The Satterthwaite for unequal
variances t-test (Snedecor and Cochran 1980) was used to compare
performances of each atoxigenic isolate in reducing aflatoxin B1 pro-
duced by A. flavus and A. parasiticus and aflatoxin G1 produced by
A. parasiticus. All statistical tests were performed using Statistix 10
Analytical Software (Tallahassee, FL).

Results
Tester pairs of A. flavus VCGs. In a previous study (Picot et al.

2018), 15 groups of atoxigenic isolates were reported as candidate
biocontrol genotypes based on their association with almond, pista-
chio, and fig grown in California. Some of the 15 groups belong to
VCGs previously characterized jointly by our laboratory and
USDA-ARS (unpublished results). VCGs CAM, CAS, CAC,
CAG, CAP, and YV36 correspond to groups H2, H3, H6, H9,
H13, and H14, respectively (Picot et al. 2018). In the current study,
we developed tester pairs for the first time for groups H1, H5, H7,
H8, H10, and H15, and for isolates 26B1L-11 and 15B2-08, which
do not belong to any of the 15 groups described as dominant but were
part of other studies in our laboratory. Tester pairs of groups H4,
H11, and H12 were not developed due to their low frequencies. In
addition, frequencies of VCGs CAC and CAS were not monitored
in the current study because of their relatively low frequencies in
the previous study (Picot et al. 2018). VCGs of H1, H5, H7, H8,
H10, and H15, and for isolates 15B2-08 and 26B1L-11 were desig-
nated as CA012, CA004, CA007, CA001, CA003, CA010, CA008,
and CA009, respectively. VCA were conducted with tester pairs of
CAG, CAM, CAP, CA001, CA003, CA004, CA007, CA008,
CA009, CA010, CA012, and YV36 for all mutants of the 689 iso-
lates associated with almond, pistachio, and fig (Table 1).
Frequencies of atoxigenic VCGs in almond, pistachio, and

fig populations. All of the almond-associated isolates were con-
firmed to belong to the VCGs/groups previously reported (Picot
et al. 2018), except for two isolates not assigned to H10 but comple-
menting the tester pair of the VCG developed for that group, CA003.
However, these two isolates (19C2L-11 and 11B1L-11) are adjacent
to the H10 group in the unweighted pairgroup method with arith-
metic means dendrogram (Picot et al. 2018). Briefly, for almond-
associated isolates, each examined VCG was detected in at least
two of the five examined counties. VCGs CAG and CA003 were de-
tected in four counties (six and seven isolates, respectively), and
YV36 was detected in each of the five examined counties (41 iso-
lates) (Table 2). Fig-associated isolates belonged to five of the VCGs
(membership range = 1 to 3) (Table 2). Isolates associated with pis-
tachio were assigned to seven of the VCGs (membership range = 2 to
18); CA003, CA010, and YV36 were detected in five of six counties
(17, 18, and 13 isolates, respectively) (Table 2). None of the mutants
of isolates complemented with more than one VCG tester pair.
Interference with aflatoxin contamination by atoxigenic

A. flavus. For each crop, results from two independent tests were
similar, allowing results to be combined. All evaluated atoxigenic
A. flavus isolates had excellent efficacy to limit almond and pistachio
aflatoxin contamination (Tables 3 and 4).
In almond kernels, significantly (P < 0.001) higher aflatoxin con-

centrations were detected in kernels inoculated with the toxigenic
isolates alone compared with any of the co-inoculations. For tests
with A. flavus 2A1L-11, reductions in aflatoxin B1 content ranged
from 82.2 to 98.0%. For A. parasiticus 4C1P-11 tests aflatoxin re-
ductions ranged from 91.4 to 98.0% and from 88.4 to 97.9% for
aflatoxins B1 and G1, respectively. There were significant (P < 0.001)
differences among atoxigenic isolates (Table 3). Members of CA001,
CA003, CA004, CA007, CA008, CA009, CA010, and YV36
allowed significantly less production of aflatoxin B1 when chal-
lenged with 2A1L-11. On the other hand, almost all atoxigenic iso-
lates had similar efficacy in reducing aflatoxin B1 produced by
4C1P-11, except for CAG and CA012 (Table 3). No significant
(P > 0.05) differences in abilities to reduce aflatoxin G1 were detected
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among the co-inoculated atoxigenic isolates. Isolates of CA007 and
CA009 had greater (P < 0.05) aflatoxin B1 reductions when chal-
lenged with 2A1L-11 in comparison with 4C1P-11 while isolates
of CAG, CAM, CAP, and CA012 had greater (P < 0.05) aflatoxin
B1 reductions when challenged with 4C1P-11 than with 2A1L-11
(Table 3).
When pistachio kernels were co-inoculated with atoxigenic and

aflatoxin-producing A. flavus isolates, there were significant (P <
0.05) aflatoxin B1 reductions (88.8 to 96.8%) compared with kernels
inoculated with the aflatoxin producer alone (Table 4). However,
there were no significant (P > 0.05) differences among the eight

atoxigenic isolates evaluated. Likewise, all evaluated isolates signif-
icantly (P < 0.05) reduced aflatoxins produced by A. parasiticus
(4C1P-11). Reductions ranged from 59.1 to 92.3% and 64.3 to
94.6% for aflatoxins B1 and G1, respectively. The isolates 15B2-08
and AF36 had higher (P < 0.05) aflatoxin B1 reduction when chal-
lenged with the toxigenic A. flavus isolate in comparison with the
toxigenic A. parasiticus isolate.

Discussion
There are many A. flavus isolates lacking the ability to produce af-

latoxins; those are known as atoxigenic strains (Cotty 2006). Strains

Table 2. Frequencies of 12 atoxigenic Aspergillus flavus vegetative compatibility groups (VCGs) in fungal populations associated with almond, fig, and pistachio
cultivated in California

VCGz

Crop, county CA001 CAG CA003 CA004 CAM CA007 CA008 CA009 CA010 CAP CA012 YV36

Almond
Butte .. 1 2 .. .. 1 1 .. .. 1 2 8
Colusa 1 2 1 .. .. .. .. .. 2 .. .. 6
Glenn .. .. 1 2 4 .. .. .. 3 .. .. 4
Kern .. 2 .. .. .. .. .. 3 3 2 .. 14
Madera 2 1 3 1 3 2 2 1 .. 1 1 9
Percentage 0.8 1.7 1.9 0.8 1.9 0.8 0.8 1.1 2.2 1.1 0.8 11.4

Fig
Fresno .. .. .. .. .. .. .. .. .. .. .. 1
Madera .. .. 1 .. .. .. .. .. .. .. .. ..
Unknown .. .. 2 .. 2 .. 1 .. .. .. .. 1
Percentage .. .. 7.5 .. 5.0 .. 2.5 .. .. .. .. 5.0

Pistachio
Fresno .. .. 1 .. .. .. .. .. 1 .. .. 2
Kern .. .. 3 .. .. .. 1 2 8 .. .. 4
Kings 3 .. .. .. .. .. .. .. 4 .. .. 1
Madera .. .. 8 .. .. .. 5 7 1 .. .. 5
Merced .. .. 1 .. .. .. .. 1 .. .. .. ..
Tulare .. .. 4 .. .. .. .. 2 4 2 .. 1
Percentage 1.0 .. 5.9 .. .. .. 2.1 4.2 6.2 0.7 .. 4.5

z Tester pairs of VCGs were developed for some of the dominant atoxigenic A. flavus groups reported in a previous study (Picot et al. 2018). Tester pairs of VCGs
of some of the dominant groups (CAG, CAM, CAP, and YV36) were previously developed. The number of isolates tested for vegetative compatibility was 360,
289, and 40 for the almond, pistachio, and fig populations, respectively. Percentage of each VCG among the examined population is reported.

Table 3. Ability of isolates belonging to 12 atoxigenic Aspergillus flavus vegetative compatibility groups (VCGs) native to California to reduce aflatoxin accu-
mulation in almond kernels when co-inoculated with an aflatoxin-producing isolate of either A. flavus or A. parasiticus

A. flavus 2A1L-11w A. parasiticus 4C1P-11w

Isolatex VCG Aflatoxin B1 (mg/g)y B1 reduction (%)z Aflatoxin B1 (mg/g)y B1 reduction (%)z Aflatoxin G1 (mg/g)y G1 reduction (%)z

None … 109.9 a … 183.4 a … 19.3 a …

5C4L-11 CA001 3.0 de 97.3 ± 0.6 3.9 bc 97.5 ± 1.7 0.6 b 97.4 ± 2.1
7C5L-10 CAG 20.1 b 82.2 ± 7.1* 12.8 b 91.4 ± 6.7 2.6 b 88.4 ± 9.5
10C4L-10 CA003 5.4 cde 95.2 ± 2.3 5.6 bc 96.4 ± 2.3 1.1 b 94.9 ± 4.1
15B3L-11 CA004 4.6 de 95.9 ± 3.5 3.3 bc 98.0 ± 0.8 0.4 b 97.9 ± 1.0
13A3L10 CAM 10.9 bcd 90.3 ± 4.6 3.6 bc 97.7 ± 2.0 0.6 b 97.0 ± 2.7
12C4L-11 CA007 5.9 bcde 94.8 ± 1.9* 11.8 b 92.1 ± 6.0 2.1 b 90.6 ± 7.6
15B2-08 CA008 2.2 e 98.0 ± 1.7 3.5 bc 97.8 ± 1.5 1.0 b 95.7 ± 4.5
26B1L-11 CA009 4.4 e 96.1 ± 3.6* 8.3 bc 94.4 ± 5.0 2.2 b 90.3 ± 9.2
3A2L-11 CA010 4.3 de 96.2 ± 2.2 6.1 bc 96.3 ± 3.4 1.0 b 95.5 ± 4.2
20A10L-11 CAP 17.5 bc 84.5 ± 7.6* 10.6 bc 93.2 ± 5.0 2.4 b 89.3 ± 8.9
17C2L-11 CA012 18.5 bc 83.7 ± 8.0* 4.0 bc 97.2 ± 2.4 0.9 b 96.1 ± 3.6
AF36 YV36 2.4 e 97.9 ± 0.9 3.0 c 97.9 ± 2.1 1.2 b 94.8 ± 6.4

w Toxigenic isolates, native to the California almond agroecosystem, were selected based on their ability to produce large aflatoxin quantities over several sub-
strates (A. Picot and T. J. Michailides, unpublished).

x Toxigenic isolates were co-inoculated with atoxigenic isolates belonging to 12 atoxigenic VCGs. The first row indicates aflatoxin concentrations for almonds
inoculated only with the corresponding toxigenic isolate alone.

y Aflatoxin values followed by same letters within a column do not differ significantly according to Tukey’s honestly significant difference test (P = 0.05). The
limit of detection for each aflatoxin was 0.3 ng/g. Values with an asterisk (*) indicate significant differences in isolates’ abilities to limit aflatoxin B1 produced
by 2A1L-11 and 4C1P-11 according to the Satterthwaite test (P = 0.05).

z Percent aflatoxin reduction was calculated as (1 – [aflatoxin content in pistachio co-inoculated with both toxigenic and atoxigenic isolate/aflatoxin content in
pistachio inoculated with a toxigenic isolate alone]) × 100 (Probst et al. 2011). Two independent tests with similar results were combined for the analyses (total
n = 8). B1 reductions were calculated independently for co-inoculations of pistachio kernels with A. flavus 2A1L-11 and A. parasiticus 4C1P-11. G1 reductions
were calculated for co-inoculations of kernels with A. parasiticus 4C1P-11.
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of A. flavus VCGs composed exclusively of atoxigenic members can
be employed as biocontrol agents to limit crop aflatoxin content
(Mehl et al. 2012). Atoxigenic strains used in biocontrol formulations
limit contamination by reducing frequencies of aflatoxin producers.
Atoxigenic A. flavus also reduced aflatoxin contamination during
co-infection of crops with aflatoxin producers. Use of atoxigenic
strains in biocontrol formulations is the only commercially proven,
consistent, and environmentally safe technology that allows produc-
tion of an aflatoxin-safe crops. For application, atoxigenic strains are
dispersed using a nutritive source (e.g., sterile wheat, barley, or sor-
ghum grain carrier) that provides both reproductive and dispersal
advantages over native Aspergillus fungi in the target environment.
Applied strains reproduce on the grain carrier, spread, and colonize
substrates in the field before other Aspergillus fungi, allowing the ap-
plied fungi to participate in founder effects and dominate the crop-
associated fungal population (Ortega-Beltran and Cotty 2018). A single
application, at the correct crop stage, protects the crop from toxi-
genic fungi before, during, and after harvest (Cotty et al. 2007;
Dorner 2009). Treated crops usually attain safe aflatoxin concentra-
tions and, in many cases, the levels are below the limit of detection
(Cotty et al. 2007; Mehl et al. 2012; USEPA 2003, 2012). We exam-
ined frequencies of 12 atoxigenic A. flavus VCGs in populations as-
sociated with almond, pistachio, and fig grown in California.
Members of three VCGs were detected in the three crops. Members
of six VCGs were detected in two crops, either almond and fig or al-
mond and pistachio. Three VCGs were detected only in almond, sug-
gesting that some VCGs may have crop-specific associations in a
manner similar to the association of certain VCGs of A. parasiticus
with sugarcane (Garber and Cotty 2014). VCGs associated with mul-
tiple crops may be particularly valuable in California’s mixed-crop
production system.
Pistachio was the first perennial crop allowed by USEPA to be

treated with the biocontrol product Aspergillus flavusAF36 (USEPA
2012). The active ingredient fungus of AF36 belongs to VCG
YV36 (Ehrlich and Cotty 2004). Registration was granted based
on natural occurrence of YV36 members in pistachio orchards and
experimental efficacy data, and by bridging toxicological informa-
tion and knowledge of the original AF36 dossier for use in cotton and
the amendment for use in maize (Doster et al. 2014). In August 2017,
USEPA granted registration for use of AF36 in almond and fig crops
based on the frequent natural occurrence of YV36 members in al-
mond and fig orchards (Doster et al. 2007; Picot et al. 2018) and
the absence of risks to honeybees posed by use of atoxigenic fungi
(Ortega-Beltran et al. 2018).

Almond, fig, and pistachio industries contribute substantially to
California’s economy. The almond industry annually generates over
U.S.$21 billion gross revenue (Sumner et al. 2014). Fruit of these
crops were occasionally contaminated with aflatoxins (Doster and
Michailides 1994; Doster et al. 1996; Palumbo et al. 2014). However,
in the last decade, drier and hotter conditions (Herring et al. 2014; Liu
et al. 2018) have led to increased fungal activity and subsequent af-
latoxin production. High levels of navel orangeworm damage in the
susceptible crops across the state has resulted in aflatoxin contamina-
tion more frequent than normal. Several Californian lots have been
rejected from domestic and international premium markets because
of high aflatoxin concentrations. More frequent, more severe afla-
toxin outbreaks are expected to occur due to climatic change (Magan
et al. 2011).
Pistachio treated with AF36 contains 20 to 45% less aflatoxins

than nontreated pistachio (Doster et al. 2014). Even though use of
AF36 allows pistachio industries to meet safe aflatoxin levels, reduc-
tions in pistachio are less than those obtained in cottonseed andmaize
treated with AF36 (>80%). Experimental use of AF36 in both al-
mond and fig resulted in similar aflatoxin reductions as in pistachio
(Doster et al. 2007). Improving the knowledge of the biology of
AF36 in tree orchards may aid in designing strategies to achieve
greater sporulation capacity and long-term persistence to increase ef-
ficacy in reducing aflatoxin content in nut crops and fig (Doster et al.
2014). After applying AF36, the agent dominates Aspergillus com-
munities in both treated and neighboring, nontreated fields. Applica-
tions in one cropping season have some carryover benefits in
subsequent years (Cotty et al. 2007; Doster et al. 2014; Jaime et al.
2012). Gradual decline of dominant A. flavus genotypes is common
in natural populations in both single fields and over large areas and,
thus, it is expected to occur for atoxigenic strains used in biocontrol
formulations (Ortega-Beltran and Cotty 2018). Using a multi-strain
product can promote more stable atoxigenic Aspergillus communi-
ties and facilitate lower crop aflatoxin content (Atehnkeng et al.
2014; Bandyopadhyay et al. 2016; Cotty et al. 2007; Mehl et al.
2012; Probst et al. 2011). There is plenty of atoxigenic germplasm
associated with susceptible tree crops in California from which to se-
lect to tailor a multistrain product to treat tree crops (Picot et al.
2018).
Our previous study revealed 15 atoxigenic groups, including

YV36, dominating almond communities (Picot et al. 2018). Strains
of 12 VCGs detected in either the previous or current study were sub-
jected to additional tests. Several VCGs were associated with ei-
ther two or three crops, at multiple locations, over multiple years

Table 4. Ability of isolates belonging to eight atoxigenic Aspergillus flavus vegetative compatibility groups (VCGs) native to California to reduce aflatoxin
accumulation in pistachio kernels when coinoculated with an aflatoxin-producing isolate of either A. flavus or A. parasiticus

A. flavus 2A1L-11w A. parasiticus 4C1P-11w

Isolatex VCG Aflatoxin B1 (mg/g)y B1 reduction (%)z Aflatoxin B1 (mg/g)y B1 reduction (%)z Aflatoxin G1 (mg/g)y G1 reduction (%)z

None … 134.6 a … 126.7 a … 20.1 a …

5C4L-11 CA001 9.6 b 92.8 ± 5.9 41.1 b 64.3 ± 10.2 8.2 ab 59.1 ± 16.3
10C4L-10 CA003 4.2 b 96.9 ± 2.0 11.5 b 90.9 ± 8.4 1.6 b 91.6 ± 6.8
12C4L-11 CA007 14.5 b 89.2 ± 8.1 6.8 b 94.6 ± 3.5 1.5 b 92.3 ± 6.5
15B2-08 CA008 3.5 b 97.3 ± 1.6* 14.1 b 87.9 ± 8.4 2.4 b 88.8 ± 9.6
26B1L-11 CA009 13.8 b 89.7 ± 3.2 14.3 b 88.6 ± 1.1 3.3 b 83.6 ± 8.7
3A2L-11 CA010 7.1 b 94.7 ± 2.7 11.8 b 90.7 ± 6.2 2.4 b 87.8 ± 8.4
17C2L-11 CA012 3.7 b 97.3 ± 2.4 6.8 b 94.6 ± 3.2 1.4 b 93.2 ± 6.5
AF36 YV36 3.9 b 97.4 ± 1.9* 13.2 b 89.5 ± 6.4 2.3 b 87.9 ± 7.5

w Toxigenic isolates, native to the California almond agroecosystem, were selected based on their ability to produce large aflatoxin quantities over several sub-
strates (A. Picot and T. J. Michailides, unpublished).

x Toxigenic isolates were co-inoculated with atoxigenic isolates belonging to eight atoxigenic VCGs. The first row indicates aflatoxin concentrations for pistachio
inoculated only with the corresponding toxigenic isolate alone.

y Aflatoxin values followed by same letters within a column do not differ significantly according to Tukey’s honestly significant difference test (P = 0.05). The
limit of detection for each aflatoxin was 0.3 ng/g. Values with an asterisk (*) indicate significant differences in isolates’ abilities to limit aflatoxin B1 produced by
2A1L-11 and 4C1P-11 according to the Satterthwaite test (P = 0.05).

z Percent aflatoxin reduction was calculated as (1 – [aflatoxin content in pistachio co-inoculated with both toxigenic and atoxigenic isolate/aflatoxin content in
pistachio inoculated with a toxigenic isolate alone]) × 100 (Probst et al. 2011). Two independent tests with similar results were combined for the analyses (total
n = 8). B1 reductions were calculated independently for co-inoculations of pistachio kernels with A. flavus 2A1L-11 and A. parasiticus 4C1P-11. G1 reductions
were calculated for co-inoculations of kernels with A. parasiticus 4C1P-11.
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(Table 2). Adaptation of A. flavus VCGs to multiple ecological
niches is well known (Cotty and Mellon 2006; Mehl and Cotty
2010). VCGs CA003, CA008, and YV36 were found in almond, pis-
tachio, and fig populations (range = 0.6 to 10.8%) (Table 2). Because
communities of pistachio and fig were composed of both toxigenic
and atoxigenic fungi, those percentages would have been higher if
only atoxigenic fungi were evaluated, as in the almond population.
Our results suggest that several VCGs reported here possess compet-
itive advantages over other VCGs. YV36 continues to be identified
as a dominant genotype associated with the three crops: 4.5, 5.0,
and 11.4% of pistachio, fig, and almond populations, respectively.
High frequencies of an atoxigenic VCG across a target area is a major
criterion for use as a biocontrol agent (Atehnkeng et al. 2016; Cotty
2006; Mauro et al. 2013; Mehl et al. 2012; Probst et al. 2011). VCGs
occurring at high frequencies in orchards of either two or three crops
could supplement the efficacy of AF36 in limiting aflatoxin accumu-
lation, if they are used in mixtures with AF36.
Another important criterion to select strains as biocontrol agents is

their competitive ability to limit aflatoxin content during co-infection
with aflatoxin producers (Atehnkeng et al. 2008; Cotty et al. 2007;
Mauro et al. 2015; Probst et al. 2011). All tested atoxigenic strains
significantly (P < 0.001) reduced aflatoxin content but there were dif-
ferences among strains (Tables 3 and 4). Some isolates differed (P <
0.05) in their ability to reduce aflatoxins produced by A. flavus and
A. parasiticus (Table 3). For example, in almond, isolates of CAG,
CAM, CAP, and CA012 were more efficient against A. parasiticus.
A strain of one of those VCGs may increase the efficacy of a biocon-
trol mixture, especially in Northern California, where A. parasiticus
thrives (Donner et al. 2015).
Infection by aflatoxin-producing fungi on tree crops is complex

and becomes even more complicated by involvement of navel
orangeworm, which attacks almond, fig, and pistachio. Most fungal
propagules arrive from sources not originating from the same orchard
(Doster et al. 2014).When AF36 is applied in orchard soils, relatively
low AF36 frequencies reach the height where tree nuts and fig fruit
are located. It may take several cropping seasons to develop stable
atoxigenic communities if susceptible crops planted nearby are not
treated in a similar manner. Treating the three tree crops with a mix-
ture of atoxigenic strains well adapted to them will result in a true
area-wide aflatoxin reduction strategy that will positively impact
health and food sectors in California and will potentially benefit other
crops (e.g., walnut and pecan). Although effective navel orangeworm
management is still very critical in these tree crops, AF36 and other
atoxigenic strains that may be used are valuable tools to reduce fre-
quencies of harmful toxigenic Aspergillus strains and the aflatoxins
they produce.
More research is needed to (i) improve efficacy, and determine ap-

plication timing and use of supplementary doses (Atehnkeng et al.
2014; Cotty et al. 2007; Jaime et al. 2017; Mehl et al. 2012); (ii) de-
termine whether multiple strains should be applied in synchrony or
progressively (Doster et al. 2014), (iii) determine whether strains in
a biocontrol mixture should be manufactured collectively as cur-
rently done (Bandyopadhyay et al. 2016) or individually (Shenge
et al. 2017); and (iv) assess influences of soil types on atoxigenic
strain survival (Antilla and Cotty 2004). Alkaline soils predominate
in agricultural areas of California and sensitivity to soil alkalinity
among isolates belonging to the examined VCGs exists (Ortega-
Beltran et al. 2015). Mechanisms for alkalinity tolerance in atoxi-
genic A. flavus should be further investigated.
It may take decades to develop commercially acceptable culti-

vars of almond, fig, and pistachio with features allowing less fungal
infection and aflatoxin contamination (e.g., possessing anatomical
barriers to infection). As an example, resistance to aflatoxin contam-
ination of maize has been sought for almost 40 years but there are no
commercially acceptable resistant cultivars available (Warburton and
Williams 2014). Therefore, biocontrol of aflatoxins remains as the
only practical solution to decrease aflatoxin content. Even though
somewhat effective aflatoxin management tools are available for
use by tree crop farmers in California, both climatic change and mar-
ket pressures demand improved aflatoxin biocontrol technologies.

Use of a biocontrol product composed of a mixture of atoxigenic
strains is a proven tool to limit aflatoxin contamination of crops
(Atehnkeng et al. 2014; Mehl et al. 2012; Probst et al. 2011) and tree
crop industries in California would benefit if a mixture of native, su-
perior atoxigenic strains is registered for their use. However, registra-
tion of biocontrol agents with USEPA can take considerable time.
Registration of AF36 with USEPA took well over a decade because
it was a new technology and extensive ecological and toxicological
data requirements needed to be satisfied (Cotty et al. 2007;
USEPA 2012). An approval system accepting efficacy, ecological,
and toxicological data of previous products is needed to fast-track
the registration process. Atoxigenicity occurs due to natural defects
in one or more genes in the aflatoxin biosynthetic gene cluster (Ehr-
lich and Cotty 2004; Yu et al. 2004) and those genetic defects, includ-
ing inAF36, have beenmaintained over evolutionary time and are not
susceptible to reversion (Adhikari et al. 2016). Thus, all atoxigenic
isolates reported in the current study should be considered stable
and safe for use as biocontrol agents. Some of the atoxigenic isolates
reported in the current study were isolated from samples collected as
early as in 1982, well before the concept of aflatoxin biocontrol was
developed (Cotty 1989).
All of the atoxigenic VCGs reported in the current study are rele-

vant genetic resources for use in a multi-crop, multi-strain aflatoxin
biocontrol program in susceptible crops across California. The atoxi-
genic VCGs evaluated in the current study represent only a fragment
of the atoxigenic A. flavus population resident in California nut and
fig orchards. Atoxigenic VCGs not detected during the course of the
current study may also be valuable for future use in aflatoxin biocon-
trol programs. Results of the current study build upon our previous
studies (Donner et al. 2015; Picot et al. 2018) toward providing ad-
ditional support to register the first mixture of atoxigenic strains well
adapted to perennial crops to be used in vast areas of California to
overcome current and future aflatoxin-related challenges that al-
mond, fig, and pistachio industries suffer from in some years.
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