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Abstract

Aspergillus flavus colonizes agricultural commodities worldwide and contaminates them
with carcinogenic aflatoxins. The high genetic diversity of A. flavus populations is largely
due to sexual reproduction characterized by the formation of ascospore-bearing ascocarps
embedded within sclerotia. A. flavus is heterothallic and laboratory crosses between strains
of the opposite mating type produce progeny showing genetic recombination. Sclerotia
formed in crops are dispersed onto the soil surface at harvest and are predominantly pro-
duced by single strains of one mating type. Less commonly, sclerotia may be fertilized dur-
ing co-infection of crops with sexually compatible strains. In this study, laboratory and field
experiments were performed to examine sexual reproduction in single-strain and fertilized
sclerotia following exposure of sclerotia to natural fungal populations in soil. Female and
male roles and mitochondrial inheritance in A. flavus were also examined through reciprocal
crosses between sclerotia and conidia. Single-strain sclerotia produced ascospores on soil
and progeny showed biparental inheritance that included novel alleles originating from fertil-
ization by native soil strains. Sclerotia fertilized in the laboratory and applied to soil before
ascocarp formation also produced ascospores with evidence of recombination in progeny,
but only known parental alleles were detected. In reciprocal crosses, sclerotia and conidia
from both strains functioned as female and male, respectively, indicating A. flavus is her-
maphroditic, although the degree of fertility depended upon the parental sources of sclerotia
and conidia. All progeny showed maternal inheritance of mitochondria from the sclerotia.
Compared to A. flavus populations in crops, soil populations would provide a higher likeli-
hood of exposure of sclerotia to sexually compatible strains and a more diverse source of
genetic material for outcrossing.
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Introduction

Aflatoxins produced by Aspergillus flavus from section Flavi are among the most potent myco-
toxins known. These secondary metabolites are acutely toxic to humans at high exposures and
are also responsible for increased incidences of liver cancer in human populations in which
contaminated food is routinely ingested [1,2]. Aflatoxin-producing fungi were originally
thought to be strictly asexual in reproduction and to have lost their ability to undergo meiosis
[3]. However, populations of A. flavus show high diversity in morphology, mycotoxin produc-
tion and vegetative compatibility groups (VCGs) [4,5]. In addition, A. flavus populations
exhibit evolutionary signatures of recombination within the aflatoxin gene cluster based on the
partitioning of DNA sequence variation into distinct linkage disequilibrium blocks [6,7]. The
discovery of sexual reproduction in A. flavus [8] in laboratory crosses as well as the demonstra-
tion of independent assortment of chromosomes and crossing over [9,10] suggest that sexuality
is largely responsible for the genetic variation observed in natural populations. For example,
many A. flavus strains in populations do not produce aflatoxins due to specific deletions in the
aflatoxin gene cluster [11]. The locations of these deletions were shown to correspond to cross
over points during meiosis in laboratory crosses [9]. Therefore, sexual reproduction and
genetic recombination in nature may be responsible for the genetic variation among nonafla-
toxigenic A. flavus strains.

A. flavus is heterothallic, with individuals containing one of two mating-type alleles, MAT1-
I and MATI-2 [7,12]. Sexual reproduction in crosses between opposite mating types is charac-
terized by the formation of indehiscent ascospore-bearing ascocarps within the matrix of scle-
rotia [8]. In many fungi, sexual reproduction is also regulated by a sex-based (female/male)
mating system independent of mating type [13-15], but such as system has not been reported
in A. flavus. Two morphotypes of A. flavus based on sclerotial size have been described: the L
(large) strain with sclerotia > 400 pm diam and the S (small) strain with sclerotia < 400 pm
[16]. Sclerotia are readily produced by single strains in culture [5] and in wound-inoculated
crops [17,18], and their formation is not dependent on mating; hence, they are primarily con-
sidered to be survival structures for withstanding adverse environmental conditions [19].

Sclerotia of A. flavus are naturally produced in crops [20,21] and are dispersed onto the soil
surface during harvest [20]. The majority of these sclerotia likely originate from single strains
of one mating type. To examine the capacity of naturally formed A. flavus sclerotia to produce
the sexual stage, Horn et al. [21] collected sclerotia from corn exposed to different levels of
drought stress over a 3-year period. There was no evidence of ascocarp and ascospore forma-
tion in sclerotia at corn harvest, but incubation of sclerotia on the surface of soil in the labora-
tory resulted in ascospore formation in a very small percentage of sclerotia. Horn et al. [21]
postulated that fertilization occurred in the crop and that the development of sexual structures
occurred after dispersal of sclerotia onto the soil surface at harvest. The low incidence of sexual
reproduction in A. flavus sclerotia was attributed to the low probability of co-infection of corn
with sexually compatible strains. Therefore, although fertilized sclerotia may be dispersed onto
soil, the majority of sclerotia will be unfertilized and consist of single strains.

In this study, laboratory and field experiments were performed to examine the capacity of
single-strain sclerotia of one mating type and fertilized sclerotia that had not yet formed asco-
carps to produce ascospores on soil containing natural fungal populations. Progeny were
examined for recombination and the presence of novel parental alleles. Reciprocal crosses
between sclerotia and conidia were also performed to investigate female and male roles and
mitochondrial inheritance in A. flavus sexual reproduction. This research shows that both sin-
gle-strain and fertilized sclerotia can undergo sexual development on soil, but progeny from
single-strain sclerotia contain novel alleles from fertilization by soil strains, whereas progeny
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from fertilized sclerotia contain only known parental alleles. Furthermore, reciprocal crosses
between sclerotia and conidia show that A. flavus is hermaphroditic with respect to female and
male roles in sexual reproduction and that inheritance of mitochondria is uniparental.

Materials and Methods
Fungal strains and sclerotium production

A. flavus L strains used to produce sclerotia (Table 1) were chosen based on mating type and
high fertility in laboratory crosses [8,9,12]. Nonaflatoxigenic biocontrol strains NRRL 21882
from Afla-Guard and AF36 (= NRRL 18543), both used commercially for reducing aflatoxins
in crops [22], were assigned to VCGs according to Horn and Dorner [23] and Ehrlich et al.
[24], respectively. The remaining strains were obtained from soil and peanut seeds from a field
(private land with permission) in Terrell Co., Georgia (31°41°39”N 84°25’00”W), and were pre-
viously characterized by VCG [4]; all strains produce aflatoxin B, and cyclopiazonic acid [5].
For producing sclerotia, slants containing mixed cereal agar (MCA) [25] were inoculated
with conidia from either single strains or pairs of strains in crosses according to Horn et al.
[26]. Cultures were incubated in darkness for 14 d at 30°C, at which time fertilized sclerotia
from crosses had not yet formed ascocarps. Since the fertilization process has not been
observed in A. flavus, sclerotia were considered to be fertilized based on the subsequent devel-
opment of ascocarps with ascospores under laboratory conditions. In all crosses, a certain per-
centage of sclerotia did not form the sexual stage. Sclerotia from single strains and crosses were
harvested and then air dried and stored in a desiccator over saturated NaCl solution at 25°C
(75% relative humidity) [26]. Following a subsequent incubation period in the laboratory or
field, sclerotia were surface sterilized, dissected with a microscalpel, and examined for asco-
carps with the stereomicroscope. To obtain progeny, ascospores were removed from individual
ascocarps with a microneedle and dilution plated on malt extract agar containing 30 mg/L
streptomycin and 1.5 mg/L chlortetracycline [26]. Germlings were observed with the light
microscope (200x) after 20-24 h incubation at 30°C and transferred to Czapek agar (CZ).

Laboratory incubation of single-strain sclerotia on soil

The capacity of single-strain sclerotia of one mating type to produce ascospores through incu-
bation on soil containing natural soil populations was examined under laboratory conditions.
Soil was collected 17 March 2011 from a cornfield 1.1 km southeast of Shellman, Randolph
Co., Georgia (Field A) (31°44’47”N 84°36’22”W). Soil sampling and field trials were conducted
on property owned or leased by ARS-USDA. Soil was air dried to 1.6 + 0.01% moisture (+ SD,
n = 3; dry weight basis) and sieved through No. 12 and 20 Standard Testing Sieves in tandem.
Potential mating population densities of A. flavus in soil were determined by suspending each
of three subsamples (33 g) in 100 mL 0.2% water agar and dilution plating onto five plates of
modified dichloran-rose Bengal medium (mDRB) [27]. Plates were incubated for 3 d at 37°C
and section Flavi species were identified according to Horn and Dorner [27]. Soil population
densities were calculated on a dry-weight soil basis. In addition, 37 randomly selected A. flavus
L strain colonies from soil dilution plates were single spored for mating-type determination.

Sieved soil was mixed with sterile distilled water (14 mL per 100 g) and allowed to equili-
brate overnight in a sealed container before adding to 30-cm” plastic medicine cups [21]. A. fla-
vus sclerotia from each of seven single strains (Table 1) were added to the soil surface of three
medicine cups (approximately 300 per cup). Sclerotia were similarly added to cups containing
autoclaved soil to which sterile water (14 mL per 100 g) had been added. Cups were incubated
separately in darkness for 6 mo on shallow platforms over distilled water in wide-mouth sealed
quart jars (30°C; 100% relative humidity).

PLOS ONE | DOI:10.1371/journal.pone.0146169 January 5, 2016 3/22



@’PLOS ‘ ONE

Sexual Reproduction in Aspergillus flavus Sclerotia and Uniparental Mitochondrial Inheritance

Table 1. Sexual reproduction in A. flavus sclerotia from single strains of one mating type when incubated on sterile soil and on soil containing nat-
ural fungal populations.

Sclerotium-producing

strain®

MAT1-1  MAT1-2

29507

29473

29537
29536
21882
29487
AF36

VCG

33
17
63
62
24
25
YV36

Sterile soil Nonsterile soil

No. sclerotia examined % fertile sclerotia® No. sclerotia examined % fertile sclerotia® No. progeny®

300 0 300 58.7 + 10.7¢ 36
300 0 300 56.0 + 2.6° 36
300 0 718 0.1+0.2° 12
300 0 312 80.2+8.0 36
300 0 688 0.4 £0.8° 36
300 0 673 0°

300 0 674 0°

&Strain numbers (except AF36) from Agricultural Research Service Culture Collection (NRRL), Peoria, lllinois. Nonaflatoxigenic biocontrol strains include
NRRL 21882 (from Afla-Guard) and AF36 (= NRRL 18543); all other strains produce aflatoxin B; and cyclopiazonic acid [5]. Mating-type designations
from Ramirez-Prado et al. [12] and vegetative compatibility groups (VCGs) based on Horn and Greene [4] except for YV36 [24].

PSclerotia with ascospores considered fertile; means + SD based on three soil cups.

°Progeny obtained from three ascocarps in separate sclerotia (n = 12 progeny per ascocarp) except for NRRL 29537, which produced a single ascocarp.
dePairwise chi-square test of independence failed to differentiate the fertility of these isolates (P > 0.05) (S1 Text).

doi:10.1371/journal.pone.0146169.t001

Field incubation of single-strain and fertilized sclerotia

The capacity to produce ascospores by single-strain sclerotia of one mating type and fertilized
sclerotia that had not yet formed ascocarps was examined in three fields. Single-strain and fer-
tilized sclerotia were applied to the soil surface of three non-irrigated cultivated fields in Geor-
gia: Field A, described above near Shellman; Field B, 4.8 km northwest of Dawson, Terrell Co.
(31°47°06”N 84°29’16”W); and Field C, 4.8 km southeast of Dawson, Terrell Co. (31°43’59”N
84°23°37”W). Soil from Field B was Faceville fine sandy loam (fine, kaolinitic, thermic Typic
Kandiudults) and soils from Fields A and C were Greenville fine sandy loam (fine, kaolinitic,
thermic Rhodic Kandiudults). Analyses for soil texture, organic matter and pH were performed
by Waters Agricultural Laboratories, Camilla, GA. Rainfall and air temperatures were recorded
from onsite electronic weather stations (Campbell Scientific, Logan, UT). Daily minimum,
maximum and mean temperature values for each month (n = 28-31 except n = 15 for April)
were statistically compared among fields with ANOV As followed by Student-Newman-Keuls
(SNK) test for comparison of means.

A 16 x 6 m plot was delimited and fenced within each field. Within each plot, 13 circular
white PVC rings (15.2 cm diam and deep) were spaced approximately 2 m apart and inserted
7-8 cm into the soil. To determine potential mating population densities of A. flavus in the
plot soils, five soil samples (33 g each) from the top 3 cm were randomly collected outside of
the rings from each plot on 16 Apr 2013 (immediately before applying sclerotia) and were dilu-
tion plated on mDRB as described above. Population densities of section Flavi species in the
three fields were statistically compared with ANOV As followed by SNK test for comparison of
means. Twelve randomly selected A. flavus L strain colonies from each field were single spored
for mating-type determination.

Single-strain sclerotia and fertilized sclerotia from crosses were harvested from MCA slants
(14 d; 30°C) for applying to the fields. Previous research [21] demonstrated that A. flavus scle-
rotia from crosses did not contain ascocarps after 14 d. However, a certain percentage of sclero-
tia contained ascocarps with free ascospores after 4 mo when sclerotia were incubated in MCA
slants and on soil in the laboratory. To ensure that sclerotia from crosses in this study were also
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capable of forming the sexual stage when applied to the fields, sclerotia in MCA slants were
incubated an additional 4 mo at 30°C in sealed plastic bags [26] and sclerotia harvested from
MCA slants (14 d; 30°C) were incubated on the surface of nonsterile soil in cups within fruit
jars for 4 mo at 30°C as described above. Approximately 1000-1500 sclerotia from each of
seven single strains and six sexually compatible crosses (Table 2) were sprinkled onto the soil
surface within randomly selected rings. Distilled water (100 mL) was applied to each ring with
a watering can immediately following application of sclerotia; thereafter, sclerotia were exposed
wholly to rainfall. Pesticides were not applied to the plots, and weeds were allowed to grow
freely to form a canopy over the rings.

The top 2 cm of soil was removed from the entire area within each ring after incubation of
sclerotia for one year (April 2014). Soil was added to a 1-L graduated cylinder and brought to a
final volume of 1 L with 2.5 M sucrose [28]. After vigorously shaking the cylinder, sclerotia and
other organic matter were allowed to float to the top of the sucrose solution (3 h). The floating
fraction was then transferred to a 100-mesh filter, rinsed with distilled water, and retransferred
to 9-cm Whatman #1 filter paper from which sclerotia were removed using a stereomicroscope.
Sclerotia were surface sterilized for 2 min with 0.25% sodium hypochlorite and rinsed before
dissection. Dissected sclerotia without ascocarps from each ring (n = 49-75) were plated on CZ
with antibiotics to test for viability.

Reciprocal crosses between single-strain sclerotia and conidia

Reciprocal crosses between sclerotia and conidia were performed in the laboratory to exam-
ine female and male roles in sexual reproduction and to determine the pattern of mitochon-
drial inheritance. A. flavus sclerotia from single strains of one mating type were added to
medicine cups containing autoclaved sieved soil to which conidia of the opposite or same
mating type had been added. Conidia were obtained by inoculating slants containing CZ
with 400g/L sucrose and incubating in darkness for 14 d at 30°C. Sterile glass beads (2.5 g;
90-150 um diam) were then added to each slant and shaken to coat the beads with conidia
[29]. To effectively mix the conidia in soil, coated beads (0.09 g) for each strain were added to
a jar containing 600 g of dry autoclaved soil and thoroughly shaken. Inoculated soil (3.3 g)
was added to 10 mL water agar and dilution plated on mDRB plates (3 d; 37°C) to determine
fungal density; soil in jars was then adjusted with sterile soil or conidia-coated beads to attain
approximately 2000 CFU/g. Sterile water was added to the inoculated soil (14 mL per 100 g)
and sclerotia were incubated in soil cups within sealed fruit jars for 6 mo at 30°C as described
above. Three pairs of reciprocal sclerotia-conidia combinations (Table 3) were set up using
crosses that produced sclerotia with high fertility when incubated 4 mo in MCA slants and
soil cups (Table 4). For each reciprocal pair, sclerotia of the MATI-1 strain were incubated
on soil containing conidia of the MATI-2 strain, and sclerotia of the MAT1-2 strain were
incubated on soil containing conidia of the MATI-1 strain. In addition, sclerotia of the two
strains from each reciprocal pair were incubated with conidia of a strain of the same mating
type (MATI-1 or MATI-2).

Mating-type determination and genotype analyses

DNA was extracted from A. flavus soil and progeny strains as previously described [30]; previously
generated sequence data [9] were used for parental strains. Mating types for strains were deter-
mined according to Ramirez-Prado et al. [12]. Deletion types for the aflF-aflU region were deter-
mined according to Chang et al. [11]. PCR amplification for the AF17 and AF48 microsatellite loci
was performed based on Grubisha and Cotty [31] and for afIC based on Moore et al. [6]. Oligonu-
cleotides for AF-MIT-1 (F: TGAAGCAACTGGATTATTCGCA, R: AAACCACATTCAAAAGCGCT),
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Table 2. Sexual reproduction in single-strain and fertilized sclerotia of A. flavus under field conditions.

Strain(s)?

MAT1-  MAT1-
1 2

Single-strain
sclerotia
29507
29473
29537
29536
21882
29487
AF36

Fertilized
sclerotia from
crosses

29473 x 29487
29537 x 29536
29507 x AF36
29473 x AF36
29507 x 21882
29473 x 21882

No. sclerotia
examined®

624 (74.3)
582 (69.3)
631 (68.0)
407 (90.5)
1273 (38.7)
761 (84.4)
1117 (69.3)

762 (88.0)
108 (45.2)
660 (33.3)
875 (65.3)
442 (96.0)
514 (62.7)

Field A Field B Field C
No. fertile No. No. sclerotia No. fertile No. No. sclerotia No. fertile No.
sclerotia® progeny® examined® sclerotia® progeny® examined® sclerotia® progeny®
0 673 (88.9) 8(1.2) 108 230 (96.2) 0
0 342 (92.0) 2 (0.6) 59 225 (95.2) 0
0 540 (56.0) 1(0.2) 1 444 (42.7) 0
0 281 (80.3) 0 423 (64.2) 0
0 917 (77.6) 0 671 (81.3) 0
0 219 (73.8) 0 509 (98.7) 0
0 517 (64.0) 0 414 (86.0) 0
3(0.4) 36 988 (84.0) 1(0.1) 12 356 (94.8) 2 (0.6) 24
0 254 (38.2) 0 173 (59.0) 0
8(1.2) 36 475 (36.0) 8(1.7) 36 382 (18.7) 11 (2.9) 36
79 (9.0) 36 523 (72.0) 17 (3.3) 36 198 (83.3) 8 (4.0) 36
49 (11.1) 36 581 (77.3) 36 (6.2) 36 317 (84.0) 72 (22.7) 36
0 343 (64.0) 2 (0.6) 24 288 (60.9) 3(1.0) 36

3Strain numbers (except AF36) from Agricultural Research Service Culture Collection (NRRL), Peoria, lllinois; mating-type designations from Ramirez-
Prado et al. [12]; vegetative compatibility group designations are shown in Table 1. Biocontrol strains include NRRL 21882 (from Afla-Guard) and AF36 (=

NRRL 18543).

PPercentage viability of sclerotia (n = 49-75) in parentheses.

°Sclerotia with ascospore-bearing ascocarps considered fertile; percentage of sclerotia that were fertile in parentheses.

dIn single-strain sclerotia from Field B, variable numbers of progeny were obtained from ascocarps in all available fertile sclerotia; in fertilized sclerotia
from crosses in Fields A-C, progeny were obtained from 1-3 ascocarps in separate sclerotia (n = 12 progeny per ascocarp).

doi:10.1371/journal.pone.0146169.1002

AF-MIT-3 (F: AGCAGAGGGTTCTGCGTTT, R: GCAGATCAACCTGCTAATAATATTCC) and
AF-MIT-4 (F: GCTAAAGTTATAGGAGGTGAAGT, R: GCAACCTTTAGCTTCAATAAACCC) were
designed for amplification of polymorphic loci in the mitochondrial genomes of parental and
progeny strains. Nuclear AF17, AF48 and afIC and mitochondrial amplicons were sequenced

by the North Carolina State University Genomic Sciences Laboratory and aligned using
SEQUENCHER version 4.7 (Gene Codes Corporation, Ann Arbor, MI). Haplotypes were desig-
nated based on single-nucleotide polymorphisms, insertion/deletion events and trinucleotide
repeat lengths using the SNAP Map and Combine programs [32] implemented in Mobyle SNAP
Workbench [33,34].

Three ascocarps from different sclerotia, when possible, were randomly chosen from single-
strain sclerotia that became fertilized following incubation on soil in the laboratory (NRRL
29507, NRRL 29473, NRRL 29536) or in the field (NRRL 29507, NRRL 29473). Three progeny
strains from each ascocarp were analyzed at the MAT locus on chromosome 6, AF17 locus
on chromosome 2, AF48 locus on chromosome 7, and afIF-aflU intergenic region on chromo-
some 3. For fertilized sclerotia obtained from crosses between known parental strains (NRRL
29507 x AF36, NRRL 29473 x AF36, NRRL 29507 x NRRL 21882) and incubated under field
conditions, two ascocarps from different sclerotia were randomly chosen per field. Three
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Table 3. Reciprocal crosses in A. flavus in which single-strain sclerotia were incubated on sterilized soil inoculated with conidia.

Sclerotia on soil® Conidia in sterilized
soil?
MAT1-1 MAT1-2 MAT1-1 MAT1-2 No. sclerotia examined % fertile sclerotia® No. progeny®
29537 X 29536 480 1.1 +0.9¢ 36
29536 X 29537 300 98.7 + 0.6¢ 36
29537 X 29507 300 0
29536 X AF36 300 0
29507 X 21882 300 96.7 £ 2.3° 35
21882 X 29507 300 1.0 £ 0.0° 36
29507 X 29473 300 0
21882 X 29536 300 0
29473 x AF36 300 85.7 +0.6' 36
AF36 X 29473 300 27.7 +12.5' 36
29473 X 29537 300 0
AF36 x 21882 300 0

@Strain numbers (except AF36) from Agricultural Research Service Culture Collection (NRRL), Peoria, lllinois; mating-type designations from Ramirez-
Prado et al. [12]; vegetative compatibility group designations are shown in Table 1. Biocontrol strains include NRRL 21882 (from Afla-Guard) and AF36 (=
NRRL 18543).

PSclerotia with ascospores considered fertile; means + SD based on three soil cups.

°Progeny obtained from three ascocarps in separate sclerotia (n = 11-12 progeny per ascocarp).

defReciprocal crosses within each pair significantly different (P < 0.0001) according to chi-square test of independence (S1 Text).

doi:10.1371/journal.pone.0146169.t003

progeny strains from each ascocarp were analyzed at the MAT, AF17, AF48 and afIC (chromo-
some 3) loci. For the three pairs of reciprocal crosses between sclerotia and conidia from
known parents, three ascocarps per cross from different sclerotia were chosen. Two progeny
strains per ascocarp were analyzed at the MAT locus and a mitochondrial marker (AF-MIT-1
for NRRL 29537 and NRRL 29536; AF-MIT-3 for NRRL 29507 and NRRL 21882; and
AF-MIT-4 for NRRL 29473 and AF36).

Table 4. Sexual reproduction in A. flavus sclerotia obtained from crosses and incubated under laboratory conditions.

Cross?® Culture slants (14 d)° Culture slants (4 mo) Nonsterile soil cups (4 mo)
MAT1-1 MAT1-2 No. sclerotia % fertile No. sclerotia % fertile No. sclerotia % fertile
examined sclerotia examined sclerotia® examined sclerotia®
29473 x 29487 1050 0 600 14.7 £ 5.6 240 42.8 +8.6
29537 x 29536 851 0 600 50.5 + 8.4° 240 61.1+235
29507 x AF36 1004 0 499 91.5+3.8 240 78.0 £ 23.5°
29473 x AF36 750 0 576 76.0+5.5 240 71.0+14.6
29507 x 21882 1050 0 600 54.5 + 12.89 210 78.3+3.4°
29473 x 21882 1002 0 600 248 +21.0 240 249+10.5

&Strain numbers (except AF36) from the Agricultural Research Service Culture Collection (NRRL), Peoria, lllinois; AF36 (= NRRL 18543) and NRRL
21882 are nonaflatoxigenic biocontrol strains.

PSclerotia harvested for adding to nonsterile soil cups (shown in this table) and to Fields A-C (Table 2).

Sclerotia with ascospores considered fertile; means + SD based on six MCA slants or soil cups.

depairwise chi-square test of independence failed to differentiate the fertility of these isolates; all other values were significantly different (P < 0.01) (S1
Text).

doi:10.1371/journal.pone.0146169.1004
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Results
Laboratory incubation of single-strain sclerotia on soll

Soil used for laboratory incubation of sclerotia from single strains of one mating type contained
a sizable potential mating population of A. flavus L strain. Section Flavi species included: A.
flavus L strain (777 £ 216 CFU/g; £ SD, n = 3), A. flavus S strain (11 + 4), A. parasiticus
(149 £27), A. caelatus (508 + 117) and A. tamarii (14 * 6). Of the 37 A. flavus L strains ran-
domly sampled from the soil dilution plates, 19 (51%) were MATI-1 and 18 (49%) were
MATI-2.

Sclerotia from three MATI-1 and four MAT1I-2 single strains of A. flavus were incubated for
6 mo on the surface of sterile soil and soil containing natural fungal populations (Table 1). Scle-
rotia incubated on sterile soil showed no evidence of ascocarp formation, whereas sclerotia
from five of the strains (NRRL 29507, NRRL 29473, NRRL 29537, NRRL 29536 and NRRL
21882) incubated on soil with natural fungal populations showed ascospore formation in 0.1-
80.2% of sclerotia; two of the strains (NRRL 29487 and AF36) did not produce ascocarps
(Table 1, S1 Text). Of the progeny examined from single-strain sclerotia (NRRL 29507, NRRL
29473, NRRL 29536), only 2 of 27 (IC5210 and IC5958) showed multilocus sequence types
(MLSTs) that matched the known sclerotial parent (Table 5). The remaining progeny showed
biparental inheritance with independent assortment of chromosomes and contained novel
alleles from wild strains in soil. Sequence polymorphisms in AF17 and AF48 identified the
novel alleles contributed by wild parents. Progeny from each of the nine ascocarps examined
showed inheritance from a single wild strain; ascocarps 1 and 3 from NRRL 29536 had MLSTs
consistent with the same wild parental strain (Table 5). Both mating-type alleles (MATI-1/
MAT1I-2) were detected in three of the progeny. Progeny strains from the incubation of NRRL
21882 sclerotia could not be conclusively genotyped due to the presence of multiple alleles
inherited from the known parental strain and wild strains. All sequence data for AF17 and
AF48 were submitted to GenBank under Accession numbers KR922515- KR922572.

Field incubation of single-strain and fertilized sclerotia

Soil within each field plot immediately prior to application of single-strain and fertilized sclero-
tia contained native populations of A. flavus L strain potentially capable of fertilizing the sclero-
tia. Populations from section Flavi included A. flavus L and S strains, A. parasiticus, A. tamarii,
A. caelatus and A. alliaceus (Table 6). A. flavus L strain densities in Fields A and C (398 and
391 CFU/g, respectively) were not significantly different (P = 0.96), whereas the density in
Field B (8135 CFU/g) was significantly greater than those of Fields A and C (P < 0.0001). Mat-
ing types of randomly selected isolates (n = 12) from soil were: 7 (58%) MATI-1 and 5 (42%)
MATI-2 for Field A; 6 (50%) MATI-1and 6 (50%) MATI-2 for Field B; and 2 (17%) MATI-1,
9 (75%) MATI-2and 1 (8%) MATI1-1/MATI-2 for Field C. Sclerotia within rings in the plots
were initially unshaded when applied in April 2013 but were covered by weeds by June.

Soil analyses for Field B showed 81.2% sand, 10.4% clay, 8.4% silt and 0.8% organic matter;
Fields A and C were similar for percentage sand (67.2 and 69.2, respectively), clay (20.0, 20.4),
silt (12.8, 10.4) and organic matter (1.2, 1.0). The pH of soil from the three fields was 6.6-7.2.
During the course of the experiment, monthly maximum, minimum and mean air tempera-
tures (S1 Table) showed no significant differences (P > 0.05) among the three fields, with the
exception of minimum temperature in July 2013 in which Field A was significantly lower
(P < 0.0001) than Fields B and C. Sclerotia in the three fields were exposed to air temperatures
below freezing for 3-5 d in Nov, 4 d in Dec, 18-19 d in Jan, 5-6 d in Feb and 1-2 d in March.
Rainfall totals for one year following application of sclerotia to Fields A, B and C were 151.4,
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Table 5. Genotype data for A. flavus progeny from single-strain sclerotia fertilized by strains from nat-
ural soil populations when incubated under laboratory conditions.

Strain® Loci examined
Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 aflF/aflU
Parents
NRRL 29507 1 H1 H1 I
Wild strain A° 2 H2 H2 |
Wild strain B® 2 H3 H3 Il
Wild strain C® 2 H4 H4 ]
Progeny
Ascocarp 1
IC5956 2 H2 H1 I
IC5957 1 H1 H2 |
IC5958 1 H1 H1 1
Ascocarp 2
IC5968 1 H3 H3 -
IC5969 1 H3 H3 -
IC5970 1 H1 H3 Il
Ascocarp 3
IC5980 2 H4 H4 Il
IC5981 2 H1 H1 1]
IC5982 2 H1 H1 I
Parents
NRRL 29473 1 H1 H1 I
Wild strain A° 2 xd H2 |
Wild strain B° 2 x¢ H3 |
Wild strain C° 2 H4 xd I
Progeny
Ascocarp 1
IC5151 2 H1 H2 |
IC5152 2 H1 H1 I
IC5154 1 H1 H1 -
Ascocarp 2
IC5164 1 H1 H3 1}
IC5166 182 H1 H1 e
IC5167 1 HA1 H3 -
Ascocarp 3
IC5186 2 H1 H1 |
IC5188 1 H4 H1 |
IC5189 1 H1 H1 |
Parents
NRRL 29536 2 H1 H1 1
Wild strain A° 1 H2 H2 |
Wild strain B° 1 H3 xd I
Progeny
Ascocarp 1f
IC5197 1&2 H2 H2 1}
IC5198 1 H2 H1 |
IC5201 1 H2 H2 1]
(Continued)
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Table 5. (Continued)

Strain? Loci examined
Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 aflF/aflu

Ascocarp 2

1C5209 2 H3 H1 1}

IC5210 2 H1 H1 1}

IC5211 1&2 H1 H1 1l
Ascocarp 3

IC5221 1 H2 H2 |

IC5222 1 H2 H2 |

1C5223 2 H2 H1 1}

ENRRL strain numbers from the Agricultural Research Service Culture Collection, Peoria, lllinois, and IC
strain numbers from the Ignazio Carbone Culture Collection, North Carolina State University, Raleigh,
North Carolina.

PMLSTs of wild strains determined by identification of alleles in progeny differing from those of the known
sclerotial strain.

°PCR did not amplify.

dAllele not seen in tested progeny.

°PCR yielded two amplicons corresponding to deletion types Ill and I.

fAscocarps 1 and 3 fertilized by wild strain with the same MLST.

doi:10.1371/journal.pone.0146169.t005

146.0 and 167.0 cm, respectively (S1 Table). Monthly variations in rainfall among fields were
primarily due to thunderstorms in which rainfall can be intense and localized.

Single-strain sclerotia of one mating type when dissected after one year in the field showed a
low frequency of ascospore formation (< 1.2%) in Field B but not Fields A and C (Table 2, S1
Text). Ascospores were present in sclerotia of three MATI-1 strains (NRRL 29507, NRRL
29473, NRRL 29537). Viability of sclerotia that did not form ascocarps in the three fields ran-
ged from 38.7 to 98.7%; nonviable sclerotia were often colonized by Fusarium species. Sclerotia
of NRRL 29507 and NRRL 29473 produced relatively few progeny strains that matched the
MLST of the known parental strain; three of the progeny contained both mating-type alleles
(MATI1-1/MAT1I-2) (Table 7). In the majority of progeny, MLSTs indicated biparental inheri-
tance and independent assortment of chromosomes. Sequence polymorphisms in AFI7 and
AF48 distinguished novel alleles contributed by wild parents from soil. Each ascocarp showed
inheritance from a single wild strain; progeny from ascocarps 2A and 2B within the same

Table 6. Soil populations of Aspergillus section Flavi species (CFU/g) in fields prior to application of A. flavus sclerotia.?

Species

A. flavus L strain
A. flavus S strain
A. parasiticus

A. tamarii

A. caelatus

A. alliaceus

#Means + SD based on five soil samples.

Field A Field B Field C
398 + 230 8135 + 1884 ° 391+ 173
20 £ 30 136 +111° 40 + 21
83 +48 179 + 68 255 + 375
0 4+8 260 + 183 °
4+5° 18+13° 654 + 164 ©
1025 + 788 ° 7+10 13+ 15

PDensity of the species or strain significantly different (P < 0.05) from the other fields based on ANOVA and SNK comparison of means.

doi:10.1371/journal.pone.0146169.t006
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Table 7. Genotype data for A. flavus progeny from single-strain sclerotia fertilized by strains from nat-
ural soil populations in the field.

Strain? Loci examined
Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 aflF/aflu
Parents
NRRL 29507 1 H1 H1 I
Wild strain AP 2 H2 H2 Il
Wild strain B® 2 H3 H3 Il
Wild strain C® 2 H4 H4 I
Progeny
Ascocarp 1
IC9156 2 H2 H2 I
1C9157 1 HA1 H2 1l
1C9158 1 H2 H1 1
Ascocarp 2
1C9168 2 H3 H3 I
1C9169 1 H1 HA1 1]
IC9170 1 H1 H1 Il
Ascocarp 3
1C9180 1 H1 H4 I
1C9181 2 HA1 HA Il
1C9182 2 H4 H4 1}
Parents
NRRL 29473 1 HA1 H1 I
Wild strain A® 2 H2 H2 ]
Wild strain B® 2 X° X° I
Progeny
Ascocarp 1
IC10107 2 H2 H2 1]
IC10108 1 H1 H1 Il
IC10109 2 H2 HA1 1]
Ascocarp 2A°
IC10119 1&2 HA1 H1 Il
IC10120 1&2 HA1 HA1 1}
IC10123 2 HA1 H1 1l
Ascocarp 2B¢
IC10148 1&2 HA1 H1 1}
IC10149 1 HA1 HA1 1}
IC10152 1 HA1 H1 1l

ENRRL strain numbers from the Agricultural Research Service Culture Collection, Peoria, lllinois, and IC
strain numbers from the Ignazio Carbone Culture Collection, North Carolina State University, Raleigh,
North Carolina.

PMLSTs of wild strains determined by identification of alleles in progeny differing from those of the known
sclerotial strain.

CAllele not seen in tested progeny.

9Ascocarps 2A and 2B from the same sclerotium; fertilized by wild strain with the same MLST.

doi:10.1371/journal.pone.0146169.t007
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sclerotium of NRRL 29473 appear to have originated from fertilization by the same wild strain
(Table 7).

Fertilized sclerotia from all six crosses did not contain ascocarps when harvested from MCA
slants (14 d; 30 C) prior to application to the three fields (Table 4). In all crosses, a certain per-
centage of sclerotia were capable of sexual reproduction at the time of field application. Sclero-
tia formed ascospores after extended incubation (4 mo) in MCA slants (14.7-91.5% fertility)
and on the surface of nonsterile soil under laboratory conditions (24.9-78.3%) (Table 4). Fertil-
ized sclerotia from laboratory crosses, with the exceptions of NRRL 29537 x 29536 (Fields
A-C) and NRRL 29473 x 21882 (Field A), showed low frequencies of ascospore formation in
the three fields (Table 2). In all fields, sclerotia from NRRL 29507 x 21882 were most fertile
(6.2-22.7%) followed by NRRL 29473 x AF36 (3.3-9.0%) and NRRL 29507 x AF36 (1.2-
2.9%). When incubated in MCA slants and soil cups, sclerotia from these three crosses also
showed significantly higher fertilities than sclerotia from the other crosses when compared
with the chi-square test of independence (P < 0.01), except for NRRL 29507 x 21882 compared
to NRRL 29537 x NRRL 29536 when incubated in MCA slants (P = 0.17) (Table 4, S1 Text).
Viability of sclerotia that did not form ascocarps in the three fields ranged from 18.7 to 96.0%
(Table 2). Fertile ascocarps from sclerotia of NRRL 29507 x AF36, NRRL 29473 x AF36 and
NRRL 29507 x NRRL 21882 in all three fields produced progeny showing independent assort-
ment of chromosomes (Table 8). Progeny strains from the laboratory-fertilized sclerotia con-
tained only known parental alleles; no novel alleles from wild strains were detected (Table 8).
Sequence data for afiC, AF17 and AF48 were submitted to GenBank under Accession numbers
KR922585- KR922776.

Reciprocal crosses and mitochondrial inheritance

Reciprocal crosses between sclerotia and conidia were performed to elucidate female and male
roles in sexual reproduction and to determine the pattern of mitochondrial inheritance. A. fla-
vus sclerotia from single strains of one mating type formed ascospore-bearing ascocarps when
incubated on the surface of sterilized soil inoculated with conidia of the opposite mating type,
indicating that sclerotia functioned as female and conidia served as a male (Table 3). Hermaph-
roditism was shown by the formation of ascospores in sclerotia of both strains within each
reciprocal cross. In the crosses NRRL 29507 x 21882 and NRRL 29473 x AF36, sclerotia from
NRRL 29507 and NRRL 29473 (MAT1-1) readily formed ascospores when incubated with
respective NRRL 21882 and AF36 (MATI-2) conidia in the soil. However, fertility was signifi-
cantly lower in reciprocal combinations in which NRRL 21882 and AF36 (MAT1I-2) sclerotia
were incubated with respective NRRL 29507 and NRRL 29473 (MAT1-1) conidia when com-
pared by chi-square test for independence (P < 0.0001) (Table 3, SI Text). In contrast, NRRL
29537 x 29536 showed markedly higher fertility when NRRL 29536 (MATI-2) sclerotia were
incubated with NRRL 29537 (MAT1I-1) conidia compared to the reciprocal combination

(P < 0.0001). None of the sclerotia-conidia combinations involving MAT1-1 x MATI1-1 and
MATI-2 x MATI-2 produced ascocarps (Table 3).

The progeny from sclerotia-conidia crosses NRRL 29537 x NRRL 29536, NRRL 29507 x NRRL
21882 and NRRL 29473 x AF36 and their reciprocal combinations inherited the mitochondrial
genome, as indicated by markers AF-MIT-1, AF-MIT-3 and AF-MIT-4, respectively, from the
sclerotial parent (Table 9). All sclerotia-conidia crosses exhibited segregation in the nuclear
genome (MAT locus) of progeny (Table 9). Both mating-type alleles (MATI-1/MATI-2) were
detected in eight of the progeny. Sequence data for mitochondrial AF-MIT-1, AF-MIT-3 and
AF-MIT-4 were submitted to DRYAD database with accession DOI: http://dx.doi.org/10.5061/
dryad.sk35h.
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Table 8. Genotype data for A. flavus progeny obtained from fertilized sclerotia that were applied to
fields before ascocarp formation.

Strain® Loci examined
Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 afiC
Parents
NRRL 29507 1 H1 H1 H1
AF36 2 H2 H2P H2
Progeny
Field A
Ascocarp 1
IC9312 1 H2 H2P H1
IC9313 1 H1 H1 £
IC9316 1 H2 H1 £
Ascocarp 2
IC9324 2 H2 H1 H2
IC9326 2 H2 H2P H2
IC9327 2 H1 H1 H1
Field B
Ascocarp 1
1C9452 1 H1 H2P H2
IC9453 2 H1 H1 H2
IC9455 1 H2 H2P H2
Ascocarp 2
IC9464 2 H2 H2P H2
IC9467 2 H1 H1 H1
1C9468 1 H1 H1 H2
Field C
Ascocarp 1
1C10222 2 H1 H2P H2
1C10223 1 H1 H2P H1
1C10226 1 H1 H2P H2
Ascocarp 2
I1C10235 1 H1 H2P H1
1C10236 1 H1 H2P H2
1C10237 2 H1 H2P H1
Parents
NRRL 29473 1 H1 H1 H1
AF36 2 H2 H2° H2
Progeny
Field A
Ascocarp 1
1C9348 2 H1 H2P H1
1C9349 2 H1 H2P H2
IC9350 1 HA1 H2P H1
Ascocarp 2
IC9360 2 H1 H2P H2
IC9361 1 H1 H2P H1
IC9362 1 H1 H1 H1
Field B
(Continued)
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Table 8. (Continued)

Strain® Loci examined
Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 afIC
Ascocarp 1
IC9488 1 H1 H2P H1
IC9489 1 H1 H1 H1
IC9490 2 H1 H2P H2
Ascocarp 2
IC9512 2 HA1 H1 H1
IC9513 2 H1 H2P H2
IC9514 1 H1 H2P H2
Field C
Ascocarp 1
1C10258 1 H1 H1 H2
1C10259 2 H1 H2P H2
1C10260 2 H1 H1 H2
Ascocarp 2
1C10270 2 H1 H1 H2
1C10271 2 H1 H2P H2
1C10279 2 H1 H2P H2
Parents
NRRL 29507 1 HA1 H1 H1
NRRL 21882 2 H2 H2 -d
Progeny
Field A
Ascocarp 1
IC9384 1 H2 H2 H1
IC9385 2 H2 H1 H1
IC9386 1 H2 H2 ¢
Ascocarp 2
IC9396 2 H2 H2 =€
IC9397 2 H2 H1 H1
IC9398 2 H2 H1 H1
Field B
Ascocarp 1
IC9524 1 H2 H1 =€
IC9525 2 H2 H2 H1
IC9526 2 H2 H1 H1
Ascocarp 2
IC9536 1 H1 H2 H1
IC9537 2 H1 H2 H1
IC9538 1 H2 H2 =€
Field C
Ascocarp 1
1C10294 1 H1 H1 H1
1C10295 1 HA1 H2 -d
IC10296 1 H2 H2 -d
Ascocarp 2

(Continued)
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Table 8. (Continued)

Strain® Loci examined

Chr. 6 MAT Chr. 2 AF17 Chr. 7 AF48 Chr. 3 afIC
1C10306 2 H2 H1 =@
1C10307 1 H2 H1 H1
1C10308 2 H2 H2 H1

2NRRL strain numbers from the Agricultural Research Service Culture Collection, Peoria, lllinois, and IC
strain numbers from the Ignazio Carbone Culture Collection, North Carolina State University, Raleigh,
North Carolina.

®Due to the high number of triplets at the AF48 locus in AF36, sequenced products range from 66 to 70
GAA repeats.

°PCR did not amplify.

INRRL 21882 has a deletion of the entire aflatoxin gene cluster [11], which accounts for missing afiC in
some of the progeny.

doi:10.1371/journal.pone.0146169.t008

Discussion

This research suggests that A. flavus is versatile in the manner in which sclerotia are fertilized
and reproduce sexually on the soil surface. Single-strain sclerotia of one mating type, which
appear to predominate in nature, can be fertilized by strains in native soil populations after dis-
persal from the crop. Furthermore, fertilized sclerotia without ascocarps, which originate from
crops co-infected with sexually compatible strains, can also form the sexual stage after dis-
persal. Sexual reproduction in both single-strain and fertilized sclerotia was observed under
laboratory conditions when incubated on soil containing natural fungal populations (Tables 1
and 4) and under field conditions on soil after one year (Table 2). Progeny from single-strain
sclerotia exposed to natural soil populations in the laboratory and field showed the acquisition
of novel alleles from outcrossing with soil strains as well as recombination (independent assort-
ment of chromosomes) (Tables 5 and 7). In contrast, progeny from fertilized sclerotia applied
to fields before ascocarp formation showed only known parental alleles (Table 8). Prior fertili-
zation of sclerotia may have prevented additional fertilization events, as illustrated in basidio-
mycetes following dikaryon formation [35].

Outside of the present study, there are no known examples among Aspergilli in which a
mature sclerotium is capable of being fertilized by natural soil populations. Additional research
is needed to determine the nature of the soil propagule (conidium or hypha) and whether
direct contact of the sclerotium with the propagule is required or chemotrophic growth of the
propagule through soil to the sclerotium is involved. Receptor structures for fertilization have
not been detected on the surface of A. flavus sclerotia. Heterothallic Botrytis cinerea commonly
produces sclerotia that function as survival structures [36]. These sclerotia can also serve as a
female parent but unlike A. flavus, B. cinerea produces specialized microconidia (spermatia)
for fertilization [37]. Heterothallic Epichloé species produce conidia that act as spermatia for
fertilizing immature stromata on grasses, but the conidia are transmitted primarily by insects
and originate from other stromata rather than soil populations [38].

Laboratory incubation of single-strain sclerotia on soil resulted in wide variation in fertility
despite an equal proportion of mating types in soil, with some strains readily producing asco-
spores and others showing little or no evidence of sexual reproduction (Table 1). This variation
might be attributed to female fertility factors in the strains producing the sclerotia (see below),
but also could be influenced by the degree of sexual compatibility between sclerotia and soil
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Table 9. Nuclear and mitochondrial loci for progeny from reciprocal crosses between single-strain
sclerotia and conidia inoculated in sterile soil.

Strain® Loci examined
Chr. 6 MAT Mitochondria AF-MIT-1
Parents
NRRL 29537 (sclerotia) 1 HA
NRRL 29536 (conidia) 2 H2
Progeny
Ascocarp 1
1C5813 1 HA
1C5814 2 HA
Ascocarp 2
1C5825 1&2 H1
1C5826 2 HA
Ascocarp 3
1C5837 2 H1
1C5838 1 H1
Parents
NRRL 29537 (conidia) 1 H1
NRRL 29536 (sclerotia) 2 H2
Progeny
Ascocarp 1
1C5849 1 H2
1C5850 1&2 H2
Ascocarp 2
1C5861 2 H2
1C5862 1&2 H2
Ascocarp 3
1C5873 2 H2
1C5874 2 H2
Strain® Chr. 6 MAT Mitochondria AF-MIT-3
Parents
NRRL 29507 (sclerotia) 1 HA
NRRL 21882 (conidia) 2 H2
Progeny
Ascocarp 1
1C5885 2 HA
1C5886 2 HA
Ascocarp 2
1C5897 1&2 H1
IC5898 2 P
Ascocarp 3
1C5909 1&2 H1
1C5910 2 HA
Parents
NRRL 29507 (conidia) 1 HA1
NRRL 21882 (sclerotia) 2 H2
Progeny
Ascocarp 1

(Continued)
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Table 9. (Continued)

Strain? Loci examined
Chr. 6 MAT Mitochondria AF-MIT-1
1C5920 2 H2
1C5921 2 H2
Ascocarp 2
1C5932 2 H2
1C5933 2 H2
Ascocarp 3
1C5944 1 H2
1C5945 1&2 H2
Strain® Chr. 6 MAT Mitochondria AF-MIT-4
Parents
NRRL 29473 (sclerotia) 1 HA
AF36 (conidia) 2 H2
Progeny
Ascocarp 1
1C5741 2 H1
IC5742 1 H1
Ascocarp 2
IC5753 2 HA
IC5754 1 HA
Ascocarp 3
IC5765 2 HA
IC5766 2 HA
Parents
NRRL 29473 (conidia) 1 HA
AF36 (sclerotia) 2 H2
Progeny
Ascocarp 1
IC5777 1 H2
IC5778 1&2 H2
Ascocarp 2
IC5789 1 H2
IC5790 1&2 H2
Ascocarp 3
1C5801 1 H2
1C5802 2 H2

ENRRL strain numbers from the Agricultural Research Service Culture Collection, Peoria, lllinois, and IC
strain numbers from the Ignazio Carbone Culture Collection, North Carolina State University, Raleigh,
North Carolina.

PPCR did not amplify.

doi:10.1371/journal.pone.0146169.t009

strains independent of mating type. Sexual reproduction in Aspergillus in general is regulated
by over 70 genes at different stages of development [39]. Sexual incompatibility is typically due
to an accumulation of mutations of these genes [40,41] and is expected to be most prevalent in
asexual fungi that undergo extensive genetic drift [14,42,43]. A. flavus is predominantly asexual
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and populations comprise numerous clonal lineages of varying degrees of genetic relatedness
[6,7,44]. Genetic incompatibilities among lineages in A. flavus may be partially responsible for
the MATI-1 x MATI-2 crosses that exhibit low fertility or do not produce viable progeny [8,9].
In this study, the biocontrol strains NRRL 21882 and AF36 showed extremely low fertility
when sclerotia were incubated on soil under laboratory and field conditions (Tables 1 and 2,
respectively) but showed relatively high fertility when sclerotia were fertilized in specific crosses
in culture slants (Table 4). Therefore, the low fertility with soil incubations may have been due
to the genetic composition of the A. flavus populations, and exposure to different soil popula-
tions might result in higher fertility. A number of A. flavus progeny from laboratory and field
experiments showed both MATI-1 and MATI-2 (Tables 5, 7 and 9). One such MATI-1/
MATI-2 progeny strain from a laboratory cross also was reported by Olarte et al. [9]. The
mechanism responsible for the presence of both mating types is not understood and additional
research is required to determine whether heterokaryosis, B chromosomes or ectopic plasmids
are involved.

In both single-strain and fertilized sclerotia, incubation on soil with natural fungal popula-
tions showed much higher frequencies of ascospore formation under laboratory conditions of
high relative humidity (100%) and a constant temperature (30°C) compared to suboptimal
conditions in the fields. All three fields were exposed to similar temperatures (S1 Table) and
contained A. flavus soil populations with both MATI-1 and MATI-2 strains. Furthermore, the
three fields showed similar frequencies of ascospore formation in fertilized sclerotia from
crosses (Table 2), suggesting that environmental conditions were similar and that differences
in soil type (Faceville fine sandy loam in Field B and Greenville fine sandy loam in Fields A and
C) had little effect. Despite the many similarities in field conditions, ascospore formation in
single-strain sclerotia was observed at low frequencies only from Field B (Table 2). The most
prominent difference among fields involved A. flavus L strain population densities in soil, with
the density in Field B (8135 CFU/g) being approximately 20x higher than the densities in
Fields A and C (Table 6). A high population density could increase the likelihood of sclerotium
fertilization and account for the detection of sexual reproduction only in Field B.

Little is known about the mechanism of fertilization and the subsequent development of
ascocarps, asci and ascospores in sclerotia of A. flavus and other section Flavi species. Gam-
etangia have been reported in several Aspergillus species [45] but not in section Flavi. Homo-
thallic A. alliaceus from section Flavi produces sclerotia whose matrix consists of thick-walled
pseudoparenchymatous cells [46-48]. Fennell and Warcup [46] reported ‘channeling’ within
the matrix immediately prior to the appearance of ascocarps. Transmission electron micros-
copy revealed that the channeling may be due to the interspersion of groups of cells containing
cytoplasm with other groups of cells in various stages of autolysis [49]. Intracellular hyphae
were also observed and may be involved in the early stages of ascocarp formation. In A. flavus,
the matrix of mature sclerotia also consists of thick-walled pseudoparenchymatous cells with
cytoplasmic contents [50]. Wada et al. [51] reported on the formation of heterokaryotic sclero-
tia in A. oryzae, a species often considered to be con-specific with A. flavus [52]. However, in
that study, nutritional mutants were paired and sclerotia were produced independent of mat-
ing-type combination and only by strains with different auxotrophies.

In reciprocal crosses, sclerotia and conidia from both strains within each cross functioned
as female and male, respectively, indicating A. flavus is hermaphroditic. The sclerotium, as a
source of nutrients for sexual development, can be considered functionally female and the
conidia used for fertilization functionally male. The degree of fertility depended upon the
parental source of sclerotia and conidia (Table 3). In each reciprocal cross, one sclerotia-
conidia combination was highly fertile while the reciprocal combination produced a signifi-
cantly lower frequency (P < 0.0001) of sclerotia containing ascospore-bearing ascocarps.
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These results concur with the presence of fungal populations with varying proportions of
strains that are hermaphroditic or female sterile [13,14,53], with three of the strains in this
study (NRRL 29537, NRRL 21882, AF36) approaching female sterility (Table 3). The combina-
tions leading to highest fertility involved sclerotia from both MATI-1 and MATI-2 strains,
indicating that the gender-based sexual system is independent of the mating-type compatibility
system [13]. Strain-dependent differential expression of sex-based genes necessary for fertiliza-
tion and sexual development by female and male parents [54] could account for these differ-
ences and further work should be done to identify any causal link. Only three reciprocal
sclerotia-conidia crosses of A. flavus were examined in this study and additional reciprocal
crosses might reveal pairs of strains that show equal female fertility or strains in which one or
both are completely female sterile.

Among the three pairs of reciprocal crosses between sclerotia and conidia, the sclerotial par-
ent contributed the mitochondrial genome to progeny (Table 9). Such uniparental inheritance
of mitochondria from the female parent is the most prevalent pattern in fungi [55]. Many
anisogamous ascomycetes are characterized by an ascospore-bearing female whose nuclei are
contributed to the ascocarp wall and whose nuclei and mitochondria are contributed to asco-
spores, and by a male whose nuclei are contributed solely to ascospores [14]. Outcrossing
between strains in homothallic A. nidulans reveals such female and male roles in nuclear and
mitochondrial inheritance during sexual reproduction [15] and is consistent with observations
in A. flavus.

In conclusion, the current study helps to elucidate the mechanisms available to A. flavus for
sexual reproduction in natural environments. Both proposed mechanisms—fertilization of sin-
gle-strain sclerotia by native soil populations and fertilization of sclerotia in crops before dis-
persal onto soil—are supported by this research, though questions remain concerning their
relative importance in nature. In addition, female fertility in A. flavus, as indicated through the
reciprocal crosses, requires additional research to determine its role in regulating sexual repro-
duction and how it interacts with mating type in influencing population structure. Soil popula-
tions of A. flavus are highly diverse genetically [4,5,7]. Sweany et al. [56] reported that A. flavus
populations in corn from 11 Louisiana fields comprised relatively few VCGs and haplotypes
and were mostly MAT1-2, whereas soil populations from those same cornfields comprised a
large number of VCGs and haplotypes and an equal proportion of mating types. Therefore,
compared to A. flavus populations in crops, soil populations would provide a higher likelihood
of exposure of sclerotia to sexually compatible strains and a more diverse source of genetic
material for outcrossing.

Supporting Information

S1 Table. Weather conditions at three fields (2013-2014) where single-strain and fertilized
sclerotia of A. flavus were applied.
(DOCX)

S1 Text. Statistics.
(DOCX)

Acknowledgments

We thank Travis Walk, Megan Meyers and Risigan Logendran for technical assistance, and
Eric Stone for statistical advice. The project was supported by the Agriculture and Food
Research Initiative Competitive Grants Program grant no. 2013-68004-20359 from the USDA

PLOS ONE | DOI:10.1371/journal.pone.0146169 January 5, 2016 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146169.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146169.s002

@’PLOS ‘ ONE

Sexual Reproduction in Aspergillus flavus Sclerotia and Uniparental Mitochondrial Inheritance

National Institute of Food and Agriculture (NIFA). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

Conceived and designed the experiments: BWH RMG RBS IC. Performed the experiments:
BWH RMG RS RBS. Analyzed the data: BWH RMG RBS IC. Contributed reagents/materials/
analysis tools: BWH RMG RS RBS IC. Wrote the paper: BWH RMG IC.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Williams JH, Phillips TD, Jolly PE, Stiles JK, Jolly CM, Aggarwal D (2004) Human aflatoxicosis in devel-
oping countries: a review of toxicology, exposure, potential health consequences, and interventions.
Am J Clin Nutr 80: 1106—1122. PMID: 15531656

Kew MC (2013) Aflatoxins as a cause of hepatocellular carcinoma. J Gastrointestin Liver Dis 22: 305—
310. PMID: 24078988

Geiser DM, Timberlake WE, Arnold ML (1996) Loss of meiosis in Aspergillus. Mol Biol Evol 13: 809—
817. PMID: 8754217

Horn BW, Greene RL (1995). Vegetative compatibility within populations of Aspergillus flavus, A. para-
siticus, and A. tamarii from a peanut field. Mycologia 87: 324-332.

Horn BW, Greene RL, Sobolev VS, Dorner JW, Powell JH, Layton RC (1996) Association of morphol-
ogy and mycotoxin production with vegetative compatibility groups in Asperqgillus flavus, A. parasiticus,
and A. tamatrii. Mycologia 88: 574-587.

Moore GG, Singh R, Horn BW, Carbone | (2009). Recombination and lineage-specific gene loss in the
aflatoxin gene cluster of Asperqgillus flavus. Mol Ecol 18: 4870—-4887. doi: 10.1111/j.1365-294X.2009.
04414.x PMID: 19895419

Moore GG, Elliott JL, Singh R, Horn BW, Dorner JW, Stone EA, et al. (2013) Sexuality generates diver-
sity in the aflatoxin gene cluster: evidence on a global scale. PLoS Pathog 9: e1003574. doi: 10.1371/
journal.ppat.1003574 PMID: 24009506

Horn BW, Moore GG, Carbone | (2009) Sexual reproduction in Aspergillus flavus. Mycologia 101: 423—
429. PMID: 19537215

Olarte RA, Horn BW, Dorner JW, Monacell JT, Singh R, Stone EA, et al. (2012) Effect of sexual repro-
duction on population diversity in aflatoxin production by Aspergillus flavus and evidence for cryptic het-
erokaryosis. Mol Ecol 21: 1453-1476. doi: 10.1111/].1365-294X.2011.05398.x PMID: 22212063

Olarte RA, Worthington CJ, Horn BW, Moore GG, Singh R, Monacell JT, et al. (2015) Enhanced diver-
sity and aflatoxigenicity in interspecific hybrids of Aspergillus flavus and Asperqgillus parasiticus. Mol
Ecol 24:1889-1909. doi: 10.1111/mec.13153 PMID: 25773520

Chang P-K, Horn BW, Dorner JW (2005) Sequence breakpoints in the aflatoxin biosynthetic gene clus-
ter and flanking regions in nonaflatoxigenic Aspergillus flavus isolates. Fungal Genet Biol 42: 914-923.
PMID: 16154781

Ramirez-Prado JH, Moore GG, Horn BW, Carbone | (2008) Characterization and population analysis of
the mating-type genes in Aspergillus flavus and Aspergillus parasiticus. Fungal Genet Biol 45: 1292—
1299. doi: 10.1016/).fgh.2008.06.007 PMID: 18652906

Leslie JF (1995) Gibberella fujikuroi: available populations and variable traits. Can J Bot 73: S282—
S291.

Leslie JF, Klein KK (1996) Female fertility and mating type effects on effective population size and evo-
lution in filamentous fungi. Genetics 144: 557-567. PMID: 8889520

Bruggeman J, Debets AJM, Swart K, Hoekstra RF (2003) Male and female roles in crosses of Aspergil-
lus nidulans as revealed by vegetatively incompatible parents. Fungal Genet Biol 39: 136—141. PMID:
12781672

Cotty PJ (1989) Virulence and cultural characteristics of two Aspergillus flavus strains pathogenic on
cotton. Phytopathology 78: 808-814.

Wicklow DT, Horn BW (1984) Aspergillus flavus sclerotia form in wound-inoculated preharvest corn.
Mycologia 76: 503-505.

Garber RK, Cotty PJ (1997) Formation of sclerotia and aflatoxins in developing cotton bolls infected by
the S strain of Aspergillus flavus and potential for biocontrol with an atoxigenic strain. Phytopathology
87:940-945. doi: 10.1094/PHYTO.1997.87.9.940 PMID: 18945065

Wicklow DT (1987) Survival of Aspergillus flavus sclerotia in soil. Trans Br Mycol Soc 89: 131-134.

PLOS ONE | DOI:10.1371/journal.pone.0146169 January 5, 2016 20/22


http://www.ncbi.nlm.nih.gov/pubmed/15531656
http://www.ncbi.nlm.nih.gov/pubmed/24078988
http://www.ncbi.nlm.nih.gov/pubmed/8754217
http://dx.doi.org/10.1111/j.1365-294X.2009.04414.x
http://dx.doi.org/10.1111/j.1365-294X.2009.04414.x
http://www.ncbi.nlm.nih.gov/pubmed/19895419
http://dx.doi.org/10.1371/journal.ppat.1003574
http://dx.doi.org/10.1371/journal.ppat.1003574
http://www.ncbi.nlm.nih.gov/pubmed/24009506
http://www.ncbi.nlm.nih.gov/pubmed/19537215
http://dx.doi.org/10.1111/j.1365-294X.2011.05398.x
http://www.ncbi.nlm.nih.gov/pubmed/22212063
http://dx.doi.org/10.1111/mec.13153
http://www.ncbi.nlm.nih.gov/pubmed/25773520
http://www.ncbi.nlm.nih.gov/pubmed/16154781
http://dx.doi.org/10.1016/j.fgb.2008.06.007
http://www.ncbi.nlm.nih.gov/pubmed/18652906
http://www.ncbi.nlm.nih.gov/pubmed/8889520
http://www.ncbi.nlm.nih.gov/pubmed/12781672
http://dx.doi.org/10.1094/PHYTO.1997.87.9.940
http://www.ncbi.nlm.nih.gov/pubmed/18945065

@’PLOS ‘ ONE

Sexual Reproduction in Aspergillus flavus Sclerotia and Uniparental Mitochondrial Inheritance

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Wicklow DT, Horn BW, Burg WR, Cole RJ (1984) Sclerotium dispersal of Aspergillus flavus and Eupeni-
cillium ochrosalmoneum from maize during harvest. Trans Br Mycol Soc 83: 299-3083.

Horn BW, Sorensen RB, Lamb MC, Sobolev VS, Olarte RA, Worthington CJ, et al. (2014) Sexual repro-
duction in Aspergillus flavus sclerotia naturally produced in corn. Phytopathology 104: 75-85. doi: 10.
1094/PHYTO-05-13-0129-R PMID: 23883157

Abbas HK, Zablotowicz RM, Horn BW, Phillips NA, Johnson BJ, Jin X, et al. (2011) Comparison of
major biocontrol strains of non-aflatoxigenic Aspergillus flavus for the reduction of aflatoxins and cyclo-
piazonic acid in maize. Food Addit Contam 28: 198-208.

Horn BW, Dorner JW (1999) Regional differences in production of aflatoxin By and cyclopiazonic acid
by soil isolates of Aspergillus flavus along a transect within the United States. Appl Environ Microbiol
65: 1444—1449. PMID: 10103234

Ehrlich KC, Montalbano BG, Cotty PJ (2007) Analysis of single nucleotide polymorphisms in three
genes shows evidence for genetic isolation of certain Aspergillus flavus vegetative compatibility groups.
FEMS Microbiol Lett 268: 231-236. PMID: 17229064

McAlpin CE, Wicklow DT (2005) Culture media and sources of nitrogen promoting the formation of stro-
mata and ascocarps in Petromyces alliaceus (Aspergillus section Flavi). Can J Microbiol 51: 765-771.
PMID: 16391655

Horn BW, Ramirez-Prado JH, Carbone | (2009) Sexual reproduction and recombination in the afla-
toxin-producing fungus Aspergillus parasiticus. Fungal Genet Biol 46: 169—175. doi: 10.1016/j.fgb.
2008.11.004 PMID: 19038353

Horn BW, Dorner JW (1998) Soil populations of Aspergillus species from section Flavi along a transect
through peanut-growing regions of the United States. Mycologia 90: 767-776.

Utkhede RS, Rahe JE (1979) Wet-sieving floatation technique for isolation of sclerotia of Sclerotium
cepivorum from muck soil. Phytopathology 69: 295-297.

Horn BW, Dorner JW (2009) Effect of nontoxigenic Aspergillus flavus and A. parasiticus on aflatoxin
contamination of wounded peanut seeds inoculated with agricultural soil containing natural fungal pop-
ulations. Biocont Sci Technol 19: 249-262.

Carbone |, Jakobek JL, Ramirez-Prado JH, Horn BW (2007) Recombination, balancing selection and
adaptive evolution in the aflatoxin gene cluster of Aspergillus parasiticus. Mol Ecol 16: 4401-4417.
PMID: 17725568

Grubisha LC, Cotty PJ (2009) Twenty-four microsatellite markers for the aflatoxin-producing fungus
Aspergillus flavus. Mol Ecol Resour 9: 264—267. doi: 10.1111/j.1755-0998.2008.02378.x PMID:
21564622

Aylor DL, Price EW, Carbone | (2006) SNAP: Combine and Map modules for multilocus population
genetic analysis. Bioinformatics 22: 1399-1401. PMID: 16601003

Price EW, Carbone | (2005) SNAP: workbench management tool for evolutionary population genetic
analysis. Bioinformatics 21: 402—-404. PMID: 15353448

Monacell JT, Carbone | (2014) Mobyle SNAP Workbench: a web-based analysis portal for population
genetics and evolutionary genomics. Bioinformatics 30: 1488—1490. doi: 10.1093/bioinformatics/
btu055 PMID: 24489366

Nieuwenhuis BPS, Aanen DK (2012) Sexual selection in fungi. J Evol Biol 25:2397-2411. doi: 10.
1111/jeb.12017 PMID: 23163326

Holz G, Coertze S, Williamson B (2007) The ecology of Botrytis on plant surfaces. In: Elad Y, William-
son B, Tudzynski P, Delen N (eds) Botrytis: biology, pathology and control. Springer, Dordrecht, The
Netherlands, 9-27.

Fukumori Y, Nakajima M, Akutsu K (2004) Microconidia act the role as spermatia in the sexual repro-
duction of Botrytis cinerea. J Gen Plant Pathol 70: 256—260.

Tadych M, Bergen MS, White JF Jr (2014) Epichloé spp. associated with grasses: new insights on life
cycles, dissemination and evolution. Mycologia 106: 181-201. PMID: 24877257

Dyer PS, O’'Gorman CM (2012) Sexual development and cryptic sexuality in fungi: insights from Asper-
gillus species. FEMS Microbiol Rev 36: 165—-192. doi: 10.1111/j.1574-6976.2011.00308.x PMID:
22091779

Leslie JF, Raju NB (1985) Recessive mutations from natural populations of Neurospora crassa that are
expressed in the sexual diplophase. Genetics 111: 759-777. PMID: 2933298

Raju NB (1992) Genetic control of the sexual cycle in Neurospora. Mycol Res 96: 241-262.

Xu J (2002) Estimating the spontaneous mutation rate of loss of sex in the human pathogenic fungus
Cryptococcus neoformans. Genetics 162: 1157—1167. PMID: 12454063

PLOS ONE | DOI:10.1371/journal.pone.0146169 January 5, 2016 21/22


http://dx.doi.org/10.1094/PHYTO-05-13-0129-R
http://dx.doi.org/10.1094/PHYTO-05-13-0129-R
http://www.ncbi.nlm.nih.gov/pubmed/23883157
http://www.ncbi.nlm.nih.gov/pubmed/10103234
http://www.ncbi.nlm.nih.gov/pubmed/17229064
http://www.ncbi.nlm.nih.gov/pubmed/16391655
http://dx.doi.org/10.1016/j.fgb.2008.11.004
http://dx.doi.org/10.1016/j.fgb.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19038353
http://www.ncbi.nlm.nih.gov/pubmed/17725568
http://dx.doi.org/10.1111/j.1755-0998.2008.02378.x
http://www.ncbi.nlm.nih.gov/pubmed/21564622
http://www.ncbi.nlm.nih.gov/pubmed/16601003
http://www.ncbi.nlm.nih.gov/pubmed/15353448
http://dx.doi.org/10.1093/bioinformatics/btu055
http://dx.doi.org/10.1093/bioinformatics/btu055
http://www.ncbi.nlm.nih.gov/pubmed/24489366
http://dx.doi.org/10.1111/jeb.12017
http://dx.doi.org/10.1111/jeb.12017
http://www.ncbi.nlm.nih.gov/pubmed/23163326
http://www.ncbi.nlm.nih.gov/pubmed/24877257
http://dx.doi.org/10.1111/j.1574-6976.2011.00308.x
http://www.ncbi.nlm.nih.gov/pubmed/22091779
http://www.ncbi.nlm.nih.gov/pubmed/2933298
http://www.ncbi.nlm.nih.gov/pubmed/12454063

@’PLOS ‘ ONE

Sexual Reproduction in Aspergillus flavus Sclerotia and Uniparental Mitochondrial Inheritance

43.

44.

45.
46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Saleh D, Milazzo J, Adreit H, Tharreau D, Fournier E (2012) Asexual reproduction induces a rapid and
permanent loss of sexual reproduction capacity in the rice fungal pathogen Magnaporthe oryzae:
results of in vitro experimental evolution assays. BMC Evol Biol 12: 42. doi: 10.1186/1471-2148-12-42
PMID: 22458778

Grubisha LC, Cotty PJ (2010) Genetic isolation among sympatric vegetative compatibility groups of the
aflatoxin-producing fungus Aspergillus flavus. Mol Ecol 19: 269—-280. doi: 10.1111/j.1365-294X.2009.
04467.x PMID: 20025654

Benjamin CR (1955) Ascocarps of Aspergillus and Penicillium. Mycologia 47: 669—687.
Fennell DI, Warcup JH (1959) The ascocarps of Aspergillus alliaceus. Mycologia 51: 409-415.

Rudolph ED (1962) The effect of some physiological and environmental factors on sclerotial Aspergilli.
Am J Bot 49: 71-78.

Leal JA, Gil R (1982) Ultrastructure of sclerotia of Aspergillus alliaceus. Trans Br Mycol Soc 78: 323—
329.

Tewari JP (1983) Stromatic cell autolysis in Petromyces alliaceus during ascocarp formation. Trans Br
Mycol Soc 80: 127-130.

Bojovi¢-Cveti¢ D, Vuijici¢ R (1988) Polysaccharide cytochemistry in maturing Aspergillus flavus sclero-
tia. Trans Br Mycol Soc 91: 619-624.

Wada R, Jin FJ, Koyama Y, Maruyama J, Kitamoto K (2014) Efficient formation of heterokaryotic sclero-
tia in the filamentous fungus Aspergillus oryzae. Appl Microbiol Biotechnol 98: 325-334. doi: 10.1007/
s00253-013-5314-y PMID: 24201891

Chang P-K, Ehrlich KC (2010) What does genetic diversity of Aspergillus flavus tell us about Aspergillus
oryzae? Int J Food Microbiol 138: 189-199. doi: 10.1016/j.ijffoodmicro.2010.01.033 PMID: 20163884

ZengJ, Feng S, Cai J, Wang L, Lin F, Pan Q (2009) Distribution of mating type and sexual status in Chi-
nese rice blast populations. Plant Dis 93: 238—242.

Whittle CA, Johannesson H (2013) Evolutionary dynamics of sex-biased genes in a hermaphrodite fun-
gus. Mol Biol Evol 30: 2435-2446. doi: 10.1093/molbev/mst143 PMID: 23966547

Wilson AJ, Xu J (2012) Mitochondrial inheritance: diverse patterns and mechanisms with an emphasis
on fungi. Mycology 3: 158—166.

Sweany RR, Damann KE Jr, Kaller M.D (2011) Comparison of soil and corn kernel Aspergillus flavus
populations: evidence for niche specialization. Phytopathology 101: 952—-959. doi: 10.1094/PHYTO-
09-10-0243 PMID: 21405994

PLOS ONE | DOI:10.1371/journal.pone.0146169 January 5, 2016 22/22


http://dx.doi.org/10.1186/1471-2148-12-42
http://www.ncbi.nlm.nih.gov/pubmed/22458778
http://dx.doi.org/10.1111/j.1365-294X.2009.04467.x
http://dx.doi.org/10.1111/j.1365-294X.2009.04467.x
http://www.ncbi.nlm.nih.gov/pubmed/20025654
http://dx.doi.org/10.1007/s00253-013-5314-y
http://dx.doi.org/10.1007/s00253-013-5314-y
http://www.ncbi.nlm.nih.gov/pubmed/24201891
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.01.033
http://www.ncbi.nlm.nih.gov/pubmed/20163884
http://dx.doi.org/10.1093/molbev/mst143
http://www.ncbi.nlm.nih.gov/pubmed/23966547
http://dx.doi.org/10.1094/PHYTO-09-10-0243
http://dx.doi.org/10.1094/PHYTO-09-10-0243
http://www.ncbi.nlm.nih.gov/pubmed/21405994

