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Nutrient Environments Influence Competition among Aspergillus
flavus Genotypes
Hillary L. Mehl,a Peter J. Cottya,b

The population dynamics of Aspergillus flavus, shaped in part by intraspecific competition, influence the likelihood and severity
of crop aflatoxin contamination. Competition for nutrients may be one factor modulating intraspecific interactions, but the influences of specific types and concentrations of nutrients on competition between genotypes of A. flavus have not been investigated. Competition between paired A. flavus isolates on agar media was affected by varying concentrations of carbon (sucrose or
asparagine) and nitrogen (nitrate or asparagine). Cocultivated isolate percentages from conidia and agar-embedded mycelia
were quantified by measurements of isolate-specific single-nucleotide polymorphisms with quantitative pyrosequencing. Compositions and concentrations of nutrients influenced conidiation resulting from cocultivation, but the percentages of total
conidia from each competing isolate were not predicted by sporulation of isolates grown individually. Success during sporulation did not reflect the outcomes of competition during mycelial growth, and the extents to which isolate percentages from
conidia and mycelia differed varied among both isolate pairs and media. Whether varying concentrations of sucrose, nitrate, or
asparagine increased, decreased, or had no influence on competitive ability was isolate dependent. Different responses of A.
flavus isolates to nutrient variability suggest genotypes are adapted to different nutrient environments that have the potential to
influence A. flavus population structure and the epidemiology of aflatoxin contamination.

A

spergillus flavus is a ubiquitous filamentous fungus that is both
a saprophyte and an opportunistic pathogen of plants and
animals (1). Though A. flavus has the ability to infect humans (2),
its most serious threat to human health is through production of
aflatoxins that contaminate food crops, including maize, peanuts,
and tree nuts (3, 4). Consumption of food contaminated with
these potent mycotoxins can lead to acute aflatoxicosis and death;
chronic dietary exposure to sublethal aflatoxin concentrations can
result in liver cancer, growth impairment, and immune suppression (3, 5–7). Most developed nations impose strict regulations on
maximum allowable concentrations of aflatoxins in food and feed
(8), but regulations are either nonexistent or unenforced in many
developing regions (3, 4). Regulations impose an economic burden on growers of crops susceptible to contamination (9, 10),
whereas the costs of aflatoxin contamination in human life are
exemplified by recent outbreaks of fatal aflatoxicosis in Kenya (5).
Incidences and severities of crop contamination are influenced
by the genetic structure and average aflatoxin-producing potential
of A. flavus populations (11, 12). The species A. flavus is subdivided into genetically distinct vegetative compatibility groups
(VCGs) by a heterokaryon incompatibility system (13, 14). Populations of A. flavus are composed of many interacting sympatric
VCGs (15–18), and phenotypic characteristics, including the ability to produce aflatoxins, are usually conserved within a VCG (17,
19–21). Individual agroecosystems harbor highly diverse assemblages of A. flavus VCGs, with genotypes ranging from highly aflatoxigenic to being unable to produce aflatoxins (22, 23). Crop
aflatoxin levels are positively correlated with proportions of cropassociated A. flavus populations comprised of highly aflatoxigenic
genotypes (5, 12). In contrast, modification of the aflatoxin-producing potential of fungal populations through application of
nonaflatoxigenic biocontrol strains of A. flavus is currently the
most effective management strategy for limiting crop aflatoxin
contamination (10, 24, 25).
In a previous study, a competitive advantage was conferred on
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the first A. flavus isolate to contact the crop host, suggesting nutrient sequestration plays a role in competitive exclusion by A.
flavus (26). This reinforces suggestions that one mechanism by
which nonaflatoxigenic strains exclude aflatoxigenic genotypes
and reduce the production of aflatoxins is through competition
for nutrients (26–28). The success of various A. flavus genotypes in
diverse nutrient environments, including host tissues and soils,
may also influence the structure of A. flavus populations across
agroecosystems.
The ability of A. flavus to produce a broad spectrum of hydrolytic enzymes (1, 29–31) allows the fungus to utilize both complex
and simple nutrients within diverse and frequently heterogeneous
nutrient environments. The extent to which variation among nutrient environments influences the structures of A. flavus populations is unknown. However, such effects could impact which fungi
colonize and infect plant and animal hosts. Though influences of
nutrients on A. flavus competition have gone unstudied, differential rates of nutrient sequestration, efficiency of nutrient utilization, and nutrient preferences have been studied in other fungi
(32–34). Variation in production of specific hydrolases among A.
flavus isolates confers differential abilities to invade hosts and utilize substrates, and this suggests certain isolates may be adapted to
different niches (e.g., plant versus soil) and/or nutrient environments (30).
Responses to and competition for nutrients during A. flavus
growth and reproduction may dictate the success of individual
genotypes in the environment. Nutrients influence germination
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TABLE 1 Characteristics of isolates and SNPs used to distinguish
between A. flavus isolates in different VCGs
Competitive ability on
maize (rank out of 38)d

SNP
positionb
Isolate

1

2

Aflatoxin
(ppm)c

Seed
infection

Sporulation

CG136
YV04
MR17
WM01
EB01
DV901
RB04
MN902

136
Red-4-E
MR2-17
Woolam-G
E. Bernard B-c
Danevang B-f
Robstown B-d
Moreman D-a

T
A
A
T
A
T
A
A

A
C
A
A
A
A
A
C

141
NDf
33
59
35
138
64
24

NAe
4
38
3
1
37
15
35

NA
5
36
16
9
33
38
13

a

In the text, isolates are referred to by the VCG to which they belong.
SNPs are located in a portion of the aflatoxin biosynthesis gene cluster.
c
Aflatoxin production during maize kernel infection was evaluated previously (43).
d
Previously, isolates from each of 38 VCGs were coinoculated with CG136 and ranked
for competitive ability during both seed infection and sporulation on maize (43).
e
NA, not applicable. CG136 was the isolate against which the competitive abilities of
the other isolates were assessed.
f
ND, none detected.
b

(35, 36), as well as production of mycelia, conidia, and aflatoxins
by A. flavus (37–42), but the influence of nutrients on intraspecific
interactions among A. flavus genotypes has not been studied. Outcomes of competition among morphologically indistinct A. flavus
individuals are difficult to quantify with culture-based techniques,
but quantitative pyrosequencing, a DNA-based method for measuring proportions of genotype-specific single-nucleotide polymorphisms (SNPs) within pools of DNA, has provided insights
into factors dictating intraspecific interactions (26, 43, 44). Fungal
responses to nutrients may influence the success of specific A.
flavus genotypes in agriculturally important niches and, in so
doing, affect both the efficacy of aflatoxin biocontrol and the
epidemiology of contamination. The current work utilized pyrosequencing to quantify nutrient influences on competitive
interactions among A. flavus VCGs during sporulation and mycelial growth.
MATERIALS AND METHODS
Fungal isolates. Eight genetically distinct isolates, each representing a
different VCG and known to differ in competitive abilities and aflatoxin
production on maize (26, 43), were examined in the current study (Table
1). CG136, YV04, and MR17 were isolated from agricultural soils in Arizona, and WM01, EB01, DV901, RB04, and MN902 were isolated from
cottonseed in Texas (43). All eight VCGs are sympatric and compete on
crops and in soils in populations that extend across both states (18). VCG
membership was confirmed by complementation of nitrate-nonutilizing
auxotrophs derived from wild-type isolates, with tester pairs corresponding to previously identified VCGs (45). Single-spore purified wild-type
isolates were cultivated on 5/2 agar (5% V8 juice, 2% agar, pH 5.2), and
plugs of agar with abundant sporulation were suspended in 4-ml vials
containing sterile distilled water. Conidial suspensions from water vials
were used to centrally seed 5/2 agar. After 7 days (31°C), the conidia were
dislodged from the plates with sterile cotton swabs and suspended in
sterile distilled water. The numbers of conidia were estimated by measuring the turbidity of the suspensions with a turbidity meter (Turbidimeter;
Orbeco Analytical Systems, Farmingdale, NY) and using a nephalometric
turbidity unit (NTU)-versus-CFU standard curve, where y is equal to
49,937x (x is NTU, and y is conidia/ml) (12). The conidia were adjusted to
the concentrations described below in sterile distilled water.
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VCGa

Growth media. Each liter of full-strength (1⫻) Czapek’s agar contained 0.5 g each of K2HPO4, KH2PO4, MgSO4 · 7H2O, and KCl; 30 g
sucrose (88 mM); 3 g NaNO3 (35 mM); 1 ml micronutrient solution
containing 0.11 g MnSO4, 0.5 g (NH4)6Mo7O24 · 4H2O, 10.0 g Fe2(SO4)3 ·
6H2O, 17.6 g ZnSO4 · 7H2O, 0.7 g Na2B4O7 · 10H2O, and 0.3 g CuSO4 ·
5H2O per liter; and 20 g Bacto agar. All reagents except sucrose and
NaNO3 were added prior to autoclaving (121°C; 20 min); sucrose and
NaNO3 solutions were filter sterilized (0.22-m filter) and added just
prior to pouring. To test the influences of sucrose and nitrate on A. flavus
competition, either one or both of the nutrients were added at 1/10 (0.1⫻)
the concentration present in 1⫻ Czapek’s agar (0.1⫻ Czapek’s agar contains 8.8 mM sucrose, 3.5 mM NaNO3; 0.1⫻ sucrose contains 8.8 mM
sucrose, 35 mM NaNO3; 0.1⫻ nitrate contains 88 mM sucrose, 3.5 mM
NaNO3). The concentrations of the other ingredients remained constant.
Czapek’s agar was also prepared with 2, 1, 0.5, 0.1, and 0.05 times the
concentration of sucrose and NaNO3 in 1⫻ Czapek’s agar.
Asparagine agar contained asparagine as the sole carbon and nitrogen
source and all of the Czapek’s agar ingredients except sucrose and nitrate.
The medium was autoclaved (121°C; 20 min), and filter-sterilized asparagine solution was added just prior to pouring. Full-strength (1⫻) and
0.1⫻ asparagine agar contained 20 g (150 mM) and 2 g (15 mM) of
asparagine, respectively.
For host competition treatments, intact, uniformly sized kernels of
Pioneer hybrid 33B54 were surface sterilized by submersion in hot water
(80°C; 45 s) as previously described (43). A subsample of kernels were
plated and incubated on agar to confirm their ability to germinate and the
lack of contaminating fungi.
Competition experiments. Competition on a host was compared to
competition on media with different nutrient concentrations. Interactions between A. flavus isolates YV04 and CG136 were examined on 1⫻
and 0.1⫻ Czapek’s agar and on maize kernels. In order to evaluate the
influences of contact sequence on competition, the seeding order was
included as a treatment. Agar media were prepared as described above and
seeded with 105 conidia of each isolate. Plates were spread evenly with
either 105 conidia of CG136 in 50 l followed 1 h later by 105 conidia of
YV04 in 50 l, YV04 followed 1 h later by CG136, or a mixture of the two
isolates in 100 l. Surface-sterilized kernels (5 g) were placed in 250-ml
Erlenmeyer flasks sealed with gas-permeable BugStopper plugs (Whatman, Piscataway, NJ). The moisture content of the seed was determined
with an HB43 Halogen Moisture Analyzer (Mettler Toledo, Columbus,
OH), and 5 ⫻ 104 conidia of each isolate were inoculated sequentially or
simultaneously as described above in the appropriate volume of water to
bring seed moisture to 25%.
To test the influence of a range of nutrient concentrations on competition between YV04 and CG136, the isolates were cocultivated on plates
of Czapek’s agar prepared with 2, 1, 0.5, 0.1, and 0.05 times the concentration of sucrose and NaNO3 in 1⫻ Czapek’s agar, as described above.
One hundred microliters of a suspension containing 105 conidia of both
isolates (2 ⫻ 105 total) was spread on each plate.
Additional competition experiments were conducted with six different pairs of A. flavus isolates (Table 2). All isolate pairings were examined
previously on maize and were selected for the current study to represent a
range of competitive abilities during host infection and reproduction (Table 1) (26, 43, 44). As described above, plates were spread evenly with a
100-l suspension containing 105 conidia of each isolate in the pair. To
compare the influences of nutrient concentrations on isolates with and
without the presence of a competing genotype, six isolate pairs were
grown on 0.1⫻ and 1⫻ Czapek’s agar, and in a parallel experiment, each
of the isolates from the pairs were grown individually on the two media.
To test the influence of the nutrient type (e.g., sucrose, nitrate, or asparagine) and concentration on A. flavus competition, the six pairs of isolates
(Table 2) were cocultivated on 1⫻ and 0.1⫻ Czapek’s agar, 0.1⫻ sucrose
agar, 0.1⫻ nitrate agar, and 1⫻ and 0.1⫻ asparagine agar.
Quantification of conidia and isolation of DNA. Following incubation (31°C; 7 days), the plates were flooded with 10 ml 0.1% Tween 80, and
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TABLE 2 Predicted and measured percentages of conidia from paired
A. flavus isolates cocultivated on 0.1⫻ and 1⫻ Czapek’s agara
% Conidia on Czapek’s agar
Isolate
pair

0.1⫻b

1⫻c
d

e

Predicted

Measured

Predicted

Measured

1

CG136
YV04
SE
P valuef

47b
53x
1
0.06

47b
53x
3
0.36

58a
42y
1
⬍0.001

65a
35y
4
0.01

2

CG136
MR17
SE
P valuef

52b
48y
1
0.22

44c
56x
2
0.05

70a
30z
3
0.002

48c
52x
1
0.009

3

YV04
MR17
SE
P valuef

55b
45x
1
0.007

54ab
46xy
6
0.47

62a
38y
4
0.03

60a
40y
1
⬍0.001

4

WM01
MR17
SE
P valuef

52a
48y
4
0.69

56a
44y
3
0.08

30b
70x
2
⬍0.001

54a
46y
3
0.08

5

EB01
DV901
SE
P valuef

54b
46y
2
0.1

47bc
53xy
3
0.41

80a
20z
3
⬍0.001

42c
58x
3
0.05

6

RB04
MN902
SE
P valuef

53b
47y
1
0.23

39c
61x
1
⬍0.001

84a
16z
3
⬍0.001

86a
14z
1
⬍0.001

a

For each of the examined isolates, percentages followed by the same letter are not
significantly different by Tukey’s Studentized range test (n ⫽ 6).
b
Czapek’s agar with 1/10 concentration (0.1⫻) of sucrose (8.8 mM) and nitrate (3.5
mM).
c
Full-strength (1⫻) Czapek’s agar (88 mM sucrose, 35 mM nitrate).
d
Predicted percentages were calculated based on the quantities of conidia produced by
each isolate grown individually on each medium (e.g., predicted % isolate A ⫽ 100% ⫻
isolate A conidia/[isolate A conidia ⫹ isolate B conidia]). Predicted percentages were
calculated for each replicate (n ⫽ 6).
e
Measured percentages of total conidia from each isolate were measured by quantifying
isolate-specific SNPs within conidial DNA using pyrosequencing (n ⫽ 6).
f
The percentages of the two isolates were compared with a paired t test (n ⫽ 6).

the conidia were dislodged with a sterile triangle spreader. Each plate was
washed three times, and the washings were combined. Maize kernels were
washed with 20 ml 0.1% Tween 80 followed by 20 ml water. The conidial
suspensions were filtered through Miracloth, and the total numbers of
conidia were measured using turbidity as described above. The agar plates
were dried (60°C; 72 h) and then pulverized to a powder with an analytical
mill (IKA Works, Wilmington, NC). Fungal DNA was isolated, using the
FastDNA SPIN Kit and the FastPrep Instrument (MP Biomedicals, Santa
Ana, CA), both from the total quantity of conidia and from a 200-mg
subsample of the powdered agar. Fungal DNA from agar was assumed to
be of mycelial origin.
PCR and pyrosequencing. A quantitative pyrosequencing assay that
distinguishes isolates using two SNPs was used to quantify the percentages
of cocultivated isolates from conidia and mycelia (Table 1) (26, 43). The
PCR conditions for primer pair CG136-Afl-F/CG136-Afl-R were described previously. The forward primer was biotinylated and high-performance liquid chromatography (HPLC) purified.
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RESULTS

Nutrients influence the success of competing A. flavus isolates.
Percentages of cocultivated isolates CG136 and YV04 from conidia
produced on either maize kernels, 1⫻ Czapek’s agar, or 0.1⫻ Czapek’s agar were influenced by both the substrate (P ⬍ 0.001) and the
sequence of isolate contact with the substrate (P ⬍ 0.001), as well as
an interaction between the two factors (P ⬍ 0.001) (Fig. 1). CG136
and YV04 were equally competitive on 1⫻ Czapek’s agar, but YV04
produced a greater percentage of the conidia than CG136 on 0.1⫻
Czapek’s agar, regardless of the order in which isolates were introduced to the substrate (Fig. 1). Contact with the host 1 h prior to the
competing isolate conferred an advantage on both YV04 and CG136
during sporulation on maize kernels, but a similar advantage was not
observed on either 0.1⫻ or 1⫻ Czapek’s agar. When isolates were
mixed prior to contact with either the host or agar media, the two
isolates competed similarly during sporulation on maize and 1⫻
Czapek’s agar.
The quantities and percentages of conidia from cocultivated A.
flavus isolates CG136 and YV04 varied with increasing sucrose and
nitrate concentrations (Fig. 2). In these tests, sucrose and nitrate
were varied simultaneously and maintained at the same ratio
found in 1⫻ Czapek’s agar. Isolate percentages differed between
the two trials (P ⫽ 0.04), but the influences of nutrient concentrations on competition were similar (trial-concentration interaction; P ⫽ 0.051). The results of a single trial are presented in Fig. 2.
The percentages of total conidia from CG136 were correlated with
the nutrient concentrations (r2 ⫽ 0.88; P ⬍ 0.001; n ⫽ 20), and
CG136 comprised a greater percentage of the total conidia than
YV04 when nitrate and sucrose concentrations were equal to or
greater than half of those used in 1⫻ Czapek’s agar (17.5 and 44
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Isolates

Amplicons were prepared for pyrosequencing as described previously
(26, 43, 46). The biotinylated amplicons (40 l) were immobilized on
streptavidin-coated beads (GE Healthcare, Bio-Sciences AB, Uppsala,
Sweden) and captured on the filter probes of the Vacuum Prep Tool
(Qiagen, Valencia, CA) before being washed with 70% ethanol, denatured
with 0.2 M NaOH, and washed with buffer (10 mM Tris-acetate, pH 7.6).
Single-stranded amplicons were released into the wells of a pyrosequencing plate containing 0.5 M sequencing primer CG136-Afl-S2 in 40 l
annealing buffer (Qiagen), and then the plate was heated (90°C; 10 min)
and cooled to room temperature to anneal the primer.
Pyrosequencing was performed with a PSQ 96MA pyrosequencer using a PyroMark Gold Q96 reagent kit according to the manufacturer’s
instructions (Qiagen). The pyrosequencing reaction produces light proportional to the quantity of nucleotide incorporated at each position on
the single-stranded template. Nucleotide percentages for isolate-specific
SNPs were calculated using the allele quantification option of the PSQMA
2.1 software (Qiagen).
Experimental design and data analysis. Each experiment was performed twice, with either three or four replicates, and the treatments
utilized a randomized complete block design. The numbers of conidia
were log transformed, and percentage data were arcsine transformed prior
to analyses. Nutrient influences on the quantities of conidia produced and
isolate percentages from either conidia or agar-embedded mycelia were
each tested with an analysis of variance (ANOVA). For Czapek’s agar
treatments, the influences of sucrose, nitrate, and the interaction between
the two nutrients on isolate competition were tested with a factorial
ANOVA. Mean separations were performed following significant ANOVAs
with Tukey’s Studentized range test. Unless otherwise noted, trial-treatment
interactions were not significant (P ⬎ 0.05), and data from the two trials were
pooled. Correlations between dependent variables were performed on treatment means. Statistical analyses were performed using JMP 8.0.1 software
(SAS Institute, Cary, NC).

Mehl and Cotty

sucrose, 3.5 mM nitrate) and 1⫻ (88 mM sucrose, 35 mM nitrate) Czapek’s
agar. Means labeled with the same letter (lowercase, 0.1⫻ Czapek’s agar; uppercase, 1⫻ Czapek’s agar) are not significantly different by Tukey’s Studentized range test (n ⫽ 6). The error bars indicate 1 SE.

FIG 1 Influences of nutrients and the sequence of isolate contact with the
substrate on outcomes of competition between A. flavus isolates CG136 and
YV04. The isolates were cocultivated on either full-strength Czapek’s agar (1⫻
Cz) (88 mM sucrose, 35 mM nitrate) or Czapek’s agar with 1/10 strength
sucrose (8.8 mM) and nitrate (3.5 mM) (0.1⫻ Cz). The isolates were concurrently inoculated on surface-sterilized maize kernels. Equal quantities of the
two isolates were applied either simultaneously (mixed) or sequentially with 1
h between isolates (YV04 first or CG136 first). The percentages of total A.
flavus conidia produced by CG136 (A) and YV04 (B) are shown. Means labeled
with the same letter are not significantly different by Tukey’s Studentized range
test (n ⫽ 8). The asterisks indicate percentages significantly different from
50%. The error bars indicate 1 standard error (SE).

mM, respectively). Yields of conidia for both CG136 and YV04
were directly proportional to an increase in nutrients, but sporulation by YV04 leveled out over the three highest concentrations
(Fig. 2).

FIG 2 Outcomes of competition between A. flavus isolates CG136 and YV04
during sporulation on Czapek’s agar with variable concentrations of carbon
(sucrose) and nitrogen (nitrate). Nutrient concentrations increase from left to
right along the x axis and are multiples of the sucrose (88 mM) and nitrate (35
mM) in 1⫻ Czapek’s agar. The experiment was performed twice with similar
results, and the results of a single trial are presented. Conidia (%) (primary y
axis), the percentage of total conidia from CG136; number conidia (secondary
y axis), the quantity of conidia produced by either CG136 or YV04 during
cocultivation on each of the agar media. Means labeled with the same letter are
not significantly different by Tukey’s Studentized range test (n ⫽ 4). The
asterisks indicate percentages significantly different from 50%. The error bars
indicate 1 SE.
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Responses of individual isolates to nutrients do not always
predict the outcomes of competition. Isolates grown individually
varied in production of conidia on 0.1⫻ (P ⫽ 0.003) and 1⫻ (P ⬍
0.001) Czapek’s agar (Fig. 3). Predicted isolate percentages during
cocultivation, based on sporulation by isolates cultivated individually, are compared to measured percentages in Table 2. The
quantities of conidia produced by isolates grown individually did
not always reflect the ability of the isolates to compete during
cocultivation. For example, when grown individually, RB04 and
MN902 produced similar quantities of conidia on 0.1⫻ Czapek’s
agar (Fig. 3), but when cocultivated on this medium, MN902 outcompeted RB04 (Table 2). On 1⫻ Czapek’s agar, EB01 produced
almost four times as many conidia as DV901 (Fig. 3), but DV901
comprised a greater percentage of conidia when isolates were cocultivated (Table 2). In contrast, sporulation by CG136 and YV04
grown individually on 0.1⫻ and 1⫻ Czapek’s agar (Fig. 3) predicted outcomes of competition between these two isolates on
each type of medium (Table 2).
Nutrients influence competition in an isolate-specific manner. The six isolate pairs differed in their responses to sucrose,
nitrate, and asparagine (Table 3 and Fig. 4). For example, isolate
percentages from conidia during cocultivation of EB01 and
DV901 were not influenced by changes in sucrose or nitrate, but
they were influenced by a 10-fold increase in asparagine (Table 3).
When cocultivated with MR17, the percentages of conidia from
CG136 increased when sucrose and nitrate concentrations were
increased (0.1⫻ versus 1⫻ Czapek’s agar) but decreased with a
10-fold increase in asparagine (Table 3 and Fig. 4). MR17 responded similarly to 10-fold increases in nutrients whether it was
cocultivated with CG136 or YV04 (Fig. 4) (cocultivated isolatenutrient interaction: sucrose, P ⫽ 0.26; nitrate, P ⫽ 0.50; asparagine, P ⫽ 0.26). In contrast, CG136 responded differently to
changes in nutrient concentrations when cocultivated with YV04
than when cocultivated with MR17 (cocultivated isolate-nutrient
interaction: sucrose, P ⬍ 0.001; nitrate, P ⬍ 0.001; asparagine, P ⫽
0.02), and YV04 responded differently to nutrients when cocultivated with CG136 than when cocultivated with MR17 (cocultivated isolate-nutrient concentration interaction: sucrose, P ⬍
0.001; nitrate, P ⬍ 0.001; asparagine, P ⬍ 0.001) (Fig. 4).
Nutrient influences on competition during sporulation do
not predict competition during mycelial growth. There was a
lack of correlation between the outcomes of competition during
sporulation and mycelial growth for all pairings and nutrient me-
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FIG 3 Sporulation by A. flavus isolates grown individually on 0.1⫻ (8.8 mM

Nutrients Inﬂuence A. ﬂavus Competition

TABLE 3 Statistical significance of influences of nutrients on proportions of conidia and mycelia produced by A. flavus isolates during cocultivation
on agar media with varying sources and concentrations of carbon and nitrogen
P valuea
Sucroseb

Nitratec

Sucrose-nitrated

Asparaginee

Conidia

Mycelia

Conidia

Mycelia

Conidia

Mycelia

Conidia

Mycelia

CG136/YV04
CG136/MR17
YV04/MR17
WM01/MR17
EB01/DV901
RB04/MN902

⬍0.001
0.009
⬍0.001
0.05
0.91
⬍0.001

0.028
0.009
0.03
⬍0.001
0.66
⬍0.001

⬍0.001
0.01
0.046
0.36
0.18
⬍0.001

0.07
0.69
0.99
0.16
0.69
⬍0.001

⬍0.001
0.86
⬍0.001
0.81
0.08
⬍0.001

0.63
0.1
0.43
0.007
0.99
⬍0.001

0.14
⬍0.001
0.001
⬍0.001
0.01
0.78

0.77
0.56
0.4
0.02
0.04
0.19

Probability that the percentage of mycelia or conidia for each isolate changed in response to a 10-fold increase in the indicated nutrient(s) (ANOVA; n ⫽ 6).
Sucrose was the carbon source in Czapek’s agar. The sucrose was adjusted to either 8.8 or 88 mM.
c
Nitrate was the nitrogen source in Czapek’s agar. The nitrate was adjusted to either 3.5 or 35 mM.
d
The interaction between sucrose (8.8 or 88 mM) and nitrate (3.5 or 35 mM) concentrations in Czapek’s agar was tested with a factorial analysis of variance.
e
Asparagine, the sole carbon and nitrogen source in asparagine agar, was adjusted to either 15 or 150 mM.
a
b

dia, except for Czapek’s agar with 0.1⫻ nitrate (Table 4). The
extents to which 10-fold increases in nutrients influenced competition between cocultivated isolates differed between production
of conidia and mycelia (Table 3 and Fig. 4). For example, when
cocultivated with MR17, the percentages of total conidia from
WM01 did not vary on Czapek’s agar in response to changes in
sucrose concentrations, but the percentages of total mycelia from
WM01 were inversely proportional to increasing sucrose concentrations (Fig. 4). In certain other cases, only isolate percentages
from conidia responded to changes in nutrient concentrations
(e.g., YV04 with MR17).
DISCUSSION

Genetically diverse A. flavus individuals coexist in heterogeneous
nutrient environments, including soils (15, 47), plant debris (16,
48, 49), and plant or animal hosts (15, 50). Competition for limited resources, including nutrients, influences the composition
and size of fungal populations (51). In the current study, competition was influenced by the type and concentration of nutrients
within chemically defined agar media. A. flavus genotypes varied
in response to specific nutrients, suggesting differentiation among
genotypes in the ability to compete within diverse nutrient environments. Divergent adaptation to nutrient environments provides a mechanism for niche partitioning of competing A. flavus
genotypes within the environment (52, 53). Furthermore, differential allocation of resources to production of mycelia or conidia
in response to both nutrient conditions and competition within
various nutrient environments suggests diverse ecological strategies among A. flavus genotypes.
Innate differences among individual A. flavus isolates in response to nutrients in the absence of competition explained some,
but not all, of the competitive differences among isolates (Fig. 3
and Table 2), suggesting several mechanisms are involved in nutrient modulation of competition. Certain genotypes of A. flavus,
such as YV04, may have an innate ability to sporulate under nutrient-limiting conditions, a characteristic that confers an advantage on that genotype whether or not competitors are present.
Modulation of indirect (e.g., nutrient sequestration) (51) and direct (e.g., antagonism or signaling) interactions (54) between genotypes by the nutrient environment may explain additional portions of the observed nutrient influences on competition. For
example, MN902, which outcompeted RB04 during sporulation
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on 0.1⫻ Czapek’s agar though the two isolates produced similar
quantities of conidia when grown individually (Fig. 3 and Table
2), may have superior ability to capture and efficiently utilize resources in environments where nutrients are scarce. More efficient capture and utilization of limited nutrients may allow survival and superior competitive saprophytic ability in low-nutrient
environments, such as within soil matrices (33). Direct interactions between genotypes that either inhibit or stimulate growth
and reproduction during competition were also observed. For example, when grown individually on 1⫻ Czapek’s agar, EB01 produced more conidia while DV901 produced fewer (Fig. 3); however, during cocultivation of these strains on 1⫻ Czapek’s agar,
DV901 produced the greater percentage of the total conidia (Table
2). Since the isolates were equally competitive on the low-nutrient
medium, the advantage conferred on DV901 on 1⫻ Czapek’s agar
may indicate an antagonistic interaction rather than superior capture of limited nutrients. One possible mechanism is production
of secondary metabolites that inhibit sporulation by competitors
during competition for resources on high-nutrient media (55).
Further work is needed to determine potential roles of fungal metabolites in the modulation of intraspecific competition by nutrient environments.
A. flavus isolates varied in competitive ability in response to
both qualitative and quantitative changes in nutrients, indicating
differential adaptation to nutrient environments. For example,
competition between some isolate pairs (e.g., RB04/MN902) was
influenced by nitrate and sucrose medium enrichment, but not by
the addition of carbon and nitrogen in the form of asparagine.
Conversely, competition between EB01 and DV901 was influenced by asparagine enrichment, but not by the addition of nitrate
or sucrose. Thus, specific nutrient environments appear to support the success of specific A. flavus genotypes, and this specificity
is not solely a function of nutrient richness. Previously, isolates of
A. flavus and related fungi were found to differ in their abilities to
utilize nutrients (30, 52, 53), but the influences of nutrient preference on competitive interactions were not examined.
Genotype-specific responses to nutrient environments may influence competition during host infection. Competitive abilities
vary among A. flavus genotypes in a host-dependent manner (44),
and since hosts vary in nutrient composition (56–58), these differences may influence competitive interactions among A. flavus
genotypes during invasion of host tissues and sporulation. The

aem.asm.org 1477

Downloaded from http://aem.asm.org/ on May 30, 2014 by UNIVERSITY OF ARIZONA LIBRARY

Isolate pair
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TABLE 4 Coefficients of determination (r2) and probabilities (P) for
relationships of proportions of conidia to proportions of mycelia
produced by A. flavus isolates during cocultivation for all nutrient
treatments to which an isolate pair was subjected and for all isolate pairs
cultivated on each nutrient treatment
r2

P value

Isolate pair
CG136/YV04
CG136/MR17
YV04/MR17
WM01/MR17
EB01/DV901
RB04/MN902

0.007
0.37
0.08
0.49
0.02
0.65

0.87
0.20
0.59
0.12
0.79
0.05

Nutrient treatmentb
0.1⫻ nitrate
0.1⫻ sucrose
0.1⫻ Czapek’s
1⫻ Czapek’s
0.1⫻ asparagine
1⫻ asparagine

0.77
0.58
0.65
0.32
0.47
0.61

0.02
0.08
0.05
0.24
0.13
0.07

Category
a

FIG 4 Outcomes of competition between paired A. flavus isolates during
cocultivation on agar media with various sources and concentrations of carbon and nitrogen. For Czapek’s (Cz) treatments, sucrose (S) and nitrate (N)
were the carbon and nitrogen sources, respectively (1⫻ Cz, 88 mM sucrose, 35
mM nitrate; 0.1⫻ Cz, 8.8 mM sucrose, 3.5 mM nitrate; 0.1⫻ N, 88 mM sucrose, 3.5 mM nitrate; 0.1⫻ S, 8.8 mM sucrose, 35 mM nitrate). Asparagine
(Asp) treatments contained asparagine as both the sole carbon and nitrogen
sources (1⫻ Asp, 150 mM asparagine; 0.1⫻ Asp, 15 mM asparagine). The
percentages of isolates from either conidia or mycelia are indicated along the y
axes. For each pair, the isolate indicated on the primary y axis is represented by
dark-gray bars and the isolate indicated on the secondary y axis is represented
by light-gray bars. Percentages labeled with the same letter are not significantly
different by Tukey’s Studentized range test (n ⫽ 6). The agar was seeded with
equal quantities of each isolate (50%), and the asterisks indicate isolate percentages significantly different from 50% following cocultivation. The error
bars indicate 1 SE.

sequence of contact with the substrate had little influence on competition between cocultivated isolates on Czapek’s agar. However,
during maize kernel infection, an advantage is conferred on the
first isolate to contact the host (Fig. 1) (26). The dynamics of
competition for nutrients may be different on homogeneous substrates (e.g., agar medium) than on the heterogeneous nutrient
environments present in host tissues. The first isolate to contact
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a
For each pair of cocultivated isolates, the percentages of conidia and mycelia produced
by each isolate were quantified on six agar media, each representing a different nutrient
treatment; the coefficients of determination reflect the relationships of mycelial values
to conidial values (n ⫽ 6) for each isolate pair.
b
The coefficients of determination reflect the relationships of mycelial values to
conidial values (n ⫽ 6) in each nutrient treatment. The asparagine treatments
contained asparagine as the sole source of both carbon and nitrogen (0.1⫻, 15 mM
asparagine; 1⫻, 150 mM asparagine). For Czapek’s treatments, sucrose and nitrate were
the carbon and nitrogen source, respectively (0.1⫻ nitrate, 88 mM sucrose and 3.5 mM
nitrate; 0.1⫻ sucrose, 8.8 mM sucrose and 35 mM nitrate; 0.1⫻ Czapek’s agar, 8.8 mM
sucrose and 3.5 mM nitrate; 1⫻ Czapek’s agar, 88 mM sucrose and 35 mM nitrate).
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the host surface may quickly sequester available nutrients, leaving
fewer nutrients for competitors.
In the current study, competition during sporulation was
quantified independently from competition resulting from mycelial interaction, and competitive advantage during sporulation
was not correlated with success during mycelial growth (Table 4).
Differential allocation of resources between vegetative growth
(mycelia) and dispersal propagules (conidia) in response to diverse nutrient environments may allow divergent adaptive advantages to A. flavus genotypes. The extent to which A. flavus produces vegetative mycelia or conidia is influenced by both abiotic
(e.g., pH, nutrients, and temperature) (23, 37, 42, 59) and biotic
(e.g., host and microbial community) factors (44). A. flavus isolates differ in innate ability to produce conidia (23), but the results
of the current study suggest that the extent to which resources are
allocated to mycelia or conidia is influenced by both nutrient
availability and the presence of competing genotypes. Mycelia
ramify host tissues/substrates and sequester nutrients, whereas
conidia allow dispersal (60, 61). In the environment, allocation of
resources to sporulation when nutrients are limited may be an
adaptive trait that allows rapid spread to new substrates or hosts.
In contrast, vegetative growth provides an advantage in capture
and defense of nutrients. However, not all A. flavus isolates respond similarly to either nutrients or competition, indicating differential adaptation and a potential mechanism for niche partitioning that allows the coexistence of multiple genetic types within
the environment (15, 16, 62).
Improved understanding of both mechanisms through which
A. flavus genotypes adapt to nutrient environments and the dom-
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inant nutrients supporting shifts in population structure may allow the development of improved strategies and technologies for
aflatoxin mitigation. Nutrient environments associated with different crops, soils, and cropping practices may in part explain the
effects of crop rotation and other agronomic practices on populations of aflatoxin-producing fungi (63–65). Nutrient influences
on sporulation demonstrate a mechanism through which nutrient
environments may shape populations of aflatoxin-producing
fungi. Characterizing nutrient influences on specific genotypes of
A. flavus may provide criteria for selecting optimal nonaflatoxigenic biocontrol strains that are strong competitors on target
hosts and in soil matrices. Though additional work is needed to
verify the role of nutrients in A. flavus soil population dynamics,
the current study suggests some genotypes may be adapted to
low-nutrient environments, a characteristic that would confer
competitive advantage in soils (32–34) and, potentially, result in
long-term persistence in the environment.
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