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RESEARCH PAPERS - FOCUS ISSUE ON PLANT HEALTH SUSTAINING MEDITERRANEAN ECOSYSTEMS

Effective chemical management for prevention of aflatoxins in maize
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Agricultural University of Athens, School of Agricultural Production, Infrastructure and Environment, Department of Crop 
Science, Laboratory of Plant Pathology, Iera Odos 75, 118 55, Athens, Greece

Summary. The presence of aflatoxins in maize grain has been an increasing problem in the Mediterranean area, 
possibly due to climate change such as increased temperatures and extended drought periods. It is therefore im-
portant to prevent the growth of aflatoxigenic Aspergillus species in the field. There are no fungicides registered for 
control A. flavus in maize, so this study investigated the efficacy of azoxystrobin, boscalid, cyprodinil, fludioxonil 
and cyprodinil + fludioxonil to reduce A. flavus growth, sporulation and aflatoxin production in in vitro, and in 
maize field studies. Based on in vitro inhibition of mycelial growth, the most effective fungicides were cyprodinil 
(EC50 < 0.05 μg mL-1) and fludioxonil (EC50 <0.11 μg mL-1), while the least effective was boscalid (EC50 4.35-4.50 μg 
mL-1). Azoxystrobin almost completely inhibited the conidium germination at > 0.5 μg mL-1. Further evaluation 
of the fungicides on maize seeds infected with A. flavus demonstrated that all the fungicides reduced conidium 
production by 76 to 94%, and reduced aflatoxin contamination. In a 2-year field study, application of cyprodinil + 
fludioxonil reduced A. flavus ear rot severity by 40%, and was the most effective formulation for reducing aflatoxin 
contamination, by 83%. The other four single ingredient fungicides also decreased aflatoxin production on maize 
kernels (fludioxonil by 80%, cyprodinil by 75%, boscalid by 74% and azoxystrobin by 67%). Field data from this 
study provide farmers with a new effective chemical approach to control A. flavus and aflatoxin production in 
maize within an integrated strategy for management of aflatoxins in maize.
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Introduction
Mycotoxins are toxic and carcinogenic natural me-

tabolites of low molecular weight that are produced 
by particular species of fungi. These metabolites pose 
severe threats for the safety and quality of food and 
feed worldwide, and have considerable social and 
agro-economic importance. Hundreds of mycotoxins 
differing in chemical structure can contaminate food 
and animal feed, causing acute or chronic toxicity to 
humans and animals (Bennett and Klich, 2003). My-
cotoxins are classified as high, medium or low risk, 
according to the different health risk potential, from 
illness to death. Food losses due to mycotoxins, and 
the costs for mycotoxin, management have increased 
dramatically worldwide. More than 25% of agricul-

tural products are contaminated with mycotoxins 
worldwide (CAST, 2003).

Aspergillus spp. are the most common and ubiq-
uitous fungal species producing mycotoxins in food 
and feedstuff, and aflatoxins are one of the most eco-
nomically important mycotoxin groups. These are 
polyketide secondary metabolites produced predom-
inantly by A. flavus and A. parasiticus. These fungal 
species are distributed worldwide infecting many ag-
ricultural products in the field, such as maize, cereal 
grains, tree nuts, peanuts, oily seeds, cottonseed, cof-
fee beans, dried fruits and spices (Smith, 1997; Chu, 
2002). Toxicological studies have shown that aflatox-
ins are among the most potent carcinogenic, terato-
genic and mutagenic substances in nature. Aflatoxins 
are introduced into food chains by pre-harvest and 
post-harvest contamination of foods and feeds. Asper-
gillus flavus is of great toxicological and economic im-
portance because it is the major aflatoxin-producing 
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species in crops, and is able to produce many other 
secondary metabolites with deleterious properties 
including aspergillic acid, cyclopiazonic acid, kojic 
acid and helvulic acid (Bennett and Klich, 2003; Horn, 
2007; Abbas, 2009). Among aflatoxins, AFB1 is clas-
sified as a group I human carcinogen by the Interna-
tional Agency for Research on Cancer (IARC), and is 
the possible cause of human primary hepatocellular 
carcinoma (IARC, 1993). The annual reports of the 
European Union’s Rapid Alert System for Food and 
Feed (RASFF) published from 2002 to 2016 show that 
most alerts concerning mycotoxins in food or feed 
concern the AFs.

Maize (Zea mays L.) is a staple crop and an impor-
tant source of human food, forage, flour, and other 
processed products for industry in many countries. 
It is very susceptible to contamination by Aspergillus 
species in the field or, as grain, during storage. Fun-
gal spoilage of maize seeds by A. flavus and aflatoxin 
contamination are of major concern. Aspergillus fla-
vus can infect maize in warm climates at pre-harvest 
stages, during crop growth and harvesting, and at 
post-harvest during storage, transport and process-
ing. Increase in aflatoxin content can occur if the 
phases of grain drying and storage are poorly man-
aged (Smith, 1997; Chulze, 2010). Climate change 
phenomena, with alterations of wet and dry cycles, 
can influence the life and disease cycle of plant 
pathogens and provide advantages to colonization 
of crops by xerotolerant fungi and/or those adapted 
to elevated temperatures, such as aflatoxigenic spe-
cies. Severe droughts in Balkan countries in 2012 
resulted in significant contamination of maize crops 
with aflatoxins (>70%), and the use of this maize as 
feed for dairy cattle led to high levels of aflatoxin M1 
in milk (up to twice the EU legal limit), and to the 
well-known “milk scandal” (Popovic et al., 2017). 
Additionally, during 2003–04, the very hot periods 
that occurred in parts of northern Italy led to severe 
contamination of maize with AFB1, causing high 
concentrations of AFM1 in the milk of animals fed 
with this cereal. Water and thermal stress can give 
significant ecological advantages to aflatoxigenic 
species over other natural pre-harvest species such 
as F. verticillioides in maize in Mediterranean region 
(Giorni et al., 2007; Battilani et al., 2008).

The prevention of mycotoxin contamination of 
agricultural products is an important priority in hu-
man and animal safety. Strategies to control myco-
toxin-producing fungi at pre-harvest stages include 

improved crop management and agronomic prac-
tices, control of insects that favour fungal infection, 
host plant resistance and biological control (e.g. non-
aflatoxigenic antagonistic strains) (Smith, 1997; Ab-
bas et al., 2007; Mauro et al., 2018). Chemical man-
agement of several plant diseases remains the main 
strategy to reduce the incidence of many plant path-
ogens in most crops. The use of fungicides has be-
come an essential part of modern agriculture (Brent 
and Hollomon, 2007). However, control of mycotox-
in-producing fungi with fungicides is not widely 
used, because of the cost, the difficulty of apply-
ing agrochemicals at the right crop stage to restrict 
colonization and dispersal by mycotoxigenic fungi 
to avoid mycotoxin contamination, and because ex-
tensive field evaluation has not been carried out. 
However, if fungicides are applied as pre-harvest 
treatments at the appropriate crop growth stages 
(i.e. during anthesis), these can be an efficient, cost-
effective strategy for preventing mould growth, and 
consequent mycotoxin production (Santos, 2011). 
Several previous studies have shown that fungicides 
from several groups (including anilinopyrimidines, 
benzimidazoles, dicarboximides, phenylpyrroles, 
strobilurins and triazoles) can inhibit the growth 
and the mycotoxin production in Aspergillus, Fusar-
ium and Penicillium species, although most of these 
studies report in vitro results. Field studies that re-
port effective chemicals for control of aflatoxins in 
maize are lacking (Badii and Moss, 1988; D’Mello et 
al., 1998; Matthies and Buchenauer, 2000; Pirgozliev 
et al., 2002; Ioos et al., 2005; Markoglou et al., 2008; 
2011; Schmale and Munkvold, 2009; Doukas et al., 
2012; Mateo et al., 2017). 

In our investigation, based on the efficacy of vari-
ous fungicides against Aspergillus spp. from previous-
ly published in vitro and some field studies, several 
agrochemicals were selected and evaluated for effects 
on A. flavus growth and aflatoxin production in in vi-
tro, and in in situ studies in a maize field. The aims of 
the study were: a) to evaluate the effects of the fungi-
cides azoxystrobin, boscalid, cyprodinil, fludioxonil 
and a cyprodinil + fludioxonil mixture on growth and 
sporulation of different toxigenic isolates of A. flavus 
in vitro, either on growth media or on maize seeds; b) 
to determine the ability of these fungicides to reduce 
the aflatoxin production in maize seeds; and c) to test 
the efficacy of selected fungicides for control A. flavus 
and aflatoxin contamination in maize in field experi-
ments.
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Materials and methods
Fungus strains and culture conditions

Aspergillus flavus strains A6.10, D1.3 and 12S were 
used in these experiments. Strain A6.10 originated 
from Greek maize fields and D1.3 from pistachio 
fields, and are held in the culture collection of the 
Laboratory of Plant Pathology, Department of Crop 
Science, Agricultural University of Athens. Isolate 12S 
originated from a cotton field in the USA. To verify 
the identity of Aspergillus isolates at the species level, 
their genomic DNA was extracted, and the calmod-
ulin gene was PCR-amplified using the primer pair 
CL1- 5’ (GARTWCCAAGGAGGCCTTCTC) 3’ and 
CL2A- 5’ (TTCCGTACCCCGATCTTCGGAA) 3’ fol-
lowing the procedure of O’Donnell et al. (2000). PCR 
products were sequenced and identified as A. flavus 
by BLAST analysis with 100% identity compared to 
published A. flavus sequences. The ability of the three 
A. flavus isolates to produce AFB1 was confirmed us-
ing thin layer chromatography (TLC) (Scott, 1995). 
The isolates were stored at -80°C, as conidium sus-
pensions in 25% (v:v) glycerol solution.

Fungicide formulations

Table 1 shows the active ingredients (a.i.), concen-
trations, commercial product names and manufactur-
ers of the fungicide formulations used in this study. 
All fungicides (azoxystrobin, boscalid, cyprodinil 
and fludioxonil) used in in vitro mycelium growth 
tests were pure technical grades, supplied by Syn-
genta Crop Protection (Greece), BASF (Greece), or 
purchased from Sigma-Aldrich. Standard stock so-
lutions of the fungicides were made in appropriate 

organic solvents at various concentrations and stored 
at -20°C. All fungicides were added aseptically from 
the stock solutions to sterilized growth media prior to 
inoculation with fungus strains, and the final amount 
of solvent did not exceed 1% (v:v) in treated samples.

The commercial fungicide products were applied 
to maize seeds and plants at the greatest dosages rec-
ommended by the respective manufacturers. These 
were 1.2 g L-1 for Cantus® (carboxamide group), 1 g 
L−1 for Geoxe® (phenylpyrrole), 0.5 g L-1 for Chorus® 
(annilopyrimidine), 1 g L-1 for Quadris (strobilurin) 
and e) 1 g L-1 for Switch (formulated mixture cyprod-
inil + fludioxonil).

Mycelium growth and conidium germination of 
Aspergillus flavus as affected by fungicides

Inhibition of the three aflatoxigenic A. flavus 
strains was determined using discriminatory concen-
trations of the four tested fungicide active ingredi-
ents, and was based on calculation of effective con-
centration of each fungicide causing 50% inhibition of 
mycelium growth or conidium germination (EC50s). 
Boscalid was tested at 1, 10 or 50 μg mL-1; cyprod-
inil at 0.01, 0.1, 1, 10 or 50 μg mL-1; fludioxonil at 0.1, 
10 or 50 μg mL-1; and azoxystrobin at 0.05, 0.1, 0.5, 1 
or 5 μg mL-1. Czapek-dox agar (CZA) amended with 
these fungicide amounts was used for fungitoxicity 
tests. Inoculum, consisting of 2 mm diam. mycelium 
plugs, cut from the edges of actively growing colonies 
of 5-d-old A. flavus, grown on water agar, was trans-
ferred to the centres of prepared fungicide-amended 
CZA Petri plates for radial growth measurements. 
Cultures were then incubated at 28°C in the dark for 
3 d. Assessments of colony growth were carried out 

Table 1. Fungicides used in this study, their active ingredients, formulations, applied doses and manufacturers.

Commercial 
fungicide name Active ingredient, and formulation Applied dosea Manufacturer

Cantus® Boscalid, 50% wettable granule (WG) 1.2 g L-1 BASF

Geoxe® Fludioxonil, 50% WG 1 g L-1 Syngenta

Chorus® Cyprodinil, 50% WG 0.5 g L-1 Syngenta

Quadris® Azoxystrobin, 25% Suspension Concentrate 1 g L-1 Syngenta

Switch® Cyprodinil, 37.5% + Fludioxonil 25% 1 g L-1 Syngenta
a Greatest manufacturer’s recommended dose.
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daily by measuring two diameters of each growing 
colony until the fungi in the untreated control treat-
ments covered the medium surfaces. The mean colo-
ny diameter was expressed as percentage of the mean 
diameter of the untreated experimental controls. This 
colony growth experiment was conducted in tripli-
cate for each A. flavus strain, and was repeated at least 
twice to detect variations in the sensitivity responses 
of the fungal isolates to the fungicides boscalid, cy-
prodinil or fludioxonil.

For the evaluation of the effect of azoxystrobin on 
conidium germination, 40 μL of inoculum (2 × 105 co-
nidia mL-1) was spread on CZA in Petri dishes, which 
were then incubated at 28oC in the dark. After 15h in-
cubation, conidium germination was measured and 
expressed as percentage of the mean germination of 
the untreated experimental controls. The experiment 
was conducted in triplicate for each A. flavus strain.

Evaluation of fungicides for effects on Aspergillus 
flavus aflatoxin production and conidium production 
in maize seeds

The efficacy of the different commercial fungicides 
for inhibiting aflatoxin production on maize seeds 
was evaluated. Forty g of aflatoxin-free maize seeds 
(maize line N9, House of Agriculture Spirou, Athens, 
Greece) for each chemical compound were sterilized 
with 10% NaClO for 10 min, washed with distilled 
water, placed in 70% ethanol for 3 min, and then 
washed with ddH2O. The seeds were then placed into 
250 mL flasks containing each commercial fungicide 
at concentrations according to the manufacturer’s 
recommendations (Table 1). Twenty-four h after the 
application of the fungicides, the seed lots were in-
oculated by dipping in inoculum of 106 conidia mL-1 
of each A. flavus strain (the conidium suspensions 
were prepared in sterile ddH2O containing 0.05 g 
L−1 Tween 80). The flasks were placed at 28οC in the 
dark for 13 d, to let the inoculated strains grow and 
produce aflatoxin B1 (AFB1). The flasks were shaken 
every 2–3 d to redistribute inoculum. The evaluation 
of fungicides for inhibition of AFB1 production was 
qualitatively determined by thin layer chromatogra-
phy (TLC). The inoculated seeds were ground and 
homogenized using a grinder. Three g of each result-
ing fine powder was transferred into a 50 mL Falcon 
tube to which 5 mL of water amended with Tween 80 
(0.01%) and 5 mL of acetone were consecutively add-
ed. The samples were shaken at 150 rpm for 10 min 

and they kept still for 5 min at room temperature. Five 
mL of chloroform was then added to each sample and 
shaken at 150 rpm for 10 min. The samples were each 
passed through a filter paper and the resulting super-
natant was collected into a new tube. The supernatant 
was then centrifuged at 3,000 rpm for 10 min and the 
lower phase was transferred into a new glass tube 
and kept under a fume hood to dry. The resulting ex-
tract was then re-dissolved with 100 μL  of methanol, 
and 10 μL of the sample was spotted and separated 
on a TLC plate (TLC Silica gel 60, Merck) with diethy-
lether–methanol–water (96:3:1, v/v), and determined 
using UV light at 254 nm (Scott, 1995). The AFB1 used 
as standard was purchased from Sigma-Aldrich.

For evaluation of fungicides for prevention of A. 
flavus conidium production, ten maize seeds from 
each treatment were sterilized (as above), and 24h 
later, were inoculated with a droplet of 10 μL of a 
suspension of 106 conidia mL-1 (in sterile ddH20 con-
taining 0.05 g L-1 Tween 80) of each A. flavus strain. 
After 5 d incubation at 28οC with 14 h light, conidium 
production was measured by counting numbers of 
conidia using a Neubauer haemocytometer. The ex-
periment was repeated three times for each fungicide, 
with 30 replicated seeds for each A. flavus isolate.

Field experiments

Field experiments were carried out in experi-
mental plots of the Agricultural University of Ath-
ens, Greece, during the summers 2014 and 2015. The 
maize line N9 was planted into three replicates, and 
each replicate included plots to which seven differ-
ent treatments were applied. These were the fungi-
cides azoxystrobin, boscalid, cyprodinil, fludioxonil 
and cyprodinil + fludioxonil, a positive experimental 
control (Control +; infected plants with no fungicide 
treatment), and a negative control (Control -; non-in-
fected plants with no fungicide treatment). Ten maize 
plants were used for each treatment. Maize seeds 
were planted into each plot as 0.4 m long by 0.4 m 
wide strips, in completely randomized block designs, 
in irrigated fields. The fungicide treatments were ap-
plied twice to each trial, using a nozzle sprayer across 
the rows. The first application was carried out at full 
flowering and the second 1 week later. The inocula-
tion of maize ears was performed with A. flavus strain 
A6.10, by injecting conidial suspensions (106 conidia 
mL-1 in sterile ddH20 containing 0.05 g L-1 Tween 80), 
2 d after the second fungicide application. Aspergillus 
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flavus inoculum was prepared by growing the strain 
on Petri plates containing malt extract agar for 6 d. All 
maize ears, except those treated with ddH2O, were in-
oculated with 5 mL of conidium suspension, using a 
10 mL capacity syringe with a needle. Three mL of the 
inoculum was injected through the silk into the top of 
each maize ear and two mL through the husk into the 
middle of the ear at each of four points. In Control - 
maize plants, sterile ddH20 was injected into the ears 
using the same method. After inoculation, the ears 
were each covered with a paper bag for 48h to main-
tain high humidity (Zummo and Scott, 1989).

Assessments of maize ear rot and aflatoxin analyses

Ear rot was evaluated at the end of each growing 
season (70–80 d after A. flavus inoculation), by esti-
mating the percentage of the rotted kernels in each 
maize ear using a scale of 1 to 7, where 1 = 0%, 2 = 
1–3%, 3 = 4–10%, 4 = 11–25%, 5 = 26–50%, 6 = 51–75%, 
and 7 = 76–100% of the kernels with fungal signs and 
spoilage symptoms (Reid et al., 1999). After harvest, 
maize ears were placed in separate bags and kernels 
were removed. Maize seeds were placed in a dryer 
so that the relative humidity reached 15–18%. The 
kernels were then homogenized using a grinder. To-
tal aflatoxin content was determined for 40 g of each 
seed sample using the Agra-Quant® ELISA Aflatoxin 
kit, 4–40 ppb (Romer-Labs).

Statistical analyses

All experimental data were analyzed with SPSS sta-
tistical software (SPSS Inc.). For the laboratory experi-
ments, analysis of variance (ANOVA) was used to de-
termine the effects of replication, treatment and A. fla-
vus strain, on conidium production on maize seeds. For 
the field experiments, ANOVA was used to determine 
the effects of replication, treatment, year and their inter-
actions, on disease severity and aflatoxin production. 
When significant F-tests were obtained for treatments 
(P≤0.05), data were subjected to means separation by 
Tukey’s honestly significant difference (HSD) test.

Results
Effects of fungicides on in vitro growth inhibition of 
Aspergillus flavus strains

Since no fungicides are available to control As-
pergillus ear rot in maize, we assessed the effects 

of three active ingredients (boscalid, cyprodinil or 
fludioxonil), firstly on A. flavus mycelium growth 
on CZA, and secondly, of azoxystrobin on A. flavus 
conidium germination on water agar, since the azox-
ystrobin mode of action is mainly due to inhibition 
of conidium production. The effects of the three fun-
gicides treatments on mycelium growth are shown 
in Table 2. Most of the fungicide rate treatments sig-
nificantly reduced growth of the A. flavus strains. Cy-
prodinil and fludioxonil showed similar mycelium 
growth inhibition for all the three A. flavus strains, 
with cyprodinil being the most effective active ingre-
dient. At the concentration of 0.1 μg mL-1, cyprodinil 
gave 87–89% growth inhibition, and 90% inhibition 
at 10 μg mL-1. Fludioxonil gave growth inhibition of 
73–85% at 1 μg mL-1and 80–86% at 10 μg mL-1, for 
all three strains. On the other hand, boscalid was the 
least effective fungicide for inhibiting A. flavus my-
celium growth. For this fungicide, growth inhibition 
percentages for all A. flavus strains were from 1–5% 
at 1 μg mL-1 and from 16–23% at 10 μg mL-1. Azox-
ystrobin almost completely inhibited (98–100%) co-
nidium germination at 1 and 5 μg mL-1, at 0.5 μg mL-1 

inhibition was 93–95%, at 0.1 μg mL-1 from 57–67%, 
and at 0.05 μg mL-1 from 33–43% (Table 3). Figure 
1 shows that EC50 values were low for cyprodinil 
(0.03–0.05), fludioxonil (0.06–0.11) and azoxystrobin 
(0.07–0.12), but much greater for boscalid (4.35-4.50), 
for the three A. flavus strains.

Effectiveness of the fungicides on Aspergillus flavus 
sporulation and aflatoxin B1 production in maize 
seeds

The next experiment evaluated the commercial 
fungicide formulations of azoxystrobin, boscalid, cy-
prodinil or fludioxonil on A. flavus in vitro growth, 
and conidium and aflatoxin production in maize 
seeds. All the tested fungicides inhibited conidium 
production of the three A. flavus strains, with statis-
tically significant differences compared to Control+ 
treatment (Figure 2). Specifically, cyprodinil treat-
ment reduced A. flavus conidium production (on av-
erage for the three strains) by 83.4%, fludioxinil by 
75.8%, azoxystrobin by 79.6%, boscalid by 85.4% and 
cyprodinil + fludioxinil by 93.8%. Among the three 
isolates, there was no difference after the application 
of each chemical formulation, except for the Control+ 
where isolate D1.3 sporulated more profusely com-
pared to the other two isolates (Figure 2).
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Evaluation of the different fungicides for effects 
on AFB1 mycotoxin production, using TLC, showed 
that mycotoxin extracted from maize seeds was re-
duced by the fungicides. Cyprodinil + fludioxinil 
completely inhibited ABF1 production by all three 
A. flavus strains compared to the Control+ treatment 

(Figure 3). Azoxystrobin greatly reduced AFB1 pro-
duction by strains D1.3 and A6.10, and inhibited 
production by strain 12S. Fludioxinil inhibited AFB1 
production by strains D1.3 and A6.10 and greatly re-
duced production by strain 12S. Cyprodinil inhibited 
AFB1 production by strains 12S and A6.10, but not by 

Table 2. Mean colony radial growth inhibition (%) for the fungicides fludioxonil, cyprodinil or boscalid at different concen-
trations for three toxigenic Aspergillus flavus strains.

Fungicide Concentration
(μg mL-1)

Growth inhibition (%)b

A 6.10a 12Sa D 1.3a

Boscalid 1 1.09 ± 0.11 a 4.55 ± 0.08 a 2.20 ± 0.02 a

10 1.10 ± 0.14 a 22.73 ± 0.05 b 16.48 ± 0.02 b

50 21.98 ± 0.01 ab 31.82 ± 0.06 b 17.58 ± 0.03 b

Fludioxonil 0.1 59.34 ± 0.06 a 48.86 ± 0.06 a 59.34 ± 0.03 a

1 84.62 ± 0.03 b 72.73 ± 0.03 b 79.12 ± 0.02 b

10 83.52 ± 0.03 b 80.68 ± 0.03 b 80.22 ± 0.01 b

50 87.91 ± 0.08 b 77.78 ± 0.05 b 87.91 ± 0.01 b

Cyprodinil 0.01 49.45 ± 0.03 a 65.91 ± 0.03 a 65.93 ± 0.04 a

0.1 89.01 ± 0.03 b 87.64 ± 0.03 b 86.81 ± 0.02 b

1 89.05 ± 0.03 b 88.50 ± 0.01 b 89.01 ± 0.01 b

10 90.11 ± 0.04 b 89.51 ± 0.02 b 90.02 ± 0.01 b

50 91.82 ± 0.06 b 90.57 ± 0.03 b 90.21 ± 0.02 b
a Aflatoxigenic strains of A. flavus.
b Statistically significant differences for each condition are indicated with different lower-case letters, by 

analysis of variance (ANOVA) and Tukey’s test (P ≤ 0.05).

Table 3. Mean inhibition proportions (%, ± standard errors) of conidium germination for three toxigenic strains of Aspergil-
lus flavus, resulting from treatments with different concentrations of azoxystrobin.

Fungicide Concentration
(μg mL-1)

Conidium germination inhibition (%)b

A6.10a 12Sa D1.3a

Azozystrobin 0.05 34.54 ± 5.63 a 43.23 ± 6.81 a 32.57 ± 5.24 a

0.1 67.23 ± 4.63 b 59.25 ± 4.57 b 57.12 ± 2.94 b

0.5 93.28 ± 2.01 c 93.17 ± 1.23 c 95.36 ± 1.68 c

1 99.27 ± 0.72 c 100.00 ± 0.00 c 100.00 ± 0.00 c

5 100.00 ± 0.00 c 98.03 ± 1.17 c 100.00 ± 0.00 c
a Aflatoxigenic strains of A. flavus
b Statistically significant differences for each condition are indicated with different letters, as 

shown by analysis of variance and Tukey’s test (P ≤ 0.05).
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strain D1.3. Boscalid inhibited AFB1 production by 
strains A6.10 and 12S, and slightly decreased produc-
tion by strain D1.3. Cyprodinil + fludioxinil strongly 
inhibited production of the mycotoxin by all three A. 
flavus strains.

Of the three A. flavus strains, growth of D1.3 (iso-
lated from pistachios) was the least sensitive to the 
fungicides, and mycotoxin production by this strain 
was also the least affected by the fungicides, except 
for cyprodinil + fludioxinil.

Field assessments of fungicides for control of ear rot 
symptoms and aflatoxin production

Analysis of variance revealed that neither year nor 
interactions between year and other experimental fac-
tors significantly affected ear rot severity or aflatox-
in production, so data from the two years (2014 and 
2015) were combined and are presented here (Figure 
4). Maize plants treated with cyprodinil + fludioxinil 
showed significantly less ear rot severity (by 40%) 
compared to the Control + plants. In contrast, the oth-
er four fungicides were not very effective in reducing 
ear rot severity, which ranged for both years between 
5–10% of infected corn kernels/ear (Figure 4). For 
these four fungicides, the lack of substantial decrease 
in ear rot symptoms was not correlated with the re-
ductions of total aflatoxins produced in maize kernels 
(Figure 5). Boscalid decreased grain aflatoxin content 
by 74%, azoxystrobin by 67%, cyprodinil by 75%, flu-
dioxonil by 80% and cyprodinil + fludioxinil by 83%. 

In conclusion, cyprodinil + fludioxinil was able to 
significantly lower ear rot severity and total aflatoxin 
contamination in maize under a high A. flavus conid-
ium inoculum pressure per plant. These field results 

are in agreement with the reductions in aflatoxin con-
tamination that the four fungicides caused in the in 
vitro maize seed tests. The data from this study can 
potentially provide farmers with a new chemical ap-
proach to control of A. flavus and aflatoxin production 
in the framework of an Integrated Pest Management 
(IPM) strategy.

Figure 1.  EC50 values   for fludioxonil, cyprodinil or boscalid 
for inhibition of mycelium growth, and for azoyzstrobin 
for inhibition of conidium germination, of Aspergillus flavus 
strains 12S, D1.3 and A6.10.

Figure 2. Mean numbers of conidia produced by Aspergil-
lus flavus strains D1.3, A6.10 and 12S in maize seeds treated 
with different fungicides. Within treatments, columns ac-
companied by different lower case letters are significantly 
different (P≤0.05) among strains, and upper case letters in-
dicate differences (P≤0.05) between the fungicides. Vertical 
bars indicate standard errors of the means.

Figure 3. Thin layer chromtography assays of the effective-
ness of five fungicides on aflatoxin production by Aspergil-
lus flavus strains D1.3, A6.10 and 12S.
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Discussion
Mycotoxins, and particularly aflatoxins, are one 

of the major threats to food quality and safety of the 
human population worldwide. There is continu-
ous risk of mycotoxins “from the farm to the fork”. 
Accumulation of mycotoxins in crops is increasing 
worldwide possibly due to climatic changes, the use 
of plant varieties with high yield but which are sus-
ceptible to mycotoxin accumulation, and new agricul-
tural practices such as reduced tillage (Chulze, 2010; 

Battilani et al., 2012). European Union legislation is 
very strict regarding the presence of mycotoxins in 
various products, and emphasizes the importance of 
development of effective methods for reducing myco-
toxin contamination. Economically effective solutions 
are those that, with the help of agricultural precision 
technology and sustainable IPM strategies, may con-
tribute to the exclusion of mycotoxigenic fungi from 
plant hosts and/or the restriction of mycotoxin con-
tamination of crop products either at pre- or post-har-
vest. It is also foreseen that climate conditions and/or 
production practices may have impacts, by favouring 
growth of mycotoxigenic fungi and consequently my-
cotoxin contamination (Eldayne et al., 2009; Russell et 
al., 2010). 

Several previous field trails have demonstrated 
that fungicides, including organophoshorus fungi-
cides, thiabendazole, triadimefon, propiconazole, tol-
clofos-methyl can be used to control mainly Fusarium 
mycotoxin formation, with the timing of pesticide 
treatments being particularly important for control-
ling mycotoxin production (D’Mello et al., 1998; EC 
report 1999; Cowger et al., 2016). Our studies exam-
ined the effects of four fungicide active ingredients 
for control of aflatoxigenic A. flavus strains. The fungi-
cides used in this study are extensively used antifun-
gal compounds applied in agriculture to control dif-
ferent fungal pathogens in different crops. Most of the 
fungicides tested reduced the growth of all three A. 
flavus strains. The exception was boscalid that did not 
inhibit growth of the strains. Previous studies have 
also shown that pyrimidine and phenylpyrrole fun-
gicides can inhibit mycelial growth rates of mycotoxi-
genic aspergilli such as A. parasiticus and A. carbona-
rius (Tjamos et al., 2004; Belli et al., 2006; Markoglou et 
al., 2008). Those results agree with those obtained in 
the present study, where 0.1 μg mL-1 of cyprodinil re-
duced growth of the three A. flavus strains by 87–89%, 
and 1 μg mL-1 fludioxonil reduced growth by 73–85%. 
These substances were also effective against Penicil-
lium digitatum (Kanetis et al., 2008). Sakuda et al., 
(2014) demonstrated that strobilurins were effective 
for reducing AFB1 accumulation, also verified in the 
present study, where azoxystrobin at 0.5 μg mL-1in-
hibited conidium germination of A. flavus by 93–95%. 

All of the tested fungicide products effectively in-
hibited conidium production (by 83-94%) and aflatox-
in development for all three A. flavus strains in maize 
seeds. The product containing cyprodinil + fludiox-
inil gave strong inhibition of aflatoxin contamination 

Figure 4. Mean Aspergillus ear rot severity indices on field-
grown maize plants artificially inoculated with Aspergillus 
flavus strain A6.10, and treated with different fungicides. 
Columns followed by different letters are significantly dif-
ferent (P≤0.05), according to Tukey’s HSD test. Vertical bars 
indicate standard errors of the means.

Figure 5. Mean aflatoxins contents (μg kg-1) in maize ker-
nels from field grown plants that were artificially inocu-
lated with Aspergillus flavus strain A6.10 and treated with 
different fungicides. Columns accompanied by different 
letters are significantly different (P≤0.05) according to Tuk-
ey’s HSD test. Vertical bars indicate standard errors of the 
means.
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of maize seeds for all the tested strains (Figure 3), and 
no statistically significant difference was detected for 
reduction due to this product for conidium produc-
tion in maize seeds by all three strains. In contrast, the 
three strains demonstrated different responses in afla-
toxin inhibition resulting from the four fungicides, 
indicating the possible involvement of differential 
genetic factors among the three strains that may be 
involved in aflatoxin regulation. The boscalid-based 
product inhibited conidium and aflatoxin production 
in maize seeds by all three toxigenic strains, but did 
not affect in vitro mycelium growth. The succinate de-
hydrogenase inhibitor (SDHI) action of boscalid has 
direct effects on mould fungi by interfering with co-
nidium production, inhibiting mitrochondrial respi-
ration and the subsequent production of ATP in fun-
gal cells (Sierotzki and Scalliet, 2013).

In the field experiments, maize plants treated with 
cyprodinil + fludioxinil had 40% less severe ear rot 
severity from A. flavus infection compared with the 
Control+ plants. The other four single ingredient fun-
gicides were not very effective for reducing maize ear 
rot. However, all the tested chemicals decreased afla-
toxin contamination in maize seeds from 67% (from 
azoxystrobin treatments) to 83% (from cyprodinil + 
fludioxinil). The two single ingredient products con-
taining cyprodinil (Chorus®) or fludioxonil (Geoxe®) 
(fludioxonil) also decreased aflatoxin production in 
maize ears by, respectively, 75% and 80%. Boscalid 
also decreased aflatoxin content in the maize seed by 
74%. Aflatoxin contamination levels of maize kernels 
were high in these field trials because of the artificial 
inoculation of A. flavus into maize ears, and the op-
timum warm and dry weather conditions prevailing 
during the field trials. Although ear rot severity in 
most treatments was between 1 and 10%, aflatoxin 
contamination levels were high (200–2000 μg kg-1). 
To our knowledge, this is the first study that demon-
strates efficient chemical control of A. flavus growth 
and aflatoxin accumulation in maize fields.

Previous 3-year field studies in the Mississippi 
Delta (USA), indicated that none of the fungicides 
azoxystrobin, pyraclostrobin, propiconazole, tetra-
conazole, dithiocarbamate or fungicide mixtures of 
trioxystrobin + propiconazole and azoxystrobin + 
propiconazole, applied to maize at the mid-silking 
growth stage, were effective for reducing aflatoxin 
contamination (Abbas et al., 2009). These data indi-
cate that the number of fungicide applications, as 
well as the plant growth stage or other agronomic or 

environmental factors can, play crucial roles in the 
chemical control of aflatoxins. Tjamos et al. (2004) 
demonstrated that two spray applications of cypro-
dinil + fludioxinil (the first 1 week before veraison 
and 2 weeks before harvesting) effectively reduced 
the incidence of Aspergillus sour rot in raisin- and 
wine-producing vineyards in Greece. In other experi-
ments on grapevine, a mixture of cyprodinil (37.5%) 
and fludioxonil (25%) was the most effective fungi-
cide formulation for control of A. carbonarius growth 
and ochratoxin mycotoxin production, together with 
penconazole (10%) and azoxystrobin (25%). Molot 
and Solanet (2003), demonstrated that the fungicide 
products Switch®, Scala® (pyrimethanil) and Mikal® 
(fosetyl-Al + folpet) were the most effective for reduc-
ing fungal colonization and OTA content of wines. 
Considering Aspergillus section Flavi, conventional 
methods of plant disease control using fungicides 
(benomyl, thiabendazole, carboxin) were reported 
to be ineffective in maize when applied at environ-
mentally safe concentrations (Bhatnagar et al., 1993). 
However, in some in vitro studies, prochloraz, pro-
thioconazole, tebuconazole or imazalil were effective 
for reducing growth and aflatoxin formation by A. 
flavus and/or A. parasiticus (Delen and Tosun, 1999; 
Formenti et al., 2012).

In our study, the strobilurin fungicide azoxystrob-
in also decreased aflatoxin content in maize kernels 
by 67%. In the USA, azoxystrobin is a registered fun-
gicide for use in maize crops. According to the manu-
facturer, early-season applications of azoxystrobin 
provide preventive control of several maize diseases 
(rusts, anthracnose, leaf blight, gray leaf spot, North-
ern corn leaf blight, Northern corn leaf spot, Southern 
corn leaf blight), and enhanced plant performance, 
while the maize leaf and ear shoots are developing at 
the early vegetative growth stages. Strobilurins or qui-
none-outside inhibitor fungicides (Qols) are widely 
marketed for maize production, for the management 
of biotic stresses, with the suggestion that these fun-
gicides can increase yields even in the absence of dis-
ease (Hershman et al., 2011; Wise and Mueller, 2011). 
In plants, Qol fungicides may increase water and ni-
trogen use efficiency, improve chlorophyll retention 
and delay senescence, thus lengthening crop growth 
periods (Janse van Rensburg et al., 2016). Based on the 
data from the present study, azoxystrobin could also 
contribute to A. flavus and aflatoxin control in coun-
tries where this fungicide is officially registered for 
use in maize.
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Results obtained from in vitro experiments with 
different fungicides are not always similar to those 
obtained in field trials, due to the influence of several 
factors. It is essential to consider that the most effi-
cient fungicide to reduce the ear rot severity caused 
by A. flavus is not always the optimum choice because 
it can promote aflatoxin production. Even if fungal 
growth is reduced, aflatoxin production could still 
be promoted. Thus, the best fungicides are those that 
prevent or reduce fungal growth and mycotoxin pro-
duction at the same time (Santos et al., 2011).

The results from this study have demonstrated 
that chemical control can be an important tool for 
the management of aflatoxins in maize. Prevention 
of growth of mycotoxin-producing fungi can be the 
most effective strategy for controlling the presence 
of fungi and mycotoxins in crops, as was suggested 
by the Codex Alimentarius Commission in Good 
Agricultural Practices (GAP) (CAC/RCP 51, 2003). 
However, the greatest recommended field appli-
cation rates by the manufacturers may be required 
(as used in the present study), especially under ab-
normal climatic conditions of water or heat stress to 
maize crops. Optimization of fungicide doses in field 
treatments is necessary to ensure efficacy of fungi-
cides, which can be influenced by many agronomic 
(e.g. plant nutrition) and environmental variables 
(e.g. temperature and humidity), cultivar response, 
sensitivity of conidia to antifungal compounds, per-
sistence of fungicides on plant tissues, dynamics and 
extent of translocation of different systemic fungicide 
compounds, therapeutic effects, and fungicide resist-
ance in relation to mycotoxin production (Subhani 
et al., 2011; Ivic et al., 2012). Drought and heat stress 
during the time that maize crops mature are the prin-
ciple contributing factors to aflatoxin contamination 
of grain. Climate change is causing insecurity about 
future temperature and rainfall regimes. Southern 
Europe and the Mediterranean basin are the most 
vulnerable areas in Europe, because of the combined 
climate change effects of increased temperature and 
reduced precipitation. The European Commission 
suggests that, in southern Europe, climate changes 
may lead to temperature increases of 4–5°C, in com-
bination with increased drought periods (Garcia Cela 
et al., 2011; Battilani et al., 2012). 

In conclusion, reliance on fungicides will not elim-
inate aflatoxin production in different agro-climatic 
regions. Fungicides, biological disease control, insect 
control and novel disease resistant germplasm, in 

combination with disease forecasting models and de-
cision support systems will create an Integrated Pest 
Management strategy likely to give greatest promise 
for mitigating Aspergillus infection and aflatoxin con-
tamination in different crops.
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