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Abstract
Aspergillus flavus is a frequent contaminant of maize grain. We isolated this fungus, determined 
the colony morphology and species (by internal transcribed spacer sequencing) and measured the 
aflatoxin content. The selected A. flavus fungi were placed into two groups, toxigenic and atoxigenic; 
both appeared similar morphologically, except that the atoxigenic group lacked sclerotia. An essential 
oil fumigation test with clove and cinnamon oils as antifungal products was performed on fungal 
conidial discs and fungal colonies in Petri plates. Cinnamon oil at 2.5 to 5.0 μL/plate markedly inhibited 
the mycelial growth from conidial discs of both strains, whereas clove oil showed less activity. The 
oils had different effects on fungal mycelia. The higher clove fumigation doses of 10.0 to 20.0 μL/
plate controlled fungal growth, while cinnamon oil caused less inhibition. Compared with atoxigenic 
groups, toxigenic A. flavus responded stably. Within abnormal A. flavus hyphae, the essential oils 
degenerated the hyphal morphology, resulting in exfoliated flakes and shrinkage, which were related 
to fungal membrane injury and collapse of vacuoles and phialide. the treatments, especially those 
with cinnamon oil, increased the electroconductivity, which suggested a weak mycelium membrane 
structure. Moreover, the treatments with essential oils reduced the ergosterol content in mycelia and 
the aflatoxin accumulation in the culture broth. The fumigations with clove and cinnamon oils inhibited 
the development of both conidia and colonies of A. flavus in dose-dependent manners.
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iNtRODUCtiON
 Maize (Zea mays L.) is an important 
food crop produced by smallholder farmers. 
The crop provides household food security 
through income generation. Harvested grain may 
contain storage fungi that cause spoilage during 
storage. The grain losses caused by storage fungi 
pose a significant constraint on household food 
security. Most of the postharvest processing 
in the food and feed industry focuses on the 
contaminants of storage fungi such as Aspergillus 
sp., Penicillium sp. and Fusarium sp. More than 
300 Aspergillus spp. were reported to have 
different chemodiversity among the species1,2. A. 
flavus is one of the active mycotoxin-producing 
specie. Fungi produce aflatoxin B1 and aflatoxin 
B23-6. They can reduce the quality of human and 
animal health7. Fungi affect stored grain quality 
due to storage conditions in the storage location, 
e.g., a silo. Various control measures are practiced 
to prevent those mycotoxin problems, such as 
cleaning, sorting of clean grain, and decreasing 
the grain moisture content. Controlling the 
moisture content helps to reduce the growth of 
spoilage fungi such as Aspergillus sp., Penicillium 
sp., Fusarium sp., and other postharvest fungi8. 
Fresh harvested grains with a moisture content 
of 23% were dried until they reached a lower 
limit of 13% before storage in a cabin. The grain 
was collected in a woven polypropylene bag or 
covered with a woven polypropylene sheath, 
resulting in an increase in moisture content under 
the cover polypropylene sheath. High humidity 
and temperature in the heaped maize provided 
favorable conditions for fungal growth. Delays in 
the dry grain process caused an increase in fungal 
contamination9.
 Natural products from essential oils do 
not pollute the environment, and consequently, 
they offer more public usage acceptance. One 
herbal activity is fungicidal activity10-14. Many 
works also report activities against bacteria15,16 and 
insects17,18. Essential oils such as those of clove, 
mountain thyme, and anise showed excellent 
inhibition against storage fungi19,20, reducing fungal 
growth and aflatoxin production. Nevertheless, 
most essential oil studies have focused on their 
activities on target cells with direct contact assays. 
In contrast, the application of essential oils in a 

closed system, such as a silo, or storage under a 
propylene sheath needs to be considered for their 
activities using fumigation or vapor approaches. 
Applications of essential oils may be derived from 
their activities.
 In general, essential oil research has 
applied essential oils as liquid sprays to crop 
products. The application stands for the ideal of 
essential oils fumigation against storage fungi. The 
knowledge can be applied to the further use of 
essential oils on grain, improving the stored grain 
quality by preventing mold growth and aflatoxin 
production. This study aimed to evaluate the 
fumigation of clove and cinnamon oil to control A. 
flavus and the fungal response after the essential 
oils treated.

MAteRiAls AND MethODs
Isolation of Aspergillus spp. from maize grain and 
their potential for aflatoxin production
 Fresh harvested maize grain was collected 
from a cultivation area in Nakhon Pathom 
Province, Thailand. After harvest, one kilogram 
of grain was piled on a clean tray, flattened, and 
spread to cover the tray. After dividing the sample 
into four parts, the sampled grains were collected 
from two parts. Then, the sample was remixed, 
and the process was repeated until the mass of 
the grain was reduced to one hundred grams. One 
hundred maize seeds (10 seeds per plate) were 
plated on malt salt agar (MSA) (2 g of malt extract, 
7.5 g of sodium chloride, and 1.5 g of agar in 100 
mL). Petri plates were incubated at 25°C under 
a 12/12 hr light/dark cycle for 7 days. Each grain 
was observed under a stereo microscope, and an 
Aspergillus colony was isolated from each infected 
seed. The morphologies of the Aspergillus sp. 
colonies were observed on Czapek’s agar following 
Raper and Fennel’s (1977)21 work. After observing 
the colony characteristics and the vesicle type 
under a compound microscope, A. flavus was 
cultured in potato dextrose agar (PDA) and kept 
for further study.
 A. flavus was screened for aflatoxin 
production under axenic liquid culture. A spore 
suspension (one hundred microliters of 1.0 x 106 
conidia/mL in 0.01% Tween 20) was inoculated into 
100 mL of yeast extract sucrose (YES) broth (4 g 
of yeast extract, 20 g of sucrose, 1 g of potassium 



  www.microbiologyjournal.org1327Journal of Pure and Applied Microbiology

Rangsuwan et al. | J Pure Appl Microbiol | 15(3):1325-1337 | September 2021 | https://doi.org/10.22207/JPAM.15.3.23

dihydrogen phosphate, 0.5 g of magnesium sulfate, 
and 1,000 mL of distilled water). After five days 
at 28°C, the fungal culture medium was used to 
determine the aflatoxin content in broth by an 
AgraQuant® Total Aflatoxin ELISA Test (Romer, 
Getzerdorf, Austria).
 The sequences of the internal transcribed 
spacer (ITS) region confirmed the species A. flavus. 
Fungal genomic DNA was extracted by a DNA 
secure Plant Kit (Tiangen, Beijing, China). The ITS 
region was amplified with the primers ITS1 (5’-TCC 
GTA GGT GAA CCT GCG G-3’) and ITS4 (5’-TCC TCC 
GCT TAT TGA TAT GC-3’) (Sigma-Aldrich, Merck, 
Darmstadt, Germany). PCR amplification was 
carried out in 20 µL reactions containing 2 µL of 
template DNA (30 ng), 2 µL (2 mM) of each primer, 
2 µL of 10X PCR buffer (with KCl), 2 µL of 2 mM 
MgCl2, 2 µL of 2 mM dNTPs (2.0 mmol/L), and 0.5 
µL of Taq polymerase (5 U/µL) and adjusted to 20 µL 
with ddH2O. PCRs were performed on a PCR cycler 
(SensoQuest, Gottingen, Germany). The thermal 
cycling program was predenaturation at 94°C for 2 
min, followed by 30 cycles of denaturation at 93°C 
for 30 s, annealing at 56.5°C for 30 s, and extension 
at 72°C for 1 min, with a final elongation step of 
72°C for 10 min. PCR products were sequenced by 
First BASE Laboratories (Selangor, Malaysia). The 
sequence was analyzed, and similar sequences 
were sought using the Basic Local Alignment 
Search Tool (BLAST) at the National Center for 
Biotechnology Information (NCBI).
Antifungal efficiencies of clove and cinnamon oils 
in fumigation assays and contact assays
 The growth of both strains of A. flavus 
was tested in two fungal developmental stages: as 
conidial discs, conidia were spread on the surface 
of agar medium, and as fungal colonies on PDA. 
They were treated with clove oil (CAS number 
8000-34-8) and cinnamon oil (CAS number 84649-
98-9) from Sigma-Aldrich Pte., Ltd., in a fumigation 
assay in Petri plates. In the conidial disc assays, 
clove and cinnamon oils were added at fumigation 
rates of 1.25, 2.5 and 5.0 μL/plate. The essentials 
oils were mixed with acetone to a desired volume, 
and twenty microliters of each was dropped 
on the filter paper. The essential oils were set 
above the tested fungi in Petri plates. One square 
centimeter of filter paper was fixed on a Petri 
plate lid. After dropping essential oil on the filter 

paper, the Petri plate was wrapped with parafilm 
to avoid essential oil vapor leaks. For fungal colony 
tests, a two-day-old A. flavus fungal culture was 
prepared on PDA. Clove and cinnamon oils with 
fumigation rates of 5.0, 10.0 and 20.0 μL/plate 
were used. After 2, 4, 6 and 8 days of incubation at 
room temperature, colony growth was measured. 
Mycelial growth was used to calculate the percent 
fungal inhibition. Abnormal colony characteristics 
were observed under a stereo microscope and a 
compound microscope after five days of incubation 
at room temperature. The fungal morphology 
was observed after essential oils were added to 
characteristic A. flavus colonies, and the fungal 
cells were monitored with stereo and compound 
microscope.
 The fungal mycelium toxicity test was 
performed via direct mycelium contact. The 
essential oils were dissolved in 0.001% Tween 80 
before they were mixed into culture medium to 
final concentrations of 100, 200, and 400 µL/L. 
Conidial discs of A. flavus were transferred to 
the middle of Petri plate and incubated at room 
temperature. Fungal growth was measured every 2 
days for 8 days. The percentage of fungal mycelium 
growth inhibition was calculated as ((A-B)/A)) 
x100, where
 A = fungal mycelium growth measured 
on control agar medium and
 B = fungal mycelium growth measured 
on treated agar medium.
Assessment of the effect of clove and cinnamon 
oil on the A. flavus mycelium response
Fungal fresh weight
 The fungal fresh weight was determined 
after essential oil treatment. One hundred 
microliters of an A. flavus spore suspension at  
105 spores/mL was inoculated in a 1,000 mL 
laboratory bottle with 50 mL of YES broth. The 
tested essential oils were amended with 0.001% 
Tween 80 solutions before they were dropped 
into YES medium at 100, 200, and 400 µL/L to 
determine the effect of concentration. The flasks 
were kept still at room temperature. After 10 days, 
the fungal biomass was filtered with Whatman 
filter paper No. 1. The supernatant was rinsed and 
collected to analyze the electroconductivity and 
aflatoxin content. After inverting the tube for 10 
min, the excess medium was eliminated. The fresh 
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fungal weight was determined for each treatment 
and used to determine the ergosterol content.
Fungal ergosterol content
 Ergosterol extraction was carried out 
with some modifications according to Yamamoto-
Ribeito et al22 and Ferreira et al23. Fungal mycelia 
were used to analyze the ergosterol content. Fifty 
milligrams of tested fungal mycelia was transferred 
to a test tube, and 5 mL of 25% alcoholic potassium 
hydroxide (2.0 g of potassium hydroxide, 20 
mL of methanol, 5 mL of ethanol) was added. 
The mixture was vortexed for 2 min followed 
by incubation at 70°C for 40 min. Sterols were 
extracted from each sample by adding a mixture of 
2 mL of sterile distilled water and 5 mL of n-hexane. 
The mixture was sufficiently mixed by vortexing for 
2 min and allowed to separate into layers for one 
hour at room temperature. The n-hexane layer 
was separated into a new test tube. This extraction 
was repeated twice. The n-hexane fractions were 
mixed and taken to dryness with a pure nitrogen 
flow. The samples were stored (-20°C in darkness) 
until HPLC analysis. Each sample was redissolved 
in 1,000 μL of methanol. For HPLC analysis, an 
SPD 20A UV/Vis detector (Shimadzu, Kyoto, Japan) 
with an isocratic pump with methanol (100 v/v, 
HPLC-grade) was used with twenty microliters 
of the prepared sample. An ODS-3 column (GL 
Sciences, Tokyo, Japan; 5 μm, 250 x 4.6 mm) was 

used. The mobile phase was applied at 1.0 mL/
min. The UV/Vis detection wavelength was set at 
282 nm for determining ergosterol. Each sample 
was injected twice in the HPLC. The sample peak 
areas were compared with the standard peak areas 
of ergosterol determined between 20 and 100 µg/
mL.
Fungal electroconductivity and aflatoxin content
 Fungal cell-free medium was used to 
analyze the electroconductivity (EC) and aflatoxin 
content. The medium from each sample was 
used to measure the EC value with a LAQUAtwin 
EC-22 (Horiba, Kyoto, Japan). The broth medium 
was diluted with 100% methanol until the sample 
was 70% methanol. Then, samples were analyzed 
by the AgraQuant® Total Aflatoxin ELISA Test 
(Romer, Getzerdorf, Austria) and an ELISA reader 
at a wavelength 450 nm (Tecan, Hombrechtikon, 
Switzerland).

ResUlts
Isolation of Aspergillus sp. from stored maize 
grain
 Aspergillus spp. were isolated from maize 
grain in 2019 from Nakhon Pathom, Thailand. 
Aspergillus spp. were found to be a major storage 
fungus after 7 days of plating maize grains on 
MSA medium. Two characteristic Aspergillus sp. 
colonies were isolated: one with a thick, dark 

Fig. 1.  Differences in aflatoxin production by seventeen Aspergillus flavus isolates in YES broth after 5 days; aflatoxin 
was determined by the AgraQuant® Total Aflatoxin ELISA Test.
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green conidial head, and the other with a light 
brown colony with sclerotia and fewer conidial 
heads. Seventeen isolates of Aspergillus spp. were 
obtained, and they were characterized on Czapek’s 
agar. The microscopic results showed a fungal 
vesicle with a globose/subglobose shape with 
uniseriate or biseriate phialide. The conidial head 
color on Czapek’s agar was yellow green in young 
culture and turned dark green at the conidial head. 
The conidiophores of A. flavus are hyaline with a 

thick-walled branch arising perpendicularly from 
the foot cell.
 All seventeen A. flavus isolates were 
analyzed for their aflatoxin-producing ability under 
YES axenic culture. The aflatoxin content from 
five-day-old culture broth was determined with 
an AgraQuant® Total Aflatoxin ELISA Test (Fig. 1). 
According to the aflatoxin contents, we grouped A. 
flavus into two groups. One group included isolates 
1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, and 13, which 

Fig. 2.  Extreme control of atoxigenic and toxigenic A. flavus with clove and cinnamon oils during 2 to 8 days (upper) 
of fumigation of A. flavus conidial discs at 1.2 – 5.0 µL/plate, (middle) of fumigation of A. flavus fungal colonies at 
5.0 – 20.0 µL/plate, and (lower) direct contact of A. flavus conidial discs at 100 – 400 µL/L.
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Fig. 3.  Stereomicrographs of differential responses of toxigenic A. flavus to essential oil treatment observed at 
400x: control (A), contact test with a conidial disc (B), fumigation test with a conidial disc (C), and fumigation with 
fungal mycelia (D); Photomicrographs of the response of Aspergillus flavus mycelia to fumigation with essential 
oils under compound microscope (E) untreated, (F) a wrinkle on the surface of a conidiophore after treatment with 
clove oil, and (G) size reduction and non-phialide of a vesicle after treatment with cinnamon oil.

produced less aflatoxin (0.00 – 0.69 ppb). This A. 
flavus group was related to a fungal colony with 
an abundant yellow-green conidial head covering 
the fungal colonies. The other group with sclerotia 

produced more aflatoxin (reaching as high as 4.56 
to 4.66 ppb) and included isolates 5, 14, 15, 16, 
and 17.
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 Atoxigenic A. flavus isolate 8 and toxigenic 
A. flavus isolate 17 were chosen for further study. 
Specific characteristics of toxigenic A. flavus are its 
abundant sclerotia with a diameter of less than 400 
µm and smaller conidial head. This fungal group 
can be classified into the S strain group of A. flavus 
(group IA)2,3. After the nucleotide sequences of the 
ITS region of both fungal isolates were determined 
with ITS1/ITS4 primers, they were compared to 
sequences on the NCBI database (www.ncbi.nlm.
nih.gov search on June 14, 2021). Both fungal 
ITS sequences were highly similar to those of A. 
flavus with internal transcribed spacer 1, partial 
sequence; 5.8S ribosomal RNA gene and internal 
transcribed spacer 2. The sequence of A. flavus 
isolate 8 has been deposited in the GenBank 
database under accession number MZ379467 and 
MZ379482 for A. flavus isolate 17. Even though 
the two A. flavus strains showed similar molecular 
characteristics, they were diverse in aflatoxin 
production under broth culture. This finding for 
atoxigenic and toxigenic strains of A. flavus was 
described earlier by Cotty2.
In situ testing of essential oil antifungal activity 
against A. flavus
 Fumigation with clove and cinnamon 
oil resulted in different levels of fungal inhibition 
for conidial discs and the fungal colonies of both 
A. flavus strains. Cinnamon oil treatment at 
concentrations of 2.5 and 5.0 µL/plate exhibited 
inhibition of all tested A. flavus strains that was 
better than that of clove oil treatment (Fig. 2 
upper). Atoxigenic A. flavus showed growth 
sensitivity to cinnamon oil treatment, whereas 
the toxigenic strain slightly tolerated cinnamon 
treatment. In the fungal mycelia tested, A. flavus 
fungal colonies were fumigated with clove and 
cinnamon oils at 10.0 to 20.0 µL/plate (Fig. 2 
middle). A. flavus fungal colony growth was highly 
inhibited by clove oil fumigation. In contrast, 
fumigation with cinnamon oil showed less fungal 
inhibition. This means that clove oil presents 
greater inhibition of the fungal colonies for both 
strains of A. flavus than cinnamon oil.
 In contact assays, cinnamon oil showed 
higher mycelium inhibition against A. flavus 
conidial discs than clove oil did (Fig. 2 lower). 
The cinnamon oil at a concentration of 400 µL/L 
showed total fungal growth inhibition in both 
tested fungi, while clove oil demonstrated less 
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efficiency in controlling A. flavus mycelia, at 
61.2-83.4% of the cinnamon oil value. Cinnamon 
oil showed aggressive control of both A. flavus 
strains when the inoculum source was a conidial 
disc. The toxigenic A. flavus strains were slightly 
more sensitive to cinnamon oil than the atoxigenic 
strain. Application methods such as fumigation and 
direct contact with essential oils show inhibition. 
The responses of test organisms depend on the 
concentrations or evaporation rates of essential 
oils.
 Toxigenic A. flavus colonies responded 
to treatment with essential oils (Fig. 3). The 
conidial morphology and colonies of A. flavus after 
treatment with clove and cinnamon oils appeared 
abnormal. The abnormality level of the colony 
varied with the essential oil fumigation dose and 
the type of fungal inoculum. In the fumigation 
assays of the A. flavus colonies (Fig. 3C and D), 
the fungal colonies exhibited conidial head color 
changes from green to brown (Fig. 3C), fewer 
conidial heads or no conidial head formation, 
and fewer sclerotia (Fig. 3D) after essential oil 
treatment. For contact assays (Fig. 3B) the fungal 
colony shrank, and the conidial head size and 
the sclerotium numbers on the agar surface 
decreased. These A. flavus phenomena resulting 
from essential oil treatment may be reflected in 
abnormalities in fungal mycelia and the fungal 
conidial head. At high doses for both application 
methods, only mycelia were produced. The fungal 
mycelium production was inhibited, and sclerotia 
were absent in both fumigation and contact assays.
 The structure of the conidial head, 
especially the vesicle and conidiophores, was 
compared between treated and untreated 
samples. The fungal morphological characteristics 
were abnormal in the A. flavus treated with 
clove and cinnamon oils. In Fig.3E to G, the 
fungal vesicle and phialide are compared. In the 
untreated group, the vesicle showed typical fungal 
characteristics with complete vesicles, healthy 
phialide, and conidiophores near the vesicle with 
a coarse surface (Fig. 3E). Mycelia were straight 
and firm. In the treated fungal mycelia (Fig. 3F 
and G), a higher dose of essential oil reduced the 
phialide, changed the vesicle shape, and withered 
the conidiophore. The fungal vesicle was reduced 
in size and sometimes exhibited a wrinkle on the 
surface or an abnormal shape. Phialide exhibited 

a shorter length than usual, or no phialide was 
produced. The fungal mycelia could appear as 
a malformation and slightly showed a withered 
character. This observation indicates that when 
treated with essential oils, the fungal mycelia were 
disturbed.
effects of essential oils on the biochemical 
responses of A. flavus.
 The toxigenic A. flavus had different 
responses to the direct contact with essential oils 
in culture medium. Clove oil and cinnamon oil at 
100-400 µL/L reduced fungal mycelial growth, 
as evidenced by fresh weight data and electrical 
conductivity data (Table 1). Essential oils at 
concentrations of 100 to 400 µL/L reduced the 
fungal mycelium fresh weight. Especially, in the 
cinnamon oil treatments at 400 µL/L, the fresh 
fungal weight disappeared. This result indicates 
that the essential oils at some concentrations 
reduced the fungal mycelium fresh weight.
 In parallel to the essential oil test, the 
toxigenic A. flavus culture broth was determined 
to have electrical leakage assessed as the electrical 
conductivity value. A lower concentration of clove 
and cinnamon oil, 100 µL/L, showed no significant 
effect on the electrical conductivity value compared 
with that of untreated culture broth. However, 
for clove and cinnamon oils at 400 µL/L, large 
increases in the electrical conductivity of 1.37 and 
1.41 mS/cm were observed, respectively (Table 
1). The lower essential oil concentration showed 
a lower EC value, which means less mycelium 
leakage occurred due to the essential oils. This 
result revealed the efficiency with which essential 
oils affected the fungal growth and the disruption 
of fungal mycelia. Cinnamon oil inhibited the 
toxigenic A. flavus mycelia very well and better 
than clove oil (Table 1).
 Some substances produced by toxigenic 
A. flavus, such as ergosterol and aflatoxin, were 
determined (Table 1). The data show that clove 
oil at 400 µL/L reduced the ergosterol content 
to 86.67%. Treatment with 200 µL/L cinnamon 
oil reduced the ergosterol content to 94.29%. 
Cinnamon showed an excellent profile for 
ergosterol reduction. The reduction in ergosterol 
content can support the hypothesis that both 
essential oils affect the fungal cell wall, as seen in 
the decrease in fresh weight and the increase in 
electroconductivity.
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 The efficacy of essential oils on the 
aflatoxin production of toxigenic A. flavus was 
examined. Essential oils at higher concentrations 
suppressed aflatoxin production. At lower essential 
oil concentrations, more aflatoxin was observed; 
however, it was retained at levels similar to those 
of the control. At higher concentrations, such 400 
µL/L for clove oil and 200 µL/L for cinnamon oil, the 
aflatoxin content decreased to 66.32 and 68.52%, 
respectively.
 Clove and cinnamon oils inhibit toxigenic 
A. flavus, a cause of aflatoxin contamination in 
stored grain. Essential oils can directly affect 
storage fungi, but their efficacies depend on 
the fungal forms under storage conditions. 
Young mycelia showed higher sensitivity to both 
fumigation and contact with essential oils, while 
old mycelia resisted the essential oils. Additionally, 
the essential oils inhibited fungal mycelium growth 
and caused cell leakage, which reduced the fungal 
fresh weight, increased the electroconductivity, 
and reduced fungal ergosterol and aflatoxin 
contents.

DisCUssiON
 Maize grain samples from Nakhon 
Pathom, Thailand, were sampled in 2019. After 
being plated on MSA, Aspergillus spp. were 
found to be the major component of the storage 
mold. Fungi have been reported worldwide 
to have a significant impact on stored grain. 
The colony and morphological characteristics 
of selected Aspergillus spp. on Czapek’s agar 
were characteristic, as described by Raper and 
Fennell21. Most of the fungi were A. flavus. 
Aspergillus section Flavi is a dangerous fungal 
group that produces mycotoxin and impacts 
various agricultural products. The ITS sequence 
of ribosomal RNA in White et al24 supports the 
identification and classification of fungal groups. 
A database of ITS regions from various species of 
fungi is used for standard barcoding to identify 
genetic diversity among fungal species25. Riaz 
et al26 also successfully used ITS-1F and ITS-4R 
primers for identification of A. flavus species. In 
our study, all mentions of A. flavus referred to the 
morphological and molecular data of A. flavus.
 All A. flavus samples from our study 
were separated into groups that produced or 
did not produce aflatoxin. The sclerotium and 

aflatoxin production of A. flavus were highly 
related. Cotty3,27 described the aflatoxin potential 
of Aspergillus section Flavi with S strain and L 
strain criteria. Additionally, Saito and Tsuruta28 
described A. flavus species from Thailand using 
sclerotium production and data on the production 
of different mycotoxins, such as AFB1, AFB2, 
AFG1, and AFG2. Additionally, Benito et al29 also 
described the A. flavus group L strains (average 
sclerotium diameter >400 µm), S strains (with an 
average sclerotium diameter <400 µm), and NS 
(no sclerotia) strains. The S strains of Aspergillus 
spp. produce higher aflatoxin contents than other 
strains. Some studies, such as Goto et al30, detected 
black and pear-shaped sclerotia identified as A. 
tamarii, while A. flavus showed brown sclerotia. 
Furthermore, metabolic products of toxigenic 
A. flavus, such as 9-octadecenoid, were found. 
This substance was related to the biosynthesis 
of aflatoxin, and it can be found in only toxigenic 
A. flavus isolates31. The distribution of aflatoxin-
producing fungi isolates is of concern. Mamo  
et al32 reported that 61% of toxigenic A. flavus in 
China had sclerotia. However, in Argentina, five 
to twenty-five percent of A. flavus isolates were 
found to be toxigenic strains29. In our observation, 
20 to 40% of the A. flavus isolates were toxigenic 
with small sclerotia and high aflatoxin production. 
These fungi can occur elsewhere and can be found 
together with A. flavus without sclerotia that do 
not produce aflatoxin.
 Essential oils with vapor activity were 
used to inhibit fungal mycelium growth to 
substantially decrease pesticide usage. Plant 
essential oils are known for intense antimicrobial 
activity33 and they also show high potential when 
applied as vapor to control fungi34. The essential 
oils cymbopogon oil10,35, curcuma oil13,14, cinnamon 
oil36,37, and clove oil38 are active against fungi, 
especially A. flavus. Hua et al39 used natural 
cinnamaldehyde, cinnamon oil, and synthetic 
cinnamaldehyde against A. ochraceus, and Li 
et al40 showed that Litsea cubeba oil vapor at a 
concentration of 1.5 µL/mL absolutely stopped 
A. flavus mycelium growth. In addition to other 
essential oils, cinnamon and clove oils were the 
focus of our previous study on their antimicrobial 
activities, especially against fruit postharvest 
fungi such as Colletotrichum gloeosporioides 
and Lasiodiplodia spp.41,42 Additionally, volatiles 
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from Alcaligenes faecalis completely inhibited 
contaminating Aspergillus sp. and reduced 
aflatoxin in maize, groundnut rice, and bean43.
 Fumigation and contact assays were 
performed to estimate the essential oil fungal 
inhibition activity. Both application methods 
show promise for controlling the tested fungi. 
In this study, fumigation with clove oil inhibited 
conidial disc growth of both A. flavus strains with 
a minimal inhibition concentration (MIC) of 5 
µL/plate after 8 days; the MIC for fumigation of 
the atoxigenic strain with cinnamon was lower 
than 1.25 µL/plate, and the MIC for the toxigenic 
strain was approximately 2.5 µL/plate. The MIC 
for direct contact with atoxigenic isolates was 
400 µL/L, while for toxigenic isolates, the MIC 
was 200 µL/L. The MICs in each study indicated 
different fungal inhibition outcomes, as Carmo 
et al36 reported a similar result in contact assays 
against Aspergillus spp. with an MIC50 value of 40 
µL/mL and an MIC90 value of 80 µL/mL. However, 
Xing et al38 reported that clove oil showed an MIC 
of 25 µL/mL, which was lower. The conidial disc 
and fungal mycelium stages responded differently. 
The fungal mycelium disc growth was inhibited 
by fumigation with clove oil, whereas slightly less 
fungal mycelium inhibition was seen for cinnamon 
oil fumigation. This difference seems to result from 
cinnamon oil depressing conidial germination and 
conidial growth, while clove oil showed an acute 
effect in terms of fungal mycelium inhibition. For 
the fungal colony tests, volatile oil fumigation 
gave different result than the conidial disc test. 
Fumigation with clove oil presented excellent 
fungal inhibition compared with that for cinnamon 
oil. The oils also inhibited both atoxigenic and 
toxigenic fungal strains. This result indicated 
that the efficacy of essential oils depends on the 
fungal stage and application technique, such as 
fumigation and direct contact. Essential oils from 
various sources could have different antifungal 
effects for pathogen control. The concentrations 
of essential oils may affect fungi differently. This 
means that researchers should manage the active 
ingredient content inside essential oils. Some 
chemical components in essential oils are absent/
present depending on location, fertilization, 
harvesting site, and site weediness44,45.
 The essential oil treatment resulted in 

abnormal characteristics in the A. flavus colony. 
The untreated fungal pathogen showed a green 
conidial head and high production of sclerotia. A 
200 µL/L clove oil treatment of A. flavus affected 
the fungal colonies. The fungal vesicle was 
reduced in size, and the conidial head turned 
from dark green to slightly brown. At a higher 
clove concentration of 400 µL/L, the conidial 
head and sclerotia were absent. The fungi showed 
only white mycelia on the culture medium. The 
increase in clove oil concentration showed a 
direct effect on fungal mycelium and sclerotium 
production. Similar activity on the fungal colony 
was observed with cinnamon treatment at 
100 µL/L. Total inhibition of colony growth was 
observed at 200 to 400 µL/L. After observation 
of the abnormal character of treated A. flavus 
with a compound microscope, we found that 
the vesicle size was reduced. The conidiophores 
near the vesicle lost their integrity, and abnormal 
phialide were found, in contrast with the untreated 
fungi; similar to the results reported by Helal  
et al10,35, Carmo et al36, and Xing et al46. Fungi 
responded to essential oils by producing a thinner 
cell wall or smaller fungal mycelia, and the 
conidial head shrank and lacked conidiophores. 
Cinnamaldehyde, a cinnamon oil component, 
shrinks fungal hyphae and causes some depression 
of the hyphal surface37,47. Phuangsri et al48 
described that treating A. flavus with Zanthoxylum 
piperitum seed oil decreased the diameter of 
the hyphae and distorted the conidial head. 
Tian et al49,50 studied the effects of thymol and 
Cinnamomum jensenianum essential oil on 
morphological characteristics, finding such 
changes as decreased conidial head size, a lack of 
sporulation, and a disturbed plasma membrane, 
fibrillar layer, and cytoplasm. The antifungal 
essential oil properties of this oil disturb the 
functions related to ergosterol.
 Our study found that the fungal cell wall 
ergosterol content in toxigenic A. flavus immediately 
decreased after treatment with essential oils. As 
ergosterol is a chemical component in the fungal 
cell membrane51, it plays a role in membrane 
fluidity, regulation, activity, and the cell membrane 
control of the cell cycle52,53. At some concentrations 
after treatment with an essential oil, the fungi 
showed a decrease in ergosterol content. Ahmad  
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et al54 referred to eugenol as having an antifungal 
mechanism similar to fluconazole in treatments 
of Aspergillus sp. This mechanism may cause 
essential oil to block ergosterol synthesis, therefore 
reducing the ergosterol content in the fungal 
cell membrane55. Undoubtedly, we observed 
increasing electroconductivity in the clove and 
cinnamon oil-treated samples. The fungal cell wall 
structure change caused the leakage of fungal 
cytoplasm in the mycelia10,35. The thinner fungal 
mycelia caused Ca+2, K+, and Mg2+ leakage from 
inside the fungal mycelia. These essential oils 
then affected the ergosterol content in the plasma 
membrane of the tested fungi56. This change will 
reduce aflatoxin accumulation by fungi.
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