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Abstract: Organic acids and essential oils are commonly used in the poultry industry as antimicrobials
and for their beneficial effects on gut health, growth performance, and meat quality. A common
postharvest storage fungal colonist, Aspergillus flavus, contaminates corn, the primary component of
poultry feed, with the highly detrimental mycotoxin, aflatoxin. Aflatoxin adversely affects poultry
feed intake, feed conversion efficiency, weight gain, egg production, fertility, hatchability, and poultry
meat yield. Both organic acids and essential oils have been reported to inhibit the growth of A. flavus.
Thus, we evaluated if the inhibitory synergy between combined essential oils (cinnamon, lemongrass,
and oregano) and organic acids (acetic, butyric, and propionic) prevents A. flavus growth. The study
confirmed that these compounds inhibit the growth of A. flavus and that synergistic interactions do
occur between some of them. Overall, cinnamon oil was shown to have the highest synergy with all
the organic acids tested, requiring 1000 uL/L air of cinnamon oil and 888 mg/kg of butyric acid to
fully suppress A. flavus growth on corn kernels. With the strong synergism demonstrated, combining
certain essential oils and organic acids offers a potentially effective natural method for controlling
postharvest aflatoxin contamination in poultry feed.

Keywords: Aspergillus flavus; essential oil; organic acid; aflatoxin; postharvest; corn; poultry feed
Key Contribution: This is the first study to look at combining essential oils and organic acids to

inhibit the growth of Aspergillus flavus. The study demonstrated that combining these types of
compounds have synergistically increased efficacy against A. flavus.

1. Introduction

Aflatoxin, the first compound to cause coinage of the word “mycotoxin”, was identified
after a mass turkey die-off in England during the 1960s killing over 100,000 birds [1]. The
outbreak was caused by aflatoxin contamination of peanut meal used in the poultry feed
formulation. Limited options exist to mitigate the effects of mycotoxins in poultry feed
once consumed; therefore, prevention is the best method to avoid aflatoxin contamination
and its harmful effects. Prevention of aflatoxin contamination in the feed supply chain is
achieved through numerous pre- and post-harvest practices. Among them, the use of Good
Agricultural Practices is crucial, such as the proper use of insecticides and antifungals, crop
rotation, use of non-aflatoxigenic biocontrol fungal strains, and proper harvest times [2,3].
Because it is impossible to prevent fungal spore contamination from the field, post-harvest
practices are necessary to ensure a safe food and feed supply. Currently, there is a demand
for the use of natural, safe, and environmentally friendly approaches to reduce fungal and
mycotoxin contamination in food and feed.

Toxins 2023, 15, 635. https:/ /doi.org/10.3390/toxins15110635

https:/ /www.mdpi.com/journal/toxins


https://doi.org/10.3390/toxins15110635
https://doi.org/10.3390/toxins15110635
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0003-1998-7020
https://orcid.org/0000-0002-4597-4031
https://orcid.org/0000-0001-9778-3053
https://doi.org/10.3390/toxins15110635
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins15110635?type=check_update&version=1

Toxins 2023, 15, 635

20f11

Organic acids are a class of compounds that naturally occur in living organisms and
are used in fundamental metabolic processes [4]. Propionic acid, for example, naturally
exists in milk products and is produced by Propionibacteria [5]. Organic acids are also
commonly used in food processing and preservation [6]. Some organic acids, such as citric
and lactic acid, can improve the nutritional properties of feed through the degradation of
anti-nutritive substances [6]. Butyric acid (BA), when added to a poultry diet, has shown
positive effects on health, performance, and can be an effective alternative to antibiotics
against Salmonella and Escherichia coli infections [7]. Numerous studies have shown the
efficacy of various organic acids in inhibiting fungal growth and mycotoxin production.
Some organic acids inhibit fungal growth, while others allow growth but inhibit the
production of mycotoxins. Hassan et al. [8] examined several organic acids and found that
while all were able to inhibit the growth of the A. flavus strains tested, only acetic, formic,
and lactic acid partially inhibited aflatoxin production in addition to reducing growth. An
early study showed that both propionic and butyric acids at sublethal doses were able to
reduce aflatoxin production in A. flavus [9].

Essential oils consist of the major volatile secondary metabolic products isolated
from leaves, bark, flowers, buds, stems, roots, or fruit of aromatic plants [10]. These
metabolic products include alcohols, ketones, aldehydes, terpenes, and other characteristic
compounds [11]. Essential oils are known for their antioxidant, antimicrobial, analgesic,
antipyretic, antiulcer, anticonvulsant, and anticancer properties [12]. Essential oils also
improve poultry growth performance and control the growth of intestinal microflora (e.g.,
reduce pathogenic bacteria), thus improving gut health and meat quality [13,14]. Essential
oils achieve this by stimulating digestive enzyme secretion and stabilizing the gut microflora
ecosystem [15-20]. Overall, with industrial curtailment of antibiotic use, essential oils
are an attractive alternative in poultry production due to their natural, less problematic
properties [13,21]. In specific combinations, paired essential oils or an essential oil combined
with other decontamination treatments can create synergistic effects [22,23]. Xiang et al. [22]
found that cinnamon, oregano, and lemongrass essential oils in a 1:5:48 ratio exhibited
synergy when compared to the individual essential oils alone and that combination was
able to reduce aflatoxin production by one half via transcriptional repression of the aflatoxin
biosynthetic genes.

The beneficial synergy between essential oils and organic acids has been studied before,
but only regarding the protection of poultry health against pathogenic bacteria [23,24].
At the time of writing this paper, the combined effectiveness of any organic acid and
essential oil has not been tested against A. flavus. In the current study, we hypothesized
that synergy between organic acids and essential oils will effectively combat postharvest A.
flavus growth and subsequent aflatoxin contamination in corn destined for poultry feed.
To test this, we initially exposed A. flavus to three organic acids (acetic acid (AA), butyric
acid (BA), and propionic (PA)) and three essential oils (cinnamon oil (CO), lemongrass
oil (LO), and oregano oil (OO)) to determine the minimal inhibitory concentration (MIC).
For this study, we used the definition of synergy as exceeding the sum of the effects of
combined inhibitors [25]. To determine the synergy, sub-inhibitory doses of organic acids
and/or essential oils were combined to control the growth of A. flavus. Initial studies
were conducted in media with additional experiments using corn kernels to simulate the
relevant contamination conditions more closely. We demonstrated that specific essential
oils provide synergistic inhibition of A. flavus growth when combined with organic acids at
concentrations well below one-half of their respective MICs.

2. Results
2.1. Effects of Select Organic Acids and Essential Oils against A. flavus Growth on Potato
Dextrose Media

Three organic acids (acetic acid (AA), butyric acid (BA), and propionic acid (PA)) were
tested in the current study, with BA proving to be the most effective at preventing the
growth of A. flavus with the lowest MIC at a final concentration of 0.10% (Figure 1). PA was
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the second most effective at 0.15%, while AA required the highest concentration at 0.25% to
fully inhibit A. flavus growth (Figure 2). Three essential oils were compared to inhibit A.
flavus growth (cinnamon oil (CO), lemongrass oil (LO), and oregano oil (OO)). In contrast
to the organic acids, a wide range of MICs was observed between the essential oils. LO
required 250 pL/L air for its vapors to fully suppress the growth of A. flavus, while CO
required four times that amount at 1000 uL/L air to achieve a similar result (Figure 2). OO
has been previously reported [22] to have antifungal activity against A. flavus, which was
also observed in this study However, at 32 times (8000 pL/ L air) the MIC of LO, A. flavus
was still able to grow albeit slowly. Due to this lack of efficacy, OO was eliminated from
further synergy testing. To determine if the MIC was fungistatic or fungicidal, cells at the
inoculation point were recovered with a sterile cotton swab and streaked on a fresh PDA
plate without any essential oils or organic acids added. After three days of incubation, only
the LO proved to be fungistatic, producing new growth, while all other tested organic acids
and essential oils were fungicidal.

2.2. Synergism between Organic Acids and Essential Oils to Inhibit A. flavus Growth on PDA

Based on their individual assessments, we tested the inhibitory synergy against A.
flavus by combining the most effective organic acid MICs with CO and LO using serial half
dilutions (Tables 1 and 2). We found that all organic acid combinations mixed with 1/2
MIC of either oil caused complete growth inhibition of A. flavus. It also appeared that in
synergistic interactions, the oil was the major component inhibiting A. flavus, as the fungus
became more resistant to combinations with lower amounts of oil vs. lower amounts of
organic acid (Tables 1 and 2). This was evident because reducing any organic acid down to
1/16 its MIC, then adding 1/2 the MIC of either CO or LO, demonstrated full inhibition.
The inverse combinations reduced A. flavus growth, but not fully. On solid PDA plates,
PA and LO demonstrated the highest synergy (Table 1). CO showed versatile inhibitory
synergy in all organic acid combinations (Table 2).

Control 0.25% 0.15% 0.14% 0.12% 0.10%

J

Control 0.15%

Butyric :
Control Q-ZO,% )

Propionicrf Y/:

M 4

Figure 1. Minimal inhibitory concentrations (MICs) of three organic acids against Aspergillus flavus.

Cultures were tested in liquid PDB for three days. Each organic acid was added to the indicated final
concentration. The red text highlights the concentrations designated as the MIC.
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Figure 2. Minimal inhibitory concentration of essential oils against Aspergillus flavus on solid PDA.
The MIC of LO and CO was determined to be 250 pL/L and 1000 uL/L air, respectively. No MIC
for OO was determined because even at 8000 uL/L air, while strongly inhibitory, it did not fully
suppress A. flavus growth.

Table 1. Lemongrass oil synergy with organic acids on solid PDA.

Lemongrass Oil

1/2 MIC 1/4 MIC 1/8 MIC 1/16 MIC
1/2 MIC ++ ++ ++ +
. . 1/4 MIC ++ + + +
Acetic Acid 1/8 MIC — + _ _
1/16 MIC ++ — — —
1/2 MIC ++ ++ ++ +
. . 1/4 MIC ++ + + +
Butyric Acid 1/8 MIC - N N N
1/16 MIC ++ + — —
1/2 MIC ++ ++ ++ +
- . 1/4 MIC ++ ++ + +
Propionic Acid 1/8 MIC ++ ++ + +
1/16 MIC ++ + + +

N

Note: Each combination’s rating was based on its level of inhibition: “++” indicates complete inhibition; “+
indicates partial inhibition; “—" indicates poor or no inhibition. The lowest concentration for a combination
that received the “++” rating was designated its combined MIC. Dilutions were based on the full MICs of each
compound: lemongrass oil (250 uL/L air), acetic acid (1500 mg/kg), butyric acid (1760 mg/kg), propionic acid
(2222 mg/kg).
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Table 2. Cinnamon oil synergy with organic acids on solid PDA.

Cinnamon Qil

1/2 MIC 1/4 MIC 1/8 MIC 1/16 MIC
1/2 MIC ++ ++ + +
Acetic Acid 1/4 MIC ++ + + +
cetic Act 1/8 MIC ++ + + +
1/16 MIC ++ + + +
1/2 MIC ++ ++ ++ +
. . 1/4 MIC ++ + + +
Butyric Acid 1/8 MIC ++ + + +
1/16 MIC ++ + + +
1/2 MIC ++ ++ ++ +
. . 1/4 MIC ++ + + +
Propionic Acid 1/8 MIC . N N +
1/16 MIC ++ + + +

7

Note: Each combination’s rating was based on its level of inhibition: “++” indicates complete inhibition; “+
indicates partial inhibition. The lowest concentration for a combination that received the “++” rating was
designated its combined MIC. Dilutions were based on the full MICs of each compound: cinnamon (8000 uL/L
air), acetic acid (1500 mg/kg), butyric acid (1760 mg/kg), propionic acid (2222 mg/kg).

2.3. Effects of Select Organic Acids and Essential Oils agasint A. flavus on Corn Kernels

The MICs for each compound found to be effective against A. flavus on PDA were also
tested for the inhibitory effects of A. flauvs on corn kernels. The results indicated that the
MICs observed on agar were not sufficient to inhibit fungal growth on kernels. Based on
this result, we repeated our initial experiments to determine the MICs of each compound
for corn kernels (Table 3). Compared to our trials on agar, LO performed poorly. Previously,
LO outperformed CO at 1/4 of the MIC ratio, but when using kernels, LO was a much
weaker inhibitor. Even at 8000 pL/L air, LO was still unable to completely inhibit fungal
growth on kernels, whereas CO at that concentration fully inhibited A. flavus growth on
kernels. In contrast to the essential oils, the three organic acids required relatively similar
concentrations (AA = 1500 mg/kg, BA = 1760 mg/kg, and PA = 2222 mg /kg) to fully
inhibit A. flavus growth.

Table 3. Minimal inhibitory concentration of essential oils and organic acids on corn kernels.

8000 uL/L air 4000 uL/L air 2000 nuL/L air 1000 uL/L air

Cinnamon it N " N
Lemongrass 8000 uL/Lair 4000 uL/Lair 2000 uL/Lair 1000 uL/L air
+ + + -
k 1 ki 7 ki 7 k
Acetic Acid 3000 mg/kg 500 mg/kg 50 mg/kg 375 mg/kg
++ ++ + _
Butyric Acid 1760 mg/kg 880 mg/kg 440 mg/kg 220 mg/kg
++ + + +
Propionic Acid 2222 mg/kg 1111 mg/kg 556 mg/kg 278 mg/kg
++ + + +
Note: A “—” means concentration had no observable effect on the growth of A. flavus, a “+” indicates partial

growth inhibition, and a “++” rating indicates complete fungal inhibition resulting in no growth. The lowest
concentration that received the “++” was designated the MIC.

2.4. Synergism between Organic Acids and Essential Oils to Inhibit A. flavus Growth on
Corn Kernels

Due to the low efficacy on kernels of OO and LO, we focused further synergy testing
on organic acid pairings with CO. In combination with CO, each acid displayed synergy
and was able to be used at 1/2 of the MIC and still fully inhibit A. flavus growth (Table 4).
For example, AA and CO completely suppressed the growth of A. flavus at 1/2 MIC
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(750 mg/kg) of AA and 1/4 MIC (2000 pnL/L air) of CO. Further, AA appears to have the
weakest synergy with CO since the other tested combinations of CO + AA only partially
suppressed, or completely failed to suppress, A. flavus growth. BA and PA showed similar
synergestic results with CO. Combining 1/2 MIC for either organic acid (BA = 880 mg/kg,
PA = 1111 mg/kg) with 1/4 MIC of CO (1000 uL/L air) completely prevented A. flavus
growth on kernels. When lowering the organic acid concentration below 1/2, the MIC
resulted in only partial growth inhibition. All other combinations tested did not fully
suppress the growth of A. flavus growth on corn kernels.

Table 4. Cinnamon oil synergy with organic acids on corn kernels.

Cinnamon Qil

1/2 MIC 1/4 MIC 1/8 MIC
1/2 MIC ++ ++ ++
Acetic Acid 1/4 MIC ++ + +
1/8 MIC T+ i .
1/2 MIC ++ ++ ++
Butyric Acid 1/4 MIC ++ + +
1/8 MIC T+ i .
1/2 MIC ++ ++ ++
Propionic Acid 1/4 MIC ++ ++ +
1/8 MIC T+ i +

Note: Each combination’s rating was based on its level of inhibition: “++” indicates complete inhibition; “+”
indicates partial inhibition; “—" indicates poor or no inhibition. The lowest concentration for a combination
that received the “++” rating was designated its combined MIC. Dilutions were based on the full MICs of each
compound: cinnamon (8000 nuL/L air), acetic acid (1500 mg/kg), butyric acid (1760 mg/kg), propionic acid
(2222 mg/kg).

3. Discussion

To prevent A. flavus contamination and subsequent aflatoxin contamination, both
organic acids and essential oils have been previously studied, albeit separately in poultry
feed. As agricultural antimicrobial drug use has become more restricted in developed
nations, the industry is pushing for more natural solutions as mycotoxin contamination
preventatives. The end goal of this research is to find a cost-effective treatment to prevent
aflatoxin contamination in poultry feed. The intial pH values of broiler and layer feeds
are between 6.1 and 7.2 [26]. Many previous studies have demonstrated that more acidic
condtions (between pH 5.0 and 5.5) are more conducive to A. flavus growth and to its
ability to produce aflatoxin [27-29]. The use of organic acids is not a novel concept for
avoiding microbial contamination and it is used to suppress Salmonella and Clostridum
bacteria [30,31]. If used to prevent the spread of A. flavus, these acids would likely decrease
the pH of the feed. Therefore, not fully eliminating the fungus would potentially create
conditions more conducive to the production of aflatoxin. As seen in Figure 1, the lowest
concentration of acetic acid facilitated better growth than the control, consistent with the
better growth of A. flavus at a lower pH. While synergy between different essential oils
has been found before [22], this study is the first to examine combining essential oils and
organic acids together to combat A. flavus growth and thus prevent aflatoxin contamination.

Testing essential oils and organic acids together has revealed synergy in their inhibition
of A. flavus. The results demonstrated that the levels of synergy varied between chemical
combinations, with higher concentrations needed to control growth on kernels than on
synthetic media. On PDA, the combination of LO and PA was the most effective pairing
requiring the lowest doses to fully inhibit A. flavus. CO and the other two organic acids also
performed well, but required higher concentrations. In contrast, testing MIC concentrations
from PDA on corn kernels revealed large differences in performance with LO particularly
underperforming. Synergy on kernels was confirmed between CO and all three organic
acids, even though the original MICs determined on agar were unable to inhibit A. flavus
growth on corn. In A. flavus infections, the fungus will penetrate the outer wall of the
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kernel to reach the endospore of the seed and obtain nutrients [32]. Since LO was only
mildly inhibitory on corn kernels, it is likely some fungal spores on the surface were able
to germinate and infect the kernel. Within the seed, the fungus would have been able to
thrive and potentially contaminate using the kernels with aflatoxin. This highlights the
fact that while in vitro experimental results can be used to infer relationships for practical
purposes, it is important to test conditions that adequately mimic real-world settings.

Previous literature has demonstrated that specific organic acids and essential oils can
reduce the growth of A. flavus and aflatoxin production [8,9,22,33,34]. Additional studies
also revealed that these compounds supressed the expression of genes in the aflatoxin gene
cluster including afIR and the global regulatory gene laeA [22,35,36]. However, in these
studies, while severely reduced upon exposure to these compounds at sublethal doses,
the fungus was still able to produce aflatoxin albeit at a reduced capacity. This indicates
that if A. flavus growth is not fully inhibited, it could eventually produce a dangerous
amount of aflatoxin. Additionally, while aflatoxin is the only regulated mycotoxin that
A. flavus produces, it can produce others, such as aflatrem, a tremorgenic mycotoxin, and
cyclopiazonic acid, an indole-tetramic mycotoxin that is an inhibitor of calcium dependent-
ATPases [37,38]. Aflatrem has not been studied in poultry but in rats, aflatrem was shown to
decrease the capacity of GABA and glutamate uptake systems affecting nuerotransmitters
and also potentially causing nerve terminal degradation [39]. In broilers, cyclopiazonic acid
was shown to cause ulcerative proventriculitis, gizzard mucosal necrosis, and hepatic and
splenic inflammation and necrosis [40]. Since A. flavus in most cases was not killed, when
these compounds eventually dissipate, the fungus will likely contaminate food and feed
with the aforementioned mycotoxins. Research into the duration that these organic acids
and essential oils are inhibitory requires further study. To avoid this problem, our current
study focused on determining the concentrations that were fungicidal and completely
stopped the growth of A. flavus.

As stated earlier, this is the first study to combine essential oils and organic acids
and test their effectiveness in A. flavus growth inhibition, but this is not the first time the
synergies between organic acids and essential oils have been evaluated. Yang et al. [24]
found that mixtures of essential oils and organic acids improved feed conversion ratios
through their antimicrobial activities and by promoting digestive enzyme function. Pham
et al. [23] detailed the beneficial effects of using encapsulated essential oils and organic
acids in poultry feed, which improved growth performance, modulated cecal microbiota,
and had the potential to be an antimicrobial alternative with a focus on mitigating necrotic
enteritis gut impairment. Necrotic enteritis is a major economic problem affecting poultry
health and productivity [41-43]. While not a direct cause, ingested aflatoxin has been
shown to predispose birds to necrotic enteritis [44]. This suggests that applying effec-
tive combinations of essential oils and organic acids to poultry feed has the potential to
both combat mycotoxin contamination and improve the overall health and performance
of poultry.

4. Conclusions

As industries push toward the use of more natural antimicrobials, essential oils and
organic acids offer an alternative to combat A. flavus growth and subsequent aflatoxin
contamination. The poultry industry has already started using these compounds for their
health benefits in birds and their inhibitory effect on pathogenic bacteria. Our study
reconfirmed that these compounds could inhibit the growth of A. flavus, but we have also
demonstrated that combining organic acids and essential oils offers synergistic effects.
For example, we found that using 1/4 of the MIC of CO with 1/2 of the MIC of BA
fully inhibited A. flavus, demonstrating synergy between these compounds. The results
presented here demonstrate that combining selected essential oils and organic acids could
be an effective alternative in combating A. flavus growth in poultry feed.
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5. Materials and Methods
5.1. Strain and Growth Conditions

In all experiments, the A. flavus wild-type strain NRRL3357 was used. A. flavus was
grown in the dark at 28 °C for all experiments. For experiments using media, solid potato
dextrose agar (PDA, Acumedia) or liquid potato dextrose broth (PDB, Acumedia) was used.
For inoculum, cultures were grown for 3 days on PDA, washed with sterile water to collect
conidia, and then filtered through cheesecloth. Conidia were quantified by hemacytometer.

5.2. Minimal Inhibitory Concentration Determination of Organic Acids and Essential Oils

To determine the MIC of organic acids to inhibit A. flavus growth, 1 mL of PDB
was added to each well of a 24-well plate and specified amounts of pure acetic, butyric,
or propionic acid (Millipore Sigma: AA—W200611-10KG-K, BA—W222119-5KG-K, PA—
W292400-10KG-K) added. For inoculum, 10* conidia of A. flavus were added to each well.
Cultures were incubated stationary for 3 days as stated above, and growth was assessed.

Concentrations for each volatile essential oil (cinnamon: Millipore Sigma (#=W22902-
1KG-K); lemongrass: Fisher Scientific (8007-02-1); and oregano: Dosto) were based on the
unit pL/L air, as described in the work by Cisarovd et al. [45]. For inoculation, A. flavus
conidia at a concentration of 5 x 103 suspended in 5 uL of water were spotted at the center
and four cardinal points of each plate. Due to the volatile producing nature of essential
oils, they were applied to Whatman 2 paper filter discs (42.5 mm) instead of incorporation
in the PDA. Filter discs were placed on the lids of the Petri plates, wrapped in parafilm,
and incubated inverted. After five days, the cultures were assessed for growth. The lowest
concentration that completely inhibited all visible growth was the MIC. Each organic acid
and essential oil were tested individually.

5.3. Synergy Testing on PDA

Synergy tests between essential oils and organic acids combined serial half dilutions
(e.g.,1/2,1/4,1/8, and 1/16) from each respective MIC. The growth of A. flavus was
assayed on PDA using these combinations. Appropriate concentrations of each organic
acid were added to molten PDA and the volatile essential oils were added on filter paper
as described above. Spot inoculation with 5 x 10° conidia of A. flavus was performed as
described above for testing the essential oil MIC. To identify synergistic combinations, we
employed a three-tier (++, +, —) growth scoring system compared to a no-treatment control
(Figure 3) with “++” indicating full inhibition of fungal growth, “+” partial inhibition of
fungal growth, and “—" for no visible inhibition of fungal growth.

++ = Complete + = Partial Growth - =No Visible
Growth Inhibition Inhibition Effect on Growth

Figure 3. Methodology for essential oil and organic acid scoring for minimal inhibitory concentration
and synergy in inhibition of Aspergillus flavus growth. Images showing visual cues for scoring full
inhibition (++), partial inhibitoni (+), and no inhibition (-) of A. flavus in growth experiments.
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5.4. MIC and Synergy Testing on Corn Kernels

Corn kernels were initially screened for damage and only whole, undamaged kernels
were used. Kernels underwent a surface and internal disinfestation treatment [46]. Briefly,
kernels were washed three times with sterile distilled water, then submerged in a 10%
bleach solution for 10 min with moderate agitation followed by another sterile water rinse.
This process was repeated with 95% ethanol. To remove internal contaminants, kernels
were placed in a 65 °C water bath for 30 min. Kernels were then air dried in a biosafety
cabinet and used immediately or maintained in sterile conditions at 4 °C for up to 24 h
prior to use.

For individual MIC testing, 10 g (0.2 g) of sterilized kernels were used for each treat-
ment replicate. Specific amounts of each organic acid were added to 5 mL of sterile water.
The dilute organic acid mix was sprayed onto the kernels with an Equate Fingertip Sprayer
(59 mL). Kernels were then allowed to air dry in a biosafety hood prior to inoculation. As
with agar, the essential oils were placed on a filter disk, which was then placed on the lid
of a 60 mm Petri plate. This lid was inverted and placed within a 100 mm standard Petri
plate (Figure 3). To simulate infection caused naturally in storage conditions, two A. flavus
colonized kernels were mixed with the treated seeds. A. flavus colonized kernels were
produced by placing sterilized kernels in 10 mL of water with conidia (10° conidia/mL)
in a petri plate overnight at 28 °C in the dark. Inoculated kernels were transferred to a
new plate and incubated for seven days. Treated and infected kernels were then vigorously
hand shaken together in a 50 mL conical tube for 30 s and then plated. For all treatment
types, kernels were incubated in the dark for five days before assessing fungal growth. As
before, a rating scale of “++”, “+”, or “—" was assigned to the treatments as a measure
of inhibition. The lowest dose with a “++” rating was determined to be the MIC for that
respective compound. Synergy between organic acids and essential oils was tested with
a two-fold dilution series (1/2, 1/4, & 1/8) of each compound based on its previously
determined MIC on kernels.

Author Contributions: Conceptualization, A.P.-A., AE.G., S.E.G. and T.S.; methodology, T.S., CM.M,,
AP-A., AE.G. and S.E.G,; validation, T.S.,, CM.M., AP-A,, AE.G, C.C. and S.E.G,; formal analysis,
T.S.,, CM.M. and A.P-A,; investigation, T.S., CM.M., A.P-A., AE.G,, C.C. and S.E.G.; resources,
T.S.,, CMM,, AP-A., AE.G., C.C. and S.E.G,; data curation, T.S., CM.M., A.P-A., AE.G., C.C.and
S.E.G.; writing—original draft preparation, T.S., CM.M. and A.P-A.; writing—review and editing,
TS, CMM., AP-A., AEG., C.C.and S.E.G,; visualization, T.S., CM.M., AP-A, AE.G., C.C.and
S.E.G,; supervision, T.S.,, CM.M., AP-A., A.E.G. and S.E.G; project administration, T.S., CM.M. and
A.P-A; funding acquisition, T.S., A.P-A., A.E.G. and S.E.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by USDA ARS Project number: 6040-42000-046-000D.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within this article.
Acknowledgments: The authors are grateful to Lincoln Adams for his assistance.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bennett, ].W,; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497-516. [CrossRef] [PubMed]

2. Adebiyi, ].A,; Kayitesi, E.; Adebo, O.A.; Changwa, R.; Njobeh, P.B. Food fermentation and mycotoxin detoxification: An African
perspective. Food Control 2019, 106, 106731. [CrossRef]

3. Alberts, ].E; Lilly, M.; Rheeder, J.P.; Burger, H.M.; Shephard, G.S.; Gelderblom, W.C.A. Technological and community-based
methods to reduce mycotoxin exposure. Food Control 2017, 73, 101-109. [CrossRef]

4. Hajati, H. Application of organic acids in poultry nutrition. Int. J. Avian. Wildl. Biol. 2018, 3, 324-329. [CrossRef]

5. Yun,];Lee, D.G. A novel fungal killing mechanism of propionic acid. FEMS Yeast Res. 2016, 16, fow089. [CrossRef] [PubMed]


https://doi.org/10.1128/CMR.16.3.497-516.2003
https://www.ncbi.nlm.nih.gov/pubmed/12857779
https://doi.org/10.1016/j.foodcont.2019.106731
https://doi.org/10.1016/j.foodcont.2016.05.029
https://doi.org/10.15406/ijawb.2018.03.00114
https://doi.org/10.1093/femsyr/fow089
https://www.ncbi.nlm.nih.gov/pubmed/27707757

Toxins 2023, 15, 635 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

Humer, E.; Lucke, A.; Harder, H.; Metzler-Zebeli, B.U.; Bohm, J.; Zebeli, Q. Effects of citric and lactic acid on the reduction of
deoxynivalenol and its derivatives in feeds. Toxins 2016, 8, 285. [CrossRef]

El-Saadony, M.T.; Umar, M.; Hassan, E; Alagawany, M.; Arif, M.; Taha, A.E.; Elnesr, S.S.; El-Tarabily, K.A.; Abd El-Hack, M.E.
Applications of butyric acid in poultry production: The dynamics of gut health, performance, nutrient utilization, egg quality,
and osteoporosis. Anim. Health Res. Rev. 2022, 23, 136-146. [CrossRef]

Hassan, R.A.; Sand, M.L; El-Kadi, S.M. Effect of some organic acids on fungal growth and their toxins production. J. Agric. Chem.
Biotechn. 2012, 3, 391-397. [CrossRef]

Ghosh, J.; Haggblom, P. Effect of sublethal concentrations of propionic or butyric acid on growth and aflatoxin production by
Aspergillus flavus. Int. |. Food Microbiol. 1985, 2, 323-330. [CrossRef]

Maurya, A.; Prasad, J.; Das, S.; Dwivedy, A. Essential oils and their application in food safety. Front. Sustain. Food Syst. 2021, 5,
653420. [CrossRef]

Perczak, A.; Ju$, K.; Gwiazdowska, D.; Marchwiriska, K.; Waskiewicz, A. The efficiency of deoxynivalenol degradation by
essential oils under in vitro conditions. Foods 2019, 8, 403. [CrossRef] [PubMed]

Uma, K.; Huang, X.; Kumar, B.A. Antifungal effect of plant extract and essential oil. Chin. J. Integr. Med. 2017, 23, 233-239.
[CrossRef] [PubMed]

Zhai, H.; Liu, H.; Wang, S.; Wu, J.; Kluenter, A.M. Potential of essential oils for poultry and pigs. Anim. Nutr. 2018, 4, 179-186.
[CrossRef]

Ding, Y.; Hu, Y.; Yao, X.; He, Y,; Chen, J.; Wu, J.; Wu, S.; Zhang, H.; He, X.; Song, Z. Dietary essential oils improves the
growth performance, antioxidant properties and intestinal permeability by inhibiting bacterial proliferation, and altering the gut
microbiota of yellow-feather broilers. Poult. Sci. 2022, 101, 102087. [CrossRef] [PubMed]

Bento, M.; Ouwehand, A; Tiihonen, K.; Lahtinen, S.; Nurminen, P,; Saarinen, M. T.; Schulze, H.; Mygind, T.; Fischer, J. Essential
oils and their use in animal feeds for monogastric animals—Effects on feed quality, gut microbiota, growth performance and food
safety: A review. Vet. Med. 2013, 58, 449-458. [CrossRef]

Franz, C.; Baser, K.; Windisch, W. Essential oils and aromatic plants in animal feeding—A European perspective. A review.
Flavour Fragr. ]. 2010, 25, 327-340. [CrossRef]

Kurekci, C.; Al Jassim, R.; Hassan, E.; Bishop-Hurley, S.L.; Padmanabha, J.; Mcsweeney, C.S. Effects of feeding plant-derived
agents on the colonization of Campylobacter jejuni in broiler chickens. Poult. Sci. 2014, 93, 2337-2346. [CrossRef]

Lee, KW.; Everts, H.; Kappert, H.; Frehner, M.; Losa, R.; Beynen, A. Effects of dietary essential oil components on growth
performance, digestive enzymes and lipid metabolism in female broiler chickens. Br. Poult. Sci. 2003, 44, 450-457. [CrossRef]
O’Bryan, C.A.; Pendleton, S.J.; Crandall, P.G.; Ricke, S.C. Potential of plant essential oils and their components in animal
agriculture-in vitro studies on antibacterial mode of action. Front. Vet. Sci. 2015, 2, 1-8. [CrossRef]

Williams, P.; Losa, R. The use of essential oils and their compounds in poultry nutrition. World. Poult. Sci. |. 2001, 17, 14-15.
[CrossRef]

Gong, J; Yin, E; Hou, R;; Yin, Y.L. Review: Chinese herbs as alternatives to antibiotics in feed for swine and poultry production:
Potential and challenges in application. Can. J. Anim. Sci. 2014, 94, 223-241. [CrossRef]

Xiang, F.; Zhao, Q.; Zhao, K.; Pei, H.; Tao, F. The efficacy of composite essential oils against aflatoxigenic fungus Aspergillus flavus
in maize. Toxins 2020, 12, 562. [CrossRef] [PubMed]

Pham, V.H.; Abbas, W.; Huang, J.; He, Q.; Zhen, W.; Guo, Y.; Wang, Z. Effect of blending encapsulated essential oils and organic
acids as an antibiotic growth promoter alternative on growth performance and intestinal health in broilers with necrotic enteritis.
Poult. Sci. 2022, 101, 101563. [CrossRef] [PubMed]

Yang, X.; Liu, Y.; Yan, F; Yang, C.; Yang, X. Effects of encapsulated organic acids and essential oils on intestinal barrier, microbial
count, and bacterial metabolites in broiler chickens. Poult. Sci. 2019, 98, 2858-2865. [CrossRef]

Klaassen, C.D. Casarett and Doull’s Toxicology: The Basic Science of Poisons; McGraw-Hill: New York, NY, USA, 2006; ISBN
978-007-147-051-3.

Cox, N.A,; Cason, J.A.; Buhr, R].; Richardson, K.E.; Richardson, L.J.; Rigsby, L.L.; Fedorka-Cray, PJ. Variations in preenrichment
pH of poultry feed and feed ingredients after incubation periods up to 48 hours. JARP 2013, 22, 190-195. [CrossRef]

Buchanan, R.L.; Ayres, J.C. Effect of initial ph on aflatoxin production. Appl. Microbiol. 1975, 30, 1050-1051. [CrossRef]

Ehrlich, K.C.; Montalbano, B.G.; Cotty, PJ. Divergent regulation of aflatoxin production at acidic ph by two Aspergillus strains.
Mycopathologia 2005, 159, 579-581. [CrossRef]

Casquete, R.; Benito, M.].; de Cérdoba, M.; Ruiz-Moyano, S.; Martin, A. The growth and aflatoxin production of Aspergillus flavus
strains on a cheese model system are influenced by physicochemical factors. JDS 2017, 100, 6987-6996. [CrossRef]

Swaggerty, C.L.; Byrd, ].A.; Arsenault, R.J.; Perry, F,; Johnson, C.N.; Genovese, K.J.; He, H.; Kogut, M.H.; Piva, A.; Grilli, E. A
blend of microencapsulated organic acids and botanicals reduces necrotic enteritis via specific signaling pathways in broilers.
Poult. Sci. 2022, 101, 101753. [CrossRef]

van Immerseel, F; Russell, ].B.; Flythe, M.D.; Gantois, L.; Timbermont, L.; Pasmans, F.; Haesebrouck, E; Ducatelle, R. The use
of organic acids to combat Salmonella in poultry: A mechanistic explanation of the efficacy. Avian Pathol. 2006, 35, 182-188.
[CrossRef]


https://doi.org/10.3390/toxins8100285
https://doi.org/10.1017/S1466252321000220
https://doi.org/10.21608/jacb.2012.55011
https://doi.org/10.1016/0168-1605(85)90022-4
https://doi.org/10.3389/fsufs.2021.653420
https://doi.org/10.3390/foods8090403
https://www.ncbi.nlm.nih.gov/pubmed/31514336
https://doi.org/10.1007/s11655-016-2524-z
https://www.ncbi.nlm.nih.gov/pubmed/27590142
https://doi.org/10.1016/j.aninu.2018.01.005
https://doi.org/10.1016/j.psj.2022.102087
https://www.ncbi.nlm.nih.gov/pubmed/36095866
https://doi.org/10.17221/7029-VETMED
https://doi.org/10.1002/ffj.1967
https://doi.org/10.3382/ps.2014-03950
https://doi.org/10.1080/0007166031000085508
https://doi.org/10.3389/fvets.2015.00035
https://doi.org/10.14737/journal.aavs/2014.2.1.1.7
https://doi.org/10.4141/cjas2013-144
https://doi.org/10.3390/toxins12090562
https://www.ncbi.nlm.nih.gov/pubmed/32882838
https://doi.org/10.1016/j.psj.2021.101563
https://www.ncbi.nlm.nih.gov/pubmed/34823183
https://doi.org/10.3382/ps/pez031
https://doi.org/10.3382/japr.2012-00552
https://doi.org/10.1128/am.30.6.1050-1051.1975
https://doi.org/10.1007/s11046-005-1150-7
https://doi.org/10.3168/jds.2017-12865
https://doi.org/10.1016/j.psj.2022.101753
https://doi.org/10.1080/03079450600711045

Toxins 2023, 15, 635 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Soni, P; Gangurde, S.S.; Ortega-Beltran, A.; Kumar, R.; Parmar, S.; Sudini, HK; Lei, Y,; Ni, X.; Huai, D.; Fountain, J.C.; et al.
Functional biology and molecular mechanisms of host-pathogen interactions for aflatoxin contamination in groundnut (Arachis
hypogaea L.) and maize (Zea mays L.). Front. Microbiol. 2020, 11, 227. [CrossRef] [PubMed]

Abd El-Aziz, A.R.; Mahmoud, M.A.; Al-Othman, M.R.; Al-Gahtani, ML.F. Use of selected essential oils to control aflatoxin
contaminated stored cashew and detection of aflatoxin biosynthesis gene. Sci. World J. 2015, 2015, 958192. [CrossRef] [PubMed]
Esper, R.H.; Goncalez, E.; Marques, M.O.; Felicio, R.C.; Felicio, J.D. Potential of essential oils for protection of grains contaminated
by aflatoxin produced by Aspergillus flavus. Front. Microbiol. 2014, 5, 269. [CrossRef] [PubMed]

Moon, Y.S.; Kim, HM.; Chun, H.S,; Lee, S.E. Organic acids suppress aflatoxin production via lowering expression of aflatoxin
biosynthesis-related genes in Aspergillus flavus. Food Control 2018, 88, 207-216. [CrossRef]

Oliveira, R.C.; Carvajal-Moreno, M.; Mercado-Ruaro, P.; Rojo-Callejas, F.; Correa, B. Essential oils trigger an antifungal and
anti-aflatoxigenic effect on Aspergillus flavus via the induction of apoptosis-like cell death and gene regulation. Food Control 2020,
10, 107038. [CrossRef]

Gallagher, R.T.; Wilson, B.J. Aflatrem, the tremorgenic mycotoxin from Aspergillus flavus. Mycopathologia 1979, 66, 183-185.
[CrossRef]

Seidler, N.W.; Jona, I.; Vegh, M.; Martonosi, A. Cyclopiazonic acid is a specific inhibitor of the Ca2+-ATPase of sarcoplasmic
reticulum. JBC 1989, 264, 17816-17823. [CrossRef]

Valde, ].].; Cameron, J.E.; Cole, R.]J. Aflatrem: A tremorgenic mycotoxin with acute neurotoxic effects. Environ. Health Perspect.
1985, 62, 459-463. [CrossRef]

Dorner, JW,; Cole, R].; Lomax, L.G.; Gosser, H.S.; Diener, U.L. Cyclopiazonic acid production by Aspergillus flavus and its effects
on broiler chickens. AEM 1983, 46, 698-703. [CrossRef]

Skinner, J.T.; Bauer, S.; Young, V.; Pauling, G.; Wilson, J. An economic analysis of the impact of subclinical (mild) necrotic enteritis
in broiler chickens. Avian Dis. 2010, 54, 1237-1240. [CrossRef]

Tsiouris, V. Poultry Management: A useful tool for the control of necrotic enteritis in poultry. Avian Pathol. 2016, 45, 323-325.
[CrossRef] [PubMed]

Ibrahim, D.; Ismail, T.A.; Khalifa, E.; Abd El-Kader, S.A.; Mohamed, D.I.; Mohamed, D.T.; Shahin, S.E.; Abd El-Hamid, M.L
Supplementing garlic Nanohydrogel optimized growth, gastrointestinal integrity and economics and ameliorated necrotic
enteritis in broiler chickens using a Clostridium perfringens challenge model. Animals 2021, 11, 2027. [CrossRef] [PubMed]
Cravens, R.L.; Goss, G.R.; Chi, E; De Boer, E.D.; Davis, S.W.; Hendrix, S.M.; Richardson, J.A.; Johnston, S.L. The effects of necrotic
enteritis, aflatoxin B1, and virginiamycin on growth performance, necrotic enteritis lesion scores, and mortality in young broilers.
Poult. Sci. 2013, 92, 1997-2004. [CrossRef] [PubMed]

Cisarova, M.; Tan¢inova, D.; Medo, ].; Ka¢aniova, M. The in-vitro effect of selected essential oils on the growth and mycotoxin
production of Aspergillus species. . Environ. Sci. Health 2016, 51, 668-674. [CrossRef]

Glenn, A.E.; Zitomer, N.C.; Zimeri, A.M.; Williams, L.D.; Riley, R.T.; Proctor, R.H. Transformation-mediated complementation of
a fum gene cluster deletion in Fusarium verticillioides restores both fumonisin production and pathogenicity on maize seedlings.
Mol. Plant-Microbe Interact. 2008, 21, 87-97. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fmicb.2020.00227
https://www.ncbi.nlm.nih.gov/pubmed/32194520
https://doi.org/10.1155/2015/958192
https://www.ncbi.nlm.nih.gov/pubmed/25705718
https://doi.org/10.3389/fmicb.2014.00269
https://www.ncbi.nlm.nih.gov/pubmed/24926289
https://doi.org/10.1016/j.foodcont.2018.01.017
https://doi.org/10.1016/j.foodcont.2019.107038
https://doi.org/10.1007/BF00683969
https://doi.org/10.1016/S0021-9258(19)84646-X
https://doi.org/10.1289/ehp.8562459
https://doi.org/10.1128/aem.46.3.698-703.1983
https://doi.org/10.1637/9399-052110-Reg.1
https://doi.org/10.1080/03079457.2016.1154502
https://www.ncbi.nlm.nih.gov/pubmed/26950433
https://doi.org/10.3390/ani11072027
https://www.ncbi.nlm.nih.gov/pubmed/34359156
https://doi.org/10.3382/ps.2013-03011
https://www.ncbi.nlm.nih.gov/pubmed/23873546
https://doi.org/10.1080/03601234.2016.1191887
https://doi.org/10.1094/MPMI-21-1-0087

	Introduction 
	Results 
	Effects of Select Organic Acids and Essential Oils against A. flavus Growth on Potato Dextrose Media 
	Synergism between Organic Acids and Essential Oils to Inhibit A. flavus Growth on PDA 
	Effects of Select Organic Acids and Essential Oils agasint A. flavus on Corn Kernels 
	Synergism between Organic Acids and Essential Oils to inhibit A. flavus Growth on Corn Kernels 

	Discussion 
	Conclusions 
	Materials and Methods 
	Strain and Growth Conditions 
	Minimal Inhibitory Concentration Determination of Organic Acids and Essential Oils 
	Synergy Testing on PDA 
	MIC and Synergy Testing on Corn Kernels 

	References

