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Abstract 
 
Lippia origanoides (Verbenaceae) is an aromatic plant of great importance in Brazilian medicine. The antifungal and 
antimycotoxigenic effects of Lippia origanoides essential oil (LEO) on Aspergillus carbonarius, Aspergillus flavus and Aspergillus 
ochraceus were investigated. The LEO was obtained by hydrodistillation, and it was characterized by GC-FID and GC-MS. The 
antifungal activity was determined by mycelial growth and mycotoxin and ergosterol assays. Scanning electron microscopy was used 
to evaluate the effect of the LEO on the plasma membrane of fungi. The main constituents in the LEO were carvacrol (58.72%), ρ-
cymene (15.37%) and γ-terpinene (12.73%). Significant fungicidal effects of LEO against A. carbonarius (0.24 μL/mL), A. flavus 
(0.98 μL/mL) and A. ochraceus (0.98 μL/mL) were observed.  A reduction in the ochratoxin A synthesis that ranged from 92.03 to 
98.02% and from 81.72 to 96.92% for the fungal species A. carbonarius and A. ochraceus, respectively, was observed in the presence 
of LEO.  The production of aflatoxin B1 and B2 was qualitatively inhibited. The biosynthesis of ergosterol was significantly inhibited by 
the application of LEO, and morphological alterations and damage to the integrity of the fungal cell membrane were observed. The 
LEO has a high potential for use as an antifungal and antimycotoxigenic agent against A. carbonarius, A. flavus and A. ochraceus.  
 
Keywords: antifungals; ergosterol; essential oil; Lippia origanoides Kunth; ochratoxin; aflatoxins. 

Abbreviations: AFB1_aflatoxin B1; AFB2_ aflatoxin B2; FID_flame ionization detector; GC_gas chromatography; MS_mass 
spectrometer; OTA_ochratoxin A; SEM_ Scanning Electron Microscopy. 
 
Introduction 
 
Humans are constantly exposed to mycotoxins, mainly 
through the consumption of contaminated food, but also 
through inhalation or dermal exposure (Ostry et al., 2017). 
These substances are secondary metabolites produced by 
filamentous fungi during growth, and they contaminate the 
entire food chain and agricultural crops such as coffee, 
grapes, peanuts, corn and products with a high starch content 
(Bennet and Klich, 2003; Saldan et al., 2018, Zhang et al., 
2017). Mycotoxins pose health risks because of their 
toxicities, and they can cause mycotoxicosis in the individual 
who consumes contaminated food and is exposed to toxins 
(Ostry et al., 2017). The fungus Aspergillus flavus produces 
aflatoxin B1 (AFB1) and aflatoxin B2 (AFB2). A. carbonarius and 
A. ochraceus species are considered to be the principal strains 
capable of producing ochratoxin A (OTA). According to the 
IARC, OTA exhibits a possible carcinogenic activity in humans 
(Group 2B), and aflatoxins are classified as natural 
carcinogenic substances for humans (Group 1) (Iarc, 1993; 
Iarc, 2012). 
In addition, filamentous fungi can cause aspergillosis, the 
most common opportunistic fungal infection in 

immunosuppressed individuals (Latgé, 1999). Most human 
infections are caused by Aspergillus fungi. The inhalation of 
spores produced by these fungi can cause lung diseases 
ranging from local inflammation of the airways to life-
threatening infections such as allergic bronchopulmonary 
aspergillosis and invasive arpergillosis (Latgé, 1999; Moazam 
and Denning, 2017; Negri et al., 2018). 
The antifungals available for control of fungal contamination 
are few compared to those available for bacterial control. 
Thus, knowledge of the mechanisms of action of antifungals 
is important for the correct choice of treatment, and they are 
divided into classes according to their mode of action. 
Antifungals that interfere with the enzymes involved in the 
synthesis of ergosterol or sterol itself belong to four classes of 
compounds: azoles (imidazoles: ketoconazole and 
miconazole; triazoles: itraconazole, fluconazole and 
voriconazole), polyenes (amphotericin B and nystatin), 
fluopyrimidine (5-fluorocytosine) and allylamines 
(terbinafine) (Ghannoum and Rice, 1999; Pilmis et al., 2015; 
Tatsumi et al., 2013). However, several fungus strains have 
developed strategies to deal with these antifungals, rendering 
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them resistant to these substances. In addition, the literature 
reports the fact that synthetic antifungal compounds are 
considered to be toxic and can cause undesirable side effects 
(Negri et al., 2018; Prasad et al., 2016). Thus, the search for 
new substances capable of complementing conventional 
therapy and reverting resistance represents the challenge. 
Essential oils are complex mixtures of chemical constituents 
originating from a variety of aromatic plants that exhibit 
antimicrobial properties against various pathogenic 
microorganisms (Bakkali et al., 2008; Raut and Karuppayil, 
2014). Therefore, the use of these natural products might be 
an alternative for traditional treatment. The species Lippia 
origanoides, belonging to the family Verbenaceae, is a very 
aromatic shrub distributed throughout South America, mainly 
in the Amazon region and northeastern Brazil. It is popularly 
known as rosemary d'angola and is more commonly used in 
popular medicine and as a spice for food preparations 
(O'Leary et al., 2012; Menezes et al., 2018; Oliveira et al., 
2014; Pascual et al., 2001). Considering essential oils as a 
source of potential antimicrobial substances, this study 
sought to analyze the chemical composition of LEO and to 
evaluate the antifungal and antimycotoxigenic activities 
against A. carbonarius, A. flavus and A. ochraceus. 
 
Results and discussion 
 
Yield and chemical composition of the essential oil 
The yield of the LEO was 1.06 % (±0.10) (w/w). Thirteen 
compounds were identified from the analysis of volatile 
compounds in the LEO, and the principal compound was 
carvacrol (58.72%), a phenolic monoterpene (Table 1). Other 
major constituents were the monoterpene hydrocarbons ρ-
cymene (15.37%) and γ-terpinene (12.73%), and the 
sesquiterpene trans-β-caryophyllene (4.88%).  
The data for the compounds in the LEO partially corroborated 
those found by Teixeira et al. (2014), who analyzed the 
essential oil from the same plant species collected in the 
Medicinal Plants Garden of UFLA. They determined that 
carvacrol (41.51%), ρ-cymene (18.36%), γ-terpinene (17.03%) 
and thymol (4.86%) were the principal constituents. 
Betancur-Galvis et al. (2011) collected nine samples of L. 
originoides from four regions of Columbia and encountered 
carvacrol (12.2 - 46.2%), ρ-cymene (8.8 - 15.7%), γ-terpinene 
(4.5 to 13.2%), β-caryophyllene (9.4-11.3%), α-phellandrene 
(8.7-9.9%), and thymol (9.2-54.5%) as the principal 
components. 
The compositions of essential oils can be determined by 
genetic factors, but other factors can cause significant 
changes in the composition of secondary metabolites. These 
factors include the season of the year, age and stage of 
development of the plant, period of collection, moisture, 
temperature, soil nutrition, and harvesting and postharvest 
processes (Gobbo-Neto and Lopes, 2007).  
 
Effect of essential oil on mycelial growth  
The effect of different concentrations of the LEO on the 
development of A. carbonarius, A. flavus and A. ochraceus is 
shown in Fig. 1. The results indicated that the LEO inhibited 
the mycelial growth of the fungus in a dose-dependent 
manner. A significant inhibition of mycelial growth (p <0.05) 
at the lowest concentrations tested was observed when it 
was compared to the effect of the control. The highest 
concentrations completely suppressed the growth of A. 
carbonarius, A. flavus and A. ochraceus, with MFC values of 
0.24; 0.98, and 0.98 μL/mL, respectively. The growth of A. 
carbonarius, A. flavus and A. ochraceus was inhibited by the 

LEO concentrations in the ranges of 20.37 to 100%, 31.48 to 
100% and 26.85 to 100%, respectively. 
The antifungal activity of essential oils might be related to 
synergism between the constituents through their complex 
chemical compositions. Moreover, this action might also 
depend on the presence of certain chemical functions present 
in the compounds (Bakkali et al., 2008). The lipophilic 
character of the hydrocarbon backbone and the hydrophilic 
character of the functional groups are of great importance. 
These substances trigger toxic effects on the structure of the 
fungal cell wall and cytoplasmic membrane, resulting in 
leakage of cytoplasmic constituents, alteration in fluidity and 
permeability, and, consequently, interaction with organelles. 
Constituents with functional groups, such as phenols, 
alcohols and aldehydes, can interact with membrane-
associated enzymatic proteins and inhibit their production or 
activity (Kalemba and Kunicka, 2003). 
 
Antimycotoxigenic activity 
The anti-ochratoxigenic properties of the LEO tested at 
various concentrations below the MFC are shown in Fig. 2. 
The effects on the inhibition of OTA synthesis were observed 
in a dose-dependent manner, and the concentrations of LEO 
tested significantly reduced the production of OTA. The only 
statistically significant difference was observed with the 
concentration of 3.91 μL/mL, for which a slightly smaller 
effect than those observed with the other concentrations 
tested with both fungi was seen. High degrees of OTA 
inhibition were observed in A. carbonarius and A. ochraceus, 
ranging from 92.03 to 98.02% and 81.72 to 96.92%, 
respectively. 
Anti-aflatoxigenic properties were observed for the LEO, and 
the biosynthesis of AFB1 and AFB2 in A. flavus was 
qualitatively inhibited. The presence of AFB1 and AFB2 in the 
inoculum of A. flavus without the treatment was determined 
by comparison with the AFB1 and AFB2 standards because it 
presented two characteristic spots with Rf values and 
fluorescence spots similar to commercial standards. These 
two characteristic spots were not observed in different 
treatments, suggesting that LEO was efficient in inhibiting the 
biosynthesis of the mycotoxins produced by A. flavus.  
The interference of the essential oil in the production of 
mycotoxins is a consequence of the decrease in the number 
of mycelia because these toxic substances are mainly 
produced by the mycelial structures of which the filamentous 
fungi are constituted (Hua et al., 2014). In addition, the 
antifungal and antimycotoxigenic activities of essential oils 
are related to the restriction of sporulation in filamentous 
fungi because, when the fungi are exposed to essential oils, 
the production of secondary metabolites (mycotoxins) and 
fungal infections can be prevented (Basak, 2018). The results 
found in this work are justified because a relationship of the 
inhibition of OTA, AFB1 and AFB2 with the mycelial growth and 
sporulation of the fungi was observed. 
Currently, studies present hypotheses that explain the mode 
of action of essential oils in suppressing mycotoxins by 
interfering in stages of the metabolic pathway. Prakash et al. 
(2015) suggest that the essential oil acts by binding enzymes 
responsible for the catabolism of lipids and carbohydrates of 
toxigenic fungi. The decrease at the transcriptional level of 
genes regulating secondary metabolism and the mechanism 
of virulence indicate changes in important enzymes that are 
involved in the metabolism of fungal lipids and proteins 
(Oliveira et al., 2020a; Oliveira et al, 2020b). According to the 
authors, this action of essential oils is related to their 
antimycotoxigenic properties.
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Scanning Electron Microscopy (SEM) 
The morphological changes to A. carbonarius, A. flavus and A. 
ochraceus treated with 0.06, 0.24 and 0.24 μL/mL, 
respectively, of the LEO are shown in Fig. 3. The presence of 
the LEO in the culture medium resulted in a morphology 
different from that of the fungal control. Marked changes 
were observed in the entire length of the hyphae and in the 
apical regions. 
A normal morphology and the healthy development of 
conidial and conidiophore heads, with hyphae of a linear and 
regular shape, could be seen in both controls (Fig. 3A, C and 
E). However, this morphology changed after exposure to 
different concentrations of the LEO. Deformation and craters 
(Fig. 3B), disruption, loss of integrity in the conidial head (Fig. 
3D), and no conidial head formation (Fig. 3F) resulted from 
exposure to the LEO. Anomalies in the morphology of the 
hyphae, which had a smaller diameter, aggregates of wilted 
hyphae, wrinkled, empty, collapsed and flattened hyphae 
(Fig. 3B, D and F) resulted as a consequence of LEO treatment. 
The characteristic morphology with uniform and robust 
hyphae of constant diameter and smooth surface was 
observed in the mycelium of the fungi in the fungal control. 
In contrast, normal morphological structures changed in the 
presence of LEO. The results found in this work are similar to 
other studies in which the presence of essential oil causes 
morphological changes in the fungi, causing shrinkage, lysis, 
reduction of indefinite cell sizes and structures (Bomfim et al., 
2020; Danielli et al., 2018; Kohiyama et al., 2015; Nerilo et al., 
2016). These changes in fungal structures are related to the 
lipophilic properties of the constituents present in essential 
oils that interact with ergosterol, as seen in this study. This 
interaction can affect the enzymatic reactions that regulate 
cell wall synthesis and, consequently, change the 
permeability of the cytoplasmic membrane leading to loss of 
cell integrity and leakage of ions and metabolites (Koyiama et 
al., 2015; Nerilo et al., 2016). 
 
Effect of essential oil on ergosterol synthesis 
Ergosterol is a steroid that is present in the fungus 
membrane. This compound participates as a fluid modulator 
of the fungal membrane. Any effect on this secondary 
metabolite causes an imbalance in the fluidity and promotes 
intracellular homeostatic changes. It is a fundamental 
compound for the survival of the microorganism (He et al., 
2014).  In this study, ergosterol synthesis by all Aspergillus 
species was inhibited in the presence of LEO, with a significant 
difference between the different treatments (p<0.05). This 
fact indicated a dose-dependent effect, in addition to total 
inhibition of steroid biosynthesis (Table 2). These results 
clearly indicate the antifungal effect of LEO, and previous 
studies have also highlighted the efficiency of essential oils on 
ergosterol, where a change in cell structure can make the 
fungus' intracellular environment incompatible with its 
survival (Bomfim et al., 2020; Kohiyama et al., 2015). 
Farag et al. (1989) noted that there is a relationship between 
antimicrobial activity and chemical structures of the principal 
compounds in essential oils. Generally, the effect of an 
essential oil can be attributed to the compounds that have an 
aromatic moiety containing a polar functional group. 
According to the authors, the OH substituents of phenolic 
compounds are quite reactive and capable of forming 
hydrogen bonds with the active sites of the target enzymes, 
thereby increasing the effect of the antimicrobial activity of 
the active principle. Thus, the presence of the OH group in the 

principal (carvacrol, an oxygenated monoterpene with a 
phenol structure) and minor constituents of the LEO might be 
responsible for the antifungal activity.  
Much attention has currently been given to the biological 
potential of herbal products to be used as an alternative to 
conventional products by the pharmaceutical and food 
industry. Essential oils have been extensively researched for 
their efficiency as antifungal agents and for presenting 
ecological characteristics. In this study, the antifungal 
efficiency of the LEO against fungal isolates of the genus 
Aspergillus was seen. In addition, antimycotoxigenic 
properties were observed for the essential oil, wherein the 
syntheses of ochratoxin A and aflatoxins B1 and B2, which 
contaminate food and are harmful to humans, were 
suppressed. 
 
Validation of ergosterol method 
 
Selectivity 
 No interfering substances were observed in the samples at 
the retention time of ergosterol, as can be seen by comparing 
the chromatogram of the sample without the analyte with 
that of the same sample fortified with the ergosterol standard 
at a 1000 μg/L concentration (Fig. 4). 
 
Linearity 
 The linearity of the method was evaluated by estimating the 
determination coefficient for the analytical curve obtained by 
linear regression (y = 23070,29x - 37036,07). The 
determination coefficient was 0.9999, which demonstrates 
the strong linear correlation between the concentration of 
the compound analyzed and the area of the peak (Anvisa, 
2003). 
 
Precision 
 The CV of 1.84% was obtained for the ergosterol analysis at 
the concentration of 10 μg/L, 1.17% at the concentration of 
250 μg/L and 1.49% at the concentration of 1000 μg/L by the 
repeatability test. In the test performed for the evaluation of 
the intermediate precision, a CV of 2.44% was obtained in the 
analysis of ergosterol at the concentration of 10 μg/L, 2.03% 
at the concentration of 250 μg/L and 0.64% at the 
concentration of 1000 μg/L. In both tests, the CVs were lower 
than the 5% limit for the compound analyzed, as 
recommended by Anvisa (2003). Thus, a high degree of 
precision for the ergosterol analysis in fungal samples was 
obtained with the method. 
 
Limits of detection and quantification 
 The LD and LQ for ergosterol were 1.461 and 3.523 μg/L, 
respectively. These values were lower than those found by 
Yuan et al. (2007) (LD = 0.02 μg/mL; LQ = 0.07 μg/mL) and by 
Kohiyama et al. (2015) (LD = 0.15 μg/mL; LQ = 10 μg/mL). This 
fact demonstrates that the method for the analysis of 
ergosterol in fungal samples after treatments with essential 
oils was highly sensitive. Ribani (2004) attributed these 
differences in the parameters to the different 
chromatographic conditions, such as the apparatus or the 
methods adopted for the quantification of the compound. 
 
Accuracy 
 Based on the acceptable limits for the percentage of recovery 
(70-120%),   the   method   presented   good   recovery   for  
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Table 1. Chemical composition of the essential oil from Lippia origanoides Kunth. 

Constituents RT RI reference* RI calculated (%) 

α-Tujene 6.632 924 925 0.96 

α-Pinene 6.854 932 933 0.45 

Myrcene 8.702 988 989 1.19 

α-Phellandrene 9.156 1002 1008 1.09 

α-Terpinene 9.587 1014 1018 1.50 

ρ-Cymene 9.854 1020 1025 15.37 

Limonene 10.038 1024 1030 0.11 

γ-Terpinene 11.179 1054 1058 12.73 

Terpinen-4-ol 16.513 1174 1183 0.13 

Carvacrol 21.936 1298 1299 58.72 

Trans-β-Caryophylene 27.183 1417 1419 4.88 

D-Germancrene 29.864 1484 1481 0.21 

Caryophylene oxide 30.528 1582 1583 0.10 

Total    97.44 

RT: retention time; RI: retention index. * Adams (2007) mass-spectral retention index library. 

 
Fig 1. Antifungal activity of different concentrations of the essential oil from Lippia origanoides on the mycelial growth rate of fungi 
of the genus Aspergillus. The values in the columns of each treatment for each fungus that are followed by different letters are 
significantly different (p <0.05). 
 
Table 2. Effect of the essential oil from Lippia origanoides on the synthesis of ergosterol. 

Essential oil 
concentration 
(µL/mL) 

  Ergosterol inhibition  

Aspergillus carbonarius Aspergillus flavus Aspergillus ochraceus 

(%) μg/L (%) μg/L (%) μg/L 

Controle 0c (±0.00) 1184.95 0c (±0.00) 1132.22 0c (±0.00) 1083 

0.015 84.08b (±0.81) 188.52 73.34d (±0.65) 301.87 62.82d (±0.70) 402.67 

0.06 87.19b (±0.42) 151.66 84.64c (±0.33) 173.85 70.08c (±0.72) 323.99 

0.24 100a (±0.00) 0 90.19b (±0.76) 111.08 73.55b (±0.70) 286.45 

0.98 100a (±0.00) 0 100a (±0.00) 0 100a (±0.00) 0 

*Values with different letters are significantly different (p < 0.05). 
 
 

 
Fig 2. Effect of the essential oil from Lippia origanoides on the production of ochratoxin A by A. carbonarius and A. ochraceus. 
Statistical differences are represented by different letters (p <0.05).
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Fig 3. The effects of the essential oil of Lippia origanoides on the morphology of fungi of the genus Aspergillus are illustrated in the 
electronmicrographs obtained at a magnification of 1500X. (A, C, E) Controls for A. carbonarius, A. flavus e A. ochraceus, respectively. 
(B, D, F) A. carbonarius, A. flavus e A. ochraceus, respectively, treated with essential oil. 
 

 
Fig 4. Chromatograms of the ergosterol-free sample and the sample containing 1000 μg/L of the ergosterol standard. 

 
ergosterol: 90.05 - 99.91% in the A. carbonarius sample, 85.32 
– 105.32% in the A. flavus sample and 85.79 - 99.86% in the 
A. ochraceus sample. The partial values and the mean value 
lay within the acceptable limit range. Yuan et al. (2008) 
obtained a similar recovery of ergosterol in a range of 99.1 to 
101.4%. Kohiyama et al. (2015) obtained a lower recovery 
(77.4%) than that obtained in the present study. 
 
Material and methods 
 
Plant material and extraction of essential oil 
The leaves of Lippia origanoides were collected at the 
Medicinal Plants Garden of the Federal University of Lavras 
(UFLA) (21° 12' 40" S 44° 57' 58" W) in March 2016. The plant 
material was deposited in the ESAL Herbarium (UFLA) under 
registration number 23660. The species was identified by the 
specialist Dr. Fátima Salimena.  
 The essential oil was extracted by the hydrodistillation 
method using a modified Clevenger apparatus (Anvisa, 2010). 
The yield of the oil was determined according to the method 

of Pimentel et al. (2006) and expressed as weight of oil per 
unit weight of plant material on a moisture-free basis. 
 
Chemical characterization of the essential oil 
The chemical composition of the LEO was determined using a 
gas chromatograph coupled to a mass spectrometer (GC-MS, 
Shimadzu Corporation, model QP 2010 Plus, Kyoto, Japan) 
(Adams, 2007). The experimental conditions were the same 
as those used by Brandão et al. (2020). The acquired and 
processed data collection was performed using the 
LabSolutions LC/GC Workstation 2.72. The Van den Dool and 
Kratz (1963) equation was used for retention index 
calculation. The identification of the compounds was based 
on the comparison of their retention indexes with those of 
the literature (Adams, 2007) and on the comparison of their 
mass spectra with those of the FFNSC 1.2, NIST 107 and NIST 
21 mass spectra libraries. The percentage of the constituents 
was determined by normalizing the areas (%) after separation 
by a gas chromatograph equipped with a flame ionization 
detector (GC-FID, Shimadzu GC – 2010, Kyoto, Japan) and 
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using the same experimental conditions as those used for 
identification of the constituents in the essential oil. 
 
Microorganisms  
The species of filamentous fungi tested were Aspergillus 
carbonarius (CCDCA10507), Aspergillus flavus (CCDCA10508) 
and Aspergillus ochraceus (CCDCA10506), acquired from the 
Microorganisms Culture Collection in the Laboratory of 
Mycotoxins and Food Mycology, UFLA. The isolates were 
transferred to Petri dishes containing Malt Extract Agar 
medium (MEA, HiMedia Laboratories Pvt. Ltd., Munbai, Índia) 
and spore solution (106 spores/mL) was prepared according 
to the method of Brandão et al (2020). 
 
Inhibitory effect of the essential oil 
The inhibitory effect of LEO against fungal mycelial growth 
was evaluated according to the method of Brandão et al. 
(2020). The LEO was diluted in DMSO and the concentrations 
tested were 0.015, 0.06, 0.24, 0.98, 3.91 and 15.63 μL/mL. 
The fungal control for the mycelial growth test was 
performed in medium containing only inoculum without the 
essential oil. All the plates were incubated in a BOD at 25 °C 
for 10 days. After incubation, the fungal growth was 
determined from the mycelial diameter (in centimeters). The 
Minimal Fungicidal Concentration (MFC) was considered to 
be the lowest concentration of essential oil that completely 
inhibited fungus growth. All treatments and controls were 
performed in triplicate. 
 
 Inhibition of ochratoxin A synthesis 
Samples for the determination of anti-ochratoxigenic activity 
were prepared using the same culture conditions as those 
described in the previous section (Inhibitory effect). The 
inhibition of OTA production in A. carbonarius (0.015 and 0.06 
μL/mL) and A. ochraceus (0.015, 0.06 and 0.24 μL/mL) by LEO 
was tested at concentrations below the MFC. OTA extraction 
was performed according to the method of Passamani et al. 
(2014) on the 10th day of the incubation of the fungi.  
Quantification of OTA was performed using the method 
standardized by Passamani et al. (2014), and the 
experimental chromatographic conditions were in 
accordance with the method of Brandão et al. (2020). OTA 
retention time was 11 ± 0.1 min. The external standard 
method was used for quantification of OTA using a 
commercially available standard (Sigma-Aldrich®202, São 
Paulo, Brazil). An analytical curve was obtained by linear 
regression, correlating the band areas versus the 
concentrations of the respective standard solutions. The 
coefficient of determination (R2) was 0.9999, and the Limit of 
Detection and Limit of Quantification were 0.0004 and 0.0016 
μg/g, respectively. All the samples and OTA standard 
solutions were analyzed in triplicate. The following equation 
was used for the calculation of the inhibition of OTA 
production (%) by the essential oil: 

𝐼𝑂𝑇𝐴 =  
𝑂𝑐 −  𝑂𝑡

𝑂𝑐
 𝑥 100 

where Oc is the quantity of ochratoxin produced by the 
control and Ot is the ochratoxin produced after treatment 
with essential oil. 
 
Inhibition of AFB1 and AFB2 synthesis  
Samples for the determination of anti-aflatoxigenic activity 
were prepared using the same culture conditions as those 
described in the section on inhibitory effect of the essential 
oil.  The inhibition of the production of AFB1 and AFB2 in A. 
flavus by the LEO was performed at concentrations of 0.015, 

0.06 and 0.24 μL/mL (below the MFC). Aflatoxins were 
extracted according to the method of Passamani et al. (2014) 
and analyzed by thin layer chromatography according to the 
method of Brandão et al. (2020). 
 
Scanning Electron Microscopy  
The effect of the essential oil on fungus morphology was 
evaluated by Scanning Electron Microscopy (SEM) according 
to the method of Brandão et al. (2020). The samples were 
prepared using the conditions described in section on 
inhibitory effect of the essential oil.  The concentrations 
tested were 0.06 μL/mL for A. carbonarius and 0.24 μL/mL for 
A. flavus and A. ochraceus.  
 
Inhibition of ergosterol production 
Fungal biomass was obtained by growing A. ochraceus and A. 
flavus in YES liquid medium and A. carbonarius in CYA liquid 
medium. LEO was previously diluted in DMSO and added to 
the liquid media. The concentrations tested were 0.015, 0.06, 
0.24 and 0.98 μL/mL. DMSO was employed for the negative 
control. Ten μL of the spore suspension (106 spores/mL) was 
inoculated in Erlenmeyer flasks containing liquid media. 
Samples were kept in Erlenmeyer flasks at 25 °C for 10 days 
in a BOD. After incubation, the contents of the flasks were 
filtered using filter paper. The wet mycelial biomass was 
weighed and used for the extraction and quantification of 
ergosterol. 
The ergosterol was extracted according to the method 
described by Brandão et al. (2020), and analysis was 
performed on the Shimadzu HPLC chromatograph. The 
detector was an SPD-M20A diode array. Elution was 
accomplished with an isocratic system of 100% methanol 
(HPLC grade) at a flow rate of 1 mL/min, injection volume of 
20 μL, and monitoring at 282 nm.  To calculate the ergosterol 
inhibition (%) by the essential oil, the following equation was 
used: 

𝐼𝐸𝑟𝑔𝑜𝑠𝑡𝑒𝑟𝑜𝑙 =  
𝐸𝑐 − 𝐸𝑡

𝐸𝑐
 𝑥 100 

 
 where Ec is the ergosterol produced by the control and Et is 
the ergosterol produced after treatment with essential oil. 
 
Validation of ergosterol method 
The selectivity, linearity, precision, limit of detection, limit of 
quantification and accuracy of the method were determined 
to validate the method to ensure that the results were of 
good analytical quality (Anvisa, 2003; Ribani et al., 2004; 
Harris, 2008). To evaluate the selectivity of the method, the 
matrix without the substance of interest (ergosterol) and the 
matrix to which the analyte standard was added were 
compared. Linearity was evaluated by the correlation of the 
signal (peak area) with the concentration of the species of 
interest, expressed by the equation of the analytical curve 
and the respective determination coefficient (R2). 
The precision was determined by the methods of 
repeatability and intermediate accuracy, in which the 
coefficients of variation (CV) of a series of measurements by 
means of the mathematical relationship were determined: 

𝐶𝑉 (%) =
𝑆𝐷

𝑀𝐶𝐷
 

where SD is the standard deviation and MCD is the mean 
concentration measured.  
The limit of detection (LD) and limit of quantification (LQ) 
were determined from the parameters of the analytical 
curve. They were calculated using the following mathematical 
relationships:
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𝐿𝐷 = 3𝑥
𝑠

𝑆
 

𝐿𝑄 = 10𝑥
𝑠

𝑆
 

 
where s is the estimated standard deviation of the regression 
line and S is the angular coefficient of the analytical curve. 
Accuracy was assessed by means of recovery assays using 
three randomly chosen samples to which the analyte 
standard was added in three different concentrations. The 
recovery was determined by considering the results obtained 
for the analyte using the following mathematical relationship:  
 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 𝑥 100 

 
Statistical analysis 
The experimental design was completely randomized (CRD) 
with three replicates.  The statistical program used was 
SISVAR (Ferreira, 2011). The data were submitted to analysis 
of variance and the means were compared by the Tukey test 
to the level of 5% probability. 
 
Conclusions 
The principal constituents of LEO were carvacrol, ρ-cimene 
and γ-terpinene. Fungicidal activity against Aspergillus, 
inhibition of ergosterol biosynthesis and damage to the 
integrity of the cell wall and fungal cell membrane were 
observed for the LEO. Inhibition of the production of 
mycotoxins (AFB1, AFB2 and OTA) was verified. For the first 
time, the influence of the LEO on the inhibition of mycotoxin 
and ergosterol biosynthesis were demonstrated. Inhibition of 
the biosynthesis of this sterol can indicate a possible 
mechanism of action of the oil under study. Thus, this study 
clearly demonstrates that LEO can be considered to be a 
natural and promising alternative for the treatment and 
control of filamentous fungi of the genus Aspergillus. It can 
also be used to control the synthesis of mycotoxins that 
contaminate food to improve food quality and safety. 
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