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Abstract: The use of plant extracts in pre- and post-harvest disease management of agricultural crops
to cope with aflatoxin B1 contamination has shown great promise due to their capability in managing
toxins and safe-keeping the quality. We investigated the anti-aflatoxigenic effect of multiple doses
of eight plant extracts (Heracleum persicum, Peganum harmala, Crocus sativus, Trachyspermum ammi,
Rosmarinus officinalis, Anethum graveolens, Berberis vulgaris, Berberis thunbergii) on Aspergillus flavus
via LC-MS and the down-regulatory effect of them on aflR, aflM and aflP genes involved in the
aflatoxin B1 biosynthesis pathway using RT-qPCR analyses. Our results showed that H. persicum
(4 mg/mL), P. harmala (6 mg/mL) and T. ammi (2 mg/mL) completely stopped the production of
aflatoxin B1, without inducing significant changes in A. flavus growth. Furthermore, our findings
showed a highly significant correlation between the gene expression and the aflatoxin B1 biosynthesis,
such that certain doses of the extracts reduced or blocked the expression of the aflR, aflM and aflP
and consequently reduced the synthesis of aflatoxin B1. Interestingly, compared to the regulatory
gene (aflR), the down-regulation of expression in the structural genes (aflM and aflP) was more
consistent and correlated with the inhibition of aflatoxin B1 production. Overall, this study reveals
the anti-aflatoxigenic mechanisms of the selected plant extracts at the gene expression level and
provides evidence for their use in plant and crop protection.

Keywords: postharvest disease control; plant extracts; Aspergillus flavus; aflatoxin B1;
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1. Introduction

A wide variety of food crops are contaminated with mycotoxins, which occur due to pathogenic
fungi in the pre- and post-harvest stages [1]. Among the mycotoxins, aflatoxins represent a serious threat
to human and livestock health as well as to international trade. Aflatoxins are potent toxic, carcinogenic,
mutagenic, immunosuppressive agents that are mainly produced as secondary metabolites by fungal
species belonging to the Aspergillus section Flavi on a wide range of food products [2]. Among several
different types of aflatoxins, aflatoxin B1 is the most common carcinogenic and can be found in foods,
such as cereals, corn, rice, peanuts, and pistachios [3]. In addition to serious health risks, toxigenic
fungi impose significant annual economic losses to food products [4]. Given that global climate change
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and global warming are boosting the spread of mycotoxin-producing fungi, mycotoxin contamination
is expected to increase in the future [5,6].

Nowadays, chemical and physical methods are commonly used to control or eliminate aflatoxins.
These methods, however, may lead to accumulation of harmful chemical compounds on food products
and even reduce their nutritional values [1,7]. Thus, exploration of alternative safer strategies has
gained great interest. Several studies have focused on biological approaches such as using non-toxic
strains of Aspergillus, competitive yeasts, and bacteria or fungi, and also the use of herbal extracts to
cope with toxin contamination [8,9]. Although prevention of aflatoxin contamination by inhibiting
fungal growth in stored grains, food and feed is often considered an optimal approach, other techniques
such as inhibiting the production of aflatoxins or favoring their decomposition are also necessary, as the
aflatoxin contamination is often inevitable. The use of plant-based active ingredients (essential oils,
plant extracts, and isolated molecules) instead of chemical compounds is usually preferred because
they are often safer, environmentally friendly and effective in controlling the growth of fungi as
well as eliminating toxic compounds with different mechanisms [10–13]. Their antibacterial activity,
antioxidant potential, and strong organoleptic properties gives them broad applications as medicines,
food and feed additives, cosmetics and perfume ingredients [14]. Furthermore, these compounds can
be effective in pre- and post-harvest control [15].

The aflatoxin B1 biosynthesis pathway, one of the known pathways of secondary fungal metabolism,
is affected by various environmental factors [16]. Aflatoxin biosynthesis is supported by 30 structural
genes and at least 27 enzymatic reactions, in which aflR and aflS act as regulatory genes [17,18].
External regulator genes (LaeA, VeA) have also been shown to increase expression of the genes of the
aflatoxin biosynthesis cluster [19–21]. Several recent studies have investigated the gene expression
mechanism of plant-based compounds and have reported their effectiveness in suppressing the
expression of the aflatoxin biosynthesis genes and thereby controlling aflatoxin biosynthesis [22–25].
For example, Liang et al. (2015) reported that cinnamaldehyde (0.40 mM/L), eugenol (0.80 mM/L),
and citral (0.56 mM/L) reduced aflatoxin B1 production and suppressed the expression of aflR, aflT,
aflD, aflM, and aflP genes in A. flavus [22]. Caceres et al. (2016) investigated the inhibitory effect of
eugenol using a large-scale q-PCR approach in the production of AB1 and showed that eugenol at a
concentration of 0.5 mM controlled the expression of 26 out of 27 genes in the aflatoxin biosynthesis
gene cluster [24]. Another study carried out by El Khoury et al. (2017) showed that 10 mg/mL of
hyssop aqueous extract repressed expression of all genes belonging to aflatoxin B1 cluster genes and
also fifteen regulatory genes including veA and mtfA [25]. Caceres et al. (2017) showed that piperine
significantly inhibited 25 out of 27 genes involved in the aflatoxin biosynthetic pathway and reduced a
global regulator gene (veA) [23].

In recent years, there has been growing interest in using natural compounds in the human diet due
to increased consumer awareness about the negative effects of pesticides and artificial additives [26].
However, despite the various studies conducted, many plant species are still unexplored and unknown,
and the search for introducing more potent antimicrobial plant agents is ongoing [27]. Thus, further
research is needed to explore safe and natural compounds that have the potential to control aflatoxins
and then demonstrate the underlying mechanism. The objective of this study was to investigate the
inhibitory effect of medicinal herbs selected from traditional Iranian medicine sources. To this end,
we selected eight natural plant extracts that are less well or not studied or little is known about the
molecular mechanism of their aflatoxin inhibition and the affected aflatoxin pathways, but could be
potential sources of controlling aflatoxin production in agricultural products. We considered their
pleasantness as a food additive and their affordability, and examined their anti-aflatoxigenic effects
at the molecular level by studying some of the key genes involved in the aflatoxin B1 biosynthesis
pathway. Two structural genes (aflM and aflP) and one regulatory gene (aflR) that are involved in
aflatoxin biosynthesis, were examined.



Antibiotics 2020, 9, 728 3 of 18

As we describe below, we found that the effective doses of the selected plant extracts can control
or stop aflatoxin B1 production and concluded that the decrease in aflatoxin B1 biosynthesis can be
due to the suppressed expression level of the studied genes.

2. Results

2.1. Effective Concentration of Plant Extracts Can Control the Growth of A. flavus and Inhibit the Production of
Aflatoxin B1

To select a suitable culture medium for A. flavus growth and aflatoxin B1 production, we
investigated six growth mediums, including: Potato Dextrose Broth (PDB), Sabouraud Dextrose Broth
(SDB), Czapek Yeast Extract (CYE), Malt Extract Broth (MEB), Yeast Extract Peptone Dextrose (YEPD),
and Yeast Extract Sucrose (YES). For each medium, we obtained the fungal growth using the dry
weight of the mycelium and the aflatoxin B1 production using the HPLC-MS/MS analysis.

First, we assessed whether or not the choice of culture medium influences the results by performing
a multivariate analysis of variance (MANOVA), where we specified aflatoxin B1 production and fungal
growth as dependent variables and the culture medium as an independent variable. The culture
medium was defined as a categorical variable. The MANOVA revealed a significant impact of culture
medium on aflatoxin B1 production and the fungal growth (f -value = 6.9, p < 0.001). Next, to find the
medium culture that offers an optimal environment for the fungal growth and aflatoxin B1 production,
we carried out analysis of variance (ANOVA) on both fungal growth and aflatoxin B1 production,
each separately, as a function of culture medium. The culture medium was specified as a categorical
variable. ANOVA showed that fungal growth and aflatoxin B1 production are significantly different
across culture media (fungal growth: f -value = 13.3, p << 0.001; aflatoxin B1 production: f -value = 38,
p << 0.001). Figure 1 displays the mean (bars) and standard deviation (error bars) of fungal growth and
aflatoxin B1 production for each culture medium. ANOVA tests if the results are significant overall but
it provides no information about where those differences exactly lie. To find these differences, we used
a post hoc Tukey’s Honest Significant Difference (HSD) test to find out which specific groups’ (culture
media) means (compared with each other) are different. To test all pairwise comparisons among means
using the Tukey HSD, we calculated HSD for each pair of means, separately for fungal growth and
aflatoxin B1 production. Figure S1 displays the results of pairwise comparisons of fungal growth and
aflatoxin B1 production between different culture media. Our analysis showed that, compared to other
culture media, the Yeast Extract Sucrose (YES) medium provides a highly significant condition for
fungal growth and aflatoxin B1 production.
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Figure 1. Selecting the optimal culture medium for A. flavus growth and aflatoxin B1 production.
Mean and standard deviation (computed across repeated measurements) of A. flavus strain NRRL 3357
growth and aflatoxin B1 production in six culture mediums: Potato Dextrose Broth (PDB), Sabouraud
Dextrose Broth (SDB), Czapek Yeast Extract (CYE), Malt Extract Broth (MEB), Yeast Extract Peptone
Dextrose (YEPD), and Yeast Extract Sucrose (YES). Our analysis showed that, compared to other culture
media, the Yeast Extract Sucrose (YES) medium provides a highly significant condition for fungal
growth and aflatoxin B1 production.
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Subsequent to picking the YES medium as an optimal growth medium for our experiments,
we sought to explore the inhibition of the aflatoxin B1 biosynthesis pathway by means of medicinal
herbs considering their antimicrobial properties and their pleasantness as a food/feed additive.
Eight medicinal herbs including H. persicum, P. harmala, C. sativus, T. ammi, R. officinalis, A. graveolens,
B. vulgaris, and B. thunbergii were selected. We tested different doses of plant extracts and used those
doses that showed no significant influence on fungal growth (p > 0.05). The selected doses were: 1, 2,
and 4 mg/mL of H. persicum; 2, 4 and 6 mg/mL of P. harmala; 4, 6 and 8 mg/mL of C. sativus; 0.5, 1 and
2 mg/mL of T. ammi; 1, 2, and 4 mg/mL of R. officinalis; 2, 4 and 6 mg/mL of A. graveolens, and 4, 6 and
8 mg/mL of B. vulgaris and B. thunbergii. The amount of fungal growth and aflatoxin B1 production
were obtained for all tests. To statistically assess the impact of these extracts on aflatoxin B1 production,
we compared the aflatoxin B1 production between the control test and all treatment conditions (different
plant extracts and doses) using a two-sample t-test (Figure 2). Our analysis showed that H. persicum (2
and 4 mg/mL; t-value = 16.4, and 17.5), P. harmala (4 and 6 mg/mL; t-value = 14.1, 17.5), T. ammi (1 and
2 mg/mL, t-value = 17.2, 17.5), R. officinalis (4 mg/mL, t-value = 16.6), A. graveolens (4 and 6 mg/mL;
t-value = 14.8, 16.9), and B. thunbergii (8 mg/mL, t-value = 15.9) significantly reduced the production
of aflatoxin B1 (p < 0.001). Moreover, H. persicum (1 mg/mL, t-value = 14.2), C. sativus (8 mg/mL,
t-value = 13.8), T. ammi (0.5 mg/mL, t-value = 11.5), R. officinalis (1, 2 mg/mL, t-value = 11.7, 11.5),
A. graveolens (2 mg/mL; t-value = 11.4), and B. vulgaris (8 mg/mL, t-value = 13.7) significantly inhibited
the aflatoxin B1 biosynthesis at the significance level of less than 0.01. Interestingly, the aflatoxin
production was fully eliminated in H. persicum (4 mg/mL), P. harmala (6 mg/mL) and T. ammi (2 mg/mL)
tests. Furthermore, the inhibition of aflatoxin B1 production in P. harmala (2 mg/mL), C. sativus
(6 mg/mL), B. vulgaris (6 mg/mL) and B. thunbergii (4 and 6 mg/mL) was significant (p < 0.05).
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Figure 2. The effect of different concentrations of plant extracts (8 extracts in total) on growth of A. flavus
NRRL 3357 and production of aflatoxin B1. Each bar shows the percentage of fungal growth (red bars)
and aflatoxin B1 production (green bars) compared to control. To statistically assess the impact of
these extracts on aflatoxin B1 production, we compared the aflatoxin B1 production between each
of the treatment conditions (different plant extracts and doses) and the control using a two-sample
t-test. Corresponding p-values are depicted above each bar (* p < 0.05; ** p < 0.01; *** p < 0.001;
ns: not significant).

Next, we applied a post-hoc analysis to examine the inhibition of aflatoxin production resulting
from addition of different doses of plant extracts while statistically controlling for the potential effect
of fungal growth. For this purpose, we used a general linear model (GLM), where we specified the
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aflatoxin B1 production as a dependent variable, and a categorical variable (comprising two levels:
“control”, and “treatment”) plus fungal growth as independent variables (aflatoxin B1 production ~
groups + fungal growth). This analysis was applied between each treatment condition and the control.
In essence, this GLM analysis applies a two-sample t-test between each treatment condition and the
control, but controls for the potentially confounding impact of fungal growth. Figure 3 displays the
results for all treatment conditions. Each bar represents the t-value obtained from GLM analysis for all
treatment conditions. The result demonstrates a significant negative effect of plant extracts on aflatoxin
B1 production irrespective of fungal growth.
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Figure 3. The effect of different concentrations of plant extracts on production of aflatoxin B1 after
controlling for the potential impact of fungal growth. Each bar shows the comparison of aflatoxin B1
between all treatment conditions (different extracts and doses) and control, using a GLM to regress out
the effect of fungal growth (* p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant).

2.2. Addition of Extract Concentrations Leads to Gene Expression Reduction and Thereby Aflatoxin B1 Control

To answer the question whether or not the inhibition of aflatoxin B1 resulting from addition
of extract concentrations occurs at the transcriptomic level, we investigated the expression of a
regulatory gene (aflR) and two structural genes (aflM and aflP) that are known to be involved in
the aflatoxin biosynthetic pathway [18]. These tests were conducted for various doses of several
plant extracts and the fold-change reductions in expression levels compared to control conditions
for the noted genes were obtained. Our analysis showed a highly significant fold-change reduction
in expression level of aflP following the addition of H. persicum, 4 mg/mL (265.2 times, p < 0.001),
P. harmala, 6 mg/mL (98.4 times, p < 0.001), C. sativus, 8 mg/mL (49.6 times, p < 0.001), T. ammi,
2 mg/mL (378.7 times, p < 0.001), R. officinalis, 4 mg/mL (62.2 times, p < 0.001), A. graveolens, 6 mg/mL
(282.7 times, p < 0.001), B. vulgaris, 8 mg/mL (16.5 times, p < 0.001), and B. thunbergii, 8 mg/mL
(31.9 times, p < 0.001) at the maximum effective dose of extracts, and thus reached a complete inhibition
of aflatoxin B1. Analogous treatments performed on the selected 8 extracts identified significant
down-regulation of aflM (respectively: 57.5, 17.6, 19.8, 109.6, 18.9, 30.4, 3.7, 11.2 times (all p < 0.001))
and marginally significant down-regulation of aflR (respectively: 9.1, 2.6, 1.9, 6.6, 2.0, 8.6, 1.4, 2.6 times
(all 0.01 < p < 0.001)). The results are depicted in Figure 4, where each bar is colored based on gene type
and shows the fold change expression for different doses of extracts. Overall, our finding that addition
of the plant extracts leads to reduction of the gene expression, and thereby inhibition of aflatoxin B1
production, could suggest a gene expression mechanism underpinning the aflatoxin B1 control.
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growth medium after 7 days at 28 ◦C. The red line represents the control expression level. Each bar
shows the fold change expression of the genes for all treatment conditions relative to that of the control
treatment, where control was contaminated with A. flavus and untreated with extract. For statistical
assessment, we compared between the control test and all treatment conditions (different plant extracts
and doses) using a two-sample t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant).

Subsequently, we performed a correlation analysis between the aflatoxin B1 production and
fold change expression of three genes, separately, where all plant extracts and doses were included.
Our result showed a significant correlation between the percentage of aflatoxin B1 production and
the fold change of gene expression; however, the correlation was dependent on the gene type,
where down-regulation of expression was more significant for the structural genes (aflM: r = 0.84,
p << 0.001; and aflP: r = 0.87, p << 0.001) compared to the regulatory gene (aflR: r = 76, p < 0.001) though
both were highly significant (Figure 5). Interestingly, for up to 0.25-fold of aflR expression, almost no
aflatoxin B1 was produced and this inconsistent relationship was also observed for other expression
values (e.g., 0.37-fold and 0.77-fold). In contrast, for structural genes, particularly aflP, this relationship
was closer and more consistent across all extracts and doses. This strong correlation between the
expression of the structural genes (aflM and aflP) and the amount of aflatoxin B1 biosynthesis suggests
an inhibition mechanism of the introduced plant extracts.
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for aflM (colored in blue), aflP (colored in yellow), and aflR (colored in orange) genes. Our results
showed a significant correlation between the percentage of aflatoxin B1 production and the fold change
expression of aflM (r = 0.84, p << 0.001), aflP (r = 0.87, p << 0.001), and aflR (r = 0.76, p < 0.001).

3. Discussion

In this study, we investigated the inhibition of aflatoxin B1 production when different
concentrations of eight selected plant extracts (C. sativus, T. ammi, H. persicum, A. graveolens, P. harmala,
R. officinalis, B. vulgaris, B. thunbergii) were added, using LC-MS and RT-qPCR analyses, to examine the
mechanism of the antifungal and anti-toxigenic properties of the plant extracts against A. flavus and
aflatoxin B1 production.

Results of the present study showed that A. flavus can grow in YES synthetic medium and produce
aflatoxin B1 (Figure 1 and Figure S1) but the addition of certain doses of the selected extracts suppressed
the production of mycotoxin, without inducing significant changes in A. flavus growth (Figure 2).
Moreover, by increasing the dose of extracts, the expression of the studied genes was reduced or
switched off, consequently the production of aflatoxin B1 was reduced. This finding indicates an
association between results of LC-MS and RT-qPCR analyses, and thus represents a relationship among
extract dose, gene expression, and aflatoxin B1 production.

The inhibition of aflatoxin B1 was dose-dependent and as shown in Figure 2, by increasing
the concentration of extracts, despite the lack of significant reduction in fungal growth, a decrease
in aflatoxin production was observed for all tests. The results of LC-MS analyses showed that the
aflatoxin B1 production was fully eliminated in H. persicum (4 mg/mL), P. harmala (6 mg/mL) and
T. ammi (2 mg/mL).

Aflatoxin B1 production is variable as a function of extract type and concentration, but it is
independent of fungal growth as demonstrated by the GLM analysis (Figure 3). In this line, several
reports have shown that not all the extracts have fungicidal activity [28].
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Our analysis showed that when A. flavus was treated with different concentrations of plant extracts,
the structural genes were more inhibited than the aflR. Moreover, for these structural genes, particularly
aflP, the relationship between the aflatoxin B1 production and the gene expression was highly significant
and very consistent across all plant extracts and concentrations. This strong correlation between the
expression of the structural genes (aflM and aflP) and the amount of aflatoxin B1 biosynthesis may
suggest a prominent and direct role of the selected structural genes in the mechanism of aflatoxin B1
inhibition by extracts.

Aflatoxin cluster genes are coordinately regulated and are in the genome as a single copy and
their expression is coordinated by two cluster-specific regulators (aflR and aflS) [29]. Studies have
shown the role of at least 27 enzymatic reactions in the process of aflatoxin synthesis. The biosynthesis
of aflatoxin B1 in A. flavus is a complex and multi-step process that involves the enzymes of metabolic
pathways and intermediates. Norsoloric acid, versicolorin A, sterigmatocystin and finally, aflatoxin
B1 are more stable metabolites that are produced in this pathway [18]. In this study, we focused on
a regulatory gene (aflR) and two pathway genes (aflM and aflP). The aflR gene, a positive regulatory
gene for aflatoxin biosynthesis, encodes AFLR transcription factor (a protein containing a zinc-finger
DNA-binding motif) [30]. The aflM (ver-1) gene is one of the four genes involved in the conversion of
versicolorin A (VERA) into sterigmatocystin and is about the middle gene of the aflatoxin biosynthesis
pathway gene cluster. The aflM has been predicted to encode a ketoreductase and is involved in the
conversion of VERA to demethyl sterigmatocystin (DMST) [31–33]. The aflP (omtA) gene is located
at the end of the aflatoxin biosynthesis pathway gene cluster and is involved in the conversion of
sterigmatocystin (ST) into O-methyl sterigmatocystin (OMST), which is the precursor of aflatoxin B1,
by coding O-methyltransferase [18,34].

Our results showed that addition of the selected plant extracts, especially all concentrations
of H. persicum and T. ammi, led to a significant decrease of aflM expression (57.5 and 109.6 times,
respectively), though the expression of aflM was completely inhibited upon addition of T. ammi,
2 mg/mL. This result could be related to the notion that these extracts, in their effective concentrations,
can interfere with the enzyme that synthesizes the intermediate of sterigmatocystin in the middle of the
aflatoxin biosynthetic pathway and hence, eventually, can induce inhibitory effects on the production
of aflatoxin B1. The largest effect of the extracts was observed on aflP, such that the expression of
this gene was significantly reduced in 18 out of 24 tests at p < 0.001. Indeed, expression of aflP was
completely inhibited in H. persicum (2 and 4 mg/mL), P. harmala (6 mg/mL), T. ammi (2 mg/mL) and
A. graveolens (6 mg/mL). This output is supported by previous studies reporting that expression of aflP
was correlated with A. flavus ability to produce aflatoxins [18,35], and may indicate that the effective
concentrates of extracts can lead to aflatoxin B1 inhibition by affecting the aflP and disrupting the
production of one of the aflatoxin precursors at the end of the biosynthetic pathway. Overall, following
the addition of plant extracts, the mRNA level of the structural genes (aflM and aflP) was significantly
(p < 0.001) downregulated for most of the extract concentrations (Figure 4, Figure S3). In contrast,
the aflR gene was less downregulated, although it was marginally significant for most concentrations
(p ~ 0.01). The aflR gene encodes a Zn2Cys6-type transcription factor (aflR) that is necessary for
transcription of most if not all of the genes in the aflatoxin cluster [36,37]. It is the main regulatory
factor in the aflatoxin biosynthesis gene cluster and can be auto regulated [18,38]. Lack of aflR gene
or abnormal aflR gene can be a strong indicator of a strain’s disability in aflatoxin production [30].
Casquete et al. evaluated three strains of aflatoxin-producing Aspergillus and showed that the relative
expression of aflR and aflS genes is significantly correlated with the concentration of the produced
aflatoxins [39]. Likewise, another study found that an increase in the expression of aflR could increase
the production of aflatoxin B1 in A. flavus by up to 50 times [40]. Our finding that represents less
downregulation of aflR compared with aflP and aflM could be explained by the point that the aflR is a
regulatory gene, and is more stable compared with the other two genes; thus, even minor changes
in its expression can affect other genes in the cluster and therefore can lead to a substantial decrease
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in the gene expression level of other genes. Furthermore, one may argue that the downregulation of
these genes could depend on their chronological intervention in the biosynthetic pathway.

Although the effect of addition of extracts on gene expression and aflatoxin production is
understood, it is not established how the relationship between gene expression and amount of
aflatoxin varies across different genes. Indeed, our analysis determined a more consistent and stronger
relationship between the aflatoxin B1 production and expression of structural genes (aflM and aflP) than
that of aflR (see Figure 4 for more details) for the selected extracts and concentrations. As mentioned
above, the regulatory feature of aflR may explain the observed low correlation and low consistency for
aflR compared to other genes.

Our analysis showed a highly significant fold-change reduction in expression level (compared
to control conditions) following the addition of H. persicum (aflP: 265.2 times, aflM: 57.5 times,
aflR: 9.1 times), P. harmala (aflP: 98.4 times, aflM: 17.6 times, aflR: 2.6 times), and T. ammi (aflP: 378.7 times,
aflM: 109.6 times, aflR: 6.6 times). According to this result, inhibition by herbal extracts occurs at the
transcriptomic level as expression ratios of the studied genes in the aflatoxin cluster were severely
reduced. Nonetheless, it should be noted that this does not mean that these genes are the direct
molecular target of plant extracts; they may disrupt the aflatoxin production process through several
cellular mechanisms, including cellular signaling, global transcription factors, and oxidative stress.
The transcriptomic effect of these extracts and the correlation between the gene expression and
production of secondary metabolites explains the important role of these genes coding for regulators
of secondary metabolites and describes the mechanism at the transcriptomic level.

Plant crude extracts and partially purified plant extracts contain a mixture of active ingredients that
differ in their chemical structure and composition, which in turn may affect their biological functions.
The mechanism of action of plant extracts is related to their main components, which account for
their defense properties against microbial agents as well as other biological properties. Although the
exact mechanisms of antimicrobial and anti-toxigenic effects of plant-based bioactive compounds
are not clearly defined; multiple, dose-dependent mechanisms have been reported. At high
antimicrobial concentrations, plant bioactive compounds cause membrane damage, loss of energy
production, enzyme dysfunction, and leakage of cell contents, leading to impaired cell physiology
and cell death [14,41]. In addition, research has revealed that plant bioactive compounds at low
and non-inhibitory concentrations affect pathogens by modulating gene transcription and protein
expression [42–48]. Thus, the anti-toxicogenic activity mechanism of the plant extracts and complete
inhibition of aflatoxin B1 production by the addition of H. persicum, P. harmala and T. ammi can be
explained by their effective compounds and the gene transcription results.

Identification of herbal extracts capable of downmodulating the expression of genes but
not affecting fungal physiology could be a promising strategy as it may avoid toxin synthesis
without any impact on biodiversity and no risk of resistance [18]. Along this line, we found
H. persicum (4 mg/mL), P. harmala (6 mg/mL) and T. ammi (2 mg/mL) to have a high potential
to control aflatoxin B1 production, while they had no significant effect on growth of A. flavus
and thus no significant impact on fungal biodiversity either [25]. As noted earlier, the inhibitory
property of these extracts has been attributed to their phytochemicals. Phytochemical analysis of
H. persicum has identified several groups of natural chemicals that can explain its inhibitory properties.
These chemicals include volatile compounds (aliphatic esters, carbonyls, phenyl propyls and terpenes)
and non-volatile compounds (flavonoids, furanocoumarins, tannins and alkaloids) as well as various
minerals [49]. The main phytochemicals of P. harmala include alkaloids, flavonoids and anthraquinones.
Among these compounds, alkaloids: mainly β-carbolines (harmin, harmalin, harmalol, harmol)
and tetrahydroharmine were found to be the main substances responsible for the antimicrobial,
antitumor and other biological activities [50]. The T. ammi seeds have been shown to possess various
antifungal, antioxidant, and antimicrobial activities, which can be explained by the presence of various
phytochemical constituents, mainly glycosides, saponins, phenolic compounds, and essential oils
(e.g., thymol, γ-terpinene, cymene) [51–53].
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In the present study, we selected three different concentrations of eight plant extracts according
to their active compounds and antimicrobial effects that have been already shown in previous
studies [51,54–64]. However, the effective concentration of herbal compounds may be different from
the initial laboratory results, depending on the composition of the food and their physicochemical
properties. For example, the amount of protein, fat and water activity in food can interfere with the
antimicrobial activity of extracts, and hence there is often a need to use a different dose [65]. In addition
to antimicrobial properties of the selected extracts, we considered their organoleptic characteristics to
be used as a food or feed additive, as well as their affordability. In this regard, there are studies on the
effect of herbal compounds, where a significant reduction in aflatoxin contamination due to the use of
herbal extracts as a coating on nuts has been found. In a practical study by Kalli et al., it was shown
that consumers were less exposed to aflatoxin B1 when Cistus incanus extract was added to macadamia.
Their study showed that the C. incanus extract inhibited aflatoxin B1 by A. parasiticus in YES medium
(87.1–90.1%) and in macadamia (72.5–85.9%) [66]. Another study showed that separate spraying of
three herbal plant extracts including cinnamon, clove and celak on pistachio kernels could completely
inhibit the growth of toxigenic fungi and biodegrade the produced aflatoxin when the nuts should be
stored for more than one month [67].

Overall, the results of our study showed that the anti-aflatoxigenic mechanisms of the selected
plant extracts occurred at the gene expression level. Particularly, we found that the effective doses of
the selected plant extracts can control or block aflatoxin B1 production. These results highlight the
potential of plant-based bioactive compounds in plant and crop protection.

4. Materials and Methods

4.1. Fungal Strain and Culture Conditions

The Aspergillus flavus strain NRRL 3357 was acquired from the collection of the Laboratory of Plant
Pathology of Sapienza University. The strain was cultured on PDA at 28 ◦C for 7 days. Spore suspension
was prepared in Tween 80 (0.05% in water). Spore density was calculated by hemocytometer to achieve
a final concentration of 1 × 103 conidia/mL.

4.2. Preparation of the Herbal Extracts and Determination of the Minimum Inhibitory Concentrations

The following medicinal herbs were selected for this study: Heracleum persicum,
Peganum harmala, Crocus sativus, Trachyspermum ammi, Rosmarinus officinalis,
Anethum graveolens, Berberis vulgaris, Berberis thunbergii. The plants used in this study were
collected from their natural habitats in Iran, which were identified and confirmed in the Herbarium of
Tehran University, and the herbarium code was issued for them (Table 1).

Table 1. Medicinal herbs and the solvent ratios used for the extraction process and herbarium code.

Common Name Scientific Name Solvent and Solvent Ratio Herbarium Code

Persian hogweed Heracleum persicum Water/Ethanol (50/50) PMP-762
Harmel Peganum harmala Water/Ethanol (70/30) PMP-763
Saffron Crocus sativus Water/Ethanol (70/30) PMP-524
Ajwain Trachyspermum ammi Water/Ethanol (50/50) PMP-764

Rosemary Rosmarinus officinalis Water/Ethanol (50/50) PMP-418
Dill Anethum graveolens Water/Ethanol (50/50) PMP-356

Barberry Berberis vulgaris Water/Ethanol (70/30) 6879(THE)
Red Barberry Berberis thunbergii Water/Ethanol (70/30) 6880(THE)

Dried plants were ground, then for each 100 g of the dried plants, 1000 mL of solvent (distilled
water and ethanol) was added. For optimal extraction, these solvent ratios were selected based on
polar and nonpolar ingredients of each herb (Table 1).
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The herbs were macerated in the solvent and shaken at 220 rpm for 48 h. After filtering (Buckner
funnel (90 mm diameter) with filter paper Whatman No.1), the extracts were concentrated using an
evaporator and then dried by a freeze dryer.

Initially, we tested five different concentrations of each extract to determine the inhibitory
concentration by measuring the dry weight of the fungal mass, and thereby three concentrations
were selected for each extract. To prepare different dilutions of each extract, water and ethanol were
used in accordance with the extraction ratios, where we used the maximum concentration of ethanol
as a control to assure that it has no impact on fungal growth and aflatoxin production. For each
concentration, three replications were considered and culture media after incubation were incubated
for 7 days at 28 ◦C. The Yeast Extract Sucrose (YES) medium was used for testing aflatoxin production
in this study.

4.3. Culture Media

To determine the best culture medium for aflatoxin production, six culture media were examined
(Table 2). All media were prepared and sterilized by autoclaving at 121 ◦C for 20 min.

Table 2. The culture media and their compounds.

Culture Medium Composition

Potato Dextrose Broth (PDB) (20 g Dextrose and 4 g Potato starch) for 1 L of media

Sabouraud Dextrose Broth (SDB) (40 g Dextrose (Glucose) and 10 g Peptone) for 1 L of media

Czapek Yeast Extract (CYE) (30 g Sucrose, 5 g Yeast extract, Czapek concentrate 10 mL and
1 g K2HPO4) for 1 L of media

Malt Extract Broth (MEB) (17 g Malt Extract, 3 g Peptone) for 1 L of media

Yeast Extract Peptone Dextrose (YEPD) (10 g Yeast Extract, 20 g Dextrose, 20 g Peptone) for 1 L of media

Yeast Extract Sucrose (YES) (20 g Yeast Extract, 20 g Sucrose, 1 g Potassium dihydrogen
Phosphate and 0.5 g Magnesium sulphate) for 1 L of media

4.4. Quantification of A. flavus Hyphal Growth

Due to the differences in effective compounds of the plant extracts, the minimum inhibitory
concentration (MIC) is different across them. To select the appropriate concentrations of the extracts
for the main test, several pre-tests using different concentrations of each extract were performed on
A. flavus and the growth rate of the fungal mass was measured. Given that we were primarily interested
in inhibiting aflatoxin synthesis without a significant reduction in fungal growth, three concentrations
of each extract that did not show a significant effect on fungal growth were selected (p > 0.05).
To investigate the percentage of the fungal growth, 2 mL of sterile Yeast Extract Sucrose medium
(YES) was placed in 15 mL glass tubes, and 3 different concentrations of the extract were added to
each (Table 3). Next, glass tubes were shaken, inoculated with 40 µL of spore suspension, and then
incubated in the dark for 7 days at 28 ◦C. After the incubation period, the mycelia were separated by
Whatman filter paper grade No.1, were freeze-dried using an Alpha 1–4 LD plus freeze dryer, and
subsequently their dry weights were measured. The percentage of hyphal growth was calculated by
the following formula: B

A × 100, where A denotes the dry weight of the control and B stands for the dry
weight of the treatment with the tested extract.
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Table 3. Selective concentrations for each extract.

Common Name Plant Parts Scientific Name Concentration (mg/mL)

Persian hogweed Seed Heracleum persicum 1, 2, 4

Harmel Seed Peganum harmala 1, 2, 4

Saffron Stigma Crocus sativus 4, 6, 8

Ajwain Seed Trachyspermum ammi 0.5, 1, 2

Rosemary Leaves Rosmarinus officinalis 1, 2, 4

Dill Leaves Anethum graveolens 2, 4, 6

Barberry Branches and Leaves Berberis vulgaris 4, 6, 8

Red Barberry Branches and Leaves Berberis thunbergii 4, 6, 8

4.5. Aflatoxin B1 Detection Using Liquid Chromatography–Mass Spectrometry (HPLC-MS/MS)

Aflatoxin B1 was extracted from the YES culture medium following the method reported in
Ingallina et al., 2020, with some modification [68]. Two milliliters of the culture medium was mixed
with equal volume of ethyl acetate and vortexed for 3 min twice and allowed to stand for 30 min,
then centrifuged for 4 min at 10,000× g. The upper phase was transferred to a new vial. The ethyl
acetate extracts were evaporated to dryness at 40 ◦C. The dried extracts were reconstituted in 100 µL
methanol. The mixture was vortexed, centrifuged and then 80 µL of each sample was transferred to
HPLC vials.

LC-MS analyses were carried out on an Agilent 1200 Infinity HPLC system coupled to an Agilent
G6420 Triple Quadrupole mass spectrometer equipped with an Agilent API-Electrospray ionization
source (Agilent Technologies, Inc., Santa Clara, CA, USA). The acquisition was in MRM positive
ion mode [M+H]+. Chromatographic separation was performed with a Zorbax Eclipse XDB-C18,
50 × 4.6 mm inner diameter, 1.8 µm particle size, (Agilent Technologies, Inc., Santa Clara, CA, USA) at
25 ◦C and the injection volume was 5 µL. The mobile phases consisted of A: methanol/water/acetic acid
10:89:1 (v/v/v) and B: methanol/water/acetic acid 97:2:1 (v/v/v) while both contained 5 mM ammonium
acetate. The total runtime was 20 min, with a flow rate of 0.4 mL/min. The gradient elution was as
follows: 0–2 min 1%B, 3–14 min 99%B, 15–18 min 99% B, 19–20 min 1% B. The gradient was followed
by 4 min for re-equilibration. Positive ESI-MS/MS was performed in MRM mode, AFLAB1 parameter
analysis are: precursor ion 313.1, product ion 241.1, fragmentor 135 eV and collision energy 38 eV.

4.6. RNA Extraction and cDNA Synthesis

For the analysis of gene expression, the fungal mycelium was first washed in a cold
Phosphate-Buffered Saline (PBS) buffer and then dried in a freezer-dryer. The freeze-dried mycelium
was used. Extraction of RNA from the fungal mycelium was performed using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA) and according to the manufacturer’s instructions. Samples were
treated with DNase I. To quantify RNA, a NanoDrop OneC Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) at a wavelength of 260 and 280 nm was used. To determine the quality of the
extracted RNA, electrophoresis was performed using agarose gel (1.2% agarose). Total purified RNA
was stored at −80 ◦C until further processing. Via reverse transcription, the cDNA was synthesized
from 0.6–2 µg of RNA and random primers by using a RT-PCR kit (SensiFAST™ cDNA Synthesis Kit,
Bioline Reagents, Ltd., London, UK).

4.7. Gene Expression Analysis by RT-qPCR

Primers were designed by The Primer3 software (version 0.4.0), validated using the Oligo analyzer
3.1 software, and synthesized by Sigma-Aldrich. The details of the primers are listed in Table 4.
In order to determine the transcription of aflatoxin biosynthesis pathway genes, the Quantitative Real
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Time PCR reactions were carried out in a LineGene 9620 Bioer’s Real-Time PCR using a kit SYBR®

Premix Ex Taq™ (Takara Bio, Inc., Otsu, Japan) where β-tubulin was used as a reference gene and
SYBR Green was used as a amplification detector. To specify the best concentration of primers, various
concentrations in the range of 200–800 nm were tested. Amplification reactions were performed at a
volume of 10 µL containing different concentrations of cDNA according to each condition, 5 µL of
SYBR Green Supermix, 0.5 µL of each primer, and Milli Q Water up to 10 µL. Three replicates of each
reaction were performed. PCR conditions for each gene are listed in Table S1. In this study, fold change
levels of the genes were evaluated using the 2−∆∆CT method. The reaction conditions and temperature
pattern were as Table 4. All experiments were performed in triplicate and for gene expression assays,
six biological replicates were used each time for each gene.

Table 4. The genes in the aflatoxin biosynthetic pathway and the primers.

Gene Primer Pairs Primer Sequence (5′-3′) Annealing
Temperature (◦C) PCR Product Size (bp)

aflR F CACCCCCTTGCGATTAGTGT 60.04
167R GTTGATCGATCGGCCAGTCT 59.90

aflM F TGGTGAACTACGCCCATTCC 60.04
137R CACCGTCTCCGCCATTAACT 60.11

aflP F CAGAGCGTCCGAATCCCTTT 57.30
141R GGTAGACCTCTCCTTCCCGT 57.17

tubulin
beta

F GTGACCACCTGTCTCCGTTT 59.89
211R GGAAGTCAGAAGCAGCCATC 58.62

4.8. Statistical Analysis

4.8.1. A. flavus Mycelial Growth and Aflatoxin B1 Production in Various Culture Mediums

To examine whether different culture mediums significantly affect the aflatoxin B1 production
and the fungal growth, we used multivariate analysis of variance (MANOVA), where we specified
aflatoxin B1 production and the fungal growth as dependent variables and the culture medium as an
independent variable. The culture medium was defined as a categorical variable. Next, to find the
culture medium that offers an optimal environment for the fungal growth and aflatoxin B1 production,
we carried out analysis of variance (ANOVA) on each of fungal growth and aflatoxin B1 production,
separately, as a function of culture medium. The culture medium was specified as a categorical variable.

4.8.2. Effect of the Extracts on A. flavus Mycelial Growth and Aflatoxin B1 Production

On the selected culture medium, in which no extract was added, we measured the level of
A. flavus mycelial growth and aflatoxin B1 production and used it as the control medium for each test.
For each of the treatment conditions (different extracts and doses), we performed a two-sample t-test
between the various concentrations of that extract and the control medium, to quantify the impact of
concentration level on A. flavus mycelial growth and aflatoxin B1 production. The t-test was applied
across repeated measurements of each extract and dose.

Subsequently, we applied a post-hoc analysis to examine whether the inhibition of aflatoxin
production as a response to the addition of different doses of plant extracts is independent of
the effect of fungal growth. For this purpose, we used a general linear model (GLM), where we
specified the aflatoxin B1 production as a dependent variable, and a categorical variable (comprising
two levels: “control”, and “treatment”) plus fungal growth as independent variables (aflatoxin B1
production ~ groups + fungal growth). This analysis was applied between each treatment condition
and the control.
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4.8.3. The Impact of Plant Extracts on the Expression Level of Genes Involved in Biosynthesis Pathway
of Aflatoxin B1

Like the previous analysis, we used the culture medium with no extract as a control, and measured
the expression of three genes: aflM, aflP, and aflR. To quantify the impact of the addition of the different
extracts with different concentrations on expression level of each gene, we applied a two-sample t-test
between each treatment condition and the control medium.

4.8.4. Correlation Analysis between the Gene Expression and Aflatoxin Production

To quantify the relationship between the aflatoxin production and the production of flM, aflP,
and aflR genes, we applied Pearson correlation.

For all statistical analysis we checked the confidence level for three levels (* p < 0.05, ** p < 0.01,
*** p < 0.001). We used the R software for statistical analyses and the “ggplot2” package for visualization.

5. Conclusions

Our study shows that biological approaches based on the addition of plant compounds can be
relatively safe and effective natural agents against aflatoxin B1 contamination during the pre- and
post-harvest, and demonstrates that effective doses of the selected extracts could be used to inhibit
the aflatoxin. At the transcriptomic level, our study investigated two structural genes (aflM and aflP)
and a regulatory gene (aflR) involved in the aflatoxin B1 biosynthesis, and found stronger and more
consistent engagement of the structural genes. Future studies may explore engagement of other genes.

Furthermore, since we selected the eight medicinal plants on the basis of their organoleptic
properties, and their affordability (in addition to anti-aflatoxigenic features), they could have
applications in the food industry, particularly as an additive to human and livestock food that
is prone to infection by toxin-producing fungi. Besides that, due to the increasing demand for natural
foods, identifying and introducing a broad spectrum of effective natural compounds could be useful to
reduce the consumption of synthetic preservatives.
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27. Adamczak, A.; Ożarowski, M.; Karpiński, T.M. Antibacterial activity of some flavonoids and organic acids
widely distributed in plants. J. Clin. Med. 2020, 9, 109. [CrossRef]

28. Reddy, K.R.N.; Nurdijati, S.B.; Salleh, B. An overview of plant-derived products on control of mycotoxigenic
fungi and mycotoxins. Asian J. Plant Sci. 2010, 9, 126. [CrossRef]

29. Smith, C.A.; Woloshuk, C.P.; Robertson, D.; Payne, G.A. Silencing of the aflatoxin gene cluster in a diploid
strain of Aspergillus flavus is suppressed by ectopic aflR expression. Genetics 2007, 176, 2077–2086. [CrossRef]

30. Lee, C.-Z.; Liou, G.-Y.; Yuan, G.-F. Comparison of the aflR gene sequences of strains in Aspergillus section
Flavi. Microbiology 2006, 152, 161–170. [CrossRef]

31. Henry, K.M.; Townsend, C.A. Ordering the reductive and cytochrome P450 oxidative steps in
demethylsterigmatocystin formation yields general insights into the biosynthesis of aflatoxin and related
fungal metabolites. J. Am. Chem. Soc. 2005, 127, 3724–3733. [CrossRef]

32. Keller, N.P.; Kantz, N.J.; Adams, T.H. Aspergillus nidulans verA is required for production of the mycotoxin
sterigmatocystin. Appl. Environ. Microbiol. 1994, 60, 1444–1450. [CrossRef] [PubMed]

33. Hong, S.; Roze, L.V.; Wee, J.; Linz, J.E. Evidence that a transcription factor regulatory network coordinates
oxidative stress response and secondary metabolism in aspergilli. Microbiologyopen 2013, 2, 144–160.
[CrossRef] [PubMed]

34. Yabe, K.; Ando, Y.; Hashimoto, J.; Hamasaki, T. Two distinct O-methyltransferases in aflatoxin biosynthesis.
Appl. Environ. Microbiol. 1989, 55, 2172–2177. [CrossRef] [PubMed]

35. Scherm, B.; Palomba, M.; Serra, D.; Marcello, A.; Migheli, Q. Detection of transcripts of the aflatoxin genes aflD,
aflO, and aflP by reverse transcription–polymerase chain reaction allows differentiation of aflatoxin-producing
and non-producing isolates of Aspergillus flavus and Aspergillus parasiticus. Int. J. Food Microbiol. 2005,
98, 201–210. [CrossRef] [PubMed]

36. Ehrlich, K.C.; Mack, B.M.; Wei, Q.; Li, P.; Roze, L.V.; Dazzo, F.; Cary, J.W.; Bhatnagar, D.; Linz, J.E. Association
with AflR in endosomes reveals new functions for AflJ in aflatoxin biosynthesis. Toxins (Basel) 2012,
4, 1582–1600. [CrossRef]

37. Chang, P.-K. The Aspergillus parasiticus protein AFLJ interacts with the aflatoxin pathway-specific
regulator AFLR. Mol. Genet. Genom. 2003, 268, 711–719. [CrossRef]

38. Price, M.S.; Yu, J.; Nierman, W.C.; Kim, H.S.; Pritchard, B.; Jacobus, C.A.; Bhatnagar, D.; Cleveland, T.E.;
Payne, G.A. The aflatoxin pathway regulator AflR induces gene transcription inside and outside of the
aflatoxin biosynthetic cluster. FEMS Microbiol. Lett. 2006, 255, 275–279. [CrossRef]

39. Casquete, R.; Benito, M.J.; Aranda, E.; Martín, A.; Ruiz-Moyano, S.; de Guía Córdoba, M. Gene expression
of Aspergillus flavus strains on a cheese model system to control aflatoxin production. J. Dairy Sci. 2019,
102, 7765–7772. [CrossRef]

40. Flaherty, J.E.; Payne, G.A. Overexpression of aflR leads to upregulation of pathway gene transcription and
increased aflatoxin production in Aspergillus flavus. Appl. Environ. Microbiol. 1997, 63, 3995–4000. [CrossRef]

41. Upadhyay, A.; Mooyottu, S.; Yin, H.; Nair, M.S.; Bhattaram, V.; Venkitanarayanan, K. Inhibiting microbial
toxins using plant-derived compounds and plant extracts. Medicines 2015, 2, 186–211. [CrossRef]

42. Yin, H.-B.; Chen, C.-H.; Kollanoor-Johny, A.; Darre, M.J.; Venkitanarayanan, K. Controlling Aspergillus flavus
and Aspergillus parasiticus growth and aflatoxin production in poultry feed using carvacrol and
trans-cinnamaldehyde. Poult. Sci. 2015, 94, 2183–2190. [CrossRef] [PubMed]

43. Koh, C.-L.; Sam, C.-K.; Yin, W.-F.; Tan, L.Y.; Krishnan, T.; Chong, Y.M.; Chan, K.-G. Plant-derived natural
products as sources of anti-quorum sensing compounds. Sensors 2013, 13, 6217–6228. [CrossRef]

44. Upadhyay, A.; Upadhyaya, I.; Kollanoor-Johny, A.; Venkitanarayanan, K. Antibiofilm effect of plant derived
antimicrobials on Listeria monocytogenes. Food Microbiol. 2013, 36, 79–89. [CrossRef]

45. Mooyottu, S.; Kollanoor-Johny, A.; Flock, G.; Bouillaut, L.; Upadhyay, A.; Sonenshein, A.L.;
Venkitanarayanan, K. Carvacrol and trans-cinnamaldehyde reduce Clostridium difficile toxin production and
cytotoxicity in vitro. Int. J. Mol. Sci. 2014, 15, 4415–4430. [CrossRef] [PubMed]

46. Goh, E.-B.; Yim, G.; Tsui, W.; McClure, J.; Surette, M.G.; Davies, J. Transcriptional modulation of bacterial gene
expression by subinhibitory concentrations of antibiotics. Proc. Natl. Acad. Sci. USA 2002, 99, 17025–17030.
[CrossRef]

http://dx.doi.org/10.1016/j.toxrep.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30225197
http://dx.doi.org/10.3390/jcm9010109
http://dx.doi.org/10.3923/ajps.2010.126.133
http://dx.doi.org/10.1534/genetics.107.073460
http://dx.doi.org/10.1099/mic.0.27618-0
http://dx.doi.org/10.1021/ja0455188
http://dx.doi.org/10.1128/AEM.60.5.1444-1450.1994
http://www.ncbi.nlm.nih.gov/pubmed/8017929
http://dx.doi.org/10.1002/mbo3.63
http://www.ncbi.nlm.nih.gov/pubmed/23281343
http://dx.doi.org/10.1128/AEM.55.9.2172-2177.1989
http://www.ncbi.nlm.nih.gov/pubmed/2802602
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15681047
http://dx.doi.org/10.3390/toxins4121582
http://dx.doi.org/10.1007/s00438-003-0809-3
http://dx.doi.org/10.1111/j.1574-6968.2005.00084.x
http://dx.doi.org/10.3168/jds.2019-16722
http://dx.doi.org/10.1128/AEM.63.10.3995-4000.1997
http://dx.doi.org/10.3390/medicines2030186
http://dx.doi.org/10.3382/ps/pev207
http://www.ncbi.nlm.nih.gov/pubmed/26217023
http://dx.doi.org/10.3390/s130506217
http://dx.doi.org/10.1016/j.fm.2013.04.010
http://dx.doi.org/10.3390/ijms15034415
http://www.ncbi.nlm.nih.gov/pubmed/24625665
http://dx.doi.org/10.1073/pnas.252607699


Antibiotics 2020, 9, 728 17 of 18

47. Qiu, J.; Feng, H.; Lu, J.; Xiang, H.; Wang, D.; Dong, J.; Wang, J.; Wang, X.; Liu, J.; Deng, X. Eugenol reduces
the expression of virulence-related exoproteins in Staphylococcus aureus. Appl. Environ. Microbiol. 2010,
76, 5846–5851. [CrossRef]

48. Upadhyay, A.; Johny, A.K.; Amalaradjou, M.A.R.; Baskaran, S.A.; Kim, K.S.; Venkitanarayanan, K.
Plant-derived antimicrobials reduce Listeria monocytogenes virulence factors in vitro, and down-regulate
expression of virulence genes. Int. J. Food Microbiol. 2012, 157, 88–94. [CrossRef]

49. Majidi, Z.; Lamardi, S.N.S. Phytochemistry and biological activities of Heracleum persicum: A review.
J. Integr. Med. 2018, 16, 223–235. [CrossRef] [PubMed]

50. Shao, H.; Huang, X.; Zhang, Y.; Zhang, C. Main alkaloids of Peganum harmala L. and their different effects on
dicot and monocot crops. Molecules 2013, 18, 2623–2634. [CrossRef] [PubMed]

51. Bairwa, R.; Sodha, R.S.; Rajawat, B.S. Trachyspermum ammi. Pharmacogn. Rev. 2012, 6, 56–60. [CrossRef]
52. Omidpanah, S.; Aliakbari, F.; Nabavi, S.M.; Vazirian, M.; Hadjiakhoondi, A.; Kurepaz-Mahmoodabadi, M.;

Manayi, A. Effects of Monoterpenes of Trachyspermum ammi on the Viability of Spermatogonia Stem Cells
In Vitro. Plants 2020, 9, 343. [CrossRef] [PubMed]

53. Asif, H.M.; Sultana, S.; Akhtar, N. A panoramic view on phytochemical, nutritional, ethanobotanical uses
and pharmacological values of Trachyspermum ammi Linn. Asian Pac. J. Trop. Biomed. 2014, 4, S545–S553.
[CrossRef]

54. Rahmani, A.H.; Khan, A.A.; Aldebasi, Y.H. Saffron (Crocus sativus) and its active ingredients: Role in the
prevention and treatment of disease. Pharmacogn. J. 2017, 9, 873–879. [CrossRef]

55. Salehi, B.; Selamoglu, Z.; Sener, B.; Kilic, M.; Kumar Jugran, A.; de Tommasi, N.; Sinisgalli, C.; Milella, L.;
Rajkovic, J.; Morais-Braga, F.B. Berberis Plants—Drifting from Farm to Food Applications, Phytotherapy,
and Phytopharmacology. Foods 2019, 8, 522. [CrossRef]

56. Villinski, J.; Dumas, E.; Chai, H.-B.; Pezzuto, J.; Angerhofer, C.; Gafner, S. Antibacterial activity and alkaloid
content of Berberis thunbergii, Berberis vulgaris and Hydrastis canadensis. Pharm. Biol. 2003, 41, 551–557.
[CrossRef]

57. Vitali, L.A.; Beghelli, D.; Nya, P.C.B.; Bistoni, O.; Cappellacci, L.; Damiano, S.; Lupidi, G.; Maggi, F.;
Orsomando, G.; Papa, F. Diverse biological effects of the essential oil from Iranian Trachyspermum ammi.
Arab. J. Chem. 2016, 9, 775–786. [CrossRef]

58. Mostaghim, T.; Afshar, A.; Mohammadpourfard, I.; Sayadi, M.; Rezaei, M. Antibacterial properties of
essential oil of Heracleum persicum (Golpar) and foodborne pathogens. Int. J. Enteric Pathog. 2017, 5, 41–44.

59. Goodarzi, M.T.; Khodadadi, I.; Tavilani, H.; Abbasi Oshaghi, E. The role of Anethum graveolens L. (Dill) in the
management of diabetes. J. Trop. Med. 2016, 2016, 1–11. [CrossRef]

60. Said-Al Ahl, H.A.H.; Sarhan, A.M.; Abou Dahab, M.; Abou-Zeid, E.-S.N.; Ali, M.S.; Naguib, N.Y.;
El-Bendary, M.A. Essential Oils of Anethum graveolens L.: Chemical Composition and Their Antimicrobial
Activities at Vegetative, Flowering and Fruiting Stages of Development. Int. J. Plant Sci. Ecol. 2015,
1, 98–102.

61. Iranshahy, M.; Bazzaz, S.F.; Haririzadeh, G.; Abootorabi, B.Z.; Mohamadi, A.M.; Khashyarmanesh, Z.
Chemical composition and antibacterial properties of Peganum harmala L. Avicenna J. Phytomed. 2019,
9, 530.

62. Darabpour, E.; Bavi, A.P.; Motamedi, H.; Nejad, S.M.S. Antibacterial activity of different parts of
Peganum harmala L. growing in Iran against multi-drug resistant bacteria. EXCLI J. 2011, 10, 252.
[PubMed]

63. Nieto, G.; Ros, G.; Castillo, J. Antioxidant and antimicrobial properties of rosemary (Rosmarinus officinalis, L.):
A Review. Medicines 2018, 5, 98. [CrossRef] [PubMed]

64. Hosseinihashemi, S.K.; Aghajani, H. Chemical composition and antioxidant capacity of extracts from the
wood of Berberis vulgaris stem. Lignocellulose 2017, 6, 36–47.

65. Firouzi, R.; Shekarforoush, S.S.; Nazer, A.H.K.; Borumand, Z.; Jooyandeh, A.R. Effects of essential oils of
oregano and nutmeg on growth and survival of Yersinia enterocolitica and Listeria monocytogenes in barbecued
chicken. J. Food Prot. 2007, 70, 2626–2630. [CrossRef] [PubMed]

66. Kalli, V.; Kollia, E.; Roidaki, A.; Proestos, C.; Markaki, P. Cistus incanus L. extract inhibits aflatoxin B1
production by Aspergillus parasiticus in macadamia nuts. Ind. Crops Prod. 2018, 111, 63–68. [CrossRef]

http://dx.doi.org/10.1128/AEM.00704-10
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.04.018
http://dx.doi.org/10.1016/j.joim.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29866612
http://dx.doi.org/10.3390/molecules18032623
http://www.ncbi.nlm.nih.gov/pubmed/23446919
http://dx.doi.org/10.4103/0973-7847.95871
http://dx.doi.org/10.3390/plants9030343
http://www.ncbi.nlm.nih.gov/pubmed/32182777
http://dx.doi.org/10.12980/APJTB.4.2014APJTB-2014-0242
http://dx.doi.org/10.5530/pj.2017.6.137
http://dx.doi.org/10.3390/foods8100522
http://dx.doi.org/10.1080/13880200390500768
http://dx.doi.org/10.1016/j.arabjc.2015.06.002
http://dx.doi.org/10.1155/2016/1098916
http://www.ncbi.nlm.nih.gov/pubmed/29033706
http://dx.doi.org/10.3390/medicines5030098
http://www.ncbi.nlm.nih.gov/pubmed/30181448
http://dx.doi.org/10.4315/0362-028X-70.11.2626
http://www.ncbi.nlm.nih.gov/pubmed/18044446
http://dx.doi.org/10.1016/j.indcrop.2017.10.003


Antibiotics 2020, 9, 728 18 of 18

67. Khorasani, S.; Azizi, M.H.; Barzegar, M.; Hamidi-Esfahani, Z.; Kalbasi-Ashtari, A. Inhibitory effects of
cinnamon, clove and celak extracts on growth of Aspergillus flavus and its aflatoxins after spraying on
pistachio nuts before cold storage. J. Food Saf. 2017, 37, e12383. [CrossRef]

68. Ingallina, C.; Capitani, D.; Mannina, L.; Carradori, S.; Locatelli, M.; Di Sotto, A.; Di Giacomo, S.; Toniolo, C.;
Pasqua, G.; Valletta, A. Phytochemical and biological characterization of Italian “sedano bianco di Sperlonga”
Protected Geographical Indication celery ecotype: A multimethodological approach. Food Chem. 2020,
309, 125649. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/jfs.12383
http://dx.doi.org/10.1016/j.foodchem.2019.125649
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effective Concentration of Plant Extracts Can Control the Growth of A. flavus and Inhibit the Production of Aflatoxin B1 
	Addition of Extract Concentrations Leads to Gene Expression Reduction and Thereby Aflatoxin B1 Control 

	Discussion 
	Materials and Methods 
	Fungal Strain and Culture Conditions 
	Preparation of the Herbal Extracts and Determination of the Minimum Inhibitory Concentrations 
	Culture Media 
	Quantification of A. flavus Hyphal Growth 
	Aflatoxin B1 Detection Using Liquid Chromatography–Mass Spectrometry (HPLC-MS/MS) 
	RNA Extraction and cDNA Synthesis 
	Gene Expression Analysis by RT-qPCR 
	Statistical Analysis 
	A. flavus Mycelial Growth and Aflatoxin B1 Production in Various Culture Mediums 
	Effect of the Extracts on A. flavus Mycelial Growth and Aflatoxin B1 Production 
	The Impact of Plant Extracts on the Expression Level of Genes Involved in Biosynthesis Pathway of Aflatoxin B1 
	Correlation Analysis between the Gene Expression and Aflatoxin Production 


	Conclusions 
	References

