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Abstract: Mycotoxins are secondary metabolites produced by fungi. Food/feed contamination by
mycotoxins is a great threat to food safety. The contamination can occur along the food chain and
can cause many diseases in humans and animals, and it also can cause economic losses. Many
detoxification methods, including physical, chemical, and biological techniques, have been estab-
lished to eliminate mycotoxins in food/feed. The biological method, with mycotoxin detoxification
by microorganisms, is reliable, efficient, less costly, and easy to use compared with physical and
chemical ones. However, it is important to discover the metabolite’s toxicity resulting from mycotoxin
biodegradation. These compounds can be less or more toxic than the parent. On the other hand,
mechanisms involved in a mycotoxin’s biological control remain still unclear. Mostly, there is little
information about the method used by microorganisms to control mycotoxins. Therefore, this article
presents an overview of the most toxic mycotoxins and the different microorganisms that have a
mycotoxin detoxification ability. At the same time, different screening methods for degradation
compound elucidation are given. In addition, the review summarizes mechanisms of mycotoxin
biodegradation and gives some applications.

Keywords: mycotoxins; aflatoxins; contamination; microorganisms; biodegradation; enzymes

Key Contribution: This review highlights the current research in mycotoxin biodegradation and
bioadsorption. As such, an emphasis is placed on microorganism species; mechanisms; resulting
compounds after biodegradation; and main important applications.

1. Introduction

Mycotoxins are secondary metabolites with low molecular weight produced by fil-
amentous fungal species [1–3]. Their chemical structures are very different [4], and they
cause various degrees of toxicity in humans and animals. Mycotoxins are often genotypi-
cally specific but can be produced by one or more fungal species; one species can produce
more than one kind of mycotoxin. In the environment, there are more than 200 kinds of
mycotoxins [5]. Some of them can exhibit carcinogenic, teratogenic, mutagenic, and neuro-
toxic properties, and others can show antitumor capacity and cytotoxic and antimicrobial
properties [4,6].

Toxins 2022, 14, 729. https://doi.org/10.3390/toxins14110729 https://www.mdpi.com/journal/toxins1
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Mycotoxin contamination can occur throughout the whole food process, from pre-
harvest to food storage [5,7–9]. It is estimated that 25% of the world’s agricultural products
may be contaminated by mycotoxins each year [10], which leads to economic losses and
causes a variety of toxic effects in humans and animals. According to the RASFF (Rapid
Alert System for Food and Feed), for the 10-year period from 2010–2019, almost 98.9% of
U.S. food notifications on mycotoxins were due to aflatoxin contamination in almonds,
peanuts, and pistachio nuts [11]. A multi-mycotoxin analysis of sorghum and finger millet
in 2014 showed that these two types of cereals were contaminated with major mycotoxins,
with a prevalence of 6 to 52% for finger millet and less than 15% for sorghum [12]. A similar
study about the occurrence of mycotoxins in peanuts and peanut products showed that the
level of aflatoxins was higher than the maximum limit in 90% of the samples [13]. A study
by Monyo et al. on the occurrence of aflatoxin contamination in groundnut demonstrated
that the amount of aflatoxin was higher than the maximal limit in 11 to 28% of the samples
and below the limit in 2 to 10% of the samples [14]. A study on the occurrence of ochratoxin
A (OTA) in food products available in Silesia markets showed that around 22% of the
samples were contaminated [15]. Up to 30 or 31% of total wheat-based product samples
collected from some districts of Punjab were found to be contaminated with aflatoxins and
zearalenone (ZEN) [16]. A three-year survey about Fusarium mycotoxin contamination
in wheat samples showed the presence of deoxynivalenol (DON) and nivalenol (NIV) in
about 540 and 337 μg/kg, respectively [17]. To deal with this worldwide problem, many
detoxification methods have been found against mycotoxins: physical methods, chemical
methods, and biological methods [18,19].

Physical control refers to all methods that use the physical properties of a detoxica-
tion agent. This can include adsorption, extrusion, cooking, ozonation, the mechanical
separation of the clean product from contaminated one, heating at high temperatures,
use of radiation and light, grinding, and washing [20,21]. At present, the utilization of
mycotoxin-binding adsorbents is the most frequently applied method to protect animals
from contaminated feed [22]. Agro-product processing can also reduce mycotoxin contami-
nation. Fermentation has been useful for some Fusarium mycotoxins [23]. It is considered
an excellent technique for mycotoxin control in African countries [24].

Chemical control refers to methods that require the use of chemical compounds.
This includes techniques such as ammonization [25], the influence of acids and bases,
and the influence of oxidizing agents or various inorganic and organic chemicals [20].
However, these methods have some limitations because of the possible deterioration of
animal health caused by excessive residual chemical substances in the feed and even some
environmentally negative impacts [22].

Nowadays, the biological control of mycotoxins has gained great interest because
most chemical and physical detoxification pathways have limitations such as high cost,
residual compounds in food and feed, and loss of nutrients. Biological methods include
the action of yeasts, bacteria, and enzymes against mycotoxins [26,27]. This detoxification
pathway offers an excellent alternative to eliminate toxins and safeguards the nutritional
value of food and feed. Nonetheless, biodegradation can result in more toxic compounds.
Therefore, there is a need to study the toxicity of the resulting compounds [28].

This paper first describes the most common mycotoxins, then it provides a summary
of different mycotoxin detoxification methods by microorganisms and detoxification mech-
anisms already found. Finally, some important microorganism applications are provided.

2. Major Mycotoxin Overview

Along the food chain, aflatoxins, ochratoxin A, zearalenone, deoxynivalenol, nivalenol,
fumonisin B1 and B2, and patulin are the most common mycotoxins that can contaminate
food and feed [29].

Aflatoxins are secondary fungi metabolites mostly produced by Aspergillus flavus,
Aspergillus parasiticus, Aspergillus nominus, and Aspergillus niger [5,30,31]. Approximately
18 aflatoxins have been identified [32], but the most common are aflatoxin B1 (AFB1),
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aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin G2 (AFG2), aflatoxin M1 (AFM1), and
aflatoxin M2 (AFM2). Due to their capacity to bind with the DNA of cells, aflatoxins affect
protein synthesis [33]. Group B has blue fluorescence and group G has green fluorescence
under ultraviolet light [33]. Aflatoxin contamination occurs mainly in hot and humid
regions [34]. AFB1 is the most toxic and is cancerogenic, teratogenic, and mutagenic [35].
It is included in category 1A of active carcinogenic compounds (IARC, 1993). The liver
is its number one target [36]. On the other hand, AFM1 is a metabolite of AFB1 mainly
present in dairy products [37] and is included in group 2B by International Agency for
Research on Cancer (IARC) (1993) with a maximum of 0.5 μg/kg in milk [38]. Aflatoxin B1
is bio-transformed into AFB1-8,9-epoxide via cytochrome p450 enzymes, which can induce
DNA damage [39].

Patulin (PAT) is a mycotoxin produced mostly by penicillium [40], Byssochlamys,
and Aspergillus species [41]. Patulin contamination can cause a lot of damage to animals,
such as cancer, by affecting different organs, including the kidney, liver, and intestine [42].
It can contaminate foodstuffs such as fruits and vegetables, especially apples and apple
by-products [43–45].

Ochratoxin A (OTA) is the most common toxin in grapes and grape-derived prod-
ucts [46], but it can also contaminate food such as coffee, spices, beer [47], and some meat
products [48]. OTA is mainly produced by Aspergillus ochraceus and Penicillium verruco-
sum [49]. Aspergillus carbonarius, and Aspergillus niger can also produce OTA, especially
in grapes and wines [50]. OTA is very stable at high temperatures [51]. It has neuro-
toxicological effects [52,53] nephrotoxic effects and can affect mammary functions [54].
OTA production in grapes and grape-derived products is a severe problem in the wine
production field, especially in European countries where the climate conditions favor the
growth of ochratoxigenic Aspergillus species. Thus, since March 2002, maximum OTA
levels in cereals and dried vine fruits are regulated by the EU [55,56].

Fumonisin B1 (FB1) is the most abundant and toxic of the more than 15 types of
fumonisins that have been identified [57]. FB1 can cause many diverse toxic effects in
animals, including neurotoxicity, hepatotoxicity, and nephrotoxicity [58]. FB1 is a mycotoxin
produced by Fusarium species such as Fusarium verticilloides and Fusarium proliferatum [59].
It is found in various crops, but mostly in corn and corn-based food or feed products. It is
classified by the IARC 2002 as a carcinogen to humans (group 2B) [60].

Trichothecene mycotoxins are a group of sesquiterpenoid metabolites produced by
Fusarium species. They usually contaminate cereals and threaten human and animal
health [61]. Around 200 tetracyclic sesquiterpenoids have been identified as part of the
trichothecene group [62]. Deoxynivalenol (DON) and nivalenol (NIV), and T-2 Toxin (T-2)
are the more significant trichothecenes [63]. Type-B trichothecenes include deoxynivalenol
(DON), nivalenol (NIV), and their acetylated derivatives, whereas Type-A includes T-2 and
HT-2 toxins [10]. They are distinguished by the presence or absence of a carbonyl group in
the C8 position.

Deoxynivalenol (DON) has been found to contaminate cereal crops such as barley [64],
wheat [65], and maize, as well as their by-products [66]. It is mainly produced by Fusarium
species [67]. DON may cause toxic and immune-toxic effects in animal species [6]. It is a
potent inhibitor of protein synthesis. Fusarium mycotoxins such as DON and ZEN have
been shown to affect liver morphology [68] and to have an immunosuppressive effect [69].

Zearalenone is a β-resorcylic acid lactone [70] that is produced by several species of
Fusarium, including Fusarium graminearum, Fusarium culmorum, Fusarium cerealis, Fusarium
equiseti, and Fusarium semitectum [71]. This mycotoxin infects cereals such as maize and
wheat and can cause many hazards to humans and animals, such as cytogenetic toxicity,
decrease fertility, embryotoxicity, and immunotoxicity [72–74]. ZEN has the ability to bind
to the estrogen receptors of a cell, making it hazardous to humans and animals [75]. ZEN is
mostly bio-transforming in α-ZEN and β-ZEN [76].

Due to their toxicity and effects on human health, many countries and international
organizations, such as the World Health Organization (WHO), the Food and Agriculture
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Organization (FAO), and the European Union (EU) through the European Food Safety
Authority (EFSA) [77], have set up strict controls of maximum residue levels in foodstuffs.
Figure 1 provides some examples of mycotoxin structures.

Figure 1. Most common mycotoxin structures.

Table 1 provides an overview of the characteristics of some mycotoxins, including
their effects and corresponding recommendations from the World Health Organization [38].

Table 1. Some mycotoxin characterizations.

Toxins Effects Fungi Producer WHO Recommendation References

Aflatoxin B1 Cancerogenic, teratogenic,
mutagenic

Aspergillus flavus,
Aspergillus parasiticus,
Aspergillus nominus,
and Aspergillus niger

15 μg/kg in peanuts [5,30,31,39,78–80]

Patulin
Genotoxicity, mutagenicity,
gastrointestinal disorders,

edema

Penicillium,
Byssochlamys, and
Aspergillus species

50 μg/kg in apple juice [27,81–85]

OTA
Nephrotoxic and neurotoxic

effects, affects mammary
functions

Aspergillus ochraceus,
Penicillium verrucosum,
Aspergillus carbonarius,
and Aspergillus niger

5 μg/kg in wheat and
barley [50,52,54,86,87]

DON Intestinal damage, emetic
effects, immune-toxic

Fusarium graminearum
and Fusarium culmorum

2000 μg/kg in wheat,
barley, and maize [88–90]

ZEN

Cytogenetic toxicity, decreases
fertility, embryotoxicity,

immunotoxicity, estrogenic,
anti-androgenic activities

Fusarium graminearum,
Fusarium culmorum,

Fusarium cerealis,
Fusarium equiseti, and
Fusarium semitectum

TDI1 0.25 μg/kg by EFSA2 [70–74,91–93]

Fumonisin B1 Neurotoxicity, Hepatotoxicity,
nephrotoxicity

Fusarium verticilloides
and Fusarium
proliferatum

Total of FB1 + FB2: 2000
μg/kg in maize flour and

maize meal
[59,94–96]

1TDI: Tolerable daily intake; 2EFSA: European Food Safety Authority.
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3. Microorganism Degradation

3.1. Toxin Detoxification by Bacteria

Many species of bacteria have the ability to degrade mycotoxins, including lactic acid
bacteria [97] and other species [98]. Tetragenococcus halophilus [99], Rhodococcus erythro-
polis, and Mycobacterium fluoranthenivorans [100] were proven to degrade AFB1; Pediococ-
cus parvulus [101] and Lactobacillus acidophilus [102,103] are effective for OTA, AFB1, and
AFM1 biocontrol; Bifidobacterium animalis [104] is useful for patulin control; Pseudomonas
otitidis [105] and Bacillus velezensis Strain ANSB01E [106] are able to detoxify ZEN. The
degradation process depends on many factors, such as the incubation time, the medium,
the microorganism species, the concentration of the bacteria cells, and the pH.

The degradation time changes according to the bacteria strain; the microbiota from
the thermophilic compost of agricultural waste have degraded AFB1 in 5 days, with a
degradation yield of more than 95% after cultivation in a PCS medium at 55 ◦C [107],
and Rhodococcus pyridinivorans K408 took 12 days to detoxify AFB1 in bioethanol [26]; the
Lacticaseibacillus rhamnosus (previously Lactobacillus rhamnosus) strains LBGG and LC705,
however, removed AFB1 very rapidly [108].

The detoxification rate can depend on the medium; Bacillus subtilis UTBSP1 is able
to detoxify AFB1 in a higher yield in pistachio nuts than in a medium culture [109], and
Pseudomonas fluorescens strain 3JW1 can degrade AFB1 in potato dextrose broth and peanut
medium by 97.8% and 99.4%, respectively [18].

Many bacteria have been reported to be able to degrade more than one mycotoxin [110].
AFB1 and ZEN have been degraded simultaneously by a microbial consortium, TADC7 [111];
Rhodococcus pyridinivorans strains (K408 and AK37) are able to degrade AFB1, T-2, and
ZEN simultaneously [22], but also, some lactic acid bacteria strains can degrade multi-
mycotoxins [112,113]. On the other hand, Pseudomonas fluorescens strain 3JW1 is able not
only to degrade AFB1 but also to inhibit the AFB1 production of Aspergillus flavus. It reduces
the amount of AFB1 produced by Aspergillus by 97.8%, 99.4%, and 55.8%, respectively, in
the medium culture, peanut medium, and peanut kernels [18].

pH also plays an important role in mycotoxin biodegradation. An Alcaligenes faecalis
strain called ANSA176 is able to detoxify OTA at a rate of 97.43% per 1 mg/mL OTA
into OTα within 12 h at 37 ◦C. The optimal pH is between 6.0–9.0. The bacterial species
subjected to the tested pH, ranging from 2.5 to 5.0, were unable to grow [114].

Therefore, mycotoxin biodegradation is an effective method, but it depends on multi-
ple factors. Strict studies are needed for each biocontrol strain to determine the optimal
conditions for its use. Table 2 provides an overview of AFB1 detoxification by bacteria with
regard to the medium culture used and the main effect on the mycotoxin.

Table 3 provides a global vision of mycotoxin detoxification by bacteria. The main
effects on each mycotoxin are provided, as well as the medium culture used.

3.2. Mycotoxin Detoxification by Yeast

Yeasts are able to detoxify mycotoxins in different ways: biodegradation, bioadsorp-
tion, or the inhibition of mycotoxin production [126].

The biodegradation method can happen with an enzyme isolated from the yeast or
the use of the yeast itself. Hong Cao et al. [127] demonstrated the aflatoxin B1 degradation
activity of an oxidase enzyme from the fungus Armillariella tabescens. The degradation
ability of aflatoxin oxidase has been shown by high-performance thin-layer chromatography
(HPTLC). The main mechanism was thought to be the cleavage of the bis-furan ring of
the aflatoxin molecule. Meyerozyma guilliermondii has been shown to be able to control
patulin in pear. The patulin degradation ability of Meyerozyma guilliermondii in pear wounds
increases with a higher concentration of yeast cells. The optimal temperatures are 20 ◦C
and 4 ◦C in wounds, as well as in whole fruits [128].
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Table 2. Aflatoxin B1 detoxification by bacteria.

Bacteria Medium Culture Main Effects References

Bacillus subtilis UTBSP1 (1) Nutrient broth culture
(2) Pistachio nut

Detoxification of AFB1 by 85.66% and 95%,
respectively, in the nutrient broth culture

and the pistachio nuts in optima conditions
of 35–40 ◦C during 24 h.

[109]

Mycobacterium fluoranthenivorans sp. Medium culture with AFB1 The AFB1 concentration was reduced by
70% to 80% within 36 h. [115]

Myroides odoratimimus strain 3J2MO Medium culture with AFB1 Degradation of 93.82% of the AFB1 after
incubation for 48 h at 37 ◦C. [116]

Pseudomonas fluorescens strain 3JW1
(1) Medium culture with AFB1

(2) Peanut medium
(3) Peanut kernels

Degradation of AFB1 by 88.3% in 96 h. [18]

Rhodococcus pyridinivorans K408
Bioethanol produced by

Aspergillus flavus-
contaminated corn

Degradation rate was more than 63% in the
solid phase and 75% in the liquid phase

after 12 experiment days.
[26]

Staphylococcus warneri, Sporosarcina
sp., Lysinibacillus fusiformis

Medium culture with
AFB1 standard

Both cultures and lysates degraded AFB1,
and the addition of a protease inhibitor

enhanced the degradation rate of the lysate.
[117]

Enterococcus faecium M74 and EF031
strains

Medium culture with
FB1 solution

AFB1 removal by 19.3 to 30.5% for M74
strain and 23.4 to 37.5% for EF031 strain. [110]

Pontibacter specie Medium culture with
aflatoxin B1 standard Lysates and cultures both degraded AFB1. [118]

Microbial consortium, TADC7 Medium culture with
aflatoxin B1 standard

Degradation of more than 95% of the
amount of AFB1 after five days cultivation

in PCS medium at 55 ◦C.
[107]

Lacticaseibacillus rhamnosus
(previously Lactobacillus rhamnosus)

strains LBGG and LC705

Medium culture with
aflatoxin B1 standard

A rapid removal of 80% of AFB1 by both
two strains. [108]

Lacticaseibacillus rhamnosus
(previously Lactobacillus rhamnosus)

TISTR 541

Bread produced by
contaminated wheat flour

Decrease in AFB1 levels during mixing and
fermentation process. [119]

Rhodococcus erythropolis Medium culture with
aflatoxin B1 standard

A significant reduction in the amount of
AFB1 when treated with the Rhodococcus

erythropolis extracellular extracts.
[120]

Lactobacillus acidophilus and prebiotics Whole cow’s milk Reduction in AFB1 of 13.53 to 35.53%. [103]
Lactobacillus acidophilus and
Lacticaseibacillus (previously

Lactobacillus rhamnosus)
Yogurt samples Binding of AFB1 by 64.56 to 96.58% during

21 days of storage. [121]

On the other hand, yeast biocontrol can involve bioadsorption mechanisms. Some
Saccharomyces strains are able to remove OTA contamination via adsorption; the mechanism
of removal can be enhanced from 45% to 90% by heat treatment of the microorganism
and with a lower pH in the medium [129]. In another case, during OTA reduction caused
by Saccharomyces cerevisiae, the addition of sugar at a temperature of 30 ◦C enhanced the
OTA reduction rate in a semi-synthetic medium [130]. The binding capacity of AFB1, ZEN,
OTA, and DON with respect to the Saccharomyces cerevisiae contained in beer fermentation
residue was studied by Campagnollo et al. [131]. The results showed that beer fermentation
residue has a higher binding capacity for ZEN at levels of 75.1% and 77.5% at pH 3.0 and
6.5, respectively. The volatiles of non-fermenting yeasts have shown significant binding
activity against mycotoxins. The highest mycotoxin binding activities of these strains were
noted against ochratoxin A (92%), AFB2 (66%), AFG2 (59%), and AFB1 (31%) [132]. One
issue concerning mycotoxin biocontrol by yeast is that it can sometimes be a reversible
mechanism, as has been noted with S. cerevisiae CECT 1891 and L. acidophilus 24, which
were able to remove FB1 from a liquid medium. The removal was a fast and reversible
process [133]. Yeasts’ complicated interactions with mycotoxins indicate that cell wall
structural integrity, physical structure and morphology, and chemical components all play
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important roles in the adsorption process. On this basis, future approaches may rely
on combinations of different microorganisms to provide complementary advantages in
mycotoxin adsorption by yeast [134].

Table 3. Other mycotoxins detoxification by bacteria.

Bacteria Toxins Medium Culture Main Effects References

Enterococcus faecium
M74 and EF031 strains Patulin

Medium culture
enriched with

patulin solution

Patulin removal of 15.8 to 41.6% for M74
strain and 19.5 to 45.3% for EF031 strain. [110]

Bacillus pumilus ES-21 Zearalenone Medium culture with
ZEN standard The degradation rate was more than 95.7%. [91]

Bacillus
amyloliquefaciens ZDS-1 Zearalenone

(1) Medium culture
with ZEN standard
(2) Contaminated

wheat samples

ZEN degradation with a concentration
ranging from 1 mg/L to 100 mg/L for specific

optimal conditions, which are temperature
30 ◦C, pH from 6.0 to 7.0, and a
microorganism concentration of

5.1 × 108 CFU/mL.

[122]

Rhodococcus
pyridinivorans strains

(K408 and AK37)

AFB1, T2
toxin, ZEA

Medium culture with
mycotoxin standard

solutions

Degradation of the 03 mycotoxins and
increase in the ZON degradation capacity
from 60% to 95% in the multi-mycotoxin

degradation system

[22]

Microbial consortium
TADC7 AFB1, ZEN

Medium culture with
mycotoxin standard

solutions

Degradation of AFB1 by 98.9% and ZEN by
88.5% after 168 h. [111]

Pseudomonas otitidis
TH-N1 Zearalenone Medium culture with a

ZEN standard

Degradation of ZEN under optimal
conditions: Temperature 37 ◦C, pH 4 to pH 5,
and bacterial concentration of 109 CFU/mL.

[105]

Bacterial consortium
PGC-3 DON, NIV

Medium culture with
mycotoxin standard

solution

Biotransformation of DON into
de-epoxy-DON and NIV into de-epoxy-NIV

with optimal conditions of pH 5–10 and
temperatures of 20–37 ◦C

in aerobic conditions.

[123]

Lactic acid bacteria DON, T-2,
HT-2, ZEN Malting wheat

Reduction in the amount of DON, T-2, HT-2,
and ZEN of, respectively, 23%, 34%, 58%, and

73% in malting wheat samples.
[112]

Lactic acid bacteria FB1, ZEN Maize meal Reduction in ZEN of 68.3% and FB1 of 75%
after 4 incubation days. [124]

Limosilactobacillus
reuteri (previously

Lactobacillus reuteri)
ZEN Nutrient broth and

maize kernels

Hydrolysis of 5.0 mg/L ZEN for 8 h in
nutrient broth and hydrolysis of

2.5 mg/kg ZEN for 4 h in ZEN-contaminated
maize kernels.

[125]

Bacillus velezensis Strain
ANSB01E ZEN Liquid medium and

moldy corn

ZEN degradation of 95% in the liquid
medium and of 25% in the moldy corn

after 48 h.
[106]

Finally, mycotoxin biocontrol by yeast can concern the inhibition of mycotoxin pro-
duction. Ponsone et al. studied the activity of some yeast strains isolated from Argentinean
vineyards against the growth of the ochratoxigenic Aspergillus strain Nigri and also evalu-
ated their effects on OTA. This study demonstrated the natural occurrence of biocontrol
agents in the environment to reduce fungi and mycotoxin problems. The results showed
that these yeast strains have the ability, under different water activity (aw) and tempera-
ture conditions, to control Aspergillus carbonarius and A. niger aggregate growth and OTA
accumulation with a reduction of at least 50% [135]. The same results were obtained when
non-fermenting and low-fermenting yeasts were used by Fiori et al. to reduce OTA contam-
ination in grape juice [136]. Nonetheless, some yeast strains are just able to inhibit growth
parameters but not mycotoxin production.

Table 4 provides a summary of mycotoxin detoxification by yeast. Emphasis is given
to related medium culture and its main effects on mycotoxins.
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Table 4. Toxin detoxification by yeasts.

Yeasts Toxins Medium Culture Main Effects References

Saccharomyces
cerevisiae

Beauvericin
(BEA)

(1) Standard of BEA
(2) Corn flour

In total, 89.1 to 99.3% degradation rate in
the standard solution against 73.5 to 91%

in the cornflour.
[137]

Rhodosporidium
paludigenum Patulin Patulin standard Removal of the total amount of patulin

after two days at 28 ◦C. [138]

Armillariella tabescens Aflatoxin B1 Aflatoxin B1 standard Cleavage of the bis-furan ring. [127]

Candida versatilis
CGMCC 3790 Aflatoxin B1

A mixture of steamed
soybean and baked

wheat flour

Degradation dependent on initial
AFB1 concentration. [139]

Rhizopus stolonifer OTA Wheat contaminated
by OTA Degradation of 96.5% of OTA. [140]

Candida intermedia,
Lachancea

thermotolerans,
Candida friedrichii

OTA Grape juice
Reductions in OTA by Candida intermedia,
Lachancea thermotolerans, Candida friedrichii

of 73%, 75%, and 70%, respectively.
[136]

Candida tropicalis,
Torulaspora delbriickii,

Zygosaccharomyces
rouxii, and

Saccharomyces strains

ZEN Growth media Biodegradation of ZEN into α- zearalenol
and β-zearalenol. [141]

Saccharomyces
cerevisiae W13 OTA Semi-synthetic medium

Removal of an amount of OTA from 6 to
57.21% with the highest level obtained at

30 ◦C with 250 g/L of sugar.
[130]

3.3. Toxin Detoxification by Enzymes

Some enzymes isolated from microorganisms or mushrooms are able to degrade one or
multiple mycotoxins. This is the case for the Ery4 laccase from Pleurotus eryngii, which can
degrade AFB1, FB1, OTA, ZEN, and T-2 at the same time [142]. Other enzymes can detoxify
only one mycotoxin; this is the case for Armillariella tabescens, which has been demonstrated
to have an AFB1 degradation ability [127]. The degradation mechanism depends on the
enzyme type and the type of mycotoxins. Enzymes can transform the parent into a new
compound [91,127,143] or digest it completely [122]. Zeinvand-Lorestani et al. studied
the action of a laccase enzyme against AFB1. Under optimal conditions, 67% of the total
amount of AFB1 was degraded by the laccase after two days. The degraded product’s
prooxidative properties and mutagenicity were lower than the AFB1 one [144]. Bacillus
amyloliquefaciens ASAG1 can detoxify OTA by 98.5% after 24 h of incubation and 100% after
72 h. On the other hand, the carboxypeptidase cloned from the bacterium is also able to
degrade OTA at a level of 41% and 72%, respectively, when cultivated with the supernatant
and the purified protein of the carboxypeptidase [145]. Another study showed the effect of
carboxypeptidases against OTA. Commercial protease A, commercial pancreatin, and an
enzyme extract isolated from Aspergillus niger MUM have been proven to degrade OTA
to Otα, respectively, by 87.3%, 43.4%, and 99.8% under the optimal conditions of pH 7.5
and temperature 37 ◦C after 25 h [146]. Porcine pancreatic lipase degraded PAT in pear
juice [147].

Table 5 provides an overview of mycotoxin degradation by enzymes with emphasis
given to the medium culture and its main effects.
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Table 5. Toxin detoxification by enzymes.

Toxins Medium Enzymes Main Effects References

Patulin Apple juice Orotate phosphoribo-
syltransferase The degradation rate can reach over 80%. [148]

Aflatoxin B1 Medium culture with
aflatoxin B1 standard

Aflatoxin-oxidase
(AFO) Cleavage of the bis-furan ring. [127]

Aflatoxin B1
Citrate buffer

solution containing
20% DMSO

Laccase

Under optimal conditions, which are a
temperature of 35 ◦C, a pH of 4.5, and a
laccase activity of 30 U/mL, 67% of the
AFB1 total amount was degraded after

two days.

[144]

OTA LB medium

Carboxypeptidase
from Bacillus

amyloliquefaciens
ASAG1

Decrease of 41% and 72%, respectively,
when cultivated with the supernatant and
the purified protein of carboxypeptidase.

[145]

OTA Buffer systems with
enzymes

Commercial protease
A, commercial

pancreatin, and an
enzyme extract
isolated from

Aspergillus niger
MUM

At pH 7.5 and 37 ◦C, protease A and
pancreatin reduce the OTA level,

respectively, by 87.3%, 43.4%, and 99.8%
after 25 h.

[146]

AFB1 Reaction mixture Manganese protease
MnP

In total, 86% of AFB1 levels decrease after
48 h and 5 nkat of MnP. [143]

Patulin Pear juice Porcine pancreatic
lipase (PPL)

Patulin degradation with 0.02 g/mL PPL
and 0.375 mg/L of PAT at 40 ◦C within 24 h. [147]

Aflatoxin B1,
Fumonisin B1,
Ochratoxin A,

Zearalenone, T-2

Medium culture with
a standard solution of

mycotoxins

Ery4 laccase from
Saccharomyces

cerevisiae

AFB1, FB1, OTA, ZEN, and T-2 toxin
degradations of 73%, 74%, 27%, 100%, and

40%, respectively.
[142]

Aflatoxin B1 Medium culture with
aflatoxin B1 standard

Laccase from white
rot fungi

In total, 40.45% degradation of AFB1 by
Peniophora sp. SCC0152; 35.90% degradation
of AFB1 by Pleurotus ostreatus St2; 3; 87.34%
degradation of AFB1 by pure laccase from

Trametes versicolor.

[149]

4. Detoxification Mechanism

4.1. Biodegradation Mechanism

The toxin biodegradation mechanism depends on the microorganism and toxin na-
ture. In their study of AFB1 biodegradation, J. Li et al. demonstrated that aflatoxin B1
degradation by Tetragenococcus halophilus is first caused by adsorption and then by the
enzymatical pathway. The amount of AFB1 binding caused by adsorption was smaller than
the one degraded by the enzymatical pathway. Two mechanisms have been offered as pos-
sible pathways for enzymatical action, and six degradation products have been identified:
C14H10O4, C18H16O8, C14H12O3, C16H20O4, C14H16O2, and C14H20O2. The first pathway
involves the lactone ring, and the second one involves the double bond of the furan ring.
Both mechanisms result in the same compound: C14H20O2 [99]. The same results were
obtained with another salt-tolerant Candida versatilis, CGMCC 3790 [139]. In that case, four
resulting compounds were identified by LC/TOF-MS: C14H10O4, C14H12O3, C13H12O2,
and C11H10O4. Elsewhere, Hong Cao et al. suggested that the aflatoxin oxidase (AFO)
extracted from Armillariella tabescens detoxifies the AFB1 by cleaving the bis-furan ring [127].
Adebo et al. found that the pathway of AFB1 degradation by the culture and lysate of
a Pontibacter species is enzymatical and suggested that when the AFB1 is hydrolyzed, it
has probably been transformed into new compounds, which were not identified in that
paper [118]. AFB1 has been partially bio-transformed into aflatoxin D1 (AFD1) by deleting
a mutant of the bacC gene in Baccilus subtilis UTB1. The mechanism was a reduction in the
double bond of the lactone ring in the coumarin moiety, followed by the hydrolysis of the
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ester bond and, finally, the des-carboxylation of the yield to aflatoxin D1 (AFD1); all the
processes were catalyzed by the BacC [150]. AFD1, AFD2, and AFD3 have been shown
to be degradation compounds of AFB1 detoxification by Pseudomonas putida. The mech-
anism might be lactone [151]. Phanerochaetesordida YK-624 is able to transform AFB1 into
AFB1-8,9-epoxide by, firstly, the oxidation of the manganese protease; thereafter, hydrolysis
obtains the final product, AFB1-8,9-dihydrodiol [143]

A yeast enzyme, orotate phosphoribosyltransferase, from Rhodotorula mucilaginosa was
tested against patulin in apple juice samples and under optimum degradation conditions,
which are 0.15 g/L of orotate phosphoribosyltransferase for every 1 mg/L patulin at 25 ◦C
for 18 h; the degradation rate of patulin reached over 80% [148]. During a study of patulin
degradation by the yeast Rhodosporidium paludigenum, the authors of [138] made the state-
ment that the enzyme(s) responsible for patulin degradation synthesis was enhanced by
the presence of patulin. In fact, an assay with protein extracted from cells contaminated
by patulin was more active than those with proteins from cells grown without patulin.
This difference was attributed to the synthesis of the enzyme. Patulin degradation screen-
ing of Saccharomyces cerevisiae, tested by M. Li et al., showed that the mechanism was
enzymatical and that the PAT-metabolizing enzyme production by the yeast cells is not
induced by PAT preincubation [27]. These results were not in accordance with those of
Ianiri et al., who concluded in their study that the patulin degradation mechanism by the
yeast Sporobolomyces sp. IAM 13481 can be induced via pretreatment with the mycotoxin;
the pre-incubation with patulin can induce the earlier activation of the gene-encoding
proteins of the antioxidant system and the proteins involved in the patulin efflux and
patulin degradation [152].

Young et al., in their study, showed that microbial isolate microbiota and pure cultures
from chicken intestines have the ability to degrade twelve trichothecenes. The degradation
compound identification by MS has suggested that the mechanism includes de-epoxidation
and or a diacylation, with the route depending on the presence and position of acyl
functionalities [153]. In addition, Gao et al. isolated a bacterium, Eggerthella sp. DII-9,
which has the ability to degrade some types of trichothecenes, including DON, HT-2,
T-2 triol, and T-2 tetraol, into other compounds. T-2 triol was degraded into de-epoxy
T-2triol (88.0%), de-epoxy HT-2 (8.6%), and de-epoxy T-2tetraol (2.3%). T-2 tetraol was
converted into de-epoxy T-2 tetraol (85.9%), and about 2.3% de-epoxy T-2 triol. HT-2
was transformed into de-epoxy HT-2 (81.4%) and 4.7% de-epoxy T-2 triol. To identify the
molecular mechanism, the complete genome of DII-9 was sequenced, but the location of
the responsible genes was not found. After the enzymatical study, de-epoxidation was
found to be a complex phenomenon [62].

The zearalenone degradation of Bacillus pumilus ES-21 was studied by G. Wang et al.
The degradation rate was more than 95.7%, and the degradation compound was identified
as 1-(3,5-dihydroxyphenyl)-60-hydroxy-l0-undecen-l00-one. Nonetheless, the compound
was not very stable and degraded very rapidly. The mechanism was found to be enzy-
matical and was thought to be due to esterase activity [91]. on the other hand, during the
process of ZEN degradation by Bacillus amyloliquefaciens [122], no resulting compounds
were detected. It was concluded that during the biodegradation of Zen by the bacteria’s
extracellular enzyme, no ZEN derivatives were produced; in fact, a study of ZEN deriva-
tive biodegradation by Bacillus amyloliquefaciens, including α-zearalenol, β-zearalenol,
α-zearalanol, and β-Zearalanol, resulted in no metabolites. Koch et al. (2014) studied
the ZEN detoxification ability of nine different fungal strains of the genera Rhizopus and
Aspergillus, which are known to produce and transform steroids. The results showed
that all the strains were able to detoxify ZEN. Biodegradation and adsorption happen
simultaneously. Five resulting compounds were identified: ZEN-14-sulfate, ZEN-O-14,
ZEN- O-16-glucoside, α-zearalenol, and α- zearalenol-sulfate. The nine biocontrol agents
were divided into three groups: (1) Rhizhopus oryzae DSM 907 and Rhizhopus stolonifera
DSM 855, which can catalyze ZEN glycosylation; (2) Rhizhopus oryzae DSM 906 and Rhizho-
pus oligosporus DSM 1964 and Aspergillus oryzae DSM 1864 and Aspergillus oryzae NBRC
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100959, which are involved in the formation of sulfated ZEN metabolites; (3) Rhizopus
DSM 908, DSM 1834, and Rhizopus oligosporus LMH 1133 T, which have shown the ability
to produce the metabolite of both patterns [154]. The bacterial gut flora of pigs are able to
transform ZEN into α-zearalenol and an unidentified compound via hydrolysis and DON
into de-epoxy-DON via a de-epoxydation reaction [155].

OTA biodegradation by Pediococcus parvulus UTAD depended on the inoculum size and
the incubation temperature coupled with a latency phase before biodegradation initiation.
This later effect is due to the biodegradation enzyme synthesis of the bacteria [101]. OTA
has been biodegraded into Otα by OTA amide group hydrolysis. On the other hand, OTA
reduction by Debaryomyces hansenii involves neither absorption nor detoxification. It is
a repression of the expression of the non-ribosomal peptide synthetase (otanpsPN) gene
linked to the OTA biosynthetic pathway, which was observed in [48].

Generally, mechanisms of mycotoxin degradation by microorganisms include different
types of enzymes (protease, esterase, intracellular enzymes, etc.). The degradation process
can include one or two types of reactions. The mechanisms elucidated by now include
oxidation, hydrolysis, the cleavage of the lactone ring, des-carboxylation, de-epoxidation,
glycosylation, and sulfate-conjugation reactions. Figure 2 provides a general scheme of
different enzymes that participate in mycotoxin degradation caused by microorganisms
and the involved reactions.

Figure 2. Mycotoxin biodegradation: Enzymes and reactions/mechanisms.

Many studies have focused on the mycotoxin detoxification abilities of microorgan-
isms, but a better understanding of responsible enzymes and the mechanisms involved
is still needed. In some specific cases, no resulting metabolites were detected after myco-
toxin biodegradation caused by microorganisms, but mostly, one or multiple compounds
are usually detected. Table 6 provides an overview of mycotoxin degradation caused
by microorganisms with a focus on the involved enzymes, degradation reactions, and
resulting metabolites.

4.2. Decontamination by Removal Mechanism

The use of microorganisms as agents for toxin sequestration in order to remove them
from food and feed is an approach that has shown many good results.

Taheur et al. showed that strains isolated from a kefir culture are efficient in binding
mycotoxins. The binding ability was dependent on the strain and the mycotoxin type [158].
From the same perspective, Saccharomyces cerevisiae CECT 1891 and Lactobacillus acidophilus
24 FB1 were shown to have a binding ability by Pizzolitto et al. The binding process needed
a little time (1 min), and the mechanism involved was demonstrated to be a toxin molecule
via the physical adsorption of the microorganism’s cell wall components. Cell viability
was not necessary for FB1 binding, but the microorganism’s cell wall structural integrity
was required, and the process did not involve FB1 chemical modification [133]. From the
same perspective, two strains of Enterococcus faecium, which are present in dairy products,
particularly in cheese, are efficient in AFB1 and PAT removal [110]. The same results were
obtained by Elsanhoty et al. when they studied the AFM1 removal ability of some strains
of Lactobacillus in milk samples [159].
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Table 6. Toxin degradation by microorganism mechanisms summary.

Microorganisms
Genes or
Enzymes

Toxins Degradation Reactions Obtained Metabolites References

Tetragenococcus
halophilus Enzyme ND * Aflatoxin B1 Adsorption + enzymatical

action

C14H10O4, C18H16O8,
C14H12O3, C16H20O4,
C14H16O2, C14H20O2

[99]

Candida
versatilis

CGMCC 3790
Enzyme ND Aflatoxin B1 Adsorption + enzymatical

action
C14H10O4, C14H12O3,
C13H12O2, C11H10O4. [139]

Phanerochaetesor-
didaYK-624

Manganese
protease MnP Aflatoxin B1 Oxidation + hydrolysis AFB1-8,9-dihydrodiol [143]

Rhodosporidium
paludigenum Enzyme ND Patulin ND Desoxypatulinic acid [138]

Bacillus pumilus
ES-21 Esterase Zearalenone

(ZEN)

Cleavage of the lactone ring,
followed by

des-carboxylation. The
enzymatic process follows

first-order kinetics with t1/2
of 6.52 h.

1-(3,5-dihydroxyphenyl)-60-
hydroxy-l0-

undecen-l00-one
[91]

Eggerthella sp. Enzyme ND
DON, HT-2,
T-2 triol and
T-2 tetraol

De-epoxidation

De-epoxy- DON, de-epoxy
T-2triol, de-epoxy HT-2,

de-epoxy T-2 tetraol for the
04 parents in different ratios

[62]

Saccharomyces
cerevisiae

Endo and Exo
enzymes

synthesized by
the yeast during
the fermentation

Patulin

The mechanism was
enzymatical and the

production of the relevant
PAT-metabolizing enzymes

synthesized by the yeast
cells is not induced by PAT

preincubation

E-ascladiol [27]

Sporobolomyces
sp. IAM 13481 ND Patulin

The mechanism was
induced by pretreatment

with patulin.
DPA and (Z)-ascladiol [152]

Pediococcus
parvulus UTAD Peptidases OTA Hydrolysis of the OTA

amide group. Otα [101]

Rhizopus and
Aspergillus

species
ZEN Glycosylation,

sulfate-conjugation

ZEN-14-sulfate, ZEN-O-14,
ZEN- O-16-glucoside,

α-zearalenol, α-
zearalenol-sulfate

[154]

Phaffia
rhodozyma Metalloprotease OTA ND Otα [156]

Gut Microflora
of Pigs ND DON De-epoxidation De-epoxy-DON [155]

Gut Microflora
of Pigs ND ZEN Hydrolyze α-zearalenol [155]

Bacillus subtilis
UTB1 Gene bacC, AFB1

Reduction in the
double bond

Hydrolysis of the ester bond
Des-carboxylation

AFD1 [150]

Pseudomonas
putida ND AFB1 Opening of the lactone ring AFD1, AFD2, AFD3 [151]

Pichia caribbica Intracellular
enzymes Patulin Unidentified Ascladiol and unknown

compound [157]

* ND: not determined.

OTA removal by Saccharomyces strains was demonstrated by Bejaoui et al. to be an
adsorption mechanism. This mechanism was dependent on the OTA molecule’s ionic
properties, the yeast membrane state, and the biomass concentration [129].

Lactococcus lactis and Bifidobacterium sp. Isolated from milk are able to neutralize ZEN
contents via absorption. The Lactococcus lactis absorption is not homogeneous, and the
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process happens in two different steps. The first one includes a ZEN absorption of 88%,
and the second one consists of ZEN diffusion into bacterial cells. This was contrary to that
of Bifidobacterium sp., where the adsorption mechanism only had a single homogeneous
step. The deprotonated carboxyl groups of the bacterial proteins and peptidoglycan play a
significant role in the absorption process [71].

AFB1 binding via the Saccharomyces cerevisiae mannoprotein is possible because of
AFB1 absorption onto mannose sites, where the new structure is maintained. Indeed, the
new structure nature does not match that of a natural AFB1 molecule, so AFB1 can be
removed from the media [160].

4.3. Degradation Compound Toxicity

Knowing the degraded compound’s toxicity is very important because it can be more
or less toxic than the parent. Therefore, many cytotoxicity studies have been conducted.

Adebo et al. studied the toxicity of the compounds resulting from AFB1 degradation
caused by Staphylococcus warneri, Sporosarcina sp., and Lysinibacillus fusiformis. The experi-
ment was conducted by monitoring the mortality of lymphocyte cells (from human blood)
after the cells were exposed to degraded compounds. A lower mortality rate was recorded
compared with aflatoxin B1. The authors concluded that there was lower toxicity [117]. On
the other hand, Escherichia coli DH5a, Arabidopsis thaliana, and human hepatocyte LO2 were
used by [138] to determine the degradation toxicity of the compound identified as desoxy-
patulinic acid (DPA) due to patulin detoxification caused by Rhodosporidium paludigenum.
The lower toxicity of DPA compared with PAT was demonstrated.

Elsewhere, no toxicity reduction has been found after ZEN and FB1 biocontrol using
lactic acid bacteria. One toxicity study was conducted using human esophageal carcinoma
cell lines [124]. Some ZEN degradation products are known to be more toxic than ZEN. In
the case of α-ZOL, it shows higher estrogenicity than ZEN [71]. The compounds derived
from ZEN biocontrol toxicity can be ranked as follows: α-zearalenol > α-zearalanol >
zearalenone > β-zearalenol [161].

Figure 3 provides some mycotoxin degradation pathways.

Figure 3. Some mycotoxin degradation pathways.
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5. Functional Enzymes Extraction from Bacteria

Nowadays, enzymes, as shown in Section 3.3, play a key role in mycotoxin biodegrada-
tion. Therefore, it is important to have a general method of enzyme extraction
from microorganisms.

The process of enzyme extraction from microorganisms can be divided into three parts:
extraction, purification, and characterization.

The extraction step’s main idea is to extract the enzyme outside the host. Some
procedures are performed by harvesting the mycelia pellet via centrifugation and then
washing it with phosphate buffer, followed by a second centrifugation to remove cell
debris [127]. More recently, the homogenization of cells with protein extraction buffer
followed by ultrasonication and centrifugation has been performed [148].

The purification step’s aim is, after the extraction step, to obtain an enzyme that
is as pure as possible. Ammonium sulfate is the most used compound to precipitate
enzymes [162]. This step is generally followed by centrifugation. In some cases, the precipi-
tation step can be performed by using both organic solvents, such as methanol, ethanol,
or acetone, and ammonium sulfate separately [163]. After enzyme activity determination,
some purification techniques are used. Chromatography purification can be performed
by using hydrophobic interaction chromatography (HIC) followed by immobilized metal
ion affinity chromatography (IMAC) [127] or ion-exchange chromatography on a DEAE-
Sepharose GE column, followed by dialysis and lyophilization [163]; dialysis can also be
performed with a DEAE-Sepharose column [164]. Further purification can be performed
using a Superdex 75 column followed by dialysis and lyophilization [163].

The last step is purified enzyme characterization. This step permits us to find the char-
acteristics of the enzyme. It can be feasible to use SDS polyacrylamide gel electrophoresis
(SDS-PAGE) to determine the molecular weight [127,163], HPTLC analysis to determine
the enzymatic activity, and ESI-MS/MS to identify the enzyme [127]. Finally, the determi-
nation of the optimum pH, the optimum temperature, the ion metal effect on the enzyme
activity [163], and the protein concentration (which can be determined using the method of
Bradford) can be performed. Then, the enzyme can be stored at −85 ◦C until used.

Figure 4 provides a brief scheme of all the steps of enzyme extraction
from microorganisms.

Figure 4. Functional enzyme extraction from bacteria. [127,163–165].

6. Application and Perspectives

Microorganisms that can detoxify hazardous mycotoxins into low-toxicity compounds
are of great importance. Being able to utilize them in the field and industries would be of
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great interest to food/feed safety. Therefore, it is advantageous to use microorganisms for
mycotoxin detoxification on a large scale. Nevertheless, any applications to be set up must
take into account both biocontrol agents and the life cycle of mycotoxigenic species, as well
as the environmental conditions and plant agronomy [166]. Microorganisms that show
activity against mycotoxins provide important properties because of the future possibility
of exchanging the chemical and physical methods of preservation with a biological method
based on those microorganisms and enzymes. Metabolism products of biocontrol agents
are propitious for the bioconservation of food due to their ability to reduce the proliferation
of mycotoxigenic fungi and mycotoxin production [167].

Microorganisms are used in many different ways. They are already used as probiotics
to enhance the health of the host upon adequate administration. Lactobacillus species are
most often used as probiotics [168], mainly via encapsulation [169], [170]. Encapsulation
is one of the most effective methods of saving the viability and stability of microorgan-
isms [113,171]. Therefore, it is a good alternative for microorganism applications in food
and feed. Recently, the yeast Sporidiobolus pararoseus, which has a mycotoxin binding
ability, was successfully produced with this approach on an industrial production scale
with possible applications in feed additives [172].

Microorganisms can also be used as biopesticides [173]. The use of biofungicides is
an approach that involves the application of different microorganisms that can suppress
toxic fungi [174]. Recently, novel biofungicide formulations based on Bacillus subtilis 5,
Bacillus cereus 3S5, and Pseudomonas fluorecens 10S2 were produced [175]. The same formu-
lation has been created using other microorganisms [176–178].

Finally, the mycotoxin degradation enzyme can be especially valuable in the feed,
food, and fermentation industry [109,120]. The α-amylase enzymes from some bacterial or
fungal strains are widely used [179]. A carboxypeptidase that can degrade OTA has been
cloned and used to detoxify the OTA mycotoxin [145].

7. Conclusions

This paper reviews mycotoxin degradation caused by microorganisms. Mycotoxins are
secondary compounds produced by fungi with various chemical structures. Some of them
are very hazardous for humans and animals, and strict regulations have been made for their
content in food and feed. Physical, chemical, and biological methods can be used to control
mycotoxin food/feed contamination. Biological control, which includes bacteria, yeast,
and enzymatic activities against mycotoxins, is considered a very friendly control method
compared with physical and chemical methods. However, more studies are needed to
elucidate mycotoxin detoxification mechanisms. Unfortunately, most investigations do not
address the real process involved with this biodegradation. In some cases, the degradation
compound structures are elucidated, which helps to provide the hypothetically involved
mechanisms. The detoxification of mycotoxins using bacterial strains augurs a new path
for food/feed safety. From this perspective, more emphasis can be given to the toxicity of
the resulting degradation compounds and the involved mechanisms of elucidation.
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Abstract: Deoxynivalenol (DON) is a mycotoxin widely detected in cereal products contaminated by
Fusarium. Fusarium pseudograminearum megabirnavirus 1 (FpgMBV1) is a double-stranded RNA
virus infecting Fusarium pseudograminearum. In this study, it was revealed that the amount of DON in
F. pseudograminearum was significantly suppressed by FpgMBV1 through a high-performance liquid
chromatography–tandem mass spectrometry (HPLC-MS/MS) assay. A total of 2564 differentially
expressed genes were identified by comparative transcriptomic analysis between the FpgMBV1-
containing F. pseudograminearum strain FC136-2A and the virus-free strain FC136-2A-V-. Among
them, 1585 genes were up-regulated and 979 genes were down-regulated. Particularly, the expression
of 12 genes (FpTRI1, FpTRI3, FpTRI4, FpTRI5, FpTRI6, FpTRI8, FpTRI10, FpTRI11, FpTRI12, FpTRI14,
FpTRI15, and FpTRI101) in the trichothecene biosynthetic (TRI) gene cluster was significantly down-
regulated. Specific metabolic and transport processes and pathways including amino acid and
lipid metabolism, ergosterol metabolic and biosynthetic processes, carbohydrate metabolism, and
biosynthesis were regulated. These results suggest an unrevealing mechanism underlying the
repression of DON and TRI gene expression by the mycovirus FpgMBV1, which would provide new
methods in the detoxification of DON and reducing the yield loss in wheat.

Keywords: deoxynivalenol; Fusarium pseudograminearum megabirnavirus 1; mycoviruses; transcriptome

Key Contribution: The secondary metabolite and predominant mycotoxin deoxynivalenol (DON)
of Fusarium pseudograminearum was significantly reduced by a megabirnavirus FpgMBV1. The
expression of genes in the trichothecene biosynthetic (TRI) gene cluster was suppressed. These results
provide an idea to detoxify of DON by directly using mycovirus FpgMBV1 or its regulation on
related genes.

1. Introduction

Fusarium is a genus of filamentous fungi ubiquitously existing in agricultural and
natural ecosystems [1,2]. Some species in Fusarium cause diseases including wilts, blights,
rots, and cankers on crops and some horticultural, ornamental, and forest plants [3,4].
Wheat crown rot (FCR), one of the most destructive wheat diseases worldwide, is caused
by species in Fusarium [5]. The dominant causal agent of FCR is F. pseudograminearum [6–8].
The symptoms of FCR include dry seedlings at the seedling stage, browning and rot
at the base of the stem at the adult stage, withered white ears at the filling stage, and
shriveled grains at the harvest stage [9]. Besides the significant decrease in wheat yield,
F. pseudograminearum produces a diverse array of toxic secondary metabolites including
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mycotoxins [10,11]. Cereals contaminated with mycotoxins are unsuitable for food or
feed [12,13]. The mycotoxins produced by Fusarium include trichothecenes, fumonisins, etc.
The most common Fusarium mycotoxin is deoxynivalenol (DON), which causes the disease
of emesis, oral lesions, dermatitis, and hemorrhaging in human and livestock [14,15]. The
biosynthesis of DON starts from the cyclization of farnesyl pyrophosphate mediated by
trichodiene synthases (encoded by TRI5) [16]. Then, multiple steps are followed by at least
six additional enzymes encoded by TRI4, TRI101, TRI11, TRI3, TRI1, and TRI8. Moreover,
two transcription factors, TRI6 and TRI10; a transmembrane transporter, TRI12; and genes
with unknown functions, TRI9 and TRI14, may also be involved in DON biosynthesis and
the virulence of Fusarium [17–21].

Mycoviruses are viruses hosted in fungi. They have been described in many fungal
species. Some of the viruses are hypovirulence-related with an effect on reducing the
virulence of the pathogenic fungi. Besides the hypovirulence effect, some mycoviruses
have an influence on the cultivating features of host fungi including the morphology and
development of the colonies and spores. For example, Cryphonectria hypovirus 1 (CHV1)
decreased the pigmentation and spore production of Cryphonectria parasitica [22]. Scle-
rotinia sclerotiorum hypovirulence-associated DNA virus 1(SsHDV1) caused abnormal
colony morphology and the reduction in colony growth and small sclerotia production to
Sclerotinia sclerotiorum [23]. Rosellinia necatrix megabirnavirus 1 (RnMBV1) suppressed the
growth and melanin biosynthesis in Rosellinia necatrix [24].

To date, 29 mycoviruses species have been reported in Fusarium spp. They belong to
the families Hypoviridae, Chrysoviridae, Totiviridae, Partitiviridae, Tymoviridae, Alternaviridae,
and Megabirnaviridae [25]. Among them, Fusarium graminearum virus 1 (FgV1) [26], Fusar-
ium graminearum mycovirus-China 9 (FgV-ch9) [27], Fusarium graminearum hypovirus 2
(FgHV2) [28], and Fusarium pseudograminearum megabirnavirus 1 (FpgMBV1) were
reported as hypovirulence-related viruses [29]. Hypovirulence-related viruses hosted in
F. graminearum, specifically FgV1, FgV-ch9, and FgHV2, caused a significant reduction
in the fungal vegetative growth [26–28]. FpgMBV1 hosted in F. pseudograminearum [29].
There were mild changes in the colony morphology and spore production, but significant
reduction in the virulence of F. pseudograminearum to wheat caused by FpgMBV1 [30].
Moreover, there were two viruses in F. graminearum, FgV1 and Fusarium graminearum
mycotymovirus 1 (FgMTV1/SX64), which were reported to have a reducing effect on the
DON production. FgV1 had a hypovirulence effect on F. graminearum, while FgMTV1/SX64
had a mild effect on the virulence [26,31].

To reveal the mechanism underlying the regulation of mycoviruses on fungi, high-
throughput mRNA sequencing (RNAseq) was applied. For instance, the differential ex-
pression of genes related to fungal metabolism, transcription, translation, and ribosomal
RNA processing was shown to be related to FgV1 infection [32]. Host cell transport-
related genes were down-regulated by Fusarium graminearum virus 3 (FgV3) [33]. Genes
involved in RNA processing and ribosome transport assembly were down regulated
during the infection of Fusarium graminearum virus 4 (FgV4) [33]. Genes related to glu-
tamate metabolism, homoserine metabolism, cellular aldehyde metabolism, and lactate
metabolism in F. graminearum were down-regulated by FgHV1 [34]. RNA silencing and
virulence-related genes were considerably down-regulated in S. sclerotiorum strains infected
by SsHADV-1 [35].

In this study, the DON production of the FpgMBV1-containing F. pseudograminearum
strain was determined and compared with that of the virus-free strain by HPLC-MS/MS.
The genome-wide transcriptional reprogramming in F. pseudograminearum under the infec-
tion of FpgMBV1 was outlined by RNA sequencing. Genes involved in the biosynthesis of
DON and ergosterol and in RNA-silencing pathways were analyzed to unravel the inter-
action between FpgMBV1 and F. pseudograminearum. Data obtained in this study would
provide a clue to the specific regulation mechanisms of mycovirus to DON biosynthesis
and virulence of fungal pathogens including Fusarium.

24



Toxins 2022, 14, 503

2. Results

2.1. DON Synthesis Was Inhibited by Mycovirus FpgMBV1

To investigate the effect of FpgMBV1 on the content of DON in F. pseudograminearum,
the isogenic strains FC136-2A and FC136-2A-V- were cultivated in wheat grains for 30 days
at 25 ◦C. Then, 20mL acetonitrile/water/acetic acid (70:29:1, v/v/v) was used to extract
DON from 5 g of these mixtures for each sample for HPLC-MS/MS analysis. Results
showed that the content of DON in the FpgMBV1-containing F. pseudograminearum strain
FC136-2A was 1.3 ± 0.1 μg/kg. The content of DON in the virus-free strain FC136-2A-V-

was 10.6 ± 1.4 μg/kg. Compared to the virus-free strain FC136-2A-V-, the content of
DON in the FpgMBV1-containing strain FC136-2A was reduced by about 87% (p < 0.05)
(Figure 1). No significant difference was found for the content of 15-ADON in the FpgMBV1-
containing strain and the virus-free strain (Figure S2).

Figure 1. HPLC-MS/MS chromatograms showing DON production in wheat grain culture extracts
of F. pseudograminearum strain FC136-2A harboring FpgMBV1 and the isogenic virus-free strain
FC136-2A-V-.

2.2. Overview of RNA-Seq Data for FC136-2A and FC136-2A-V-

To reveal how the biosynthesis genes of DON were regulated by FpgMBV1, the
FpgMBV1-containing F. pseudograminearum strain FC136-2A and the isogenic virus-free
strain FC136-2A-V- were used in the transcriptome analysis with three biological replicates
for each strain using the DNBSEQ platform (BGI, Shenzhen, China). Gene expression
profiles of the strains FC136-2A and FC136-2A-V- were compared. An average of 7.24 Gb of
data was yielded for each sample. The genome of F. pseudograminearum CS3096 was used as
the reference genome. An average of 94.57% and 94.27% of total reads (56–57 million) were
aligned to the genome, respectively. A total of 11,500 genes were detected as expressed, of
which 11417 were known and 83 were predicted as unknown genes (Table S1). The absolute
fold change ≥ 2 and adjusted p-value ≤ 0.001 were used to define differently expressed
genes (DEGs) (Figure 2A). Compared to the gene expression of the strain FC136-2A-V-, a
total of 2564 statistically significant DEGs were found in the strain FC136-2A. Among them,
1585 genes were up-regulated and 979 genes were down-regulated (Figure 2B).
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Figure 2. Effects of FpgMBV1 on the transcriptome profile of F. pseudograminearum as revealed by
RNA-Seq. (A) The volcano plot showing gene signals detected in the strain FC136-2A comparing to
FC136-2A-V-. Up-regulated (red), no change (gray) and down-regulated (blue). (B) The histogram of
the number of differentially expressed genes (DEGs), including numbers of up-regulated (red) and
down-regulated (blue) genes. (C) The number of DEGs annotated in the PHI database. (D) The rate
of numbers of DEGs annotated by Gene ontology terms in molecular function (MF) (green), cellular
component (CC) (red) and biological process (BP) (blue).

The PHI database annotation was screened using the DIAMOND software. A total
of 131 genes were associated with loss of pathogenicity, 479 genes with reduced virulence,
and 32 genes with lethal consequences (Figure 2C). In this study, the DEGs with PHI
identity > 80% were used for further screening and the heat map construction. There
were 18 genes categorized as reduced virulence genes including 4 up-regulated genes and
14 down-regulated ones (Figure S1). There were four genes categorized as essential genes
(Figure S1). All these essential genes were up-regulated. No genes associated with loss of
pathogenicity were identified in this study. Moreover, 12 of these genes were associated
with DON and ergosterol biosynthesis (Table 1).

26



Toxins 2022, 14, 503

Table 1. DON and ergosterol biosynthesis and metabolism-related genes according to the PHI
database.

Gene Name Gene ID SwissProt_Description
log2(FC136_2A/
FC136_2A_V-)

Identity (%) E-Value
PHI

Accession

ERG3B FPSE_12291 Probable Delta(7)-sterol
5(6)-desaturase −1.656 92.3 7.3 × 10−179 PHI:3036

ERG4 FPSE_03901 Delta(24(24(1)))-sterol
reductase −1.336 96.6 0 PHI:2728

ERG5A FPSE_09181 Cytochrome P450 61 −1.584 99.3 0 PHI:3037
ERG5B FPSE_01847 Sterol 22-desaturase −7.320 94.3 1.6 × 10−292 PHI:3038

TRI5 FPSE_12160 Trichodiene synthase −3.030 100 1.1 × 10−228 PHI:6846

TRI6 FPSE_12161
Trichothecene

biosynthesis transcription
regulator 6

−2.686 95.9 1.2 × 10−126 PHI:1362

TRI12 FPSE_12157 Trichothecene efflux
pump TRI12 −2.305 91.7 4.5 × 10−307 PHI:2704

TRI10 FPSE_12159
Trichothecene

biosynthesis transcription
regulator 10

−2.702 93.3 1.5 × 10−232 PHI:2328

TRI15 FPSE_02457 Cys(2)-His(2) zinc finger
protein −1.803 95.7 8.3 × 10−183 PHI:1363

HMR1 FPSE_03466 Hydroxymethylglutaryl
CoA reductase gene −1.781 94.7 0 PHI:1006

VELB FPSE_11531 Velvet complex subunit B −1.760 83.3 1.1 × 10−159 PHI:2427

GLX FPSE_04483 WSC domain-containing
protein ARB_07867 −1.238 87 0 PHI:5393

Gene ontology (GO) terms significantly enriched in the three major functional on-
tologies: 57.5% for biological process (BP), 10.1% for cellular component (CC) and 32.4%
for molecular function (MF) (Figure 2D). For the 1585 up-regulated genes, the most en-
riched three for the BP were carbohydrate metabolic process, transmembrane transport,
catechol-containing compound metabolic process, and oxidoreductase activity, catalytic
activity, and cofactor binding for the MF (Figure 3A, Table S2). For the 979 down-regulated
genes, the most enriched three of the BP were sterol metabolic and biosynthetic process,
steroid metabolic and biosynthetic process, ergosterol metabolic and biosynthetic process;
and oxidoreductase activity, iron ion binding, and cofactor binding for the MF (Figure 3B,
Table S3). The most enrichedthree of the CC were integral component of membrane, an
intrinsic component of membrane, membrane part, and membrane in all DEGs. There were
20 significantly enriched KEGG pathways for the up-regulated genes (Figure 3C, Table S4)
and down-regulated genes, respectively (Figure 3D, Table S5). Sixteen pathways were
related to metabolism.

2.3. The Metabolic Balance in F. pseudograminearum Was Disturbed by FpgMBV1

For the up-regulated DEGs, ten of the enriched KEGG pathways were related to metabolism,
including tryptophan metabolism (ko00380), phenylalanine metabolism (ko00360), fatty acid
metabolism (ko01212), biotin metabolism (ko00780), galactose metabolism (ko00052), argi-
nine and proline metabolism (ko00330), starch and sucrose metabolism (ko00500), sph-
ingolipid metabolism (ko00600), propanoate metabolism (ko00640), and linoleic acid
metabolism (ko00591) (Figure 3C, Table S4). In addition, the meiosis–yeast pathway
(ko04113) related to hyphal growth and development was also enriched.

Among the down-regulated genes, six pathways were related to metabolism (Figure 3D,
Table S5). They were mainly classified into sulfur metabolism (ko00920), glycine, serine and
threonine metabolism (ko00260), ether lipid metabolism (ko00565), fatty acid metabolism
(ko01212), tyrosine metabolism (ko00350), and nitrogen metabolism (ko00910). More-
over, the biosynthesis of antibiotics, autophagy–yeast, steroid biosynthesis, and fatty acid
degradation were also enriched.
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The KEGG enrichment heat map shows that the fungal metabolic balance of amino
acids and lipids was disturbed by FpgMBV1 (Figure 4). The transcription and translation
of cell membrane-associated genes was also regulated by FpgMBV1.

Figure 3. The Gene Ontology enrichment analysis of differently expressed genes, including up-
regulated genes (A) and down-regulated genes (B) and the KEGG pathway enrichment analysis of
the up-regulated genes (C) and down-regulated genes (D).

Figure 4. Heat map of metabolism-related genes differentially expressed in F. pseudograminearum
strain FC136-2A compared to FC136-2A-V-.
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2.4. TRI Genes Regulating DON Biosynthesis Were Down-Regulated by FpgMBV1

The genes in the TRI gene cluster encoding key enzymes for DON biosynthesis were
FgTRI1-FgTRI16 and FgTRI101 in F. graminearum [36]. Comparative transcriptomic results
showed that 12 genes in the TRI gene cluster were down-regulated by FpgMBV1. They were
FpTRI1, FpTRI3, FpTRI4, FpTRI5, FpTRI6, FpTRI8, FpTRI10, FpTRI11, FpTRI12, FpTRI14,
FpTRI15, and FpTRI101 (Figure 5). These TRI genes regulated by FpgMBV1 accounted for
about two-thirds of the total gene number in the TRI gene cluster. Additionally, they were
all significantly repressed.

Figure 5. Heat map of TRI genes differentially expressed in F. pseudograminearum strain FC136-2A
compared to FC136-2A-V-.

2.5. Ergosterol Biosynthesis and Metabolism Were Inhibited by FpgMBV1

Fungal ergosterol content is significantly and positively correlated with DON content.
In this study, ergosterol synthesis and metabolism were significantly enriched according to
the results of GO enrichment of down-regulated genes (Figure 6A). In the PHI database
annotation, four DEGs related to ergosterol synthesis were significantly down-regulated by
FpgMBV1. They were FgERG4 (PHI:2728), FgERG5B (PHI:3038), FgERG5A (PHI:3037), and
FgERG3B (PHI:3036) (Figure 6B). These results showed inhibition in ergosterol biosynthesis
and metabolism in the FpgMBV1-containing strain FC136-2A.
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Figure 6. Heat map of genes related to ergosterol biosynthesis and metabolism differentially expressed
in F. pseudograminearum strain FC136-2A compared to FC136-2A-V-, including genes annotated
as ergosterol biosynthesis and metabolism based on NCBI-NR database (A), and based on PHI
database (B).

2.6. FpDicer1 and FpAGO1 Were Down-Regulated by FpgMBV1

Based the RNA-seq result of FC136-2A and FC136-2A-V-, two Dicer (DCL) genes,
two argonaute (AGO) genes, and one RNA-dependent RNA polymerase (RdR) gene
were found differentially expressed. They were key genes in RNA silencing, which is an
adaptive defense mechanism against foreign nucleic acids, especially viruses in animals,
fungi, and plants [37]. Among them, FpDicer2(FPSE_06330), FpAGO2(FPSE_07737), and
FpRdR1(FPSE_07737) were significantly up-regulated and FpDicer1(FPSE_07072) and
FpAGO1(FPSE_00006) were down-regulated in the FpgMBV1-containing strain FC136-
2A compared to the virus-free strain FC136-2A-V- (Figure 7). These results suggest that
these RNA-silencing-related genes in F. pseudograminearum were involved in the defensive
immunity against FpgMBV1.

2.7. Gene Expression Level by Quantitive Real-Time RT-PCR

Through quantitative real-time RT-PCR, the expression levels of 15 DEGs involved in
metabolism, RNA silencing, virulence, and DON biosynthesis were confirmed. Primers are
listed in Table S6. The expression levels of these representative genes were consistent with
those in the transcriptomic data (Figure 8).
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Figure 7. Heat map of RNA-silencing-related genes differentially expressed between F. pseudogramin-
earum strain FC136-2A harboring FpgMBV1 and the isogenic virus-free strain FC136-2A-V-.

Figure 8. Gene expression comparison of some genes between F. pseudograminearum strain FC136-2A
and FC136-2A-V- by quantitative real-time RT-PCR (orange) and RNA-seq (blue).

3. Discussion

In this study, the production of key mycotoxins DON and 15-ADON was found to be
inhibited by FpgMBV1 significantly. The expression of 12 out of 15 TRI genes was repressed
in accordance with the HPLC-MS/MS data. Previously, mycovirus FgV1 was reported to
cause decreased DON production (60-fold) in F. graminearum [26]. However, only the TRI12
gene in the TRI gene cluster was differently expressed in the FgV1-containing strains [32].
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For FgMTV1/SX64, another mycovirus reducing the DON concentration significantly in
F. graminearum, whether TRI gene expression was regulated is unknown [31]. The global
regulation of most TRI genes by a mycovirus was first reported for FpgMBV1. Two tran-
scription regulators, TRI6 and TRI10, were key regulators in the TRI gene cluster [17]. TRI6
has been identified as a global transcription regulator, not only enhancing the expression of
the genes in the DON biosynthetic pathway but also involved in the upstream isoprenoid
pathway for trichothecene accumulation [38,39]. TRI10 regulated the expression of TRI1,
TRI3, TRI8, TRI11, TRI12, TRI14, and TRI15 in Fusarium spp. [40]. In this study, the sig-
nificant down-regulation of TRI6 and TRI10 might be the reason for the down-regulation
of other TRI genes. The significant disruption of TRI gene expression resulted in the low
contents of DON mycotoxin. This suggests an unrevealing mechanism underlying the
repression of DON and TRI gene expression by mycovirus FpgMBV1, which would provide
new methods in the detoxification of DON and reducing the yield loss in wheat.

Other genes of biosynthetic pathways were differentially expressed under the infection
of FpgMBV1. For example, four genes encoding key enzymes in ergosterol synthesis
were down-regulated. They were FgERG3B, FgERG4, FgERG5A, and FgERG5B [41,42].
It has been reported that ergosterol synthesis has a strong, positive correlation with the
content of mycotoxin DON in the infected grains [43,44]. Moreover, ergosterol is an
important constituent of fungal membranes [45]. Membranes are essential for many cellular
processes, including the defensing response against viruses in fungi [46,47]. Another
significantly down-regulated gene, HMG-CoA-reductase (HMR1), is the key enzyme in the
mevalonate pathway. HMR1 is involved in the biosynthesis of many primary and secondary
metabolites [48]. Some mevalonate derivatives function in fungi–plant interaction, such
as isoprenoids and gibberellins [49]. Another down-regulated gene, FgVELB, plays a
critical role in regulating various cellular processes and acts as a negative regulator for
lipid biosynthesis. The deletion mutant of the FgVELB gene in F. graminearum produces
a very low level of DON [50,51]. These results demonstrated the specific genes involved
in the regulation of DON production Further studies on these genes would clarify the
virulence-related pathways in fungi, especially Fusarium.

In general, the gene expression profile of F. pseudograminearum was reprogrammed by
FpgMBV1 with 2564 genes differentially expressed. The disrupted metabolism caused by
FpgMBV1 included amino acid and lipid metabolism, ergosterol metabolic and biosynthetic
processes, carbohydrate metabolism and biosynthesis. Some of these pathways were critical
in the transcriptome of other fungi under the infection of mycoviruses. In C. parasitica,
“biosynthesis of other secondary metabolites”, “amino acid metabolism”, “carbohydrate
metabolism”, and “translation” were enriched among the DEGs after CHV1 infection,
demonstrating that virus infection resulted in massive but specific changes in primary
and secondary metabolism. Some of the highly induced metabolites played key roles
in the growth, development and pathogenicity of fungi [52]. The complex interaction
between leucine metabolism and the global regulator of mycotoxin biosynthesis, TRI6, and
virulence in F. graminearum has been explored [53]. In this study, the KEGG enrichment
results showed that tryptophan, phenylalanine, tyrosine, glycine, serine, and threonine-
related genes were differentially expressed under the infection of FpgMBV1. Further
studies on the regulation mechanism of FpgMBV1 would help in revealing the crosstalk
between some primary metabolic pathways and mycotoxin biosynthesis and virulence in
F. pseudograminearum.

Mycoviruses were triggers and targets of RNA silencing. Three genes (FpDCL2,
FpAGO2, and FpRdR1) were up-regulated and two genes (FpDCL1 and FpAGO1) were
down-regulated in F. pseudograminearum under the infection of FpgMBV1. They are genes
for key components in the RNA-silencing machinery [54]. Gene expression of DCL2 and
AGO2 were induced by CHV1 in C. parasitica [55]. Genes of SsAgl2, SsDcl1, and SsDCl2 were
essential in defending against viruses in S. sclerotiorum [56]. The expression of FgDICER2
and FgAGO2 were suppressed by FgV1 in F. graminearum [57]. Most RNA-silencing genes
in S. sclerotiorum were repressed by SsHADV-1 [35]. Considering the high diversity of
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these virus–fungi systems, the different regulation on the RNA-silencing pathway seems
reasonable. The regulation network of FpgMBV1 is partially revealed in this study, while
the underlying mechanism is to be explored.

4. Conclusions

Megabirnavirus FpgMBV1 significantly repressed the production of mycotoxin DON
and the expression of 12 TRI genes in F. pseudograminearum. The expression of ergosterol
biosynthesis and RNA-silencing-related genes and genes involved in metabolism were
regulated by FpgMBV1(Figure 9). Prospectively, FpgMBV1 is valuable in the detoxification
of DON and the management of diseases caused by F. pseudograminearum.

Figure 9. General view of genes and pathways regulated by FpgMBV1 in F. pseudograminearum
revealed in this study.

5. Materials and Methods

5.1. Fungal Material and Growth Conditions

FpgMBV1-containing F. pseudograminearum strain FC136-2A and its isogenic FpgMBV1-
free strain FC136-2A-V- were maintained in the laboratory, department of plant protection,
Henan Agricultural University, Henan province, China [27]. For RNA sequencing, these
two strains were grown at 25 ◦C in the dark on potato dextrose agar (PDA) medium (Becton,
Dickinson, and Company, Sparks, MD, USA). For HPLC-MS/MS analysis, these strains
were cultured in wheat grain media. Typically, 180 g of wheat seeds was soaked in distilled
water for 12 h and boiled for 30 min then air-dried and autoclaved at 120 ◦C for 30 min in
triangle flasks to complete the preparation of the wheat grain medium. Three-day-old PDA
plugs of FC136-2A or FC136-2A-V- mycelia were cultured in wheat grain media for 30 days
in the dark at 25 ◦C.

5.2. HPLC-MS/MS Analysis of Type B Trichothecene

Finely ground wheat grain (5.00 g) was weighted and extracted with 20 mL acetoni-
trile/water/acetic acid (70:29:1, v/v/v). The suspension was blended for 5 min at 2500 rpm
using multi-tube vortexer UMV-2. The homogenized solution was centrifuged for 10 min
after cooling (T = 4 °C, 8000 rpm). Then, 750 μL of the upper layer and 2 mL water were
mixed in a 15 mL tube at 11,000 rpm for 10 min. The upper layer was cleaned via nylon
filters and used for HPLC-MS/MS analysis.
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HPLC analysis was performed using LC-MS-8060NX (Shimadzu, Japan) in gradient
conditions. The separation of the toxin was performed using 100 nm × 2.1 mm, 1.9 μm
(Thermo Fisher Scientific, Shanghai, China). The column temperature was set at 40 °C
and the injection volume was 1 μL. Solvent A was 1 mmoL·L-1 ammonium formate in
0.1% formic acid and solvent B was methanol and 1 mmoL·L-1 ammonium formate in
0.1% formic acid. A gradient at a flow rate of 0.2 mL·min-1 was performed within 26 min
(Table S7).

MS/MS was performed on an 8060NX triple quadrupole mass spectrometer equipped
with a Turbo Ion-Spray electrospray ionization (ESI) source (Shimadzu, Japan) heated at
400 ◦C in the negative (DON, 3-ADON, and 15-ADON) and positive (ZEN, D3G, and NIV)
ionization mode. Quantitation was performed using multiple-reaction monitoring (MRM)
with a dwell time of 100 ms. The following transition reactions of DON, 3ADON,15ADON,
ZEN, D3G, NIV, and the IS with the respective declustering potential (DP), collision energy
(CE), and cell exit potential (CXP) in parentheses were recorded using the first mass
transition for quantitation. DON: m/z 297.1 (DP −21.0 V, CE −11.0 V, CXP −25.0V),
3ADON: m/z 339.2 (DP −30V, CE −14V, CXP −25V), 15ADON: m/z 356.2 (DP −18V, CE
−9.0V, CXP −23V), D3G: m/z 503.0 (DP +26V, CE +20V, CXP +29V), ZEN: m/z 317.2 (DP
+16V, CE +24V, CXP +29V), and NIV: m/z 357.2 (DP +13V, CE +13V, CXP +28V).

Data are reported as mean values ± SD of three biological replications. Type B
trichothecene (NIV, DON, FX, 3-ADON, and 15-ADON) yields are expressed as μg·kg-1 of
dry fungal biomass. Values were compared at the 1% significance level using DPS software
(control vs. treated).

5.3. Total RNA Extraction

The 0.5 mg mycelia of strains FC136-2A and FC136-2A-V- were harvested from PDA
plates and ground in liquid nitrogen. Total RNA isolation was conducted using TRIzol
(Invitrogen, Carlsbad, CA, USA). The extracted RNA was treated with RNase-free DNase I
(Promega, Madison, WI, United Kingdom). The concentration of the extracted RNAs was
determined with Nanodrop system (NanoDrop, Madison, WI, USA). The RNA integrity
was examined by the RNA integrity number (RIN) using an Agilent 2100 bioanalyzer
(Agilent, Santa Clara, CA, USA).

5.4. cDNA Library Preparation and Sequencing

MGI Easy RNA Library Preparation Kit (BGI-Shenzhen, China) and DNA Clean Beads
MGI Easy DNA Cleanbeads Kit (BGI-Shenzhen, China) were used to purify mRNA and
synthesize cDNA and PCR amplification; then, purification of the PCR product was carried
out following the kit instructions. The product was validated on the Agilent Technologies
2100 bioanalyzer for quality control. The double-stranded PCR products from the previous
step were heated, denatured, and circularized by splint oligo sequencing to obtain the final
library. The single-stranded circular DNA was formatted as the last library and amplified
with phi29 polymerase to make a DNA nanoball, with more than 300 copies per molecule.
DNBs were loaded into the patterned nanoarray, and 100 paired base reads were generated
on the BGI seq500 platform (BGI-Shenzhen, China).

5.5. RNA-Seq Data Analysis

The raw data were filtered with BGI’s filtering software SOAPnuke (version: v1.4.0)
to remove reads containing splices (splice contamination), reads with unknown base N
content greater than 10%, and reads in which bases with a quality value of lower than
15 accounted for more than 20% of the total number of bases. Using HISAT2 software
(version: v2.1.0; http://www.ccb.jhu.edu/software/hisat), the clean reads were mapped
to the F. pseudograminearum CS3096 genome (Taxonomy ID: 1028729). Bowtie2 (version:
v2.2.5; http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml) was used to compare the
reference gene sequences and RSEM (version: v1.2.8) was applied to calculate the expression
levels of genes and transcripts. Pearson correlation coefficients between every two samples
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were obtained using the core function in the R software, and principal component analysis
(PCA) was performed using the princomp method. To identify significant virulence genes
in fungus, DIAMOND software was used to annotate genes with query coverage of 50%
and identity of 40% in the PHI database (version: V0.8.31). To improve the accuracy of
DEGs, we defined genes with more than two-fold difference and Q-values ≤ 0.001 to be
screened as significantly differentially expressed genes. Differential genes were functionally
classified according to GO and KEGG annotation results and official classification. At the
same time, enrichment analysis was performed using the phyper function in R software,
with FDR correction for p-value, and functions with Q value ≤ 0.05 were considered
significantly enriched.

5.6. Quantitative Real-Time RT-PCR (qRT-PCR) Analysis

Total RNA samples from FC136-2A and FC136-2A-V- were used for cDNA synthesis
by Goldenstar® RT6 cDNA Synthesis kit ver.2 (Tsingke Biotechnology Co., Ltd., Beijing,
China). The resulting cDNAs were used as templates for qRT-PCR.

The qRT-PCR was carried out in a QuantStudio 3 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA) with 2×T5 Fast qPCR Mix (Tsingke Biotechnology
Co., Ltd., Beijing, China). PCR amplification was performed under the following conditions:
95 ◦C for 1 min, followed by 40 cycles of 95 ◦C for 10 s, and 60 ◦C for 30 s. Meltcurve
plots were analyzed for each gene tested after each PCR reaction. The ubiquitin gene of
TEF1α (FPSE_11980) served as an internal reference gene. Primers for 15 of the DEGs were
designed using Primer Premier 5 and are listed in Table S6.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14070503/s1, Figure S1: The virulence genes according to
the PHI-base. (A) Heat map of reduced-virulence genes in DEGs. (B) Heat map of essential genes
(according to PHI database) in DEGs, Figure S2: Accumulation of mycotoxin 15-ADON in wheat
cultures of FC136-2A and FC136-2A-V-. Table S1: Statistics of the transcriptome-sequencing results,
Table S2: The GO enrichment analysis of the up-regulated genes, Table S3: The GO enrichment
analysis of the down-regulated genes, Table S4: The KEGG enrichment analysis of the up-regulated
genes, Table S5: The KEGG enrichment analysis of the down-regulated genes, Table S6: qRT-PCR
primers used in this study, Table S7: Gradient elution conditions of mobile phase.
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Abstract: Fusarium toxins are the largest group of mycotoxins, which contain more than 140 known
secondary metabolites of fungi. Deoxynivalenol (DON) is one of the most important compounds of
this class due to its high toxicity and its potential to harm mankind and animals and a widespread
contaminant of agricultural commodities, such as wheat, corn, barley, oats, bread, and biscuits.
Herein, a hybridoma cell 8G2 secreting mAb against DON was produced by fusing the splenocytes
with a tumor cell line Sp2/0. The obtained mAb had a high affinity (2.39 × 109 L/mol) to DON.
An indirect competitive Enzyme-Linked Immunosorbent Assay (ic-ELISA) showed that the linear
range for DON detection was 3.125–25 μg/mL, and the minimum inhibitory concentration (IC50)
was 18.125 μg/mL with a limit of detection (LOD) of 7.875 μg/mL. A colloidal gold nanoparticle
(AuNP) with 20 nm in diameter was synthesized for on-site detection of DON within 10 min with
vLOD of 20 μg/mL. To improve the limit of detection, the gold nanoflower (AuNF) with a larger
size (75 nm) was used to develop the AuNF-based strip with vLOD of 6.67 μg/mL. Compared to
the vLOD of a convectional AuNP-based strip, the AuNF-based strip was three times lower. Herein,
three immunoassay methods (ic-ELISA and AuNP/AuNF-based strips) were successfully developed,
and these methods could be applied for the DON detection in agricultural products.

Keywords: deoxynivalenol; monoclonal antibody; cell fusion; ELISA; immunochromatographic strips

Key Contribution: High affinity and specific monoclonal antibody was successfully obtained and
used to develop immunoassay methods for detecting Deoxynivalenol in agricultural commodities.

1. Introduction

Deoxynivalenol (DON) is a small molecule secondary metabolite, well known as
vomitoxin, which is secreted by various Fusarium species [1]. The genus Fusarium produces
diverse mycotoxins known as trichothecenes, and DON is one of the most important com-
pounds of this class due to its high toxicity. DON is classified as a type III carcinogen [2].
Ingesting feed or food exposed to DON can lead to abdominal suffering, reduced feed
or food consumption, depression, diarrhea, neurotoxic and immunotoxic effects, shock,
and death, particularly in high doses [3] in both animals and humans [4,5]. Mycotoxin
toxicity occurs at very low concentrations, therefore, sensitive and reliable methods for their
detection are required [6]. Various kinds of instrument-based approaches for DON detec-
tion have been utilized, including High-Performance Liquid Chromatography (HPLC) [7],
Liquid Chromatography connected with Mass Spectrometry (LC-MS) [4], Gas Chromatog-
raphy (GC) [8], and Gas Chromatography connected with Mass Spectrometry (GC-MS) [9].
These instrument- based approaches are highly sensitive and appropriate for multiple
mycotoxins detection [10]. However, the drawbacks include sophisticated instrumentation,
personnel experience, time-consuming, and unsuitability for the rapid screening of numer-
ous samples. Recently, pioneer technologies with high sensitivity have been developed for
DON detection, including chemiluminescence enzyme immunoassays [11,12], Raman [13],
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microfluidic method [14], electrochemical immunosensors [15], and lateral-flow devices
(LFD). Compared to the sophisticated instrument-based method, immunoassays, such as
enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoassay (LFIA), have
been broadly utilized for mycotoxins detection owing to attractive advantages including
high sensitivity, simplicity, low commercial cost, and rapidity [16]. The lateral flow test,
or immunochromatographic assay (ICA), is a direct visible detection method via naked
eyes [17]. In addition, convectional LFIA was developed by integrating different nanopar-
ticles as signal reporters to enhance their performance [18,19] with small surface area of
20–30 nm in diameter, such as gold nanosphere (AuNS) [20]. Gold nanoparticles remain
most popular reporters for ICA due to their characteristics, such as easy of synthesis and
modification [18]. The traditional colloidal gold-based ICA that use 20–40 nm colloidal
gold (AuNP) as signal reporters has low sensitivity given the insufficient brightness of
AuNP [21]. Hierarchical structures of gold nanoparticles with large and rough surface areas
are more favorable for the strong absorption of antibodies than spherical AuNP [22]. Gold
nanoflower (AuNF) possesses high optical brightness and strong target binding affinity
because of its multibranched structure and large specific surface area. Thus, ICA with
AuNF reporters has better sensitivity than ICA with conventional AuNP. Hierarchical
flowerlike gold nanoparticles (AuNF) with a larger diameter (70 mm) of surface area pro-
vide higher signal intensity than conventional AuNS [23,24]. Kim et al. established ICA
to detect both DON and ZEA, with vLOD of 50 ng/mL [25]. Herein, high affinity and
specific monoclonal antibody (mAb) against DON was successfully developed, and based
on obtained mAb, three immunoassay methods including ic-ELISA, AuNP-based strip, and
AuNF-based strip, which could be applied for DON detection in agricultural commodities,
were successfully developed.

2. Results

2.1. Animal Immunization and Hybridoma Screening

Eight-week old female Balb/c mice were immunized by DON-BSA conjugate. After
four immunizations, sera were collected from immunized mice individually from the tail
vein. Antibody titer was measured by the iELISA method using the DON-KLH conjugate
to coat the plate. It was found that two immunized mice with complete conjugate (DON-
BSA) showed higher antibody titer against standard DON toxin. The splenic cells of the
immunized mouse with the highest antibody titer were isolated and fused with a tumor
cell line Sp2/0. The hybridoma clones specific to DON were screened by a limited dilution
method. Finally, two positive clones 4A4 and 8G2 secreting specific anti-DON mAb were
successfully obtained in the study.

2.2. Isotypes and Chromosome Count

The subclass of obtained antibodies secreted by positive clones was assayed via a
commercial iso-typing kit (IgA, IgGI, IgG2a, IgG2b, IgG3, IgM,). It was found that 4A4 and
8G2 secreting anti-DON mAb belonged to the IgG1 subtype as shown in Figure 1a. In the
previously published paper, it was reported that the chromosome count of splenocyte was
66 ± 4, and a tumor Sp2/0 was 39 ± 1 [26]. The chromosome count of positive clone 4A4
and 8G2 was 95 ± 5 and 103 ± 5, respectively, as shown in Figure 1b. Hence, results of the
chromosome count indicated that the number of chromosomes resulted from the fusion of
the splenic cell of immunized mice and the tumor cell line Sp2/0.
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Figure 1. Isotype and chromosome assay: (a) Isotype assay of the hybridoma cells 4A4 and 8G2;
(b) chromosome analysis of the hybridoma cells 4A4 and 8G2.

2.3. Purification of Positive mAb

The positive hybridoma of interest (4A4 and 8G2) were injected into the mice ab-
domens for ascites production. The ascites fluid was collected and directly purified using
caprylic acid/ammonium sulfate procedure. The purified antibodies were assayed using
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Figure 2a,b show
that a band size of heavy and light chains for 4A4 and 8G2 were 50 kDa and 27 kDa,
respectively, corresponding to the molecular weight of IgG. Subsequently, the titer of the
purified antibodies was measured by iELISA. Figure 2c showed the actual titer of the
purified antibodies, indicating that a high titer of the antibody was obtained. The con-
centrations of the target antibodies were measured by BCA protein assay, and the result
showed that the concentrations of secreted antibodies of 4A4 and 8G2 were 1.41 mg/mL
and 1.70 mg/mL, respectively.

Figure 2. Cont.
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(c) 

Figure 2. Purification and titer assay of ascites and the purified anti-DON mAb: (a) SDS-PAGE assay
of ascites and the purified mAb for 4A4; (b) SDS-PAGE assay of ascites and the purified mAb for 8G2.
lane 1: marker; lane 2: ascites; lane 3: purified antibody; Hc = heavy chain; Lc = light chain; (c) titer
assay of ascites and purified mAb (4A4 and 8G2).

2.4. Affinity and Speciality of the Positive mAb

The affinity of hybridoma clones (4A4 and 8G2) against DON was characterized by
iELISA assay using DON-KLH with different concentrations (1.25–10 μg/mL) to coat
the ELISA plate, and serial dilutions of the purified antibody were added into the plate.
Analysis of the affinity constants (Kaff ) of 4A4 and 8G2 against the DON antigen were
obtained using Origin 9.1 for data analysis. The results showed that the mAb secreted
by the two clones 4A4 and 8G2 were sensitive to DON, and the (Kaff) for 4A4 and 8G2
were 3.9 × 108 L/mol and 2.39 × 109 L/mol, respectively (Figure 3a,b). Specificity assay of
hybridoma clones (4A4 and 8G2) was carried out according to the previous method [27].
Different toxins other than DON, such as penicillic acid (PA), fumonisin B1 (FB1), ochra-
toxins A (OTA), aflatoxin B1 (AFB1), ocadic acid (OA), and citrinin (CTN) were used as
competitor antigens for the hybridoma clones (4A4 and 8G2). From the results, the anti-
DON mAb only reacted to DON without cross-reactivity to other tested toxins (Figure 3c,d).
Because the affinity binding of anti-DON mAb secreted by 8G2 was higher than that of the
4A4 cell line, 8G2 was selected for further experiments.

2.5. Establishment of Standard Curve Based on ic-ELISA

The standard curve based on optimal conditions of the ic-ELISA method using the
8G2 anti-DON mAb was constructed. The relationship between DON concentration and
its inhibition was analyzed using Origin 9.1 software (Figure 4a). The results showed
the equation of logistic curve was y = 0.3372 + (0.78529 − 0.33772)/(1 + x/18671)1.58782,
and the correlation coefficient (R2) was 0.98827. The linear equation was y = 2.27178 −
0.40137x, and the correlation coefficient (R2) was 0.95542 (Figure 4b). In this study, IC50
was 18.125 μg/mL. The linear range was 3.125–25 μg/mL, and LOD was 7.875 μg/mL.
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a b

c d

Figure 3. Affinity and cross-reactivity analysis of anti-DON mAb: (a) affinity determination of
anti-DON mAb from 4A4; (b) affinity determination of anti-DON mAb from 8G2; (c) specificity of
anti-DON mAb from 4A4; (d) specificity of anti-DON mAb from 8G2.

Figure 4. Development of ic-ELISA: (a) calibration curve of (B/B0) against DON concentration;
(b) standard curve for DON determination by ic-ELISA.
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2.6. Samples Detection

To assess the validity of the ic-ELISA method, the recovery test was performed, and
four spike concentrations were selected (0.5, 5, 100, and 1000 ng/mL) for an artificially
spiked DON-free corn sample. From results for intra assay, the recovery range was 87.80%
to 96.53% with the average recovery of 91.46%, and the coefficient of variation (CV) range
was 3.42% to 13.31%. The recovery range of inter assay was 92% to 96.61% with average
recovery of 94.21%, and the CV range was 3.19% to 11.02% (Table 1). From the above results,
the developed ELISA method in this study has a good stability and could be utilized for
DON detection in real samples.

Table 1. Analysis of DON in spiked corn samples using the developed ic-ELISA (n = 3).

Intra Assay(n = 3) * Inter Assay(n = 3) #

Sample
Spiked
Level

(ng/mL)

Measured
Level

(ng/mL)

Recovery
(%)

SD
CV
(%)

Measured
Level

(ng/mL)

Recovery
(%)

SD
CV
(%)

Corn

0.5 0.45 90.00 5.342 11. 87 0.46 92 4.54 9.88
5 4.39 87.80 58.43 13.31 4.77 95.4 34.7 7.27

100 96.53 96.53 330.1 3.42 96.61 96.61 308.2 3.19
1000 951.2 91.52 3367.248 3.54 928.4 92.84 13.76 11.02

Average 91.46 94.21

Standard deviation (SD); coefficient of variation (CV); (n = 3) * within plate in one day; (n = 3) # between run in
6 days.

2.7. Development of AuNP-Based Strip for Determination of DON

Colloidal gold (AuNP) about 20 nm in diameter was prepared using the standard
citrate reduction procedure, and the red solution of AuNP was obtained which was easy
to be seen by the naked eye. The structure of the AuNP-based strip is shown in Figure 5a.
The DON-KLH conjugate, and the Goat anti-mouse IgG were sprayed onto a nitrocellulose
(NC) membrane to form a test line (T line) and a control line (C line), respectively. If the
DON-free sample was subjected to the strip sample pad, the AuNP probe directly bound
the DON-KLH conjugate integrated on the NC, and a red line was shown on the T line
(negative). If the samples contained DON, the AuNP probe reacted with the DON from the
samples, which blocked the binding to the DON-KLH conjugates on the T line. Hence, the
C line on the AuNP-based strip becomes lighter (positive). If both T and C lines showed
a red line, it indicates a negative result. If the T line showed the red line but the C line
did not or both the C and T line did not show the red line, it indicates an invalid test
(Figure 5b). For specificity assessment of the strip, different toxins including ochratoxins A
(OTA), fumonisin B1 (FB1), aflatoxin G1 (AFG1), ocadic acid (OA), and penicillic acid (PA)
were individually dropped onto the developed AuNP strip sample pad. The AuNP-based
strip test showed a red line on both T and C line except in the case of DON. This finding
shows that the AuNP-based strip was highly specific to DON without any cross-reactivity
(Figure 5c). For sensitivity assessment of the AuNP-based strip, different DON toxin
concentrations were added individually (4 to 100 μg/mL) to the sample pads of different
AuNP-based strips. From the result, the vLOD was 20 μg/mL (Figure 5d). Real samples
(wheat flour, corn flour, barely, and oats) were purchased from a supermarket and analyzed
for DON contamination. From the results, the developed color of the tested samples on
the strip was the same as the negative control (PBS), indicating that these samples were
DON-free (Figure 5e).
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(b) (c) 

  
(d) (e) 

Figure 5. Construction of the AuNP-based strip for determination of DON: (a) AuNP strip model;
(b) construction of the AuNP-based strip; (c) specificity of the AuNP-based strip; (d) sensitivity of the
developed AuNP strip for DON toxin detection; (e) real samples were determined by the developed
AuNP-based strip.

2.8. Preparation of AuNF Solution and AuNF-mAb Probe

To improve the detection limit of the conventional AuNP strip, the gold nanoflower
(AuNF) with a large diameter of surface area was used [28], and the nanoparticles with
different shape and size were also prepared [29]. For synthesis AuNF, the standard seeding
growth method was used. It was reported that the reaction solution pH value together
with the surface area of the AuNP influenced the antibody binding and adsorption. The
prepared nanoflower solution was blue (Figure 6a). UV-vis absorption spectra showed that
the peak of absorbance for the prepared AuNF solution was about 590 nm (Figure 6b). To
synthesize the AuNF probe, the anti-DON mAb amount and AuNF reaction solution pH
should be optimized. The optimal mount of anti-DON mAb for preparation of the AuNF
probe was optimized to be 3 μL (6.12 μg) (Figure 6c). Moreover, the suitable pH of the

45



Toxins 2022, 14, 533

AuNF reaction solution adjusted with 0.1M K2CO3 was considered to be 9 μL (pH about
6.8) (Figure 6d). Then the AuNF probe was synthesized under the optimal conditions.

  
(a) (b) 

  
(c) (d) 

Figure 6. Preparation of the AuNF solution and the AuNF probe: (a) preparation of the AuNF
solution; (b) the spectra of AuNF solution; (c) the optimal amount of anti-DON mAb for preparation
of AuNF probe; (d) optimal volume of K2CO3 for preparation of the AuNF probe.

2.9. Construction and Characterization of the AuNF Strip

The AuNF strip just like the AuNP strip involved four components including sample
pad (sample holder), absorption pad, and conjugate pad adhered to a nitrocellulose (NC)
membrane. For sensitivity assessment of the AuNF strip, different concentrations of DON
ranging from 4 to 100 μg/mL were added onto a sample pad of the developed AuNF
strip. From the results, the blue on the strip (T line) became lighter with increased DON
concentration (Figure 7A). Thus, the vLOD of the strip against DON was 6.67 μg/mL. For
specificity evaluation of the developed AuNF strip, mycotoxins other than DON, such as
AFB1, AFB2, and AFG1, were individually dropped into the sample pad, and the result
showed blue lines on both T and C line except for the DON toxin (Figure 7B), indicating
that the AuNF strip was very specific to DON without any cross-reactivity. Likewise,
real samples including rice, wheat, and corn were investigated for DON contamination.
From the result in Figure 7C, the strip showed the same result as the negative control PBS,
indicating that these samples were DON-free.
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Figure 7. Construction and characterization of the AuNF strip: (a) sensitivity of the developed AuNF
strip for DON toxin detection; (b) specificity of the AuNF strip; (c) detection of DON in real samples
using the AuNF strip.

3. Discussion

DON is a secondary metabolite small molecule which cannot induce mouse immune
response, thus it requires carrier proteins to enhance mouse immunity to produce a specific
monoclonal antibody. In this study, high antibody titers were induced by injecting the
DON-BSA conjugate into the female Balb/c mouse, then the splenic cells were isolated
from injected mice and fused with their partner tumor cell line Sp2/0. The successful cell
fusions were achieved, and average fusion was 86.74% and the positive fusion rate was
48.95%. According to the previously reported studies, the high average of cell fusion rates
was appropriate for hybridoma production [29,30]. The cell fusion and development of
hybridoma cells in this study produced several positive cell clones, and their anti-DON
antibody titers were determined by iELISA. The sub-class of obtained mAb in this study
was an IgG1, which showed high specificity to DON. After screening, two positive clones
4A4 and 8G2 were selected according to their high titer and then were injected into the mice
abdomens for ascities production. The ascitic fluid carrying specific anti-DON mAb was
withdrawn and purified using caprylic/ammonium sulfate, and the SDS-PAGE method
was utilized for determination of the heavy and light chain molecular weight of target
antibodies. The results showed that the A4A and 8G2 mAbs were successfully purified,
and the weight of the heavy and the light chain of 4A4 and 8G2 were 50 kDa and 27 kDa,
respectively, which matches the weight of the heavy and the light chain of IgG in agreement
with the previous study [30]. On the other hand, the specificity of the mAbs secreted by the
A4A and 8G2 hybridoma cell was measured by ic-ELISA, and the results indicated that the
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anti-DON mAbs were specific to DON. In addition, an affinity constant value is essential for
the antibody quality measuring the antigen–antibody reaction or binding quality, and the
results showed that mAbs secreted by the two cell lines 4A4 and 8G2 were specific to DON,
with an affinity constant 3.9 × 108 L/mol and 2.39 × 109 L/mol, respectively. According
to the previously reported data, an antibody affinity within the range 107–1012 L/mol
indicated a good antibody potency [31]. Therefore, the anti-DON mAb secreted by 8G2
clone was specific to DON with good affinity, which was higher than that in the previously
reported studies [30]. Therefore, 8G2 was selected for further experiments.

Based on the constructed standard curve, the IC50 was 18.125 μg/mL, LOD was
7.875 μg/mL, and the ic-ELISA linear ranged 3.125–25 μg/mL which was characterized
as the concentration of DON inhibition from 20% to 80%. This finding indicated that the
obtained anti-DON mAb secreted by 8G2 could be utilized to prepare an assay kit for DON
detection. The result from intra-assay showed that the recovery ranged from 87.80% to
96.53%, the average recovery was 91.46%, and the coefficient of variation (CV) ranged from
3.42% to 13.31%. In the inter-assay, the recovery ranged from 92% to 96.61% with a recovery
average 94.21%, and CV ranged from 3.19% to 11.02%. The CVs of intra- and inter-assay
were both <14%. According to the Codex Alimentarius guide (CAC/GL 71-2009, the World
Health Organization and the Agriculture Food Organization, Italy), the satisfactory CV for
intra-laboratory assaying is <15%. Thus, this finding confirmed that the prepared ELISA
method has very good stability. Our data recommend that the ELISA method prepared
in the present study could meet the requirement of quantitative analytical methods. On
the other hand, a rapid ICA strip was prepared for DON detection. At the same time, anti-
DON mAbs secreted by 8G2 were conjugated with colloidal gold nanoparticles (AuNP).
The significant advantage of the method applied is that the AuNP can be used as a rapid
and on-side detection system without any instrument, providing an important way for
DON detection. For sensitivity assessment, different concentrations of standard DON
(4–100 μg/mL) were assayed. From the results, the vLOD of AuNP strip was 20 μg/mL.
To improve the limit of detection, the gold nanoflower (AuNF) with a larger size (75 nm)
was used to develop the AuNF-based strip with LOD 6.67 μg/mL. Compared to the vLOD
of a convectional AuNP-based strip, the AuNF-based strip was three times lower. All these
finding indicated that the developed immuno-assays are accurate, rapid, and sensitive and
could be applied for the analysis of DON residues in agricultural products.

4. Conclusions

In this work, the high affinity of monoclonal antibody (mAb) against DON
(2.39 × 109 L/mol) secreted by the 8G2 cell line was obtained. Based on this mAb, three
detection methods (ELISA, AuNP-based strip and AuNF-based strip) were developed. The
linear range of ic-ELISA for DON detection was 3.125–25 μg/mL with LOD of 7.875 μg/mL,
and the minimum inhibitory concentration (IC50) was 18.125 μg/mL. Moreover, mAb was
labeled with colloidal gold nanoparticles (about 20 nm) to establish the conventional AuNP-
based strip, and the vLOD of the strip test was 20 μg/mL. To improve the vLOD of the
conventional AuNP-based strip, the hierarchical flowerlike structure AuNF was synthe-
sized and utilized as the reporter to produce AuNF-based strip. The AuNF strip showed
vLOD of 6.67 μg/mL. These results indicated the immunological methods developed in
this work could be applied for DON detection in agricultural products.

5. Materials and Methods

5.1. Material and Reagents

Balb/c female mice were obtained from Wushi animal laboratory (Shanghai, China).
Standard deoxynivalenol toxin (DON), Goat anti-mouse-peroxidase conjugate (IgG- HRP),
Keyhole limpet haemocyanin (KLH), Ovalbumin (OVA), DON-KLH conjugate, Bovine
serum albumin (BSA), DON-BSA conjugate, Chloroauric acid (HAuCl4•4H2O), Mouse
monoclonal antibody isotyping kit (IgG1, IgG2a, IgG2b, IgG3, IgM, IgA), Fetal bovine
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serum (FBS), and RPMI 1640 were purchased from Sigma-Aldrich Chemical (St. Louis, MO,
USA). The murine yeloma cell line Sp2/0 was stocked in liquid nitrogen at our laboratory.

5.2. Immunization and Titer Determination

All the animal studies adhered to the Committee for Animal Ethics of Fujian Agri-
culture and Forestry University (FAFU) in China (C1017/23.Dec.2014). To obtain a highly
sensitive as well as specific monoclonal antibody (mAb), the immunogen DON-BSA con-
jugate was used to immunize the 8-week old mice according to a previously published
paper [32]. Equal volume of DON-BSA conjugate (100 μg) and Freund’s complete adjuvant
were mixed before animal injection. In the first injection of immunization, the mixer was
administrated intraperitoneally. Then, an equal volume of DON-BSA conjugate (100 μg)
and Freund’s incomplete adjuvant were mixed for assist immunization, at 2-week intervals.
After the fourth immunization, the blood was collected from the tail vein of the individual
mouse and centrifuged at 5000 r/min for 35 min. Then the serum was stored at −20 ◦C for
further use. The serum titer was measured by the iELISA method according to the previous
publication [29].

5.3. Screening and Characterization of Hybridoma Cells

The positive hybridoma clones against DON were screened according to the published
paper [33] with minor modifications. B-lymphocytes from the injected mouse were fused
with its partner Sp2/0 myeloma cells at the ratio of 10:1 in the presence of PEG1450 [34].
Hybridoma cells were exhaustively cultivated into 96-well ELISA plates in the presence of
feeder cells. Positive hybridoma were sub-cloned 3 times and isolated from the culture by
limited dilution method. The positive hybridoma were cloned again for a second time and
then hybridoma were characterized by the sub-class kit [35]. The chromosome number of
hybridoma cells was measured using a Geimsa stain [27].

5.4. Purification and Characterization of mAb from Ascites

For ascites production, Balb/c mice were first injected with 500 μL of pristine in-
traperitoneally. One week later, the mice were injected with 8G2 hybridoma cells. At about
7 days, the produced ascites fluid was harvested. The ascites was purified by caprylic
acid/ammonium sulfate precipitation methods. The purified mAb was assayed via SDS-
PAGE [36], and antibody concentration was measured by BCA kit [37]. The affinity of
target antibodies was determined based on the method previously described [24]. Different
concentrations of the DON-KLH (1.25, 2.5, 5, and 10 μg/mL) were used to coat the ELISA
microplate then incubated at 37 ◦C for 2 h, and a serial dilution of mAb in PBSM was
dropped into the reaction. After washing and blocking steps, the HRP conjugated goat
anti-mouse IgG (1:8000 dilutions) was finally added. The antibody affinity was evaluated
using Origin 9.0 software [35]. For specificity assessment of the obtained mAbs, an ic-
ELISA was conducted based on the previously published method [27], and different toxins,
including ochratoxins A (OTA), fumonisin B1 (FB1), aflatoxin B1 (AFB1), citrinin (CTN),
and penicillic acid (PA) with various concentrations (0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25,
and 50 μg/mL) were applied as a competitor antigen to examine the cross reactivity of the
obtained antibody [34].

5.5. Development of ic-ELISA and Standard Curve

Based on ic-ELISA and the optimal conditions, the standard curve was plotted [37,38].
In brief, the DON-KLH was diluted with coating buffer and used to coat the ELISA plate
and incubated for 2 h at 37 ◦C to form a solidified antigen. Then the plate was washed
and blocked with PBSM for 2 h at 37 ◦C. Then the blocking solution was removed, and the
plate was triple-washed by PBST and then PBS, respectively. An equal volume of anti-DON
mAb and standard DON toxin at different concentrations (0.39, 0.78, 1.56, 3.13, 6.25, 12.5,
25, and 50 μg/mL) were mixed and incubated at 37 ◦C for 30 min. After washing many
times, the formed solidified antigen–antibody complex was retained on the microplate. The
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HRP conjugated goat anti-mouse IgG (1:8000) was dropped into the plate and incubated
for 1 h at 37 ◦C. The remaining solidified antigen–antibody complex reacted with the HRP
conjugated secondary antibody to form a new antigen-antibody complex with enzyme
activity. After an extra wash step, the substrate TMB was dropped into the plate and
incubated at 37 ◦C for 20 min. Eventually, the H2SO4 (2 mol/L) was added to terminate
the reaction, and the absorbance at 450 nm was measured [24]. Finally, the standard curve
was constructed, and the inhibition concentration of standard DON toxin in relation to
anti-DON mAb was measured using data analysis software Origin Pro 9.1 (OriginLab,
Northampton, MA, USA) [27]. An actual corn sample was spiked with four concentrations
of DON standard toxin (0.5, 5, 100, and 1000 ng/mL). The corn sample was crushed and
soaked in 10 mL of 70% methanol (v/v) and homogenized for 35 min. After extracted and
centrifuged at 1200 r/min for 20 min, the obtained supernatant was assayed by ic-ELISA.
The recovery test was conducted and measured based on the constructed standard curve,
and the coefficient variation (CV) together with the recovery test was measured in triplicate.

5.6. Construction and Characterization of AuNP-Based Strip

A colloidal gold particle (AuNP) was prepared by Masinde’s methods [39]. The
amount of antibody and optimal pH were optimized first. Then, AuNP was conjugated
with anti-DON mAb to synthesize the AuNP-mAb (AuNP probe). The AuNP strip involved
four components (sample pad, conjugate pad, absorbent pad, and nitrocellulose (NC)
membrane). Goat anti-mouse IgG and DON-KLH coating antigen were sprayed onto the
NC to form the control line (C line) and test line (T line), respectively. The AuNP probe
was sprayed into the conjugate pad. To evaluate the specificity of the AuNP strip, different
toxins including DON, OTA, PA, FB1, OA, and AFG1 were, respectively, added into the
individual AuNP strip. The visual results were obtained within 10 min. For the sensitivity
test, different DON concentrations (4, 5, 6.67, 10, 20, and 50 μg/mL) were dropped into the
individual AuNP strip, which was allowed to react with the DON-KLH coating antigen for
the limited AuNP probe sprayed into the conjugate pad [33].

5.7. Preparation of Gold Nanoflower (AuNF) and AuNF Probe

The seeding growth method was conducted with some modification for synthesis of
AuNF [29]. The conventional AuNP with diameter 20 nm was prepared according to the
citrate reduction method [40] and used as gold seeds, whereas the HAuCl4 solution and
sodium hydroquinone citrate were utilized as the growth solution. Briefly, 750 μL of the
hydroquinone (1 mol/L), 750 μL of HAuCl4 solution (0.01%), and 100 μL of the prepared
AuNP solution were placed into 100 mL of distilled water with continuous stirring. After
reacting at room temperature for 35 min, the color of the solution was changed to blue, and
the morphology of the obtained AuNF solution was characterized by transmission electron
microscope (TEM). The preparation of the AuNF probe was conducted as Ji’s method [37]
with slight modification. The pH of the AuNF solution as well as the antibody amount
was optimized for perfect performance of the AuNF probe. Then the anti-DON mAb was
mixed by dropping into the AuNF solution under contentious gentle stirring for 35 min,
and the obtained AuNF probe solution was centrifuged at 6000 r/min for 50 min, then
suspended in 0.5 mL PBS and placed at 4 ◦C for further use.

5.8. Preparation and Characterization of AuNF-Based Strip

The AuNF strip has four components similar to the conventional AuNP strip. The
AuNF probe was sprayed onto the conjugate pad. The goat anti-mouse IgG antibody
and DON-KLH conjugate were integrated onto the NC membrane to form the C line
and the T line, respectively. To assess specificity of the AuNF strip, different toxins such
as DON, AFB1, AFB2, and AFG1 were used to compete with the AuNF probe on the
conjugate pad, and the visual result would be determined by the naked eyes within
7–10 min. For sensitivity, 1 mg/mL of the DON toxin standard solution was diluted into
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suitable concentration (4, 5, 6.67, 10, 20, 50, and 100 μg/mL), and the sensitivity of the test
strip was measured according to the experimental results (PBS as negative control).

5.9. Samples Detection

Real samples including rice, wheat, and corn samples received from a local market
were assayed by the above established AuNP/AuNF -based strip tests. Briefly, 1 g of
each sample was crushed and placed into a 50 mL centrifuge tube, then extracted with
2 mL aqueous solution (20% methanol). Then, the mixture was shaken for 25 min and
centrifuged at 1000 r/min for 15 min, and the supernatant of each sample was collected
and individually dropped into the sample pad of the constructed AuNP/AuNF -based
strips, respectively.

5.10. Ethical Clearance and Animal Handle

All the animal studies adhered to the Animal Ethics Committee of the Fujian Agricul-
ture and Forestry University, China (C1017/23.Dec.2014). The mice (female Balb/C) were
handled under an appropriate condition. The room temperature was set at 25 ± 1 ◦C with
humidity of 47–55%. The total health monitoring of the experimental mice was achieved
regularly, and the mice room and cage were cleaned on a regular program.
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Abstract: Aspergillus niger produces carcinogenic ochratoxin A (OTA), a serious food safety and
human health concern. Here, the ability of A. niger CBS 513.88 to produce OTA using different
carbon sources was investigated and the underlying regulatory mechanism was elucidated. The
results indicated that 6% sucrose, glucose, and arabinose could trigger OTA biosynthesis and that
1586 differentially expressed genes (DEGs) overlapped compared to a non-inducing nutritional source,
peptone. The genes that participated in OTA and its precursor phenylalanine biosynthesis, including
pks, p450, nrps, hal, and bzip, were up-regulated, while the genes involved in oxidant detoxification,
such as cat and pod, were down-regulated. Correspondingly, the activities of catalase and peroxidase
were also decreased. Notably, the novel Gal4-like transcription factor An12g00840 (AnGal4), which is
vital in regulating OTA biosynthesis, was identified. Deletion of AnGal4 elevated the OTA yields by
47.65%, 54.60%, and 309.23% using sucrose, glucose, and arabinose as carbon sources, respectively.
Additionally, deletion of AnGal4 increased the superoxide anion and H2O2 contents, as well as the
sensitivity to H2O2, using the three carbon sources. These results suggest that these three carbon
sources repressed AnGal4, leading to the up-regulation of the OTA biosynthetic genes and alteration
of cellular redox homeostasis, ultimately triggering OTA biosynthesis in A. niger.

Keywords: Aspergillus niger; ochratoxin A; secondary metabolism; redox homeostasis; carbon sources;
AnGal4

Key Contribution: This study demonstrates that arabinose, sucrose, and glucose trigger OTA pro-
duction in A. niger CBS 513.88 by repressing a Gal4-like transcription factor An12g00840 (AnGal4),
leading to the up-regulation of the OTA biosynthetic genes and altered cellular redox homeostasis.

1. Introduction

Aspergillus and Penicillium frequently contaminate nuts and grapes and produce the
“group 2B carcinogen” ochratoxin A (OTA), which is a serious threat to human health
and causes huge economic losses worldwide [1,2]. In Aspergillus, OTA is dominantly
produced by Aspergillus carbonarius and A. ochraceus, and recent studies reported that several
A. niger strains produced OTA [3,4]. A. niger is an extremely well-studied and versatile
organism, with widespread applications in the production of organic acids, industrial
enzymes, and heterologous proteins. A. niger CBS 513.88 was found to have a putative
OTA biosynthetic gene cluster by genome sequencing [5]. Further investigation of the OTA
biosynthesis in A. niger CBS 513.88 could, therefore, provide the theoretical basis for the
development of effective strategies to control mycotoxin contamination in the fermentation
of industrial products.
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OTA is a polyketide derivative formed by connecting a dihydrocoumarin moiety and
L-phenylalanine by an amide bond [6,7]. The OTA biosynthetic pathway has been well
characterized in A. ochraceus using comparative genomic analyses [3]. Four genes, pks,
p450, nrps, hal, and the bzip gene for a transcription factor (TF), comprise this cluster [8].
Previous reports indicated that OTA biosynthesis is regulated by environmental factors,
including carbon sources, nitrogen sources, temperature, water activities, pH, and other
conditions [9,10].

The utilization of carbon sources affects fungal production of secondary metabolites,
including mycotoxins such as aflatoxin [11], fumonisin [12], patulin [13] trichothecene [14],
citrinin [15], and OTA [16]. However, apart from carbon catabolite repression (CCR) [17],
the cAMP signaling pathway [18], and the flux rearrangement of primary metabolism [19],
few studies have evaluated the regulatory mechanisms of secondary metabolite produc-
tion. Therefore, the underlying mechanism of carbon sources regulating OTA production
in A. niger needs to be further explored. Glucose, sucrose, and arabinose could be used
as carbon sources in industrial fermentation of A. niger [20–22]. Elucidating the regula-
tory mechanism of OTA biosynthesis in response to different carbon sources will help in
developing effective strategies for controlling OTA contamination.

In this study, to better understand the OTA production facilitating its prevention
and control in A. niger, the effects of sucrose, glucose, and arabinose on growth, coni-
dia formation, and OTA biosynthesis in A. niger CBS 513.88 were investigated, and its
underlying mechanism was elucidated by transcriptome analyses. Notably, a signifi-
cantly down-regulated fungal-specific AnGal4-like Zn(II)2Cys6 transcription factor in three
OTA-inducing carbon sources was investigated, and its function in OTA biosynthesis and
underlying regulatory mechanisms were further elucidated.

2. Results

2.1. Identification of the OTA-Producing Aptitude by A. niger CBS 513.88

To investigate whether the A. niger CBS 513.88 strain could produce OTA, the retention
time of the OTA standard was determined by HPLC-FLD (Figure 1A). The corresponding
peak was observed at a similar time in the methanolic extracts of A. niger CBS 513.88 that
was cultured on YES solid media under the same chromatographic conditions (Figure 1B),
so the peak was further analyzed using UHPLC-MS. The results confirmed that A. niger
CBS 513.88 could produce OTA (Figure 1C,D).

2.2. Influence of Different Carbon Sources on Colony Morphology, Conidia Production, and OTA
Biosynthesis of A. niger CBS 513.88

After 5.5 days of culture, colony morphology and sporulation ability were significantly
changed in A. niger CBS 513.88 when grown on yeast extract containing different carbon
sources (sucrose, glucose, and arabinose), when compared with peptone. As shown in
Figure 2A, on YEP solid medium, colonies were covered by dense dark brown conidial
heads in the center. In contrast, on YES, YEG, and YEA solid media, colonies were light
yellow. The conidia productions on YES, YEG, and YEA solid media were significantly
lower than that on YEP solid medium (Figure 2B). Moreover, the colony diameters on
YES, YEG, and YEA solid media were larger than that on YEP solid medium (Figure 2C).
Together, the results indicated that the growth rates of the strains grown on YES, YEG, and
YEA solid media were higher than that on YEP solid medium.
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Figure 1. High-performance liquid chromatography with fluorescence detection (HPLC-FLD) chro-
matograms and ultra-high performance liquid chromatography mass spectrometry (UHPLC-MS)
analysis of the methanolic extract of A. niger CBS 513.88. HPLC-FLD chromatograms of OTA stan-
dard (A) and the methanolic extract of A. niger CBS 513.88 (B), UHPLC-MS analysis of OTA stan-
dard (C) and the methanolic extract of A. niger CBS 513.88 (D) in the positive ion mode.
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Figure 2. Colony view and phenotypic analysis of the A. niger CBS 513.88 strain inoculated on YEP,
YES, YEG, and YEA media plates incubated at 30 ◦C for 5.5 days. (A) The colonies at 5.5 days.
(B) Conidia production per mm2 of colony at 5.5 days. (C) The colony diameters at days 1~5.5.
(D) OTA production (μg/g dry hyphae). The error bars represent the standard deviation of three
parallel biological experiments. * t < 0.05, ** t < 0.01, *** t < 0.001.

The influence of different carbon sources on OTA biosynthesis was further studied
by HPLC-FLD. After 5.5 days of cultivation at 23 ◦C in the dark, the concentration of OTA
reached around 4.19, 3.64, and 21.93 μg/g dry hyphae on YES, YEG, and YEA solid media,
respectively. However, OTA was not detected on the YEP solid medium (Figure 2D). These
results confirmed that arabinose was the best carbon source to produce OTA in A. niger
CBS 513.88, followed by sucrose and glucose, while peptone inhibited OTA production.
Arabinose, sucrose, and glucose were, therefore, defined as OTA-inducing carbon sources,
and peptone as the non-inducing nutritional source.

2.3. Transcriptional Profiles and DEGs Analyses of A. niger CBS 513.88 Using Different
Carbon Sources

To further reveal the mechanism of OTA production using different carbon sources,
we performed transcriptome sequencing of the A. niger strain. Strains grown on YES, YEG,
and YEA solid media were the test group, and YEP medium was the control group. We
identified DEGs, which overlapped with the three OTA-inducing carbon sources and the
non-inducing nutritional source, to narrow the scope of our studies. The samples were all
analyzed at 5.5 days of incubation at 23 ◦C in the dark. Transcriptome analyses showed that
1778, 1618, and 1792 genes were significantly up-regulated on YES, YEG, and YEA solid
media, respectively, whereas 1317, 1079, and 1579 genes were significantly down-regulated,
respectively (Figure 3A). A total of 1586 DEGs overlapped on YES, YEG, and YEA solid
media, of which 986 were up-regulated and 595 were down-regulated (Figure 3B). Among
them, genes associated with the OTA precursor phenylalanine (An08g06800, An14g06010,
and An15g02460) and OTA biosynthesis (nrps, P450, hal, and bzip) were significantly up-
regulated (Table 1), which was confirmed by qRT-PCR analyses (Figure S1). Although the
transcriptional level of pks was unchanged on YES and YEG media, it was significantly
up-regulated on YEA medium with the highest OTA concentration. Together, the results
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showed that carbon sources affected the OTA production of A. niger by controlling the
levels of OTA and its precursor phenylalanine biosynthesis.

Figure 3. Analysis of differentially expressed genes in the presence of different carbon sources.
(A) The number of up-and down-regulated genes on YES, YEG, and YEA solid media, when compared
to that on YEP solid medium. (B) Venn diagram showing the overlaps on YEP vs. YES, YEP vs.
YEG, and YEP vs. YEA. (C) Kyoto Encyclopedia of Genes and Genomes enrichment analysis of the
overlapping differentially expressed genes (DEGs) on YES, YEG, and YEA solid media. (D) Gene
Ontology enrichment analysis of the overlapping DEGs on YES, YEG, and YEA solid media.
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Table 1. RNA-seq analysis of DEGs in A. niger CBS 513.88.

Gene ID Function
Transcriptome Data (log2(Fold Change))

YES/YEP YEG/YEP YEA/YEP

DEGs involved in conidiogenesis
An01g10540 Regulatory protein (brlA) −2.44 *** −2.18 *** −2.81 ***

DEGs involved in phenylalanine, histidine, tyrosine, tryptophan, and arginine biosynthesis
An08g06800 5-Dehydroshikimate dehydrase 1.30 *** 1.06 *** 1.71 ***
An14g06010 Chorismate mutase 1.28 *** 1.57 *** 1.90 ***

An15g02460 L-kynurenine/alpha-aminoadipate
aminotransfease 1.45 ** 1.19 1.50 ***

An14g07210 Histidinol dehydrogenase 1 3.37 *** 2.58 * 2.17 ***
An16g02500 Tryptophan synthase 4.33 *** 3.87 *** 3.40 ***
An04g08100 Shikimate/quinate 5-dehydrogenase 5.49 *** 5.66 *** 4.53 ***
An15g02340 Argininosuccinate synthase 1.61 *** 1.05 *** 1.16 ***

DEGs involved in OTA biosynthesis
An15g07920 Polyketide synthase (pks) 0.01 0.19 1.7 ***
An15g07900 Oxidoreductase activity (p450) 3.28 ** 2.62 2.30 **
An15g07910 Nonribosomal peptide synthase (nrps) 3.43 * 2.96 * 3.28 ***
An15g07880 Oxidoreductase activity (hal) 3.55 * 3.19 3.59 ***
An15g07890 bZIP transcription factor (bzip) 2.32 2.29 1.53

DEGs involved in oxidative stress
An08g08920 Catalase activity (cat) −1.42 *** −1.41 *** −2.15 ***
An14g00690 Catalase activity (cat) −2.65 *** −2.04 *** −3.21 ***
An09g00820 Predicted peroxidase activity (pod) −2.04 *** −2.40 *** −2.75 ***
An16g00630 Predicted peroxidase activity (pod) −2.16 ** −3.67 *** −1.59 *

All data are the mean ± standard deviation of independent tests performed in triplicate. * p < 0.05, ** p < 0.01,
*** p < 0.001.

KEGG pathway and GO analyses for the 1586 DEGs were also conducted. According
to the KEGG pathway analyses, DEGs were involved in carbohydrate metabolism, contain-
ing glycolysis/gluconeogenesis, and starch/sucrose/galactose/amino acids metabolism
(Figure 3C). Genes involved in phenylalanine, histidine, tyrosine, tryptophan, and arginine
biosynthesis were up-regulated (Table 1). According to GO terms analyses, DEGs were pri-
marily involved in oxidative stress. In the molecular functions and biological processes cat-
egory, DEGs were mainly associated with oxidoreductase activity and oxidation-reduction
processes, respectively (Figure 3D).

2.4. Carbon Sources Affect the Cellular Redox Homeostasis of A. niger CBS 513.88

The carbon source affects the cellular redox status in filamentous fungi, and OTA pro-
duction is closely related to oxidative stress [3,10,12]. The generated H2O2 can be catalyzed
by CAT and POD. In this study, the expression levels of An08g08920 and An14g00690
that encode CAT and An09g00820 and An16g00630 that encode POD, were all signifi-
cantly down-regulated in three OTA-inducing conditions, when compared to non-inducing
conditions (Figure 4A) (Table 1). Correspondingly, the activities of the two antioxidant
enzymes of A. niger strains were detected (Figure 4B). Compared to that on YEP solid
medium, the activities of CAT on YES, YEG, and YEA solid medium decreased by 75.6%,
69.5%, and 62.8%, respectively. Similarly, compared to that on the YEP solid medium, the
activities of POD on YES, YEG, and YEA solid medium decreased by 40.4%, 48.0%, and
64.6%, respectively. Together, the results indicated that carbon sources may affect OTA
biosynthesis by altering the homeostasis of cellular redox.
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Figure 4. Effect of carbon sources on the cellular redox homeostasis of A. niger CBS 513.88. (A) The
qRT-PCR results of differentially expressed genes associated with cellular oxidant detoxification.
(B) The activities of antioxidant enzymes include catalase (CAT, U/g) and peroxidase (POD, U/g).
All data are expressed as the mean ± standard deviation of independent tests performed in triplicate
(*** t < 0.001).

2.5. Disruption of a Novel Gal4-like Transcription Factor Affects OTA Biosynthesis

Transcription factors (TFs) in gene regulatory networks have previously been reported
to regulate intracellular metabolic processes in response to environmental changes [23].
There were 25 up-regulated TFs and 14 down-regulated TFs in the 3 OTA-inducing condi-
tions (Table S1). Among them, 20 TFs had homologous genes in yeast and were annotated
according to the Saccharomyces Genome Database, SGD (https://www.yeastgenome.org/,
accessed on 1 December 2021). Using SGD annotation, these TF genes were shown to be
involved in carbon metabolism, stress response, amino acid catabolism, sterol biosynthe-
sis, etc. An12g00840, a fungal-specific Gal4-like Zn(II)2Cys6 transcription factor (AnGal4),
was significantly down-regulated in three OTA-inducing carbon sources. To characterize the
role of AnGal4 in OTA biosynthesis, an AnGal4 deletion strain was constructed (Figure 5A).
The samples were collected after 5.5 days at 23 ◦C, when grown in the three OTA-inducing
conditions. The results showed OTA yields of the ΔAnGal4 strain increased by 47.65%,
54.60%, and 309.23% on YES, YEG, and YEA solid media, respectively (Figure 5B). Corre-
spondingly, the transcript levels of OTA biosynthetic genes of the ΔAnGal4 strain were all
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obviously up-regulated in the presence of the three carbon sources (Figure 5C–E). Together,
the results showed that AnGal4 negatively regulated the OTA biosynthesis.

Figure 5. The effect of AnGal4 deletion on the OTA yields and related gene expressions in the
presence of three OTA-inducing carbon sources. Construction of the AnGal4 deletion strain (A).
The effect of AnGal4 deletion on OTA yield (B). The effect of AnGal4 deletion on the expressions of
OTA biosynthetic genes on YES solid medium (C), on YEG solid medium (D), and on YEA solid
medium (E). * t < 0.05, ** t < 0.01, *** t < 0.001.

2.6. AnGal4 Affects Cellular Redox Homeostasis of A. niger

To further investigate the correlation between AnGal4 and oxidative stress, the O2−
and H2O2 contents, and the sensitivity to H2O2 in the ΔAnGal4 strain using three carbon
sources were determined. The results showed that the O2− contents in the ΔAnGal4 strain
increased by 158.37%, 80.57%, and 27.07% on YES, YEG, and YEA solid media, respectively
(Figure 6A). The H2O2 contents in ΔAnGal4 strain increased by 11.94%, 25.77%, and 20.41%
on YES, YEG, and YEA solid media, respectively (Figure 6B). In addition, although the
growth was unchanged in the ΔAnGal4 and control strains under unstressed conditions,
the ΔAnGal4 strain exhibited significant growth defects when supplemented with 10, 20
and 30 mM H2O2, with the defects especially pronounced at high concentrations, showing
that deletion of ΔAnGal4 increased the sensitivity to H2O2 (Figure 6C). Together, the results
suggested that AnGal4 affected the cellular redox homeostasis of A. niger and that the
deletion of ΔAnGal4 increased cellular oxidative stress.
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Figure 6. The effect of AnGal4 deletion on the cellular redox homeostasis of A. niger strain in the
presence of three OTA-inducing carbon sources. (A) O2− contents. (B) H2O2 contents. (C) The
sensitivity to H2O2 at different concentrations and the effects of H2O2 on the growth of different
strains. * t < 0.05, ** t < 0.01, *** t < 0.001.

3. Discussion

A. niger CBS 513.88 is a “generally recognized as safe” industrial fermentation strain,
and previous reports showed the presence of potential OTA biosynthesis genes in its
genome [5]. We found that CBS 513.88 produced OTA, and confirmed that arabinose was
the suitable carbon source for OTA production, followed by glucose and sucrose. Our
results are consistent with those of Hashem et al. [16], who reported that glucose and
sucrose were favorable carbon sources for OTA production, but inconsistent with those of
Wang et al. [24], who reported that arabinose repressed OTA production in A. ochraceus. The

63



Toxins 2022, 14, 551

differences might be attributable to the different physiological and genetic characteristics
of the fungi [25]. In addition, we found that peptone suppressed OTA production. The
inhibitory effect of peptone on mycotoxins may be attributed to the limited availability
of malonyl-CoA or acetyl, because almost all of them were used for primary energy
production rather than mycotoxin biosynthesis [26]. In A. flavus, YES medium induced
aflatoxin biosynthesis, while YEP medium repressed it, consistent with OTA production
in A. niger. Sequencing of the transcriptomes of the A. niger CBS 513.88 strain cultured in
OTA-inducing conditions (YEA, YES, YEG) compared to non-inducing conditions (YEP)
was performed. The common differences were investigated to elucidate the underlying
regulatory mechanism.

The OTA biosynthetic pathway has been well characterized in A. ochraceus [3]. Four
genes, nrps, p450, hal, and bzip in the OTA biosynthetic gene cluster, were all up-regulated
when sucrose or glucose was used as the sole carbon source. More importantly, pks, the
first and backbone gene in the OTA biosynthesis pathway, was significantly up-regulated
with arabinose as the carbon source. The high expression of pks was an important reason
for the highest OTA yield when arabinose was the carbon source in A. niger. The results
indicated that carbon sources affected OTA biosynthesis by regulating the expression of
OTA biosynthesis-associated genes in A. niger.

Medina et al. [25] and Abbas et al. [27] reported that amino acids, including phenylala-
nine, tyrosine, tryptophan, histidine, and arginine, induced OTA production. Phenylala-
nine, as the precursor for OTA biosynthesis, is sequentially synthesized via the shikimate
and phenylalanine biosynthesis pathways [25]. Our results showed that An08g06800 (cat-
alyzing steps two to six in the shikimate pathway), An14g06010 (catalyzing step eight of
the phenylalanine biosynthesis), and An15g02460 (catalyzing step 10 of the phenylalanine
biosynthesis), were all up-regulated in the presence of three OTA-inducing carbon sources.
Additionally, the genes involved in tyrosine, tryptophan, histidine, and arginine biosynthe-
sis were also up-regulated in the presence of three OTA-inducing carbon sources. Together,
the results showed that carbon sources may affect OTA biosynthesis by regulating the
biosynthesis of amino acids.

Oxidative stress is an important factor correlated with the biosynthesis of mycotoxins
in fungi [1,28–31]. Reverberi et al. [32] suggested that oxidative stress agents, such as
carbon tetrachloride or t-butyl hydroperoxide, induced OTA production in A. ochraceus,
while antioxidants had the opposite effects [33]. In addition, oxidative stress can regulate
OTA biosynthesis, which has been confirmed by the disruption of the oxidative stress-
related genes, Aoyap1 and AoloxA [33]. Our results showed that expression of the oxidant
detoxification-related genes (cat and pod) and activities of the corresponding antioxidant
enzymes (CAT and POD) on the three OTA-inducing carbon sources were lower overall than
that on the non-inducing nutritional source. These results suggested that carbon sources
may trigger OTA biosynthesis by altering cell redox homeostasis in A. niger, consistent with
the observed association of mannose blocking fumonisin production with milder oxidative
stress in Fusarium proliferatum [12].

A carbon source is a principal factor that regulates various metabolic processes via
TFs [6,23]. We identified 39 significantly changed TFs that overlapped in the 3 OTA-
inducing conditions (YEA, YES, YEG) compared to non-inducing conditions (YEP). These
mainly included ZnCys, C2H2, NEG and the bZIP family (Table S1). Among them, BrlA, a
transcriptional activator for conidiation [34], was significantly down-regulated in the pres-
ence of the three OTA-inducing carbon sources. The findings indicate that the conidiation
was inhibited. In addition, Zn(II)2Cys6 proteins are always involved in the biosynthesis of
fungal secondary metabolites. For example, Zn(II)2Cys6 proteins AflR, Fum21, GliZ, MclR,
CtnA, and Gip2 are transcriptional activators for the production of the fungal secondary
metabolites aflatoxin [35], fumonisin [36], gliotoxin [37], compactin [38], citrinin [39], auro-
fusarin [40], respectively. Our transcriptome analysis indicated that An12g00840, a fungal
specific transcription factor with a Gal4-like Zn(II)2Cys6 binuclear cluster DNA-binding
domain (AnGal4), was significantly down-regulated in the presence of three OTA-inducing
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carbon sources. Based on the above findings, we speculate that the AnGal4 TF may be
involved in the biosynthesis of OTA. Our results indicate that disruption of AnGal4 signifi-
cantly increased OTA yield, and the expressions of pks, nrps, p450, bzip, and hal, in three
OTA-inducing carbon sources. Specifically, the OTA yields of the ΔAnGal4 strain increased
by 47.65%, 54.60%, and 309.23%, when sucrose, glucose, and arabinose were used as the
sole carbon source, respectively. The results indicate that AnGal4 activity mediated by the
carbon source negatively regulated the OTA biosynthesis. There is only very limited infor-
mation, including carbon catabolite repression (CCR) [17], cAMP signaling pathway [18],
and the flux rearrangement of primary metabolism [19], concerning the involvement in
the regulation of secondary metabolite production responding to different carbon sources.
Among them, CCR genes CreA and Cre1 regulate the production of several secondary
metabolites, including cephalosporin C [41], lovastatin [42], aflatoxin [43], and OTA [24]. In
our study, the novel TF AnGal4 was identified for the first time and demonstrated to have a
negative regulatory role in OTA biosynthesis responding to the different carbon sources in
A. niger. In addition, a previous report suggested that Gal4 of yeast bound to upstream acti-
vation sites of target genes with 5′-CGGN5(T/A)N5CCG-3′ in vivo, or (A/C)GGN10–12CCG
in vitro [43]. The promoters of the OTA biosynthesis genes of A. niger were predicted using
a dedicated promoter prediction website (https://services.healthtech.dtu.dk, accessed on
1 February 2022). Notably, we found that AnGal4 had direct binding sites on the promoters
of the OTA biosynthesis genes pks, nrps, p450, bzip, and hal, in vivo or in vitro (Table S3).
The results indicate that AnGal4 may directly regulate OTA biosynthesis by binding to the
OTA biosynthesis genes.

Previous reports indicated that the CCR gene CreA homologue gene Mig1 is negatively
correlated with the oxidative stress response [44]. We speculate that AnGal4 regulated by
the carbon source may be involved in the oxidative stress. Our results showed that deletion
of AnGal4 increased the contents of O2

− and H2O2, as well as the sensitivity to H2O2 in
the presence of the three selected carbon sources, demonstrating that AnGal4 alters the
cellular redox homeostasis in A. niger. The ΔAnGal4 strain had the highest O2

− and H2O2
concentrations in YEA medium, consistent with the highest OTA yield. The results suggest
that carbon source-mediated AnGal4 may regulate OTA biosynthesis by altering cellular
redox homeostasis.

4. Conclusions

Our results confirm that arabinose, sucrose, and glucose contribute to OTA production
in the industrial fermentation strain A. niger CBS 513.88, and characterize the novel Gal4-like
TF An12g00840 (AnGal4). The results suggest that carbon sources repress AnGal4, leading
to up-regulation of OTA biosynthetic genes and altered cellular redox homeostasis. These
changes ultimately trigger OTA biosynthesis in A. niger CBS 513.88. This study clarifies
the underlying regulatory mechanism of OTA biosynthesis responding to different carbon
sources. The findings provide a theoretical basis for the development of effective strategies
to control mycotoxin contamination in the fermentation of industrial products.

5. Materials and Methods

5.1. Construction of Strains and Cultivation Conditions

The strains and primers used in this study are listed in Table 2 and Supplementary
Table S2, respectively. A. niger CBS 513.88 (provided by professor Li Pan, South China
University of Technology) and A. niger CBS 513.88 (kusA−, pyrG−) (laboratory constructed)
were grown on YEA (6% arabinose, 2% yeast extract, pH 5.8), YES (6% sucrose, 2% yeast
extract, pH 5.8), YEG (6% glucose, 2% yeast extract, pH 5.8), and YEP (6% peptone, 2% yeast
extract, pH 5.8) solid media that were not supplemented or supplemented with 10 mM
uridine. In addition, the YEA, YES, YEG, and YEP solid media were also used for strain
morphology and conidia assay, OTA production, enzyme activity assay, determinations
of superoxide anion and hydrogen peroxide (H2O2) contents, and the H2O2 susceptibility
assays. Czapek-Dox (CD) medium supplemented with or without uridine was used for
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strain transformation. All strains were cultivated at 30 ◦C for 5.5 days for growth and at
23 ◦C for 5.5 days in the dark for OTA production.

Table 2. A. niger strains used in this study.

A. niger Strains Description Sources

A.niger CBS 513.88 Wild-type strain Provided by Li Pan
A. niger CBS 513.88 (kusA−, pyrG−) A. niger CBS 513.88 derivative, ΔkusA::ptrA, ΔpyrG::hygB Laboratory constructed
A. niger CBS 513.88 (kusA−, pyrG+) (Control) A. niger CBS 513.88 derivative, ΔkusA, ΔpyrG, pyrG-Com Laboratory constructed
ΔAnGal4 A. niger CBS 513.88 derivative, ΔkusA, ΔpyrG, ΔAnGal4::pyrG This study

AnGal4 (An12g00840) gene knockout was performed by homologous recombina-
tion [45], and A. niger CBS 513.88 (kusA−, pyrG+) was the control strain. The pyrG gene
expression cassette was used as the selection marker, which was cloned from plasmid
ANIp7. Homologous fragments of 1.60 kb and 1.47 kb at either end of the AnGal4 open
reading frame (ORF) were amplified. The upstream and downstream homologous frag-
ments and pyrG expression cassette were ligated into plasmid pMD20 using a one-step
cloning kit (Novazyme, Nanjing, China) to yield pMD20-ΔAnGal4, which was transferred
into the A. niger CBS 513.88 (kusA−, pyrG−) strain. The recombinant strain was screened
using Czapek-Dox (CD) medium lacking uridine. The screening was verified by PCR using
the genome of the correct transformants as a template.

5.2. Colony Morphology, Mycelial Growth, and Conidia Production

Conidia suspensions (5 μL, 106 spores/mL) were centrally spotted on YEA, YES, YEG,
and YEP media and cultivated for 5.5 days at 23 ◦C. Colony morphology and colony
diameters were observed and measured [46]. Conidia suspensions were viewed using a
microscope and counted using a hemocytometer. All cultures were conducted in triplicate.

5.3. High-Performance Liquid Chromatography (HPLC) Analysis of OTA

Conidia suspensions (200 μL, 106 spores/mL) were spread evenly on YEA, YES, YEG,
and YEP media and cultivated for 5.5 days at 23 ◦C in the dark. All mycelium and agar
on plates were collected, and then were mashed and placed in an Erlenmeyer flask with
25 mL methanol, followed by shaking for 1 h in the dark. All cultures were conducted in
triplicate. OTA was detected by HPLC with fluorescence detection (HPLC-FLD) (Agilent
Technologies, San Jose, CA, USA) [47].

5.4. Ultra-High Performance Liquid Chromatography Mass Spectrometry (UHPLC-MS) Analysis

For UHPLC-MS analysis, the supernatant of the OTA extract was purified using
an OTA immunoaffinity column (PriboFast, Beijing, China) and transferred to a 2 mL
Eppendorf tube. The highly purified sample was detected using a Q-Orbitrap instrument
system (Thermo Fisher Scientific, Waltham, MA, USA), equipped with a binary solvent
delivery system. A C18 column (2.1 × 100 mm, 1.7 μm particle diameter; Thermo Fisher
Scientific) was used for chromatography. The UHPLC-MS run used positive ESI. The details
were performed as previously described [48].

5.5. Transcriptome Analysis

Conidia suspensions (200 μL, 106 spores/mL) were spread evenly on YEA, YES,
YEG, and YEG media and cultivated for 5.5 days at 23 ◦C in the dark. Hyphae were
collected, then frozen in liquid nitrogen and subjected to transcriptome analyses. We
first extracted total RNA using a UNIQ-10 TRIzol RNA Purification Kit (Sangon Biotech,
Shanghai, China), with three biological parallels for each sample, then sequenced it using a
NovaSeq (Personalbio, Nanjing, China). Raw data showed significant differences between
YES and YEP, YEG and YEP, and YEA and YEP, with a bioproject accession number of
PRJNA765465. Significant differences were indicated by an absolute log2-fold change of 1.0
or greater, and p-values of 0.05 or less. All annotations were obtained according to NCBI
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(https://www.ncbi.nlm.nih.gov/, accessed on 10 December 2021). Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were performed
according to the reference [49], and were classified as significantly enriched among the
differentially expressed genes (DEGs).

5.6. Real-Time Quantitative PCR (RT-qPCR) Analysis

The qPCR data were analyzed according to a previously described method [50]. After
RNA extraction, we used a PrimeScript™ RT reagent Kit (TaKaRa Bio, Beijing, China) to
obtain the cDNA. We then used qgpdA as the reference gene, and the equation N = 2−ΔΔCt to
evaluate the relative transcription levels. The t-test was performed to assess the differences
between samples.

5.7. Determination of Antioxidant Enzyme Activity, and Superoxide Anion and H2O2 Contents

Two hundred microliter aliquots of conidia suspensions containing 106 spores/mL
were spread evenly on YEA, YES, YEG, and YEP media and cultivated for 5.5 days at 23 ◦C
in the dark. The mycelia were collected, triturated with acetone, and the supernatant was
collected by centrifugation at 4 ◦C. Catalase (CAT) and glutathione peroxidase (POD) were
quantified using the corresponding detection kits (Solarbio, Beijing, China). The superox-
ide anion (O2−) and H2O2 contents were also measured according to the corresponding
detection kit instructions (Solarbio, Beijing, China).

5.8. Assay of H2O2 Susceptibility

Five microliter aliquots of conidia suspensions containing 106 spores/mL were spotted
onto YEA, YES, YEG, and YEP media supplemented with H2O2 at different concentrations
(0, 10, 20, and 30 mM), and cultivated for 5.5 days at 30 ◦C. The growth of strains on plates
was then recorded.

5.9. Statistical Analysis

All experiments were repeated with three independent biological replicates. The
data are expressed as the mean ± standard deviation of independent tests performed in
triplicate. The differences were calculated with student’s t test (t-test), and marked with *,
**, and *** as t < 0.05, t < 0.01, and t < 0.001, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14080551/s1, Figure S1: qRT-PCR analyses of differentially
expressed genes in OTA precursor phenylalanine and OTA biosynthesis; Table S1: The significantly
changed TFs that overlapped in the three OTA-inducing conditions (YEA, YES, YEG) compared to
non-inducing condition (YEP); Table S2: All primers used in this study; Table S3: Sequences of Gal4
binding sites on the predicted promoter.
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Abstract: As a member of the Rho family, Rac plays important roles in many species, including
proliferation, differentiation, apoptosis, DNA damage responses, metabolism, angiogenesis, and
immunosuppression. In this study, by constructing Rac-deleted mutants in Aspergillus flavus, it was
found that the deletion of Rac gene led to the decline of growth and development, conidia production,
AFB1 toxin synthesis, and seed infection ability of A. flavus. The deletion of Rac gene also caused
the disappearance of A. flavus sclerotium, indicating that Rac is required for sclerotium formation in
A. flavus. The sensitivity of Rac-deficient strains responding to cell wall stress and osmotic pressure
stress increased when compared to A. flavus WT. The Western blot result showed that mitogen-
activated serine/threonine-protein kinase Slt2 and mitogen-activated protein kinase Hog1 proteins
were no longer phosphorylated in Rac-deficient strains of A. flavus, showing that Rac may be used as
a molecular switch to control the Slt2-MAPK cascade pathway and regulate the osmotic Hog-MAPK
cascade pathway in A. flavus in response to external stress. Altogether, these results indicated that
Rac was involved in regulating the growth and development, conidia formation and AFB1 synthesis,
and response to cell wall stress and osmotic pressure stress in A. flavus.
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Key Contribution: In this study, the function of Rac in A. flavus was studied for the first time, and
the possible role of Rac in the filamentous fungus A. flavus was discussed, which expanded a new
idea for the study of Rac GTPase.

1. Introduction

Aspergillus flavus, as a common saprophytic filamentous fungus, is widely distributed
all over the world. It is not only a plant pathogenic fungus, but also a conditional human
and animal pathogenic fungus. Many secondary metabolites are produced during the
growth and development of A. flavus, among which aflatoxins are produced from polyke-
tones [1]. A. flavus produces aflatoxins by infecting cereal crops, including corn, peanut,
and wheat [2], which causes a variety of harm to humans and animals, such as hepatotoxic-
ity [3], carcinogenicity [4] and immunotoxicity [5]. Aflatoxin-contaminated cereal crops
pose serious health risks in developing countries [6], as well as significant economic losses
to the United States and other developed countries [7]. Therefore, the study of A. flavus is
of more practical significance under the current situation of food security and shortage in
many countries.

Rho family proteins belong to one of the important members of the Ras superfamily,
including the Rho, Rac, and Cdc subfamilies. Members of this family have the inherent
activity of hydrolyzing GTPases, so they are accustomed to being called Rho GTPases.
As a molecular switch, Rho GTPases almost participate in the basic cellular process. The
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GTP binding state is activated, and the GDP binding state is inactivated [8]. Rho GTPase
can regulate actin cytoskeleton [9], cell cycle progression [10], and signal network of gene
expression, thus regulating normal cell proliferation, differentiation and apoptosis, and is
closely related to tumor occurrence and metastasis.

As one of the most studied proteins in the Rho family, Rac plays an extremely im-
portant role in many species. As early as 1955, Rac was proved to regulate the produc-
tion of reactive oxygen in macrophages in response to the attack of pathogens [11]. In
Drosophila melanogaster, Rac not only plays an important role in neuron development [12] but
also participates in axon growth and myoblast fusion [13]. Rac seems to activate LIM kinase
to inhibit axon growth via the effector kinase PAK, but may also activate a PAK-independent
pathway that promotes axon growth [12,14]. In fungi, such as Aspergillus nidulans, Rac-
deficient mutants showed slow growth and development, but there is no obvious difference
in mycelium morphogenesis. However, the conidia had various defects, such as the appear-
ance of vesicles without conidia, shortening of stalk and vesicle branches, irregular shape
of vesicles, and reduction in the number of conidia and vesicles [15]. The RacA gene was
found to play an important role in the growth and pathogenesis of Aspergillus fumigatus.
The absence of RacA in A. fumigatus reduced the production of reactive oxygen but had little
effect on virulence [16]. In dimorphic plant pathogenic fungus Ustilago maydis, it was found
that Rac1 deletion resulted in the loss of virulence, affecting cell morphology and interfering
with mycelium growth [17]. Unlike the other Rho GTPases, Rac orthologs were not found in
unicellular yeasts such as Saccharomyces cerevisiae and Schizosaccharomyces pombe, suggesting
that the Rac gene might have evolved with the increase in cell complexity [18]. However,
the function of Rac in A. flavus has not been explored until now. Therefore, this paper
focused on the Rac biofunctions in A. flavus, and the main results were shown as follows.

2. Result

2.1. Biological Analysis of Rac

Blast comparison was carried out with A. nidulans Rac protein (XP_662347.1) in NCBI
to identify homologous protein AflRac (XP_002384152.1) in A. flavus. Then, AflRac was
compared with Rac proteins of other four fungi to study whether Rac proteins from fungi
are conserved. Since Rac protein also plays an important role in the development of animal
nerves, we compared Rac homologous proteins in two vertebrates. We used MEGA7 to map
the phylogenetic tree based on the protein sequences blasted in NCBI. The result showed
that Rac protein sequences are highly homologous in fungi and vertebrates (Figure 1A),
indicating that the Rac protein is highly conserved in the process of evolution. We used
DOG2.0 software (Jian Ren, Hefei, China) to draw the domain diagram of the proteins
mentioned above and found that all these proteins have a Rac-like domain (Figure 1B),
indicating that the Rac protein domain is also highly conserved in these species.

Figure 1. Bioinformatics analysis of Rac protein. (A) The phylogenetic relationship of Rac in selected
eukaryotes was analyzed and visualized by MEGA7.0 software (Mega Limited, Auckland, New
Zealand). (B) The domain of Rac protein was identified and visualized by SMART/(http://smart.
embl-heidelberg.de) and DOG2.0 software (Jian Ren, Hefei, China).
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2.2. Rac from A. flavus Is a GTPase

After systematic prediction, sequence alignment showed that A. flavus Rac (XP_00238-
4152.1) had high homology with A. nidulans Rac (XP_662347.1, 90.69% identification) and
they two showed highly conserved three-dimensional protein structures (Figure 2A). In
order to confirm whether AflRac has GTPase activity, we cloned the coding sequence of
AflRac using the cDNA of A. flavus wild type (WT) as template and ligated it into the
pET28a vector. After sequencing and twice transformation, the Rac protein expression
strain was successfully constructed. After induction by IPTG, it was purified by a Ni2+-
NTA column (Figure 2B). GTP enzyme activity was detected in vitro, and it was found that
the AflRac protein had GTP enzyme activity (Figure 2C). The above results proved that
AflRac has GTPase activity in A. flavus. Thus, in this paper, we directly define the protein
XP_002384152.1 in A. flavus as Rac.

Figure 2. Expression and GTPase activity assay. (A) A. flavus Rac (XP_002384152.1) sequence is
similar to A. nidulans Rac (XP_662347.1; 90.69% identify), and they had highly conserved three-
dimensional protein structure. (B) SDS-PAGE assay of the expressed recombinant protein and
purification result. Line 1: the expressed recombinant plasmid pET28a-Rac without IPTG, line 2: the
expressed recombinant plasmid pET28a-Rac with IPTG induction, line 3: the purified recombinant
protein. (C) GTPase activities of Rac protein. PC = positive control, NC = negative control.

2.3. Rac Is Involved in Vegetative Growth and Conidiation

To study the function of Rac in A. flavus, we constructed Rac-deleted mutant strains.
Using the principle of gene recombination, we replaced Rac in A. flavus wild type with
AfupyrG to construct Rac deletion mutants (ΔRac) (Figure 3A). At the same time, we
constructed Rac complementary strains (RacC). Then, PCR (Figure 3B), RT-PCR (Figure 3C),
qPCR (Figure 3D), and Southern blot (Figure 3E) results verified that ΔRac and RacC were
successfully constructed. The above-constructed strains were diluted to the same multiple
and inoculated in two kinds of rich media (CM and PDA) and two kinds of basic media
(GMM and MM) for culture (Figure 4A). By observing the colony growth, it was found
that the diameter of ΔRac in all media was significantly smaller than that of WT and
RacC (Figure 4B), which indicates that Rac participates in the vegetative growth process of
A. flavus. During the observation, we also found that the color of ΔRac was obviously white,
as the green color on the strains was conidia of A. flavus. Therefore, a rich medium (PDA)
and a basic medium (GMM) were selected to culture all the above strains, and the conidia
were eluted to count the number with a blood cell counter under an optical microscope.
The results showed that the conidia production of ΔRac was significantly lower than that of
WT and RacC (Figure 4C). The decrease in conidia made us wonder whether it was related
to the decrease in conidiophore. Therefore, we observed the conidiophore and found that
the number of conidiophore of ΔRac was significantly decreased than that of WT and RacC

(Figure 4D), indicating that Rac was very important for the formation of conidiophores of
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A. flavus. We also verified the key genes related to conidia formation in A. flavus by qPCR
and found that the expression levels of genes abaA and brlA were significantly decreased in
ΔRac (Figure 4E), which further indicated that Rac regulates the expression of genes related
to conidiation, thus affecting the conidia formation of A. flavus.

Figure 3. Generation of deletion and complementation strains. (A) The deletion mutant was con-
structed by homologous recombination. (B) The construction was verified by routine PCR with
gDNA as template. (C) RT-PCR was used to verify the construction with cDNA as template. (D) The
expression level of Rac gene was verified by qPCR. (E) Southern blot proved that ΔRac strain and
strain RacC were successfully constructed. The length of the WT fragment cut out by XhoI was 2904 bp,
ΔRac strain was 2326 bp, and RacC was 3278 bp.

Figure 4. Rac was involved in vegetative growth and conidiation in A. flavus. (A) WT, ΔRac and
RacC were cultured in two kinds of rich media (CM, PDA) and two kinds of basic media (GMM,
MM) at 37 ◦C for 3 days. (B) GraphPad Prism8 was used to analyze the growth diameter of colonies.
(C) Spores number of these strains on the rich medium (PDA) and basic medium (GMM). (D) Ampli-
fication of conidiophore cultured on PDA medium. (E) qPCR verified the expression level of genes
abaA and brlA in these strains. ** mean p < 0.05, *** means p < 0.0001.
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2.4. Rac Is Required for Sclerotial Formation in A. flavus

Sclerotium is another form of A. flavus reproduction, so the effect of Rac on the
sclerotium formation of A. flavus deserves our study. We cultured the strains in CM
medium for 7 days to observe the sclerotium formation, and the results showed that the
ΔRac did not produce sclerotium at all, but WT and RacC of A. flavus produced normal
sclerotium (Figure 5A,B). qPCR result showed that the expression of nadC and nsdD, the
key genes of sclerotium formation, was decreased markedly in ΔRac when compared to
WT and RacC (Figure 5C), which indicated that Rac was involved in sclerotium formation in
A. flavus. This implies that Rac may act as a molecular switch to regulate the expression of
genes related to the sclerotium formation pathway. When Rac was deleted, the sclerotium
formation process was blocked and sclerotium disappeared due to the lack of control switch
in A. flavus. All the above results showed that Rac is involved in the development and
reproduction of A. flavus.

Figure 5. Rac is required for sclerotial formation in A. flavus. (A) The strain was cultured in CM
medium at 37 ◦C for 7 days and then observed. (B) Number of sclerotia of these strains. (C) qPCR
verified the expression level of genes nsdC and nsdD in these strains. ** means p < 0.05, *** means
p < 0.0001.

2.5. Effect of Rac on Aflatoxin Biosynthesis in A. flavus

AFB1 is the most harmful secondary metabolite produced by A. flavus. To study the
role of Rac in AFB1 production, all strains were cultured in liquid medium, and TLC and
HPLC were used to detect the aflatoxin production. The result showed that the ability
of Rac mutant to produce toxin AFB1 was impaired significantly compared to WT and
RacC (Figure 6A–C). To explore the reason for the significant decrease of AFB1 in ΔRac,
we amplified secondary metabolism-related genes and regulatory genes in the aflatoxin
formation gene cluster by qPCR. It was found that the expression of secondary metabolism
regulatory genes veA and laeA was decreased, and the expression of genes in the toxin
formation gene cluster (aflR, aflC, aflD, aflJ, aflK, aflL, aflN, aflO, aflP, aflQ, aflR, aflS, aflY)
was also downregulated (Figure 6D). It could be speculated that Rac might regulate the
expression of genes related to toxin synthesis, thereby affecting the toxin synthesis ability
in A. flavus.

2.6. Role of Rac in Seed Infection

In order to explore the ability of ΔRac to infect seeds and produce aflatoxin in the
process of infecting the host, we conducted an in vitro infection experiment. The same
amount of conidia was inoculated to corn and peanut seeds and cultured for 7 days, and it
was found that the conidia produced by ΔRac in the process of infecting seeds decreased
significantly when compared to WT and RacC (Figure 7A,B,E), and the toxins produced by
ΔRac in the infecting process were significantly reduced when compared to WT and RacC

(Figure 7C,D,F). All the above results showed that Rac also played an important role in the
process of A. flavus infecting seeds.
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Figure 6. Effect of Rac on aflatoxin biosynthesis in A. flavus. (A) TLC was used to observe AFB1
production of the strains. (B) Determination of AFB1 production by HPLC. (C) According to the
HPLC data, the amount of AFB1 produced in the strains was calculated, and the histogram was
drawn and analyzed by GraphPad Prism8. ** means p < 0.05. (D)The expression level of toxin
synthesis-related and regulatory genes in ΔRac was calculated, and the histogram was drawn and
analyzed by GraphPad Prism8.

Figure 7. Role of Rac in seed infection. (A) Peanut was infected with uniformly diluted 1 × 106

conidia solution and cultured at 29 ◦C for 7 days. (B) The corn was infected with the uniformly
diluted 1 × 106 conidia solution and cultured at 29 ◦C for 7 days. (C) Detection of aflatoxin production
by infected peanut by TLC. (D) Detection of aflatoxin production by infected corn by TLC. (E) Spore
number from infected peanut and corn. (F) Amount of toxin produced by infected peanut and corn.
** means p < 0.05.

2.7. Rac Contributes to Cell Wall and Osmotic Stress Response

It was found that when 1.2 M calcofluor white (CFW) was added to the culture
medium (Figure 8A), the inhibition rate of cell wall stress to ΔRac was higher than that
to WT and RacC (Figure 8B), indicating that the sensitivity of ΔRac to respond to cell wall
stress increased. Western blot results indicated that Slt2 could not be phosphorylated after
Rac deletion (Figure 8C), showing that Rac may be used as the switch for the Slt2-MAPK
cascade in A. flavus to control the pathway. When 1.2 M sorbitol was added into the
culture medium (Figure 8D), the results showed that the inhibition rate of ΔRac was also
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increased when compared to WT and RacC (Figure 8E), indicating the sensitivity of ΔRac
responding to osmotic stress was increased. Western blot results found that Hog could not
be phosphorylated after Rac was deleted (Figure 8F), which indicated that Rac could be
used as the switch of the osmotic glycerol pathway in A. flavus to regulate the Hog-MAPK
cascade to cope with osmotic stress.

Figure 8. Rac contributes to cell wall stress and osmotic stress. (A) CFW was added to PDA culture
medium, and strains with the same dilution ratio were cultured at 37 ◦C for 3 days. (B) The inhibition
rate was calculated by the ratio of the absolute value of the growth diameter of the stressed strain to
that of the unstressed strain. (C) Western blot assay of Slt2 and Slt2-P proteins in WT and ΔRac were
studied by Slt2- and Slt2-P-specific antibodies. (D) Sorbitol was added into PDA culture medium
and cultured at 37 ◦C for 3 days. (E) The inhibition rate was calculated in these strains. (F) Western
blot of Hog and Hog-P proteins in WT and ΔRac by using Hog and Hog-P-specific antibodies.
** means p < 0.05.

3. Discussion

In plants, Rac orthologs are thought to be involved in the regulation of pollen tube
growth, which shares several features with filamentous growth [19]. As the first Rac
homologous gene studied in fungi, the deletion of YlRAC1 resulted in the morphological
changes of dimorphic yeast Yarrowia lipolytica cells, suggesting that the function of YlRAC1
may be related to some aspects of cell growth polarization [20]. In filamentous fungi, it was
reported that the absence of RacA in Aspergillus niger leads to hyper-branched reproductive
tubes and hyphae, which are short in length but wide in hyphal diameter. The frequent
branching leads to tighter colonies on solid media, and the diameter of colonies becomes
smaller due to the slow elongation at the tip [21]. In this study, we found that in A. flavus,
when Rac was absent, the elongation rate of the apical hypha was low, the colony diameter
was obviously reduced, and the strain morphology and development defects were serious,
which was very similar to the phenotype of A. niger. Therefore, Rac in A. flavus may affect
the hypha extension by acting on cell polarization and finally, affect the colony diameter.

Both A. nidulans and A. fumigatus, which are currently known to be sequenced, have
been found to contain a plethora of clustered genes specifically for the production of
secondary metabolites [22]. In A. nidulans, aflR and stcU were not expressed when laeA
was deleted. However, when aflR is deleted, it does not affect the transcription level of
laeA. When aflR is overexpressed, the expression of laeA decreases. This indicates that laeA
can regulate the key gene aflR in the production of aflatoxins [23]. In A. parasiticus and
A. flavus, veA was necessary for the transcription of the key genes of toxin production aflR
and aflJ [24,25]. In this study, we found that the expression level of veA and laeA in ΔRac
was decreased compared with WT. The expression of the AFB1 synthesis gene cluster was
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decreased, and the AFB1 production ability of ΔRac also declined. Therefore, we suspect
that Rac may regulate the key genes aflR and aflS to control the other toxin production gene
cluster to participate in toxin synthesis. It can also regulate the expression level of laeA
and veA, which are involved in the switch toward secondary metabolism, thus regulating
aflatoxin synthesis.

It is known in previous reports that not only aflatoxin production is regulated by veA,
but also veA is a necessary gene for sclerotium formation in A. flavus [26]. In this study,
it was found that ΔRac did not produce sclerotium. The qPCR results also showed that
compared with WT, the expression of veA of ΔRac was extremely low, which was consistent
with the previously reported results. It is not difficult to speculate that Rac may control the
expression of veA in A. flavus, thus affecting sclerotium formation.

Compared with A. fumigatus, the virulence of RacA-deleted mutant is unchanged [16],
but in U.maydis, the deletion of Rac1 leads to the loss of virulence [17]. In Claviceps purpurea,
it was found that after Rac was deleted, its pathogenicity was completely lost [27]. The Rac-
deleted mutant cannot penetrate the plant surface, which due to the serious cytoskeleton
defects of the mutant, thus it cannot produce the mechanical force required for penetration.
Unlike the absence of RacA in A. fumigatus [16], we found that the infectivity of A. flavus Rac-
deleted mutant was greatly reduced compared with that of WT. Therefore, we suggested
that when Rac is absent, the mutant strains have serious cytoskeleton defects, and the
mechanical force required for penetration in A. flavus is low, which leads to the decline of
infection ability.

It has been reported that under high osmotic pressure, Rac-induced activation of the
PAK2 subtype leads to its phosphorylation and translocation to the intercellular junction,
where it locally promotes the phosphorylation of MLC [28], which is a cascade reaction of
cells to external osmotic pressure. According to our research results, the absence of Rac
made Slt2 and Hog no longer phosphorylated, and the sensitivity of the strain to cope with
cell wall stress and osmotic stress increased. It could be concluded that Rac is indeed in-
volved in the pathway of A. flavus responding to external cell wall stress and osmotic stress.
Combining with the reports [29], we speculated that Rac may play its molecular switch
function as a member of the Rho family, and control the phosphorylation process of Slt2
and Hog, thus opening the communication path of the strain against environmental stress.

4. Materials and Methods

4.1. Strains and Media

All strains used in the experiment are listed in Table 1. A. flavus CA14 PTS (Δku70ΔpyrG,
uracil auxotrophic) was used as the parent strain for transformation. The strains in this
study were cultured on yeast extract sucrose (YES), minimal medium (MM), potato dextrose
agar (PDA), glucose minimal medium (GMM), and complete medium (CM) for conidia
culture and mycelial growth [30]. The sclerotia-inducing Wickerham (WKM) medium was
used for sclerotia formation. YES liquid medium was used for AFB1 production. Each
experiment was repeated at least 3 times.

Table 1. Strains used in this study.

Strains Genotype Descripion Source

A. flavus CA14 Δku70, ΔpyrG Purchased from FGSC (Manhattan, NY, USA)
Wild-type (WT) Δku70, ΔpyrG::AfpyrG This study

ΔAflRac Δku70, ΔpyrG::AfpyrG, ΔAflRac This study
ΔAflRacC Δku70, ΔAflmsb2:: Aflmsb2, pyrG This study

E. coil DH5α Takara
E. coil Rosetta Takara

78



Toxins 2022, 14, 581

4.2. Domain and Phylogenetic Tree Analysis

The sequence of A. flavus Rac (XP_002384152.1) was downloaded from NCBI and
compared to the gene sequences of human, mouse, and other fungi. The phylogenetic
tree was established with MEGA 7.0 software [31]. The protein domain was predicted
by SMART [32] (http://smart.embl-heidelberg.de/) software and plotted by DOG2.0
software [33].

4.3. Expression of Recombinant Protein and Detection of GTPase Activity

The Rho GTPase Rac gene was cloned by PCR using special primers which include
restriction sites of EcoR I and Hind III. The pET28a vector and Rac gene fragment were
digested by EcoR I and Hind III, and then ligated by T4 ligase. Positive plasmid pET28a-
Rac was extracted and transformed into an expression strain of E. coli Rosetta, grown in
liquid LB medium, and further incubated at 37 ◦C for 4–5 h until the OD value reached
0.5. Isopropyl-β-D-thiogalactopyranoside (IPTG, 0.4 mM) was added into the medium
for inducing target protein expression. After 4 h induction, cells were collected and
then sonicated on ice. Cell lysates were centrifuged at 13,000 r/min until no significant
precipitation. The supernatant was loaded into a Ni2+-NTA column for purification [34].
GTPase activities were measured using the ATPase/GTPase Activity Assay Kit (MAK-113,
Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions.

4.4. Construction of Mutant Strains

The Rac gene deletion mutants (ΔRac) were constructed by homologous recombina-
tion [35]. The primers used in this study were listed in Table 2. PCR amplification was used
to generate a gene deletion cassette, and the PCR product was transformed into A. flavus
CA14 protoplast. Positive transformants were screened and verified by diagnostic PCR [36]
and Southern blot. Then, the two-step method was used to construct the complementary
strains (RacC) [37], and positive transformants were verified by PCR verification.

Table 2. Primers used in this study.

Primer Sequence (5′-3′) Characteristics

Rac-p1 GGTTTCCTCAACGGTGTT For amplifying

Rac-p3 GGGTGAAGAGCATTGTTTGAGGC
TCTTTCAGAATCTGCGATAT 5′UTR of ΔRac

Rac-p6 GCATCAGTGCCTCCTCTCAGA
CAATTTTCTCCCGACTATAA

For amplifying
3′ UTR of ΔRac

Rac-p8 CATCATTCCTAATGTGCTT
Rac-p2 GTTGGGAAAGAGGTGTCG For fusion PCR
Rac-p7 GTCTCAGTGCGTGTTGCT of ΔRac
pyrG-F GCCTCAAACAATGCTCTTCACCC For amplifying
pyrG-R GTCTGAGAGGAGGCACTGATGC A. fumigatus pyrG
Rac-p9 CGGCTAATAGACGACCAAT For validating ORF
Rac-p10 AGACGCTCTTCAGATTACG

Rac-C-p1 GATTGTTCCCTTATCATTG For amplifying
Rac-C-p2 CGAACAAGGTGTATAGTCT ORF of RacC
Rac-C-p3 GATTGTTCCCTTATCATTG

Rac-C-p4 GGGTGAAGAGCATTGTTTGAG
GCCTACAGAATCAGACATTTGCTCTTC

For amplifying
5′UTR of RacC

Rac-C-p5 GCATCAGTGCCTCCTCTCAGA
CATCGATTCTTATAATTTTCTCCCGA

For amplifying
3′UTR of RacC

Rac-C-p6 CGAACAAGGTGTATAGTCT
Rac-C-O1 CCTGCCTTGTGGTATTTC For fusion PCR
Rac-C-O2 ATGCTTTGCTGACGCTAT of RacC

Rac-S-O1 ACCAGCCATTCAGTGTTC For Southern blot
Rac-S-O2 AATTGCAGTGACAAGAGATG

pyrG-907-F ATGACGGCGATGTAGGGA For screening ΔRac mutant
pyrG-919-R CGACATCCTCACCGATTTCA

Rac-G-O1 AATGGGTCGCGGATCCCTGGAAGTTC
TGTTCCAGGGGCCCATGGCGACCGGT For amplifying

Rac-G-O2 GGTGGTGGTGGTGGTGCTCGAGCTACAGA
ATCAGACATTTGCTC complete Rac gene
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4.5. Mycelial Growth, Conidiation and Sclerotia Analysis

The phenotypes of WT, ΔRac, and RacC strains were observed and analyzed in differ-
ent media. The mycelium growth and development, conidia formation, and sclerotium
formation were analyzed according to the methods described previously [38].

4.6. Aflatoxins Analysis

In order to produce aflatoxin, 10 μL conidia suspensions of WT, ΔRac, and RacC

strains (1 × 107 conidia/mL) were inoculated into 7.5 mL YES liquid medium, respectively,
and cultured at 29 ◦C in the dark for 7 days. Thin-layer chromatography (TLC) was
used to detect aflatoxin products [39]. All the culture toxin medium was transferred to a
50 mL centrifuge tube, and an equal volume of chloroform was added and mixed well.
After shaking and extraction for 30 min, the lower layer of chloroform was taken and
volatilized. The mycelium was filtered and dried to obtain the dry weight of mycelium.
Chloroform lytic toxin was added according to the proportion of dry weight of mycelium.
TLC developing agent (volume ratio, chloroform: acetone = 9:1) was poured into the
chromatography cylinder, and then 10 μL of each sample was added to the TLC plate. After
completion, the samples were air-dried and placed under the UV gel imaging system for
toxin detection. In order to quantitatively analyze the yield of aflatoxin, the aflatoxin extract
was further analyzed by high-performance liquid chromatography (HPLC). Aflatoxin was
detected by fluorescence detector (Water, Milford, MA, USA) with excitation wavelength
and emission wavelength of 365 nm and 455 nm, respectively. Each experiment was
repeated 3 times [29].

4.7. Seeds Infections

The ability of WT, ΔRac, and RacC strains to infect plant seeds was tested by previous
methods [40]. Seeds were inoculated with conidia suspension and cultured at 29 ◦C; then,
700 μL of sterile water was added to keep the culture filter paper in a moist state. After
6 days of culture, the infected seeds were collected and placed into a 50 mL centrifuge
tube, and then 15 mL sterile water and 7.5 mL dichloromethane were added. In order to
make the conidia fully suspend in the liquid, the tube was shaken violently for 5 min. The
number of conidia was counted, and aflatoxin was extracted according to the previous
method [41]. Each experiment was repeated at least 3 times.

4.8. Cell Wall Stress and Osmotic Pressure Stress

Two hundred μg/mL CFW was added to PDA medium to construct cell wall stress
medium, and 1.2 mol/mL sorbitol was added to YES medium to construct osmotic stress
medium. The strains with the same dilution ratio were cultured at 37 ◦C for 3 days [42].

4.9. Western Blot Analysis

The conidia (6 × 105) of WT, ΔRac and RacC strains were inoculated into YES liquid
medium, respectively, and cultured for 48 h. Whole-cell extraction and Western blot
were carried out according to our previous publication [43]. Anti-Hog1 (Santa Cruz
Biotechnology Company, Dallas, TX, USA) and anti-AflSlt2 antibodies (prepared by our
laboratory) were used. Enhanced chemiluminescence (ECL) substrate was used for Western
blot analysis, and chemiluminescence was determined by G-box Chemi XT4 (Syngene,
Hong Kong, China).

4.10. Quantitative RT-PCR Analysis

The mycelia of WT, ΔRac, and RacC strains were harvested on YES medium at 37 ◦C.
Total RNA of mycelium was extracted by an RNA extraction kit (Tianmo Bio, Beijing, China),
and reverse transcription cDNA was obtained by gene synthesis SuperMix (Transgen
Biotech, Beijing, China). On the ThermoFisher Scientific real-time PCR system, SYBR Green
qPCR Mix (Guangzhou Dongsheng Biotechnology, Guangzhou, China) was used for qRT-
PCR. The actin gene of A. flavus was used as the reference gene, and the relative expression
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of the target gene was calculated by the 2-ΔΔCt method [44]. The qRT-PCR primers were
listed in Table 3. All qRT-PCR tests were performed in triplicate for each sample, and each
experiment was repeated at least 3 times.

Table 3. qPCR primers used in this study.

Primer Sequence (5′-3′) Characteristics

abaA-qRT-F TCTTCGGTTGATGGATGATTTC For amplifying abaA
abaA-qRT-R CCGTTGGGAGGCTGGGT
brlA-qRT-F GCCTCCAGCGTCAACCTTC For amplifying brlA
brlA-qRT-R TCTCTTCAAATGCTCTTGCCTC
nsdC-qRT-F GCCAGACTTGCCAATCAC For amplifying nsdC
nsdC-qRT-R CATCCACCTTGCCCTTTA
nsdD-qRT-F GGACTTGCGGGTCGTGCTA For amplifying nsdD
nsdD -qRT-R AGAACGCTGGGTCTGGTGC
veA -qRT-F TATCATTCCGTGGCTCAAT For amplifying veA
veA -qRT-R GAGAGGTACTGCTGGATG
laeA -qRT-F TTGTTGGGGTTGACCTTGCT For amplifying laeA
laeA -qRT-R GCCATCCCATCACACTTCCA
aflC-qRT-F TTACGCTGCGATCAGTTCCTC For amplifying aflC
aflC-qRT-R CGACTCGCATTACAGCATCTAAC
aflD-qRT-F GTGGTGGTTGCCAATGCG For amplifying aflD
aflD-qRT-R CTGAAACAGTAGGACGGGAGC
aflJ-qRT-F CGGCGTATGAGGAGAATG For amplifying aflJ
aflJ-qRT-R CTTCATCAACCTGGCATCA
aflK-qRT-F GAGCGACAGGAGTAACCGTAAG For amplifying aflK
aflK-qRT-R CCGATTCCAGACACCATTAGCA
aflL-qRT-F GGCTGCGGAACTGTATTG For amplifying aflL
aflL-qRT-R TGTGGAGTGCTGGAAGAG
aflN-qRT-F TTCATTCCTGAGCGATGG For amplifying aflN
aflN-qRT-R CGTATGCTGGCGTAATATC
aflO-qRT-F GATTGGGATGTGGTCATGCGATT For amplifying aflO
aflO-qRT-R GCCTGGGTCCGAAGAATGC
aflP-qRT-F ACGAAGCCACTGGTAGAGGAGATG For amplifying aflP
aflP-qRT-R GTGAATGACGGCAGGCAGGT
aflQ-qRT-F GTCGCATATGCCCCGGTCGG For amplifying aflQ
aflQ-qRT-R GGCAACCAGTCGGGTTCCGG
aflR-qRT-F AAAGCACCCTGTCTTCCCTAAC For amplifying aflR
aflR-qRT-R GAAGAGGTGGGTCAGTGTTTGTAG
aflS-qRT-F AAGCTAAGGCCGAGTCTGG For amplifying aflS
aflS-qRT-R CAGGTTGTGTTGCTGTTGATAG
aflY-qRT-F AGGCAGACTTTCTAACACT For amplifying aflY
aflY-qRT-R CCTTCAGTTCCACACCAA

Rac -qRT-p9 GGTGACGGTGCTGTTGGA
Rac -qRT-p10 CGGGTCGTGGATTGAGAA
actin-qRT-F ACGGTGTCGTCACAAACTGG For amplifying actin
actin -qRT-R CGGTTGGACTTAGGGTTGATAG

4.11. Statistical Analysis

GraphPad Prism8 [45] (https://www.graphpad.com) was used for statistical analysis.
T-test was used for comparison between the two groups, and ANOVA was used for
comparison among multiple groups.
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Abstract: The basic biological function of glutamine synthetase (Gs) is to catalyze the conversion of
ammonium and glutamate to glutamine. This synthetase also performs other biological functions.
However, the roles of Gs in fungi, especially in filamentous fungi, are not fully understood. Here, we
found that conditional disruption of glutamine synthetase (AflGsA) gene expression in Aspergillus
flavus by using a xylose promoter leads to a complete glutamine deficiency. Supplementation of glu-
tamine could restore the nutritional deficiency caused by AflGsA expression deficiency. Additionally,
by using the xylose promoter for the downregulation of AflgsA expression, we found that AflGsA
regulates spore and sclerotic development by regulating the transcriptional levels of sporulation
genes abaA and brlA and the sclerotic generation genes nsdC and nsdD, respectively. In addition,
AflGsA was found to maintain the balance of reactive oxygen species (ROS) and to aid in resisting
oxidative stress. AflGsA is also involved in the regulation of light signals through the production of
glutamine. The results also showed that the recombinant AflGsA had glutamine synthetase activity
in vitro and required the assistance of metal ions. The inhibitor molecule L-α-aminoadipic acid
suppressed the activity of rAflGsA in vitro and disrupted the morphogenesis of spores, sclerotia, and
colonies in A. flavus. These results provide a mechanistic link between nutrition metabolism and
glutamine synthetase in A. flavus and suggest a strategy for the prevention of fungal infection.

Keywords: Aspergillus flavus (A. flavus); glutamine synthetase; reactive oxygen species (ROS); L-α-
aminoadipic acid

Key Contribution: AflGsA contributes to the regulation of growth, conidiation, sclerotia development,
and resistance to oxidative stress in A. flavus. L-α-aminoadipic acid suppressed the activity of rAflGsA
in vitro and disrupted the morphogenesis of spores, sclerotia, and colonies in A. flavus.

1. Introduction

Aspergillus flavus (A. flavus) is a saprophytic, pathogenic, and conditional plant fun-
gus that invades important crops such as peanuts and corn during storage and trans-
portation [1–3]. A. flavus is not only a plant pathogenic fungus but also causes invasive
aspergillosis, threatening human life [4,5]. In addition, this fungus produces toxic sec-
ondary metabolites (aflatoxins) that have been recognized as notorious carcinogenic natural
contaminants since their discovery [6–8]. Aflatoxin B1 (AFB1) has strong carcinogenic,
teratogenic, and genotoxic properties [9]. Understanding the mechanisms of development
and toxin synthesis of A. flavus can greatly improve the control strategies for fungal con-
tamination. Therefore, how to effectively prevent and inhibit the infestation of A. flavus has
become a major challenge.
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Nitrogen metabolism is an important part of an organism’s metabolism. Glutamine
synthetase (Gs) is one of the key central enzymes in the nitrogen metabolic pathway [10]
that catalyzes the conversion of glutamate and ammonium to glutamine via an ATP-
dependent reaction [11]. Although Gs performs a variety of divergent cellular functions
such as nitrogen metabolism and amino acid production [12–15], its biological function
is not limited to glutamine synthesis. In wheat (Triticum aestivum L.), Gs controls the
nitrogen cycle during plant growth and development [16]. Surprisingly, suppression of
the Gs gene causes impaired photosynthesis and photorespiration, leading to a significant
accumulation of reactive oxygen species (ROS) [17] in Amaranthus palmeri (A. palmeri). The
Gs gene promotes organism repair via cellular nucleotide synthesis after DNA damage [18]
and maintains osmotic homeostasis [19]. In Schizosaccharomyces pombe (S. pombe) and
Aspergillus nidulans (A. nidulans), the inactivation of Gs leads to growth and developmental
retardation via glutamine-dependent malnutrition [20,21]. Gs loss of function affects the
primary and secondary metabolites’ synthesis in the phytopathogenic fungus Gibberella
fujikuroi (G. fujikuroi) [15].

In addition, glutamine synthetase has emerged as a new target for drug discovery
and design. Methionine sulfoximine is used as a classical inhibitor for Gs protein activity
in bacteria [11]. In plants, the role of Gs makes it an important target for the herbicide
glufosinate [22]. Generally, Gs is classified into three types based on molecular weight
and 3D spatial structure: GsI, GsII, and GsIII [23]. The Gs-encoding genes in filamentous
fungi are usually identified as belonging to the GsII family [24]. Although the amino
acid sequences are quite different for the three types of Gs enzymes, these proteins share
similar tetrameric geometric structures consisting of two oligomeric rings in a duplex
symmetry [25–28]. This oligomerization of Gs indicates that the protein may interact with
other molecules and perform their functions in vivo. Indeed, a series of small molecules
have been reported to decrease Gs activity, including amino acids, carbamoyl phosphate,
and glucosamine-6-phosphate [11,29].

Here, we report that the AflGsA protein is important for colony growth, conidia
production, and sclerotia development in A. flavus. Furthermore, AflGsA is involved in
balancing ROS and resisting oxidative stress. L-α-aminoadipic acid, a potent inhibitor of
rAflGsA, was effective in inhibiting growth, spore, and sclerotia production in A. flavus.
These results provide detailed and comprehensive information concerning the regulatory
mechanism of AflGsA in A. flavus.

2. Results

2.1. Identification of AflGsA in A. flavus

The sequence of the A. flavus Gs (AflGsA) protein was obtained from the NCBI gene
database (AFLA_051930), which exhibited 63% similarity to GsA in Saccharomyces cerevisiae
(S. cerevisiae). All of the analyzed proteins contained two conserved domains (Figure 1A).
The phylogenetic tree analysis based on AflGsA and other homologous proteins showed
that AflGsA was highly conserved in Aspergillus spp. (Figure 1B). The expression profiles
of AflgsA were monitored by quantitative real-time PCR (qRT-PCR) at vegetative growth
(VG), conidial development (CON), aflatoxin synthesis (AS), and sclerotial development
(SD) stages [30]. The transcript level of AflgsA was the highest in the AS stage, whereas
the lowest transcript level was reached in the SD stage (Figure 1C). The differences in
expression patterns suggest that AflgsA may perform different functions at different stages
in A. flavus.

2.2. AflgsA Is an Essential Gene for the Growth of A. flavus

To investigate the function of AflgsA in A. flavus, we first tried to obtain the AflgsA
deletion strain by homologous recombination but failed. A better alternative strategy is to
construct a xylose promoter mutant strain (xyIPAflgsA) for AflgsA functional verification
(Figure 2A). After confirmation by PCR (Figure 2B) and DNA sequencing (Figure S1), the
mutant strain and WT strain were incubated in YXT medium (containing xylose) and
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YGT medium (without xylose) for four days at 37 ◦C in the dark. The mutant strain
was completely unable to grow in the xylose-free medium, while growth was partially
restored after the addition of xylose (Figure 2C,D). Additionally, a gradient increase in the
colony diameter, mycelial tip, and conidial gemination of xyIPAflgsA strain was found with
an increasing concentration of xylose (Figure S2). These results suggest that glutamine
synthetase is essential for the growth of A. flavus.

Figure 1. Sequence analysis and expression profiles of AflGsA in A. flavus. (A) Domain structure anal-
ysis of AflGsA from A. flavus and other species (Aspergillus niger, Penicillium brasilianum, Macrophomina
phaseolina, S. cerevisiae, S. pombe, Mus musculus, Homo sapiens, and Escherichia coli). (B) Phylogenetic
tree of AflGsA from different species. (C) Expression patterns of AflgsA were tested by qRT-PCR
at vegetative growth (VG), conidial development (CON), aflatoxin synthesis (AS), and sclerotial
development (SD) stages. * indicates a significance level of p < 0.05, ** indicates a significance level
of p < 0.01, and *** indicates a significance level of p < 0.001 based on one-way ANOVA with three
biological replicates.
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Figure 2. Construction and validation of the xyIPAflgsA strain of A. flavus. (A) The gene replacement
strategy for the construction of xyIPAflgsA. (B) PCR validation of the xyIPAflgsA strain. (C) Phenotypic
observations of the growth for WT and the xyIPAflgsA strain in YGT and YXT media in the dark at
37 ◦C for four days. (D) Statistical analysis of the colony diameters of the indicated A. flavus strains
(panel (C)). ND indicates no detection. *** indicates a significance level of p < 0.001 based on t-tests
with three replicates.

2.3. Glutamine Restores the Growth Defect of the xyIPAflgsA Strain

We found that the addition of glutamine (GluN) to the xylose-free or xylose medium
restored the growth of the xyIPAflgsA strain (Figures 3A,B and S3). Meanwhile, the am-
monium tartrate (NH4

+) or glutamate (Glu) supplement was unable to promote colony
growth (Figures 3A,B and S4). This suggested that the growth defect of the mutant strain
was caused by the lack of glutamine synthetase. However, the xyIPAflgsA strain showed
different colony color compared to the WT strain after GluN supplementation (Figure 3A).
Moreover, the growth of the xyIPAflgsA strain was also inhibited by adding both GluN and
NH4

+ (Figure 3B,C). This phenomenon may be due to competition or inhibition of GluN
uptake by excess NH4

+ [21]. The mechanisms concerning the type of nitrogen sources that
mediate the absorption pathway by AflgsA in the cell need to be further explored.

2.4. AflGsA Is Important for Conidia Development of A. flavus

To further determine the effect of AflgsA on A. flavus, we monitored the transcript
level of AflgsA in the xyIPAflgsA strain and found that it was less than half that in the WT
(Figure 4A). In addition, the xyIPAflgsA strain exhibited smaller spore heads of the child
seat and sparser peduncles by microscopic observation (Figure 4B). Statistical analysis also
showed a significant reduction in the number of spores in the xyIPAflgsA strain compared
to that in the WT strain (Figure 4C). Further analysis showed that the transcript levels
of both regulatory genes for conidia, brlA, and abaA, were reduced by about half in the
xyIPAflgsA strain compared to that in WT (Figure 4D). These results suggest that AflgsA may
be involved in the upstream regulation of abaA and brlA genes during spore development
of A. flavus, and this further regulates the production of conidia.
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Figure 3. Analysis of the growth of WT and xyIPAflgsA strains. (A) The colony morphology of the
WT and xyIPAflgsA strains on YGT medium containing 10 mM glutamine (GluN) or/and ammo-
nium tartrate (NH4

+) as nitrogen sources. (B) Statistical analysis of the diameter from panel (A).
(C) The number of conidia produced by the above two A. flavus strains. ND indicates no detection.
*** indicates a significance level of p < 0.001 based on t-tests with three replicates.

2.5. AflGsA Contributes to the Production of Sclerotia but Not to Toxin Synthesis in A. flavus

Sclerotia are important reproductive structures of Aspergillus flavus, and they aid in
survival under harsh conditions. The sclerotia produced by the xyIPAflgsA strain were
significantly fewer compared to those in the WT strain (Figure 5A,B). In addition, the
transcript levels of the sclerotia-related genes nsdC and nsdD were significantly lower
in the xyIPAflgsA strain compared to those in the WT strain, only about half of those in
the WT strain (Figure 5C). In addition, the sclerotium production defect in the xyIPAflgsA
strain could not be recovered by the addition of a GluN supplement (Figure S5). These
results suggest that AflGsA is important for sclerotia production, and its coding gene may
influence sclerotia production by being involved in the upstream regulation of nsdC and
nsdD. We also investigated the production of the toxic secondary metabolite AFB1 in A.
flavus and found no significant differences in toxin production between the xyIPAflgsA strain
and the WT (Figure 5D,E). This suggests that AflgsA is not involved in the regulation of
aflatoxin production.

2.6. AflGsA Balances ROS and Resists Oxidative Stress in A. flavus

A high concentration of ROS causes oxidative damage, disrupting cell metabolism
and causing apoptosis. It was found that more ROS were produced in the low-expression
state of AflgsA (Figure 6A). When adding hydrogen peroxide to simulate the oxidative
stress state, the inhibition rate of the xyIPAflgsA strain was significantly higher than that of
the WT (Figure 6B,C), but this situation was significantly restored by the addition of GluN
(Figure 6B,C). A similar phenotype was also shown in the addition of tBOOH to simulate
the oxidative stress state (Figure S6). Further study revealed that there was no significant
change in the transcript level of superoxide dismutase gene sod. However, the transcript
level of the catalase gene cat was significantly lower in the xyIPAflgsA strain compared to
that in the WT strain (Figure 6D). These results suggest that GluN, the catalytic product of
AflGsA, plays an important role in resistance to oxidative stress.
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Figure 4. The role of AflGsA in conidia development in A. flavus. (A) qRT-PCR analysis of AflgsA
expression in the WT and xyIPAflgsA strains in YXT medium. (B) Microscopic view of conidiophore
formation of the above two A. flavus strains in YXT medium. (C) The number of conidia produced by
the above two A. flavus strains in YXT medium. (D) Relative expression of the brlA and abaA genes
in the two above strains in YXT medium with three biological replicates. * indicates a significance
level of p < 0.05, ** indicates a significance level of p < 0.01, and *** indicates a significance level of
p < 0.001 based on t-tests with three biological replicates. The growth conditions of the above strains
are described in Sections 5.4 and 5.6.

2.7. AflGsA Is Involved in Light Signaling Pathways in A. flavus

The colony diameter of A. flavus at 37 ◦C in the light was significantly smaller than
that in the dark (Figure 7A). We also found that the xyIPAflgsA strain exhibited significantly
higher inhibition rates under light relative to those of the WT strain (Figure 7A,B), but this
inhibition of growth was restored with the addition of glutamine (Figure 7A,B). Further
studies found that A. flavus produced more ROS under light (Figure 7C), indicating that
AflGsA could regulate ROS production under light conditions.

2.8. Recombinant AflGsA (rAflGsA) Has Glutamine Synthetase Activity

The recombinant protein rAflGsA (rAflGsA with 6× His tag, 6× His-rAflGsA) was
successfully expressed and then purified by Ni-NTA column chromatography (Figure 8A).
Recombinant protein activity was measured using the classical Gs enzymatic activity assay
(see Section 5), and the results showed that rAflGsA has glutamine synthetase activity
(Figure 8B). We further analyzed whether divalent metal ions affected the enzyme activity
of rAflGsA. Based on the results of activity assays, the highest activity was observed with
Mg2+ ions (control), while the activities with Mn2+ and Ca2+ ions were 81% and 72%,
respectively (Figure 8C). Glutamine synthetase activity with the addition of Cu2+ ions
was only 18% (Figure 8C). From the results above, it appears that the activity of rAflGsA
requires the assistance of specific metal ions.
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2.9. L-α-Aminoadipic Acid Is a Potential Inhibitor for rAflGsA and A. flavus

L-α-aminoadipic acid is a specific gliotoxin in vitro, and this chemical was reported to
inhibit Gs activity in rats [31]. In this study, we found that the inhibitor L-α-aminoadipic
acid suppressed the activity of rAflGsA with an IC50 value of 288.1 μM in vitro (Figure 8D).
The results also showed that L-α-aminoadipic acid prevented the growth and conidial
gemination of A. flavus with increasing concentrations (Figures 9A,B and S7). The mor-
phology of conidia was influenced by an increasing concentration, and the spore heads
became smaller (Figure 9C). The statistics revealed a gradient decrease in the number of
spores of A. flavus with an increasing concentration of L-α-aminoadipic acid (Figure 9D).
When observing the effect of L-α-aminoadipic acid on the production of sclerotia, we found
a significant decrease in the number of sclerotia when 1.6 mg/mL of L-α-aminoadipic
acid was added (Figure 9E,F). In contrast, the amount of aflatoxin did not change with
an increasing concentration of added L-α-aminoadipic acid (Figure 9G,H). In view of the
results above, it is clear that L-α-aminoadipic acid is an effective inhibitor of rAflGsA and
consequently for A. flavus. Therefore, we speculate that AflGsA in A. flavus is an ideal
candidate target for the L-α-aminoadipic acid inhibitor.

Figure 5. AflGsA regulates sclerotia formation in A. flavus. (A) Phenotypic observation of sclerotia
formation in WT and xyIPAflgsA strains on YXT medium. (B) The number of sclerotia produced
by the above two A. flavus strains. (C) Relative expression of the nsdC and nsdD genes in the
two strains. (D) TLC analysis of AFB1 production in A. flavus WT and xyIPAflgsA strains on YXT
medium containing 1 g/L MgSO4·7H2O. (E) Optical density analysis of AFB1 production (as in
panel (D)). * indicates a significance level of p < 0.05, ** indicates a significance level of p < 0.01, and
*** indicates a significance level of p < 0.001 based on t-tests with three biological replicates.
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Figure 6. The role of AflGsA in the regulation of ROS and resistance to oxidative stress in A. flavus.
(A) The ROS content of the WT and xyIPAflgsA strains was detected using fluorescence microscopy.
(B) Growth phenotype of the WT and xyIPAflgsA strains cultured in medium (with or without GluN)
with oxidative stress. (C) The growth inhibition rate of different strains in media under oxidative
stress (as in panel (B)). *** indicates a significance level of p < 0.001 based on one-way ANOVA with
three replicates. (D) Relative expression of the cat and sod genes in the WT and xyIPAflgsA strains.
* indicates a significance level of p < 0.05 based on t-tests with three replicates. The growth conditions
of the above strains are described in Sections 5.4–5.6.
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Figure 7. AflGsA is involved in light regulation in A. flavus. (A) Growth phenotype of the WT
and xyIPAflgsA strains cultured in YXT (with GluN or without GluN) in dark or light. (B) Growth
inhibition rate of different strains in media with light (panel (A)). (C) ROS content of the WT in dark
or light. ** indicates a significance level of p < 0.01 based on one-way ANOVA with three replicates.

Figure 8. Enzymatic activity assay of recombinant AflGsA. (A) rAflGsA with a 6× His label was
purified using Ni-NTA column chromatography. Line M: Marker; lane 1: supernatant; lane 2: wash
fraction with 50 mM imidazole; lane 3: wash fraction with 100 mM imidazole; lanes 4 and 5: wash
fraction with 300 mM imidazole. (B) Enzymatic assay of rAflGsA. (C) Effect of metal ions on rAflGsA
activity. The activity assays were performed after incubation of the purified enzymes with 10 mM
concentration of different metal chlorides for 30 min. (D) IC50 assay of L-α-aminoadipic acid on
rAflGsA in vitro. * indicates a significance level of p < 0.05, and ** indicates a significance level of
p < 0.01 based on one-way ANOVA with three biological replicates.
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Figure 9. Effect of L-α-aminoadipic acid on growth, conidia production, and sclerotia formation
in A. flavus. (A) The growth of the A. flavus WT strain was inhibited by L-α-aminoadipic acid
(0–3.2 mg/mL). (B) Statistical analysis of the colony diameters of the WT strains treated with the
inhibitor (as in panel (A)). (C) Microscopic view of conidiophore formation of the WT treated with
L-α-aminoadipic acid. (D) The number of conidia produced by the WT strains treated with L-α-
aminoadipic acid. (E) Phenotypic observation of sclerotia formation in the WT strains treated with
different concentrations of L-α-aminoadipic acid. (F) The number of sclerotia produced by the WT
strains (as in panel (E)). (G) TLC analysis of AFB1 production of the WT strains treated with L-α-
aminoadipic acid. (H) Optical density analysis of AFB1 production (as in panel (G)). ** indicates
a significance level of p < 0.01, and *** indicates a significance level of p < 0.001 based on one-way
ANOVA with three biological replicates.
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3. Discussion

Glutamine synthetase is responsible for catalyzing the conversion of glutamine from
ammonium and glutamate as well as being the central enzyme for nitrogen assimilation [32].
Unlike Rhizobium meliloti (R. meliloti) [33] and Magnaporthe oryzae (M. oryzae) [24], which
have three Gs proteins, we identified only one putative glutamine synthetase (AflGsA)
in A. flavus. Furthermore, a previous report on R. meliloti stated that only simultaneous
knockdown of all three Gs genes could cause a complete glutamine nutritional defect [33].
In A. flavus, only one protein has glutamine synthetase activity, and there is no alternative
pathway for glutamine synthesis. To study the biofunction of glutamine synthetase in A.
flavus, we constructed the xyIPAflgsA mutant strain that has a complete glutamine nutrient-
deficient mutation in the YGT medium.

In A. flavus, the addition of glutamine to the YGT medium partially restored the
growth defect of the xyIPAflgsA strain. However, in contrast to the pigmented colonies
with conidia produced in A. nidulans [21], the addition of glutamine to the A. flavus mu-
tant strain resulted in the formation of pigmentation defects similar to M. oryzae and G.
fujikuroi [15,24]. This suggests that the glutamine synthetase regulated the production of
A. flavus pigments, unlike that in A. nidulans. In addition, the phenotype after glutamine
addition was inhibited by the addition of NH4

+, which may be due to the competitive
inhibition of GluN by NH4

+ [21]. The transcript level of ghd gene encoding glutamate
dehydrogenase was elevated in the xyIPAflgsA strain compared to that in WT (Figure S8A).
Glutamate dehydrogenase also plays an important role in ammonium assimilation. This
may be a balancing mechanism for nitrogen regulation in A. flavus.

Like many pathogenic fungi, conidia production and sclerotia formation are important
steps in the life cycle of A. flavus. It was found that the AflgsA of A. flavus plays an important
role in the production of conidia. Further results also showed that AflgsA regulates spore
production by regulating the transcript levels of the regulatory genes brlA and abaA for
the production of conidia. Similarly to ΔMogln2 in M. oryzae [24], the inhibition of AflgsA
function in A. flavus was followed by a reduction in the number of conidial peduncles
and a smaller head of child seats compared to those in the WT, which may be a reason
for the reduction of A. flavus spores. In addition, AflgsA in A. flavus regulates sclerotia
formation by affecting the sclerotia-production-related genes nsdC and nsdD. All these
results suggest that the sophisticated role of AflgsA in multiple developmental stages of A.
flavus is related to its glutaminyl transferase activity. Glutamine synthetase in G. fujikuroi
affects the synthesis of gibberellin (GA) and bikaverin metabolites [15]. In contrast, our
study showed that both the xyIPAflgsA mutant and the inhibitor-treated strains produced
aflatoxin normally, revealing that AflgsA is not involved in aflatoxin synthesis in A. flavus.

ROS is an unavoidable and harmful by-product of oxidative metabolism, and ROS
dynamic balance is essential for the development of the fungus [34,35]. The inhibition of
glutamine synthetase or light irradiance led to more ROS production and had an inhibitory
feedback effect on growth in A. flavus that was restored by the addition of glutamine.
Photorespiration in plants leads to high production of ROS [36], and inhibition of Gs in A.
palmeri leads to impaired function of photorespiration accompanied by cell apoptosis [17,22].
Therefore, we hypothesized that glutamine synthetase regulated ROS-mediated inhibition
of the growth of A. flavus under light conditions. Furthermore, glutamine synthetase can
regulate the metabolism in relation to oxidative stress in cyanobacteria [37]. In M. oryzae,
the ΔMogln2 strain also results in a high sensitivity to H2O2 [24]. In this study, the AflgsA
mutant strain of A. flavus was highly sensitive to oxidative stress, and this sensitivity
was restored by supplementing glutamine. Further studies showed that the transcript
level of catalase was significantly reduced in the AflgsA mutant strain, suggesting that the
glutamine synthetase pathway resists oxidative stress by regulating the transcriptional
level of catalase.
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We obtained the rAflGsA protein from E. coli with a purity of up to 95% and confirmed
that it had glutamate synthase activity. Reports show that glutamine synthetase has positive
cooperativity with different cofactors and metal ions [38,39]. Our further study clarified
that the glutamine synthesis activity of rAflGsA is dependent on divalent metal ions and
that the highest enzyme activity is achieved by the addition of Mg2+ and Mn2+ ions. This
finding was consistent with the results of cation preference towards recombinant glutamine
synthetase from Psychrotrophic Bacterium [40] and Mangrove [41].

L-α-aminoadipic acid is a specific gliotoxin in vitro [42] and is a neuroexcitatory
metabolite that reduces extracellular kynurenic acid levels in a dose-dependent manner [43].
However, it is not mentioned in other studies whether L-α-aminoadipic acid has antifungal
activity. Our study showed that L-α-aminoadipic acid is an inhibitor for rAflGsA in vitro,
and that it also prevents the growth, spore production, and sclerotia formation of A. flavus
in vivo. In agreement with the phenotype of the xyIPAflgsA strain, the addition of L-α-
aminoadipic acid had no effect on aflatoxin synthesis. In addition, lower concentrations of
L-α-aminoadipic acid (0.8 mg/mL and 1.6 mg/mL) did not affect the transcript level of
AflgsA, but a higher dosage (3.2 mg/mL) seemed to decrease its transcriptional (Figure S8B).
This suggests that L-α-aminoadipic acid may also have other unknown targets in A. flavus.
Overall, these results suggest that L-α-aminoadipic acid is a potential inhibitor of A. flavus,
and thus AflGsA may be an ideal target for L-α-aminoadipic acid in A. flavus. The study
of the inhibition mechanism of L-α-aminoadipic acid against A. flavus is important for the
prevention of A. flavus. This may be a very meaningful research direction in the future.

4. Conclusions

At present, many studies have attempted to elucidate the function of glutamine
synthetase in organisms. However, the understanding of the biofunctional diversity of
glutamine synthetase in filamentous fungi, especially in A. flavus, seems to have been
relatively neglected. In this study, we found that AflGsA performed its activity as a
glutamine synthetase and that it played a divergent role in the conidia production and
sclerotia formation in A. flavus. It has an important role in the homeostasis of ROS and
resistance to oxidative stress in A. flavus. In addition, L-α-aminoadipic acid inhibited both
rAflGsA and A. flavus and thus was considered as a potential antifungal candidate for
further study.

5. Materials and Methods

5.1. Strains and Culture Conditions

E. coli DH5a and BL21 (DE3) were used for plasmid DNA preparation and expression
of the recombinant AflGsA (rAflGsA) protein, respectively. A. flavus WT and xyIPAflgsA
strains were cultured in YGT (5 g/L yeast extract, 20 g/L glucose, and 1 mL/L trace
elements) and YXT (5 g/L yeast extract, 20 g/L xylose, and 1 mL/L trace elements) media
at 37 ◦C in the dark. Then, 1.5% agar was added to obtain solid media. To study aflatoxin
production, YXT medium containing 1 g/L MgSO4·7H2O was used at 29 ◦C.

5.2. Sequence Analysis

The NCBI database was used to search for the AflgsA sequence of A. flavus (AFLA_051930).
The homologous protein sequence of AflGsA from A. flavus was retrieved by BLAST. The
retrieved homologous protein sequences were analyzed by domain analysis using Uniprot
Tools and mapped using DOG 2.0 software. The MAGE 7.0 software was used for multiple
sequence alignment of the protein sequences, and the maximum likelihood method was
used to construct the phylogenetic tree.

5.3. Construction and Identification of Mutant Strain

All of the primers used in this study were shown in Table S1. To obtain the xyIPAflgsA
mutant strain, we followed the method previously described in the literature [44]. An
AflgsA xylose promoter mutant cassette was fused by overlapping extension PCR (gsA-
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xolap-F and gsA-xolap-R primers were used) to an upstream fragment of AflgsA, a marker
gene (A. fumigatus pyrG), the xyIP xylose conditional promoter [45], and the AflgsA CDS
fragment. A. flavus CA14 was used as a starting strain during the preparation of proto-
plasts [46]. The AflgsA gene’s promoter was converted to a xylose promoter by homologous
recombination [44]. The gsA-A-F and gsA-CDS-R primers were used in the identification of
xyIPAflgsA transformants by PCR. The AflgsA-F and AflgsA-R primers were used to identify
the sequence by qRT-PCR.

5.4. Analysis of the Growth, Conidial Production, and Sclerotia Formation of A. flavus

For colony diameter evaluation, YGT and YXT containing 10 mM glutamine (GluN)
or ammonium tartrate (NH4

+) were points inoculated with 106 conidia and incubated
in the dark at 37 ◦C for four days. Spores were eluted with 2 mL of spore eluate and
counted under a microscope using a hemocytometer plate to determine the number of
spores after incubation in the dark at 37 ◦C for four days [44]. To observe conidiophore
formation, 106 conidia were incubated in YXT medium at 37 ◦C in the dark for two days,
and the surface mycelium was scraped off. The colonies were cut out and placed on cover
breaks and incubated for 12 h at 37 ◦C, then observed using a microscope. For sclerotia
production analysis, 106 conidia were incubated in YXT medium at 37 ◦C in the dark for
seven days, and the morphology of sclerotia was recorded by rinsing off the mycelium with
75% ethanol [47]. For aflatoxin extraction, 106 conidia were incubated in YXT containing
1 g/L MgSO4·7H2O at 29 ◦C in the dark for five days. The toxin in the medium was
extracted using chloroform and detected using TLC [44].

5.5. Detection of ROS in A. flavus

To detect the ROS in A. flavus, WT and xyIPAflgsA strains were incubated in YXT
liquid medium at 37 ◦C for 24 h. Mycelia were washed three times with a phosphate-
buffered saline (PBS) buffer. The collected mycelia were incubated with a 10 μM DCFH-
DA fluorescent probe (Beyotime, Nantong, China) for 30 min at 37 ◦C. After washing
three times with PBS, the mycelium was placed on a slide, and ROS content was identified
by microscopy. Fluorescence emission of DCFH-DA was excited at 488 nm.

5.6. Quantitative Real-Time PCR

The mycelia of the strains of A. flavus were collected after 48 h of incubation. The
collected mycelia were ground in liquid nitrogen, and total RNA was extracted with the
TRIzol (Biomarker Technologies, Beijing, China) reagent. RNA was translated into cDNA
using a reverse transcription kit (Thermo Scientific, Waltham, MA, USA). The cDNA was
then used as a template for quantitative PCR with specific primers [48].

5.7. Purification of Recombinant rAflGsA Protein and Determination of Enzyme Activity

The cDNA of AflgsA from A. flavus was expanded and cloned into the pET-28a ex-
pression vector. The expressed recombinant AflGsA (rAflGsA) protein was purified using
Ni-NTA column chromatography [44]. The activity of rAflGsA was then measured at
540 nm using the classical glutamine synthetase enzyme activity assay [40]. Different
divalent metal ions were added to assay the enzyme activity with a final concentration of
20 mM. Enzyme activity was measured after reacting at 37 ◦C for one hour.

5.8. Statistical Analysis

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for data
statistics and analysis. All of the analyses had at least three biological replicates if not
specifically indicated.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14120822/s1, Table S1: Oligonucleotide primers used in this
study; Figure S1: Genome sequencing validation of the xyIPAflgsA strain of A. flavus. AflgsA AP is the
upstream noncoding region of the AflgsA gene. The mutations in the AflgsA CDS are synonymous
mutations; Figure S2: Analysis of the growth, mycelial morphology, conidial germination, and
conidiophore formation of WT and xyIPAflgsA strains. (A) The mycelial morphology of WT and
xyIPAflgsA strains on the medium containing 10 g/L and 20 g/L xylose. (B) The colony morphology
of WT and xyIPAflgsA strains. (C) Statistical analysis of the diameter from panel (B). (D) Conidial
germination of WT and xyIPAflgsA strains. (E) Statistical analysis of the conidial germination rate
from panel (D). (F) Microscopic view of the conidiophore formation of the above two A. flavus strains.
(G) The number of conidia produced by the above two A. flavus strains. ND indicates no detection.
** indicates a significance level of p < 0.01, and *** indicates a significance level of p < 0.001 based
on t-tests with three replicates. The medium containing 10 g/L xylose: 5 g/L yeast extract, 10 g/L
glucose, 10 g/L xylose, 1 mL/L trace elements, and 1.5% agar. The medium containing 20 g/L xylose
(YXT medium): 5 g/L yeast extract, 20 g/L xylose, 1 mL/L trace elements, and 1.5% agar; Figure S3:
Analysis of the growth of WT and xyIPAflgsA strains. (A) The colony morphology of the WT and
xyIPAflgsA strains on YXT medium containing 10 mM glutamine (GluN) or/and ammonium tartrate
(NH4

+) as nitrogen sources. (B) Statistical analysis of the diameter from panel (A). *** indicates
a significance level of p < 0.001 based on t-tests with three replicates; Figure S4: Analysis of the
growth of WT and xyIPAflgsA strains. (A) The colony morphology of the WT and xyIPAflgsA strains
on YGT medium containing 10 mM glutamate (Glu) or on YXT medium. (B) Statistical analysis of
the diameter from panel (A). ND indicates no detection. *** indicates a significance level of p < 0.001
based on t-tests with three replicates; Figure S5: AflGsA regulates sclerotia formation in A. flavus.
(A) Phenotypic observation of sclerotia formation in WT and xyIPAflgsA strains on YXT medium
containing 10 mM glutamine (GluN). (B) The number of sclerotia produced by the above two A.
flavus strains. ND indicates no detection. * indicates a significance level of p < 0.05 based on t-tests
with three replicates; Figure S6: The role of AflGsA in resistance to oxidative stress in A. flavus.
(A) Growth phenotype of the WT and xyIPAflgsA strains cultured in medium (with or without GluN)
with 0.8 mM tBOOH oxidative stress. (B) The growth inhibition rate of different strains in media
under oxidative stress (as in panel (A)). *** indicates a significance level of p < 0.001 based on one-way
ANOVA with three replicates; Figure S7: Effect of L-α-aminoadipic acid on mycelial morphology
and conidial germination in A. flavus. (A) The mycelial morphology of the A. flavus WT strain was
inhibited by L-α-aminoadipic acid (0–3.2 mg/mL). (B) The conidial germination of the A. flavus WT
strain was inhibited by L-α-aminoadipic acid (0–3.2 mg/mL). (C) Statistical analysis of the conidial
germination rate from panel B. ND indicates no detection. * indicates a significance level of p < 0.05,
** indicates a significance level of p < 0.01, and *** indicates a significance level of p < 0.001 based on
one-way ANOVA with three replicates; Figure S8: Relative expression of the genes in different strains.
(A) Relative expression of the ghd gene in the WT and xyIPAflgsA strains. (B) Relative expression of
the AflgsA gene of the WT strains treated with the inhibitor. * indicates a significance level of p < 0.05
based on t-tests or one-way ANOVA with three replicates.
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Abstract: As a filamentous and spoilage fungus, Alternaria spp. can not only infect processing
tomatoes, but also produce a variety of mycotoxins which harm the health of human beings. To
explore the production of Alternaria toxins in processing tomatoes during growth and storage,
four main Alternaria toxins and four conjugated toxins were detected by ultrahigh-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and ultra-performance liquid
chromatography-ion mobility quadrupole time-of-flight mass spectrometry (UPLC-IMS QToF MS)
in processing tomatoes on different days after being inoculated with A. alternata. The results show
that the content of Alternaria toxins in an in vivo assay is higher than that under field conditions.
Tenuazonic acid (TeA) is the predominant toxin detected in the field (205.86~41,389.19 μg/kg) and
in vivo (7.64~526,986.37 μg/kg) experiments, and the second-most abundant toxin is alternariol
(AOH). In addition, a small quantity of conjugated toxins, AOH-9-glucoside (AOH-9-Glc) and
alternariol monomethyl ether-3-glucoside (AME-3-Glc), were screened in the in vivo experiment.
This is the first time the potential of Alternaria toxins produced in tomatoes during the harvest period
has been studied in order to provide data for the prevention and control of Alternaria toxins.

Keywords: Alternaria toxins; conjugated mycotoxins; field experiment; in vivo experiment;
processing tomatoes

Key Contribution: This paper first reports the potential of Alternaria toxins produced by A. alternata
in processing tomatoes during the harvest period, and the results show that the diversity and quantity
of Alternaria toxins in the in vivo experiment are greater than those presented in the field assay.

1. Introduction

Processing tomato is a cultivated type of common tomatoes that received its name
from its thick skins, which is resistant to transport damage and suitable for processing.
Xinjiang, the valley region of California, and the Mediterranean region of Europe are known
as the three major centers of tomato cultivation and processing in the world. However,
during the growth and storage processes, processing tomatoes are susceptible to attack by
various pathogenic and spoilage micro-organisms, which reduce their yield and quality
during the growth period [1,2]. Among these fungi, Alternaria spp. can infect processing
tomatoes and contribute to devastating fungal diseases, such as tomato early blight and
black spot disease [3]. The latter disease mainly occurs after the coloring period. A. alternata
enter the host tissue (tomato fruit) through wounds or natural openings during the harvest
or pre-harvest periods [4], lurk for several days, and then appear as black spots causing
Alternaria rot [5]. These spots appear as sunken lesions, and are mostly observed near the
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blossom-end or peduncle of the fruit, leading to fruit spoilage that limits the product’s
marketability, in addition to causing considerable post-harvest losses [6].

Alternaria spp. is not only a filamentous and spoilage fungus that survives in a wide
range of temperatures and attacks a wide range of economically important plants (for
example, apple [7,8], tomato [8,9], pear [7,10], wheat [11], etc.), but also produces a variety
of secondary metabolites with toxic properties, named as Alternaria toxins [12], including
alternariol (AOH), alternariol monomethyl ether (AME), tenuzonic acid (TeA), tentoxin
(TEN), etc [13]. In addition, these toxins can primarily be bound to sulfates or glucosides,
forming the conjugated mycotoxins present in the plant host [14]. Additionally, these
conjugated mycotoxins release the free toxin after being hydrolyzed during metabolism,
potentially endangering the health of human beings [15]. The research conducted on
Alternaria toxins dates back to the 1960s–1970s, when some metabolites produced by
Alternaria spp. Were first reported to exert toxic effects [16]. A limited in vivo study showed
that TeA exerted mild toxic effects on mammalian cells [17,18]. Both AOH and AME
have repeatedly been reported to possess cytotoxic and, of particular concern, genotoxic
properties in micromolar concentrations [19,20]. In 2011, according to the EFSA, the
tolerable upper intake level, using threshold of toxicological concern (TTC) was 2.5 ng/kg
body weight (b.w.) for AOH and AME and 1500 ng/kg b.w. for TeA and TEN [13]. In
2022, the European Union (EU) issued proposal 202/553 to amend regulation (EC) No
401/2006 for the monitoring of Alternaria toxins in food, and set limits for the toxins present
in processed tomato products, in which AOH, AME, and TeA do not exceed 10, 5, and
500 μg/kg, respectively [21].

A survey conducted in Brazil revealed that neither AME nor AOH was detected in
80 samples, but TeA was observed in 7 tomato pulp (39~111 μg/kg) and 4 tomato puree
(29~76 ng/kg) samples [22]. In contrast, AOH was found at levels of 13 μg/kg with
high frequency in tomato (93% of 44 samples) products, reported by Ackerman et al. [23].
Approximately 60% of Argentinian tomato pulp samples were contaminated with TeA,
AME, and AOH at levels up to 4021 μg/kg (29% of 80 samples), 1734 μg/kg (26% of
80 samples), and 8756 μg/kg (6% of 80 samples), respectively [24]. A survey conducted on
the Swiss market in 2010 showed that TeA was found most frequently in tomato products
(81 out of 85 samples) and in the highest levels of up to 790 μg/kg, while AOH and AME
were found in lower concentrations, ranging from <1 to 33 μg/kg for AOH and <5 to
9 μg/kg for AME [25]. In an expanded follow-up survey, conjugated mycotoxins AOH-3-
sulfate (AOH-3-S) and AME-3-sulfate (AME-3-S) were detected in 9% and 34% of tomato
sauces collected in retail markets in Austria, Croatia, and Italy, and their contents were up to
2.1 μg/kg and 17.5 μg/kg, accounting for 7~100% of their parent toxin concentrations [26].
A total of 17 Alternaria toxins, including AOH-3-glucoside (AOH-3-Glc), AOH-9-glucoside
(AOH-9-Glc), AOH-3-S, AME-3-glucoside (AME-3-Glc), and AME-3-S, were investigated in
tomato sauce, sunflower seed oil, and wheat flour, and interestingly, the results determined
that concentrations of AOH-9-Glc and AME-3-S were in similar to their parent toxins in
a naturally contaminated tomato sauce sample [27]. These observations highlight the
importance to include Alternaria toxins in analytical methods for food surveillance, and due
to the detection of excessive Alternaria toxins in most tomato products, attention should be
paid to the production of Alternaria toxins in tomato fruits.

There are only a few studies addressing the production and transformation of myco-
toxins. An experiment about the infection process of Fusarium culmorum in wheat spikes
after spray and single spikelet inoculations was presented by Kang and Buchenauer [28],
who observed that the pathogen was extended in the rachis in upward and downward
directions by inter- and intra- cellular growths inside and outside of the vascular bundles
of the rachis. Wang et al. [29] investigated the interaction between Penicillium expansum and
wounded apple fruit tissues during the early stages of the infection, using a Pannoramic
MIDI slide scanner to determine the key time points to collect samples for the transcrip-
tomic analysis. In 2018, Xie et al. [30] simultaneously quantified the pathway metabolites of
aflatoxin biosynthesis in culture medium and revealed the dynamic changes in the biosyn-
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thesis pathway by orbitrap fusion mass spectrometry and a D-optimal mixture design
method. To date, in relation to the complex mechanisms in plants leading to various factors
affecting the production of mycotoxins, different types of culture medium have been used
to study the transformation and metabolism of toxins. Generally, ultra-performance liquid
chromatography-high resolution mass spectrometry (UPLC-HRMS) is used to identify the
metabolic intermediates of mycotoxins.

Over the years, most of the current studies on the toxicity and mechanism of Alternaria
toxins have mainly focused on the in vivo investigations and generation mechanism, and
the transformation pathway of A. alternata in the host has not been determined. This is
mainly limited by instrument conditions and toxin standards. Many standards of Alternaria
toxins, including conjugated toxins, are lacking developed research and availability of
commercial products, which require UPLC-HRMS to perform a qualitative analysis. There-
fore, in this study, the potential of Alternaria toxins production in processing tomatoes is
evaluated via ultra-high-performance liquid chromatography–tandem mass spectrometry
(UPLC-MS/MS) and ultra-performance liquid chromatography–ion mobility quadrupole
time-of-flight mass spectrometry (UPLC-IMS QToF MS). Moreover, the changes in Alternaria
toxin species and contents are compared in processing tomatoes during the growth and
storage periods. This study provides the basic data for the further study of the production
and metabolism of Alternaria toxins in processing tomatoes, which is of great significance
to control the quantity of Alternaria toxins in tomato products.

2. Results

2.1. The Lesion Diameter Affected by A. alternata

The lesion diameter was measured using the cross crossing method. From Figure 1
EG (a), we can observe that the diameter of the spots in the experimental group present a
significant change in the tomatoes, accompanied by the deepening of the color of the spots,
while there were no changes visible in the tomatoes in the control group (Figure 1 CK).
Three days post inoculation, sunken areas could be observed around the inoculation sites,
and on the 5th day, the sunken areas had enlarged and turned into black lesions. In the
view of the section plot (Figure 1, EG (b)), it is observed that the spread of disease spots
in the in vivo experiment was more rapid than that in field experiments, and essentially
penetrated the whole tomato fruit on the 11th day. Figure 2 also demonstrates that the
in vivo experiment conducted on the same day appears to present slightly more plaque
than the field experiment, as there is a difference in the lesion diameter (43.44 mm) relative
to that of the field experiment (33.63 mm) at 13 days post-inoculation.

Figure 1. Observation of lesion diameter of tomatoes ((a): in field experiment; (b): in vivo experiment;
CK: control group; EG: experimental group; from left to right in CK and EG (a), sunken areas can be
observed on the 1st, 3rd, 5th, 7th, 9th, 11th, and 13th day post-inoculation; those in the EG (b) are the
section plots on 5th, 7th, 9th, 11th, and 13th day post-inoculation of tomatoes).
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Figure 2. The change in lesion diameter after being inoculated (a: experimental group in in vivo
experiment; b: experimental group in field experiment; c: control group in field experiment; d: control
group in in vivo experiment).

2.2. Alternaria Toxins Produced in Processing Tomatoes in the Field Experiment
2.2.1. Analysis of Alternaria Toxins

The production of Alternaria toxins in the field trials was analyzed using UPLC-
MS/MS. In fact, only TeA and AOH were detected, and neither AME nor TEN was detected
either in the experimental or control groups. It can clearly be observed in Figure 3 that the
concentrations of all the toxins in the experimental group were almost higher than those
in the control group. In the experimental group, the highest accumulation rates of TeA
(41,389.19 μg/kg) and AOH (2.33 μg/kg) were presented on the 9th day post-inoculation.
During the 13 days post-inoculation, the range of TeA was 205.86~41,389.19 μg/kg with
the accumulation increasing from the 1st day post-inoculation to the 9th day, and then
rapidly decreasing within two days. The range of AOH was <0.26~2.33 μg/kg and the
change in AOH content was consistent with that of TeA, except for a sharp increase
on the last two days. In the control group, the concentrations of TeA and AOH were
32.97~1494.37 μg/kg and <0.26~0.6 μg/kg, respectively, which presented a similar trend as
the experimental group. TeA was the predominant toxin produced, and was significantly
higher (p < 0.01) than the other toxins in the two groups.

Figure 3. Production of tenuazonic acid (TeA) (a) and alternariol (AOH) (b) in tomatoes field
experiments (CK: control group; EG: experimental group).

2.2.2. Analysis of Conjugated Alternaria Toxins

As the standards of conjugated Alternaria toxins were not available, UPLC-IMS QToF
MS was used to screen the conjugated Alternaria toxins, including AOH-3-S, AOH-3-S,
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AME-3-Glc, and AOH-9-Glc. As can be observed in Figure 4, the four conjugated toxins,
except AME-3-Glc, were not detected. AME-3-Glc was detected post-inoculation, and the
peak area in the control group was always larger than that in the experimental group.
In the experimental group, the largest peak area of AME-3-Glc was 8579.93 on the 5th
day post-inoculation, then decreased until the 11st day, and then slightly increased again.
The largest peak area of AME-3-Glc in the control group was 16,412.85 on the third day
post-inoculation and changed in a manner similar to that in the experimental group.

Figure 4. Production of alternariol monomethyl ether-3-glucoside (AME-3-Glc) in tomato field
experiments (CK: control group; EG: experimental group).

2.3. Alternaria Toxins Produced in Processing Tomato in In Vivo Experiment
2.3.1. Analysis of Alternaria Toxins

The results of the toxins (TeA, AOH, AME, TEN) concentrations in the tomatoes
in vivo experiments are presented in Figure 5. In the experimental group, TeA continued
to accumulate after inoculation, achieving a peak on the 11th day (526,986.37 μg/kg), and
then it decreased. The variation trends of AOH and AME were very similar, and from the
5th day post inoculation, the toxin sharply increased, and reached the peak on the 7th day
(18.02 μg/kg and 1.10 μg/kg) then sharply decreased and began to increase on the 11th day.
TEN showed an overall upward trend, the highest toxin concentration was on the 13th day
(0.94 μg/kg). In the control group, the toxin levels in the tomatoes inoculated with sterile
water were much lower than those in the experimental group, but the changes in toxin
levels were similar to those in the experimental group. Comparing the four Alternaria toxins,
the concentration of TeA was much higher than that of the other toxins, followed by AOH.
AME and TEN had lower concentrations, either in the experimental or control groups.

2.3.2. Analysis of Conjugated Alternaria Toxins

The results of detecting conjugated toxins in the in vivo experiment with UPLC-IMS
QToF MS are presented in Figure 6. It can be observed from Figure 6a that in the experimen-
tal group, following inoculation, the highest peak area of AOH-9-Glc was detected on the
1st day (3384.52), sharply decreased on the third day, and then increased until the 7th day,
and the peak area was 2918.14. In the control group, the change in AOH-9-Glc was similar
to that in the experimental group, which can be clearly observed from the 5th to 13th day
post-inoculation, with the highest peak area for AOH-9-Glc on the 7th day (3535.80). It
can be observed in Figure 6b that the concentration of AME-3-Glc decreased until the last
day post-inoculation in the experimental group, while in the control group, the peak area
of AME-3-Glc present an irregular change and the highest peak area was on the 3rd day
(16,006.58) post-inoculation. From Figure 6, it can be observed that the in vivo experiment,
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there was a downward trend of the conjugated toxins of AOH-9-Glc and AME-3-Glc as
a whole.

Figure 5. Production of TeA (a), AOH (b), alternariol monomethyl ether (AME) (c), and tentoxin
(TEN) (d) in tomato in vivo experiments (CK: control group; EG: experimental group).

Figure 6. Production of alternariol-9-glucoside (AOH-9-Glc) (a) and AME-3-Glc (b) in tomato vivo
experiments (CK: control group; EG: experimental group).

3. Discussion

3.1. Virulence of A. alternata in the Inoculation of Tomatoes

Artificial inoculation efficiently mimics a spontaneous mold contamination. Based on
the observation of tomato disease spots in the field and in vivo experiments, it was easy
to observe that when the tomato was infected with A. alternata, it spread from the lesion
center to all sides, indicating that all of the tissues in the tomato could become a medium
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for the growth of A. alternata. The change in lesions was highly consistent with black spot
disease, and the research conducted by Rizwana et al. also confirmed this assessment [31].

3.2. Varying Potential of Alternaria Toxins Production between Field and In Vivo Experiments

In this study, we conducted field and in vivo experiments on the changes in secondary
metabolites in tomatoes infected with A. alternata, and the wide variability of mycotoxins
produced was observed in the field and in vivo experiments. Comparing the two exper-
iments, the content of all the toxins in the in vivo experiments were more varied than
that in the field experiment; a possible explanation might be that plucked tomatoes may
be more susceptible to Alternaria infection due to senescence [32]. The great variability
among Alternaria toxins was observed both in the field and in vivo experiments. The most
frequently occurring toxin was TeA, and it was observed in significantly high levels. The
range of TeA detected in the present study was 18.20~526,986.37 μg/kg, which was higher
than the results for whole tomatoes (10,700~139,000 μg/kg) in Pennsylvania detected by
Stinson et al. [33]. The amount of TeA was the highest in whole tomatoes and was at most
four orders of magnitude higher than that of other Alternaria toxins, however, the highest
amount of TeA was inconsistent for the variety difference of tomatoes and Alternaria strains.
AOH and AME were produced in much lower quantities in our study, and most of the
tomatoes did not contain detectable amounts of the two toxins in the other studies [33].
Sanzani et al. [34] also reported that AOH and AME were detected in few fresh tomatoes,
to a lesser extent, by AME (10.2~18.3 μg/kg) and AOH (16.4 μg/kg), which had lower
quantities than TeA (11~4560 μg/kg). It is understood that AOH and AME are the most
important types of Alternaria toxins, since the toxicity of these mycotoxins can be empha-
sized by the combination of sulfates and glucosides produced by Alternaria spp. cultured
on tomatoes; however, there are few data addressing the natural occurrence of AOH and
AME in tomatoes in our study and other studies [35,36].

In this study, the amount of four Alternaria toxins in the field experiment were less than
that in the in vivo experiment, but the standard deviation was higher, possibly owing to
the fact that the in vivo experiment broke away from the uncertainty of the environmental
factor in the field experiment. Under the conditions of appropriate temperature and water
activity, the change in Alternaria toxin content was more obvious than that in the field
experiment, but the toxin contained in the tomatoes themselves could not be excluded.
The growth of and decline in Alternatia toxins in tomatoes can be preliminarily judged by
comparing the experimental group with the control group.

3.3. The Production of Conjugated Mycotoxins

In this study, AOH-9-Glc, AME-3-Glc, AOH-3-S, and AME-3-S were identified by
UPLC-IMS QToF MS. As shown in Figure 7, as part of their metabolism, plants are capable
of transforming phytotoxins into conjugated forms. AOH and AME can be efficiently
conjugated, especially with glucose or sulfates by cultured plant cells. In this study, AOH-
9-Glc and AME-3-Glc were detected alone with AOH and AME in tomatoes. It can be
observed that the amount of the two conjugated toxins in the control group was higher
than that in the experimental group, which is similar to the result obtained by Sebastian
et al. [37], who observed that non-infected tomatoes were able to generate glucosides but
not sulfates of AOH and AME, whereas A. alternata produced sulfates but a small quantity
of glucosides. The probable reason for the low amounts of glucosides observed in the study
is the fact that the analyzed specimens contained mostly fungal material and very little
intact tomato tissue. Many relatively new reports suggest that conjugated mycotoxins are
of relevance for exposure and risk assessments, and further studies should aim to identify
additional, to-date-unknown conjugates using new technology.
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Figure 7. Transformation of Alternaria toxins in tomatoes.

4. Conclusions

Our results revealed a toxin production discrepancy after being infected by A. alternata
between detached fruit and whole plant assays. In this study, four kinds of Alternaria
toxins (AOH, AME, TeA, and TEN) and four conjugated mycotoxins (AOH-3-S, AME-3-
Glc, AOH-9-Glc, and AME-3-S) were detected and investigated in processing tomatoes
inoculated with A. alternata during harvest and storage periods. TeA was found to be the
predominant toxin both in the field and in vivo experiments, then AOH and AME were
detected in low levels. Through the screening of the conjugated mycotoxins, AME-3-Glc
was detected both in the field and in vivo experiments, while AOH-9-Glc was only detected
in the in vivo experiment. We propose that the content of all forms of Alternaria toxins
detected in tomatoes may not be very accurate because the conjugated toxins can escape
detection. Therefore, it is necessary to further study this more extensively to accurately
understand the pollution of Alternaria toxins in tomatoes prior to harvesting.

5. Material and Methods

5.1. Chemical and Reagents

Anhydrous magnesium sulfate (MgSO4) and sodium chloride (NaCl) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). LC-MS grades of acetoni-
trile, formic acid, and acetic acid were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Ultra-pure water was provided by the Watsons Group (Hong Kong) Ltd. Stan-
dard TeA, AOH, AME, and TEN were purchased from Romar Labs Division Holding
GmbH (Getzersdorf, Austria), and individual standard solutions of each mycotoxin were
prepared at ~100 μg/mL in acetonitrile and stored at −20 ◦C. Leucine enkephalin was
acquired from Waters Corporation (Milford, MA, USA).

5.2. Instruments

The samples were weighed on an XSE 204 balance (Mettler-Toledo, Greinfesee, Switzer-
land), homogenized with a T13 basic ultraturrax (IKA, Staufen, Germany), and mixed in
an automatic horizontal shaker (Hannuo Instruments, Shanghai, China). Centrifugation
was performed using a Sorvall biofuge Stratos system (Thermo Fisher Scientific, Waltham,
MA, USA).

5.3. Tomato, A. alternata and Spore Suspension

H1015 tomatoes were grown in an experimental field in Changji, Xinjiang Province.
Sowing was performed on 1 May 2021, and a single test field that consisted of 70 to 80 6-m
rows spaced 40 cm apart was used. Seeds were sown 80 cm apart in the row, resulting
in a population of approximately 600 plants. A. alternata isolate H10, being isolated from
diseased tomatoes and identified, was obtained by single-spore isolation in our laboratory
and cultivated in potato dextrose agar (PDA). To obtain a spore suspension of A. alternata
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isolate H10, sterile distilled water was added to the fully overgrown PDA plates and the
spore suspension was adjusted to 1 × 105 conidia/mL using a hemocytometer. Suspension
was used directly after preparation for the different experiments.

5.4. Field Experiment

The tomatoes were inoculated approximately 15 days before harvest, washed, and
sanitized with 75% ethanol. Using a sterilized toothpick, uniform cuts 3 mm deep and
3 mm wide were made in both sides of the epidermis of the fruit in the equatorial region.
A quantity of 15 μL of spore suspension was then inoculated into each cut, and tomatoes
inoculated with sterile water were used as controls. Samples were obtained the following
day after inoculation, 7 times in total.

5.5. In Vivo Experiment

Healthy, non inoculated, and uniform-sized tomatoes free of disease spots were
selected for the experiment. After being washed with water and sanitized with 75% ethanol,
using a sterilized toothpick, uniform cuts 3 mm deep and 3 mm wide were made on both
side of the epidermis of the fruit in the equatorial region. A quantity of 15 μL of a spore
suspension and 15 μL of sterile water were inoculated into each cut of the experimental
and control groups. The fruits were stored at 25 ◦C (±2 ◦C) in sterilized, breathable boxes
for 13 d, and the samples were obtained the following day after inoculation.

5.6. Lesion Diameter Measurement

A total of 7 samples were obtained from the experimental and control groups re-
spectively, in both the field test and in vivo experiment, and the diameters of the spots
were measured.

5.7. Extraction of Alternaria Toxins

The homogenized samples (5 g) were placed in 50 mL centrifugal tubes, followed by
the successive addition of 10 mL of water and 10 mL of acetonitrile containing 1% acetic
acid. The mixtures were shaken on an automatic horizontal shaker at 2500 rpm for 5 min
to fully disperse the sample. Subsequently, 4 g anhydrous MgSO4 and 1 g NaCl were
immediately added while vigorously shaking the tube to prevent the agglomeration of the
salts. After centrifugation at 5000× g for 5 min, the supernatant was evaporated to near
dryness (approximately 1 mL of residue remained) under a stream of nitrogen at 40 ◦C.
Finally, 1 mL of the combined solution (acetonitrile/methanol/formic acid, 70:29:1, v/v/v)
was added to the residue, which was vortexed, filtered through a 0.22 μm PTEE filter, and
injected into the UPLC-IMS QToF MS system.

5.8. Alternaria Toxins Detection

The detection of Alternaria toxins (TeA, AOH, AME, and TEN) was performed on a
Waters Acquity UPLC tandem quadrupole (TQD) mass spectrometer (Waters, Milford, MA,
USA), which contained an Acquity UPLC HSS C18 (1.7 μm, 2.1 × 100 mm) column for
separation. Column temperature was set at 40 ◦C. The mobile phase comprised methanol
as eluent A and 0.1 mM ammonium carbonate as eluent B. A gradient elution was applied
as follows: 20% A was initially used and linearly increased to 100% within 4 min, then
maintained for 1.5 min, then decreased to 20% within 0.5 min, then maintained for 2 min,
after which, column re-equilibration occurred, leading to a total run time of 8 min. The
flow rate was set at 0.3 mL/min.

The MS/MS analysis was operated in the negative mode at a capillary voltage of 2.5 kV,
a desolvation temperature of 600 ◦C, a source block temperature of 125 ◦C, a desolvation
gas of 1000 L h−1, and a cone nitrogen gas flow of 150 L h−1. The ion chromatogram
for each Alternaria toxin was obtained in MS2 mode of the full-scan chromatogram. The
accurate masses of TeA, AOH, AME, and TEN were 197.10, 258.05, 272.07, and 414.18,
respectively, in the negative mode; the ionized form of Alternaria toxins in [M−H]−; and
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the accurate masses of these ionized Alternaria toxins were 196.10, 257.05, 271.07, and 413.18,
respectively. From the scan filter, each mycotoxin was detected, along with the peak times:
TeA, 1.8 min; AOH, 3.98 min; AME, 5.42 min; and TEN, 5.00 min.

The four conjugated Alternaria toxins (AOH-3-S, AME-3-S, AOH-9-Glc, and AME-
3-Glc) were screened using a Waters Acquity UPLC VIONTM ion mobility quadrupole
time-of-flight mass spectrometer (Water, Milford, MA, USA), which contained an Acquity
UPLC HSS T3 (1.8 μm, 2.1 × 100 mm) column for separation. The column temperature
was set at 40 ◦C. The mobile phase comprised acetonitrile, containing 0.1% (v/v) formic
acid as eluent A, and ultra-pure water, containing 0.1% (v/v) formic acid, as eluent B. A
gradient elution was applied as follows: 5% of mobile phase A was initially used and
linearly increased to 80% within 2.5 min and 90% within 2 min and then maintained for
1.5 min. Then, column re-equilibration was performed, resulting in a total run time of 6 min.
The flow rate was set to 0.3 mL/min.

The IMS QToF MS analysis for the conjugated toxins was conducted in negative ion
mode (ESI-) at a capillary voltage of 2.5 kV, a desolvation temperature of 350 ◦C, a source
temperature of 125 ◦C, a desolvation gas flow of 800 L/h, and a cone nitrogen gas flow of
50 L/h. Argon was used as the collision gas at a pressure of 4 × 10−3 mbar. The injection
volume was 3 μL. High-definition mass spectrometry (HDMSE) was used as the acquisition
mode with low- and high-collision energies set to 6 eV and 30–60 eV, respectively. The data
were acquired between 50 and 1000 m/z. Lock mass correction was performed by infusing a
leucine enkephalin solution (0.2 ng/L) into the ion source every 5 min (m/z 554.2615 used as
the reference ion in the negative mode). Ion mobility and mass calibration were determined
using a Major Mix IMS/ToF Calibration Kit (Waters Corporation). The other parameters
for data acquisition and processing were set according to the manufacture’s guidelines and
performed using UNIFI 1.8.2 software (Waters Corporation).

5.9. Statistical Analysis

The results of this study were analyzed with Microsoft Office Excel 2010, and a line
chart was plotted using Origin 2018. The data shown in the results are the means of triplicate
(or more) values and expressed as ± SD (standard deviation) for the lesion diameter and
mycotoxin content. Statistical analysis was performed using SPSS statistical package
18.0. One-way analysis of variance (ANOVA) and Turkey’s HSD test were performed to
determine the significance of the main factors and their interactions. p < 0.01 was considered
statistically significant.
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Genetic Interaction of Global Regulators AflatfA and AflatfB
Mediating Development, Stress Response and Aflatoxins B1
Production in Aspergillus flavus
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Abstract: Aspergillus flavus produces carcinogenic and mutagenic aflatoxins, which cause economic
losses and risk of food safety by contaminating grains, food and feed. In this study, we characterized
two bZIP transcription factors, AflatfA and AflatfB, and their genetic interaction. Compared to
the wild type (WT), AflatfA deletion and AflatfA and AflatfB double deletion both caused retarded
vegetative growth of mycelia. Relative to WT, the AflatfA deletion strain (ΔAflatfA) and AflatfA and
AflatfB double deletion strain (ΔAflatfAΔAflatfB) produced more sclerotia, whereas the AflatfB deletion
strain (ΔAflatfB) produced less sclerotia. After 4 ◦C preservation and incubation at 50 ◦C, conidia
viability dramatically decreased in the ΔAflatfA and ΔAflatfAΔAflatfB but ΔAflatfB mutants, whereas
conidia viability of the ΔAflatfAΔAflatfB strain was higher after storage at 4 ◦C than in AflatfA mutant.
Conidia of ΔAflatfA, ΔAflatfB and ΔAflatfAΔAflatfB strains significantly increased in sensitivity to
H2O2 in comparison with WT. Compared to WT, the mycelium of ΔAflatfA and ΔAflatfB strains
were more sensitive to H2O2; conversely, the ΔAflatfAΔAflatfB strain showed less sensitivity to H2O2.
ΔAflatfA and ΔAflatfAΔAflatfB strains displayed less sensitivity to the osmotic reagents NaCl, KCl
and Sorbitol, in comparison with WT and ΔAflatfB strains. When on YES medium and hosts corn and
peanut, ΔAflatfA and ΔAflatfAΔAflatfB strains produced less aflatoxin B1 (AFB1) than ΔAflatfB, and
the AFB1 yield of ΔAflatfB was higher than that of WT. When WT and mutants were inoculated on
corn and peanut, the ΔAflatfA and ΔAflatfAΔAflatfB but not ΔAflatfB mutants produced less conidia
than did WT. Taken together, this study reveals that AflatfA controls more cellular processes, and the
function of AflatfA is stronger than that of AflatfB when of the same process is regulated, except the
response to H2O2, which might result from the effect of AflatfA on the transcriptional level of AflatfB.

Keywords: Aspergillus flavus; bZIP transcription factor; AflatfA; AflatfB; aflatoxin B1; development;
stress response

Key Contribution: The transcription of AflatfB is regulated by AflatfA; however, AflatfA and AflatfB
have no over-lapping functions. Relative to AflatfB, AflatfA involves more cellular processes and
plays decisive roles.

1. Introduction

Several transcription factors (TF) as global regulators are found to regulate secondary
metabolism, virulence, stress response and development [1]. Among them, basic leucine
zipper (bZIP) transcription factors are critical global regulators [2]. The family of the
bZIP transcription factor is not only one of the largest but also the most conserved TF
families across eukaryotes [3]. This family of transcription factors contains the conserved
basic leucine zipper domain, which is responsible for dimerization, DNA binding and
nuclear import. bZIP transcription factors are classified into various subfamilies, such as
the ATF/CREB (activating transcription factor/cAMP-responsive element-binding protein)
family. Among them, Atf1/AtfA is one of most well-studied TFs. As is known, Atf1/AtfA
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acts downstream of the stress-activated mitogen-activated protein kinase (SAPK) cascade.
The function and regulatory mechanism of Atf1 protein from fission yeast has been studied
extensively. Activated and stabilized via phosphorylation by Sty1, the transcription factor
Atf1 regulates genes involved in stress responses [4]. In Schizosaccharomyces pombe, Atf1
lowers the transition barrier for nucleosome-mediated establishment of heterochromatin, ac-
tivates the fbp1 gene transcription induced upon glucose starvation and modulates meiotic
recombination and heterochromatin formation [5–10]. Atf1 frequently forms heterodimers
with other bZIP TF Pcr1, and the interaction of Atf1 and Pcr1 regulates not only stress
response genes but also cyclin expression during G2/M transition [8,11,12]. Moreover, Atf1
is a target for the ubiquitin-proteasome system and that its degradation is dependent upon
an SCF E3 ligase containing the F box protein Fbh1 [13]. The binding of the transcription
factor Atf1 to promoters serves as a barrier to phase nucleosome arrays and avoids cryptic
transcription [14].

Orthologs of S. pombe Atf1are conserved in filamentous fungi, however, the functions
and regulatory mechanisms are heterogeneous, including regulation of vegetative growth
and development, a broad spectrum of stress responses, secondary metabolism and viru-
lence. Deletion of atf1 affects vegetative growth in Aspergillus nidulans, Aspergillus oryzae,
Botrytis cinerea, Magnaporthe oryzae and Fusarium verticillioides [15–19]. Atf1/AtfA is found to
regulate the sexual development of several fungi, including Neurospora crassa and Fusarium
graminearum [20–22]. Many Atf1/AtfA orthologs, from A. nidulans, Aspergillus fumigatus,
F. verticillioides and Verticillium dahliae, are involved in conidium production [15,19,23]. In
Claviceps purpurea and B. cinerea, the formation of sclerotia is also mediated by Atf1/AtfA
orthologs [17,24]. AtfA transcription factors also contribute to a variety of stress responses.
The response of AtfA to oxidative stress is most universal in fungi, including A. nidulans,
A. fumigatus, A. oryzae, Penicillium marneffei (Talaromyces marneffei), M. oryzae, F. graminearum,
and F. verticillioides and Fusarium oxysporum [16,18,19,21,22,25–32]. The coordination of
AtfA orthologs with oxidative stress response of fungi is related with both types of chem-
ical reagents and morphological forms of fungi. An osmotic stress-sensitive phenotype
has also been characterized in fungi, including N. crassa, A. nidulans, A. fumigatus and
F. graminearum [20–22,27,33]. It is noteworthy that Atf1/AtfA orthologs, from N. crassa,
A. nidulans and A. fumigatus, are also involved in the fungicide resistance [33–35]. Moreover,
Atf1/AtfA orthologs are critical in cell wall integrity in A. fumigatus, F. graminearum,and F.
verticillioides [19,22,36]. Furthermore, conidia of ΔAtfA strains show decreased viability af-
ter long-term storage at 4 ◦C as well as heat treatment in A. nidulans and A. fumigatus [26,27].
In addition, AtfA is involved in the response of conidia to heavy metal in A. nidulans [37],
and AtfA affects conidia germination after dessication under vacuum in A. fumigatus [27].
A novel function is revealed that nitrosative stress response is controlled by AtfA in V.
dahliae [38]. Atf1/AtfA orthologs, as global regulators, are also important players in the reg-
ulation of secondary metabolite biosynthesis in A. nidulans, A. fumigatus and Aspergillus ter-
reus, Mucor circinelloides, B. cinerea, F. graminearum and F. verticillioides [17,19,21,22,29,39–41].
However, the regulation mechanism is complex, which is not only related with fungal
species but also types of secondary metabolites and the host of pathogens. Atf1/AtfA
orthologs as critical virulence factord affect pathogenicity in almost all pathogenic fungi,
including human pathogens (A. fumigatus, P. marneffei, M. circinelloidesa, and Cryptococ-
cus neoformans) and plant pathogens (B. cinerea, F. graminearum, F. verticillioides, M. oryzae,
C. purpurea and F. oxysporum) [15,17–19,21,22,24,27,31,32,36,41,42].

Among the bZIP/CREB family, a novel homologous gene is firstly found in A. oryzae,
which is shorter in the N-terminal region than AtfA [43]. A. oryzae atfB regulates the re-
sponse of conidia and mycelium to H2O2 stress and conidia formation under hyperosmotic
stress, whereas the conidia of ΔatfB increase in sensitivity to heat-shock [43]. Roze et al.
(2004) found that a novel cAMP-response element, CRE1, modulates expression of the
aflatoxin biosynthetic gene nor-1 in Aspergillus parasiticus, and that protein p32 with an
approximate molecular mass of 32 kD binds CRE1 and physically interacts with the afla-
toxin pathway regulator AflR [44]. A further study reveals that this protein shares 96% of
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its identity with the A. oryzae bZIP protein AtfB, and atfB is not only related with stress
response but also integrates secondary metabolisms with an oxidative stress response in
Aspergilli [45]. AtfB binds at the aflatoxin biosynthetic gene promoters that carry a CRE
motif, and the five nucleotides upstream from CRE1, AGCC(G/C) are highly conserved [45].
The expression of the gene atfB is positively influenced by a master regulator veA, and
the normal formation of DNA-protein complexes in the cat1 promoter is dependent on
AtfB in A. flavus [46]. By gene silencing, AtfB controls virulence-associated processes in A.
parasiticus [47].

Mycotoxins cause serious harm to human health by food or feed safety [48–50]. Among
them, aflatoxins are the most notorious, especially AFB1, which is one of the most car-
cinogenic and mutagenic natural producers [51]. It is known that the opportunistic phy-
topathogen Aspergillus flavus is the main producer of aflatoxins, which infects oil seed
crops such as corn, peanut, tree nuts and cotton [52]. Importantly, A. flavus is also an
opportunistic human pathogen [52]. A. flavus’s pathogenicity and aflatoxins-producing ca-
pability are coupled to environmental stress response, spore production, vegetative growth
and so on [53]. Therefore, it is an advanced strategy to control A. flavus and aflatoxins by
environment and development [51]. In A. flavus, RNA-seq analysis indicates that AtfA
could regulate the inhibition of piperine on aflatoxins B1 production by modulating fungal
oxidative stress response [54], and expression of AtfA is significantly decreased by the
inhibitor of aflatoxins B1 epigallocatechin gallate (EGCG) [55]. Meanwhile, transcriptional
level analyses demonstrate that AtfB could regulate different water activities and both
processes of the inhibition of methyl jasmonate and inhibition of piperine on aflatoxins B1
in A. flavus [54,56,57].

In the A. flavus strain NRRL3357, AtfA and AtfB have impacts on growth, conidiation
production, sclerotia formation, aflatoxin biosynthesis on artificial medium and oxidative
stress response, whereas only AtfA affects cell wall stress response and pathogenicity [58].
Under stress, the atfA gene is controlled by the HogA (SakA) SAPK pathway in A. nidulans
and A. fumigatus [33,35]. Intriguingly, deletion of AtfA has no effect on osmotic stress
response in the A. flavus strain NRRL3357 [58]. Meanwhile, the genetic interaction of
AflatfA and AflatfB is not clear. In this study, AflatfA and AflatfB were firstly deleted in
the recipient strain (PTSΔku70ΔpyrG), and then AflatfA and AflatfB were complemented
and AflatfB was deleted in the AflatfA strain to construct the double deletion strain. To
characterize the functions of AtfA and AtfB in A. flavus, unlike the deletion strain containing
the RFP gene and recipient strain NRRL3357 without the RFP gene [58], we compared
the deletion strains with the WT strain but not the recipient strain, both of which contain
the selective gene pyrG. We revealed the genetic interaction of AflatfA and AflatfB, and
found several novel and different functions. Our results indicate that AflatfA positively
regulates the transcription of the AflatfB gene, and more biological processes are meditated
by AflatfA than by AflatfB, whereas AflatfA plays a decisive role and AflatfA and AflatfB
have no overlapping functions.

2. Results

2.1. AflatfA and AflatfB Are ATF/CREB Homologous Genes in A. flavus

Using the ATF/CREB homologs AtfA and AtfB amino acid sequences of A. oryzae as
the query, respectively, the searches of the A. flavus genome database were performed, and
the genes AFLA_031340 and AFLA_094010 were identified with the greatest similarity to
AtfA (66.87%) and AtfB (99.69%), respectively. Then, AFLA_031340 and AFLA_094010 in
A. flavus were named AflatfA and AflatfB, respectively. Bioinformatic analysis showed
that AFLA_031340 encodes 512 amino acids with two introns (438 bp and 53 bp), and
AFLA_094010 encodes 318 amino acids with no intron. The re-sequence of AflatfA ORF and
cDNA identified that the AflrsmA gene consists of two introns, 53 and 438 bp. Moreover,
a highly conserved bZIP domain was in the C-terminal of the Atf1 homologs, and OSM,
HRA and HRR domains were conserved in AflatfA in comparison with the Atf1 homologs
in filamentous fungi except B. cinerea and budding yeast S. pombe (Figure 1). There is only
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one bZIP domain in the AtfB from A. flavus and the compared fungi, including filamentous
fungi and budding yeast. The phylogenetic tree based on the bZIP domain sequence
showed that AflatfA is the most closely related to the AtfA homologs bZIP from A. oryzae
(Figure 1).

Figure 1. The phylogenetic analysis and functional domain of Aspergillus flavus transcription factor
AflAtfA. Phylogenetic analysis of bZIP-type TF AtfA/ATF-1 from A. flavus and AtfA/ATF-1 orthologs
that have been functionally verified in different fungi (Left). The protein sequences were aligned
with Clustal X and the maximum likelihood tree was generated using MEGA X software. AtfA from
A. flavus is in bold. S. pombe Atf1 (BAA09841.1), A. oryzae AoatfA (XP_001819834.1), A. fumigatus
AfatfA (XP_754486.2), AtfA from A. terreus (EAU35111.1), A. nidulans AnAtfA (ANN75015.1), T. marn-
effei PmAtfA (KFX50645.1), N. crassa ATF-1 (KFX50645.1), V. dahliae VdATF-1 from (XP_009621680.1),
C. purpurea CPTF1 (CCE33955.1), F. graminearum FgATF1 (XP_011319081.1), P. oryzae MoATF1
(ELQ67298.1) and B. cinerea Bcatf1 (XP_024550682.1) were used. The functional domain of A. flavus
transcription factor AflatfA (Right). bZIP: basic leucine zipper domain; OSM: osmotic stress domain;
HRA: domain that activates reorganization during meiosis; HRR: domain that inhibits reorganization
during meiosis. The numbers at both ends of the protein indicate the length of each protein, whereas
the numbers in the middle of the protein indicate the position of the domains. The protein domains
are manually annotated with InterProScan on the EBI website.
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2.2. The Generation of Mutants and Expression of AflatfB Was Impacted by AflatfA

In order to study the possible functions of AflatfA and AflatfB in A. flavus using reverse
forward genetics, AflatfA and AflatfB were firstly deleted. Then, using a gene-replacement
approach, the AflatfA and AflatfB genes were deleted via PEG-mediated transformation
of the A. flavus strain protoplast (Figure 2A). The putative knockout strains were then
screened by diagnostic polymerase chain reaction (PCR). Furthermore, the putative deleted
mutants were confirmed by Southern blot. When hybridized with a probe amplified
from the homologous arm of AflatfA or AflatfB r, two AflatfB mutants showed an expected
signal, but among the two AflatfA mutants, one T1 showed an expected signal, whereas the
other had two more brands besides the expected 8533 bp brand (Figure 2B,C). The result
indicated that there is an ectopic integration in the AflatfA mutant T2. Furthermore, the
complementary strains were created by reintroducing the AflatfA or AflatfB ORF sequence
into AflatfA T1 and AflatfB T1 (Figure 2D,E). To investigate the relationship of AflatfA and
AflatfB, the AflatfB gene was replaced by the selected gene pTRA, through transformation
of the AflatfA deletion strain T1 (Figure 2A). Diagnostic PCR confirmed that pTRA was
integrated in the AflatfB locus in the genome of the AflatfA mutant (Figure 2F,G).

To provide the insight of the relation between AflatfA and AflatfB, the transcription
level was determined by RT-PCR. Compared with the WT strain, the transcriptional level
of AflatfB was lower in the genome of the AflatfA deletion strain, but deletion of AflatfB
has no impact on the transcriptional level of AflatfA (Figure 2H). Thus, AflatfA positively
regulates the expression of AflatfB in A. flavus.

2.3. The Impact of AflatfA and AflatfB on Vegetative Growth and Sclerotia Formation of A. flavus

To investigate the function of AflatfA and AflatfB on mycelium growth in A. flavus,
WT, ΔAflatfA, ΔAflatfB, ΔAflatfAΔAflatfB and complementary strains were simultaneously
incubated on the PDA medium. When grown on the PDA medium after five days, ΔAflatfA
and ΔAflatfAΔAflatfB were both significantly reduced in mycelium growth (Figure 3A,B)
compared with the WT, ΔAflatfB and complementary strains. As a result, AflatfA posi-
tively regulates vegetative growth, whereas AflatfB is not involved in the regulation of
colony growth.

To survive in adverse environmental conditions, A. flavus produces the resistant struc-
ture sclerotia. Therefore, we investigated whether sclerotia formation was affected by
AflatfA and AflatfB. WT, AflatfA and AflatfB mutants were inoculated on a modified Wicker-
ham medium, and then the number of sclerotia was counted after 12 d. Compared to WT
and corresponding complementary strains, the AflatfA deletion strain produced more scle-
rotia; however, the number of sclerotia from the ΔAflatfB strain had significantly decreased
(Figure 3C,D). Interestingly, the number of sclerotia produced by the ΔAflatfAΔAflatfB strain
was significantly increased, which is similar to that in the AflatfA mutant (Figure 3C,D).
The above results indicate that AflatfA negatively regulates sclerotia formation, but AflatfB
positively regulates sclerotia formation, and AflatfA has a stronger function than AflatfB
for sclerotia formation.

2.4. The Decline of AFB1 Yield from ΔAflatfA, ΔAflatfB and ΔAflatfAΔAflatfB Strains on
Artificial Medium YES

To confirm whether AflatfA and AflatfB regulate the biosynthesis of aflatoxins, equal
amounts of spore from WT and mutant strains were inoculated on a YES medium and
cultured at 29 ◦C for 5 d in the dark. TLC analysis showed that the yield of aflatoxin AFB1
produced by ΔAflatfA, ΔAflatfB and ΔAflatfAΔAflatfB strains were significantly lower than
that by WT, but that of AflatfB mutant was significantly higher than that of ΔAflatfA and
ΔAflatfAΔAflatfB strains (Figure 4). Interestingly, there is no difference in AFB1 production
between ΔAflatfA and ΔAflatfAΔAflatfB strains (Figure 4). The data showed that AflatfA
and AflatfB both positively regulate the biosynthesis of AFB1, and the function of AflatfA
is more powerful than that of AflatfB. However, AflatfA and AflatfB have no additive effect
on AFB1 production.
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Figure 2. Construction of AflatfA and AflatfB mutant strains and analysis of the relationship between
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bZIP transcription factors AflAtfA and AflAtfB. (A) Construction strategy of AflatfA and AflatfB
mutants and schematic diagram of PCR identification. The pair of primers P1_F/R was used to
amplify the target gene. The pairs of primers P2_F/R and P3_F/R were used to amplify the knock-out
mutants. The pairs of primers P4_F/R, P5_F/R and P6_F/R were used to amplify the complementary
strains. (B) Southern blot verification of AflatfA deletion strains using 3′ flanking region as a probe.
Genomic DNA from wild type and mutant strains were digested with Kpn I. The expected size is
10 699 bp and 8 533 bp for WT and mutant strains, respectively. (C) Southern blot verification of
AflatfB deletion strains. The 3′ flanking region is used as a probe, and genomic DNA from wild
type and mutant strains are digested with Hind III. The expected size is 4226 bp and 2620 bp for WT
and mutant strains, respectively. (D) PCR was carried out to confirm the complementary strains
of AflatfA. (E) PCR was carried out to confirm the complementary strains of AflatfB. (F,G) PCR
verification of ΔAflatfAΔAflatfB double knock strain using primers to verify ΔAflatfA and ΔAflatfB
strains (H) Transcription levels of AflatfA and AflatfB genes and internal reference gene actin were
analyzed in WT, ΔAflatfA and ΔAflatfB genomes by RT-PCR. gDNA, genomic DNA; cDNA, reverse
transcribed DNA; NC, negative control; the letter M indicates DNA marker. The number from
Figure 2D–G indicates the primer pair marked in Figure 2A.

2.5. The ΔAflatfA Strain Has a Defect in the Conidia Response to Temperature Stress

The bZIP TF AtfA homologous genes from the A. nidulans and A. fumigatus function
in the conidia response to heat stress and 4 ◦C preservation [26,27], and the contribution
of AflatfA and AflatfB to the conidia response to temperature stress were determined. The
conidia of WT and mutants were preserved at 4 ◦C for 7 d and 14 d, and then conidia
viability was tested by the germinating rate. The viability of ΔAflatfA and ΔAflatfAΔAflatfB
strains were both significantly lower than that of the WT strain (Figure 5A,B). However, the
conidia viability at 4 ◦C preservation showed no change among ΔAflatfB, WT and the two
complementary strains (Figure 5A,B). Thus, AflatfA but not AflatfB mediates the conidial
viability after long-term storage at 4 ◦C.

To investigate the functions of AflatfA and AflatfB in response to heat stress, the
conidia of WT and mutants were treated at 50 ◦C for 1 h, and then the germinating rate
was analyzed. The optimum growth temperature at 29 ◦C and heat stress both could
result in the germinating rate of ΔAflatfA and ΔAflatfAΔAflatfB conidia significantly being
reduced compared with that of the WT strain (Figure 5C,D). However, heat stress made the
germinating rate of WT conidia drop by 4.5%, whereas that of ΔAflatfA and ΔAflatfAΔAflatfB
conidia were reduced by up to 79.2% and 77.7%, respectively (Figure 5C,D). Compared
to that of WT, the germinating rate of the conidia of ΔAflatfB and the two complementary
strains were not different (Figure 5C,D). These observations implied that AflatfA but not
AflatfB is required for response to heat stress in A. flavus.

2.6. Deletion of AflatfA and AflatfB Increases Sensitivity to Oxidative Stress

The bZIP transcription factors AtfA and AtfB play important roles in response to
oxidative stress in Aspergillus spp. [26,30,33]. The cause of the H2O2 inhibitory action on A.
flavus may be that H2O2 impact conidia germination. To test this hypothesis, conidia were
firstly treated by 200 mM H2O2 for 20 min, and then two hundred spores were inoculated
on YES to examine the germinating rate of conidia. Without H2O2, the germinating rate of
ΔAflatfA and ΔAflatfAΔAflatfB strains significantly decreased compared to WT; however,
the germinating rate of ΔAflatfB and WT had no significant difference (Figure 6A,B). After
H2O2 treatment, the germinating rate of ΔAflatfA and ΔAflatfAΔAflatfB reduced by 42%
and 44% respectively, whereas the germinating rate of WT reduced by 32% (Figure 6A,B).
Germinating rate assays demonstrated that ΔAflatfB conidia was more sensitive to H2O2
than WT (Figure 6A,B). Therefore, A. flavus AflatfA and AflatfB are both required for
oxidative stress tolerance in conidia.
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Figure 3. The function of AflatfA and AflatfB on mycelial growth and the production of sclerotia in
Aspergillus flavus. (A) Mycelial growth of wild type, AflatfA and AflatfB mutant strains. Two hundred
conidia of WT and mutants were cultured on PDA medium at 29 ◦C for 5 d. (B) Comparison of
colony diameter between wild type and mutant strains on the fifth day. (C) Visual phenotype of
sclerotia produced by wild type, AflatfA and AflatfB mutants. 103 conidia/plate was incubated on
Wickerham medium and cultured at 37 ◦C for 12 d. (D) Statistical analysis of sclerotia yield from
wild type and mutant strains. Two independent biological experiments were performed with three
replicates each time. Error bars represent the standard deviations. The different lowercase letter
means that the difference between treatments is significant at p < 0.05.
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Figure 4. The bZIP transcription factors AflatfA and AflatfB in Aspergillus flavus positively regulate
the production of aflatoxin B1. (A) Thin layer chromatography analysis of aflatoxin B1 produced by
wild type, AflatfA and AflatfB mutant strains on artificial YES medium. AFB1 = aflatoxin B1 standard.
(B) Statistical analysis of aflatoxins B1 produced by wild type, AflatfA and AflatfB mutants on YES
artificial medium. Two independent biological experiments were performed with three replicates
each time. Error bars represent the standard deviations. The different lowercase letter means that the
difference is significant at p < 0.05.

To study mycelia tolerance to oxidative stress, two hundred spores per strain were
inoculated on the 2 mm cellophane plated on the YES medium. After 24 h, the cellophane
containing spores were transferred to the YES medium containing 10 mM H2O2. As
determined by the inhibition rate, ΔAflatfA and ΔAflatfB strains were more sensitive to H2O2
than to the WT strain (Figure 6C,D). Intriguingly, the sensitivity of the ΔAflatfAΔAflatfB
strain was lower than that of WT. However, there were no differences in inhibition rates
among WT, ΔAflatfAC and ΔAflatfBC strains (Figure 6C,D). Taken together, AflatfA and
AflatfB play critical roles in mycelium respose to oxidative stress.

2.7. AflatfA but AflatfB Contributes to Osmotic Stress Response

As is known, bZIP transcription factor AtfA is a target gene that is regulated by the
HOG pathway and plays an important role in the response to osmotic stress. To study the
function of AtfA and AtfB homologs in A. flavus response to osmotic stress, WT and mutant
strains were cultured on a GMM medium containing various osmotic reagents. Without an
osmotic reagent, the colony diameter of ΔAflatfA and ΔAflatfAΔAflatfB strains were smaller
than that of the WT strain (Figure 7). Compared to that of WT, the colony diameter of
ΔAflatfA and ΔAflatfAΔAflatfB were significantly increased with 1.5 M NaCl, 1.8 M KCl
or 1.4 M Sorbitol (Figure 7). However, there is no difference in colony diameter between
ΔAflatfB and WT strains with or without osmotic reagents (Figure 7). The above results
showed that AflatfA but not AflatfB regulates the osmotic stress response in A. flavus.
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Figure 5. The effect of AflatfA and AflatfB genes on the survival rate of Aspergillus flavus stored at
4 ◦C and treated by high temperature. (A) Germination of wild type, AflatfA and AflatfB mutants after
storage at 4 ◦C for 7 d or 14 d. Two hundred conidia were spread on GMM medium and cultured for
48 h. (B) Statistical analysis of survival rates of conidia of wild type and mutant strains after storage
at 4 ◦C for 7 d or 14 d. (C) The stress tolerance against heat stress was examined. Conidia suspensions
were heated at 55 ◦C or incubated at 29 ◦C as control for 1 h. Two hundred conidia were plated onto
GMM plates, and visible colonies were counted after incubation at 29 ◦C for 48 h. (D) Statistical
analysis of germination rates of conidia after heat treatment. Two independent biological experiments
were performed with three replicates each time. Error bars represent the standard deviations. The
different lowercase letter means that the difference is significant at p < 0.05.
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Figure 6. Hypersensitivity of AflatfA and AflatfB mutants to oxidative stress. (A) The stress tolerance
of conidia against oxidative stress was examined. Conidia suspensions were incubated at room
temperature with 200 mM H2O2 for 20 min. Two hundred of conidia were plated onto GMM plates,
and visible colonies were counted after incubation at 29 ◦C for 48 h. (B) Statistical analysis of
germinating rate of conidia from WT and mutants on YES under oxidative stress. (C) The stress
tolerance of mycelium against oxidative stress was examined. Equal conidia were pipetted onto
cellophane sheets on the YES plates and cultured at 29 ◦C for 24 h. Mycelial mates with sheets
were transferred onto fresh YES plate with or without 10 mM H2O2 and cultured at 29 ◦C for
3 d. (D) Statistical analysis of mycelium growth of WT and mutants on YES under oxidative
stress. Measurements of growth inhibition rate are relative to growth rate of each untreated control.
Two independent biological experiments were performed with three replicates each time. Error
bars represent the standard deviations. The different lowercase letter means that the difference is
significant at p < 0.05.
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Figure 7. AflatfA response to osmotic stress. (A) Mycelia growth of the A. flavus wild type and AflatfA
and AflatfB mutants under osmotic stress. Two hundred conidia of A. flavus WT and mutants were
cultured on GMM media supplemented with or without NaCl (1.5 M), KCl (1.5 M) or Sorbitol (1.4 M)
at 29 ◦C for 5 d. (B) Statistical analysis of colony diameter of the testing strains measured on the
5th day. Each treatment included three replicates. Error bars represent the standard deviations. The
different lowercase letter means that the difference between treatments is significant at p < 0.05.

2.8. Effect of AflatfA and AflatfB on Pathogenicity of A. flavus

We performed topical infection with corn and peanut to examine the effect of AflatfA
and AflatfB on A. flavus pathogenicity. After infecting corn and peanut for 5 d, the sporula-
tion and AFB1 yield were estimated and compared among the WT and mutant strains. Com-
pared to the WT strain, ΔAflatfA and ΔAflatfAΔAflatfB produced less conidia (Figure 8A,B).
However, the difference in sporulation was not significant between WT and ΔaflatfB
(Figure 8A,B). These results indicated that AflatfA but not AflatfB positively regulates
conidia production.
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Figure 8. The pathogenicity of Aspergillus flavus on peanut and corn is regulated by AflatfA and
AflatfB. (A) Growth of wild type, AflatfA and AflatfB mutants on corn and peanut after inoculation
for 5 d. (B) Statistical analysis of conidia produced by wild type, AflatfA and AflatfB mutants on
corn and peanut. (C) Thin layer chromatography analysis of aflatoxins extracted from corn and
peanut. AFB1 = aflatoxin B1 standard. (D) Statistical analysis of aflatoxin B1 from corn and peanut
infected by wild type, AflatfA and AflatfB mutant strains. Two independent biological experiments
were performed with three replicates each time. Error bars represent the standard deviations. The
different lowercase letter means that the difference is significant at p < 0.05.

The pattern of AFB1 production was not the same as that of sporulation. Relative to the
WT and complementary strains, the yield of aflatoxin AFB1, produced by ΔAflatfA, ΔAflatfB
and ΔAflatfAΔAflatfB strains, significantly decreased (Figure 8C,D). When comparing AFB1
produced by the deletion strains, we found that the ΔAflatfB strain produced the most
mycotoxin AFB1, followed by ΔAflatfA and ΔAflatfAΔAflatfB (Figure 8C). Statistical analysis
of AFB1 production showed that there was significant difference between ΔAflatfA and
ΔAflatfB but no significant difference between ΔAflatfA and ΔAflatfAΔAflatfB (Figure 8D).
Thus, AflatfA and AflatfB are both important for AFB1 production, but AflatfA plays a more
important role than AflatfB.

3. Discussion

Our interest in exploring the function of the CRE/ATF family AflatfA (ortholog
Atf1/AtfA) and AflatfB on AFs biosynthesis in A. flavus arose from the known functions of
Atf1/AtfA in the plant pathogenic fungus F. graminearum and AtfB in aflatoxin producer
A. parasiticus [21,22,45]. In F. graminearum, Fgatf1 deletion leads to the production of
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higher amounts of mycotoxins DON and aurofusarin culturing in vitro, whereas ΔFgatf1
produced lower amounts of DON during the infection of the head of host wheat [21].
However, using another ΔFgatf1 mutant, Jiang et al. (2015) found that DON production
was significantly reduced in the wheat head but no change was observed when using
autoclaved rice grains cultures [22]. Conversely, in F. verticillioides, the regulation of FvatfA
on the secondary metabolism is complex. FvatfA positively regulates the production of
antioxidants carotenoids and mycotoxins fumonisin B1 and B2, whereas FvatfA deletion
results in the yield of the red pigment bikaverin with anticancer and antimicrobial activities
and increases without a change to bik1 expression [19]. Temme et al. (2012) found that Bcatf1
negatively regulates biosynthesis of secondary metabolites, including botrydial, botryendial
and botcinin [17]. Similar to the known AtfA/Atf1 in other plant pathogenic fungi, AflatfA
in A. flavus mediates AFB1 production. In contrast to the regulation of DON by Fgatf1 in F.
graminearum related with the host type and artificial medium [21,22], regulation of AflatfA
on AFB1 production is independent on culture substrates, and the ΔAflatfA strain produced
decreased AFB1 not only on the YES medium but also on host plants such as peanut
and maize. Similar to the lesser amounts of the antioxidants carotenoids and mycotoxins
fumonisin B1 and B2 produced by the FvatfA deletion strain [19], AflatfA deletion led to
a decline in the AFB1 yield from the artificial medium and the host peanut and maize in
this study. Zhao et al. (2022) found ΔAtfA produces reduced AFB1 on an artificial medium
in A. flavus NRRL3357 [58]. Based on the above result, we speculate that AflatfA might
bring about AFB1 production change by positively regulating AFB1 biosynthesis genes.
The various functions of AftA/Atf1 orthologs from different fungi suggest that the role
of AtfA/Atf1 in regulating fungal secondary metabolism is conserved but the regulation
mechanism is divergent. However, there are fewer reports on the effect of AtfB, another
member of the CRE/ATF family on secondary metabolism. In A. flavus, AtfB could down-
regulate AFs biosynthesis at the transcription level analysis under inhibition condition of
AFs biosynthesis [54,56,57]. Consistent with transcription level analysis, deletion of AtfB
encoded by A. flavus genome results in a decline of AFB1 from an artificial medium [58].
In this study, we found the AflatfB deletion results in a decline in AFB1 yield in both the
artificial medium and the host peanut and maize. Interestingly, the AtfB ortholog positively
regulates AFB1 biosynthetic genes by binding the promoters that carry a CRE motif, and
the five nucleotides immediately upstream from CRE1, AGCC(G/C) in A. parasiticus [44].
The AtfB protein sequence from A. parasiticus shares 96% of its identity with the amino acid
sequence of A. flavus AtfB, suggesting that AtfB may directly bind the promoter of AFs
biosynthesis [45]. In this study, AftA/Atf1 and AtfB orthologs from A. flavus both regulate
AFB1 biosynthesis; however, AtfA develops a greater effect, when comparing the AFB1
yield of ΔAflatfA, ΔAflatfB and ΔAflatfAΔAflatfB strains.

In various of fungi, AtfA/Atf1 and AtfB from the ATF/CREB family of bZIP transcrip-
tion factors were found to couple biosynthesis of secondary metabolites with the stress
response of fungi, such as AtfA in A. nidulans and AtfB in A. parasiticus [25,28,29,45]. The
conidia of ΔAflatfA, ΔAflatfB and ΔAflatfAΔAflatfB were more sensitive to H2O2, which is
similar to AtfA in S. pombe, A. oryzae, A. nidulans, A. fumigatus and M. oryzae [11,18,26,27,43].
The abovementioned data indicated that AtfA and AtfB orthologs may have a conserved
role in regulating the response of conidia to oxidative stress. Analysis of mycelium sensitiv-
ity to oxidative stress reveals that ΔAflatfA and ΔAflatfB strains are more sensitive to H2O2
than WT, and the sensitivity of ΔAflatfB strains to H2O2 is higher than ΔAflatfA. Therefore,
AtfA and AtfB both positively regulate the oxidative stress response in fungal mycelium.
Intriguingly, double deletion of AflatfA and AflatfB results in more tolerance to H2O2 in com-
parison with WT. We assume that the other regulators are activated after double deletion of
AflatfA and AflatfB. When conidia were inoculated on a medium containing the oxidative
agent H2O2, ΔAflatfA and ΔAflatfB strains are both more sensitive to oxidative stress than
WT [58], as was reported in M. oryzae, F. graminearum and F. verticillioide [18,19,21,22],
but contrary to what was reported in A. oryzae and A. nidulans [16,25,28,29]. In addition,
Atf1/AtfA homologs in P. marneffei, V. dahliae and B. cinerea have no effect on oxidative
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stress (H2O2) [17,23,31], but atfA in P. marneffei participates in oxidative stress (tBOOH) [31].
We deduce that the function of atfA in response to oxidative stress is related with not
only species but also agent type. Thus, AflatfA and AflatfB have a positive oxidative
stress response.

In the model filamentous fungus A. nidulans, the AtfA transcription factor interacts
with the Sak/HogA MAPK and regulates various stress responses [28]. As the target
gene of the Sak/HogA pathway, Atf1/AtfA orthoglogs mediate osmotic stress response in
several fungi, including S. pombe, A. nidulans, A. fumigatus and F. graminearum [5,21,22,26,27].
However, Zhao et al. (2022) found that AtfA has no impact on the osmotic stress response in
A. flavus strain NRRL 3357 [58]. Contrast to reported AtfA in A. flavus, we found that AflatfA,
but not AflatfB, is involved in the response to osmotic stress in this study. Different recipient
strain, osmotic reagents and selection marker RFP protein result in different effects of AftA
on the osmotic stress response between this study and the previous study [58]. However,
unlike the more sensitive to osmotic stress agents in above reported fungi, the A. flavus
ΔAflatfA strain is more tolerant to NaCl, KCl and Sorbitol. It is noticeable that the osmotic
stress response is not regulated by Bcatf1 in B. cinerea [17]. Consequently, the osmotic
stress sensing of Atf1/AtfA may demonstrate that AtfA/Atf1 may be not conserved in the
osmotic stress response in fungi, and the regulatory mechanism is species-specific. The
tolerance of AflatfA and AflatfB double mutant was increased to NaCl, KCl and Sorbitol,
which is same to that of ΔAflatfA mutant, indicating that AflatfA and AflatfB may have no
overlapping function in response to osmotic stress. Moreover, deletion of AflatfA, but not
AflatfB, resulted in higher sensitivity to heat stress in A. flavus, which is similar to that in S.
pombe, C. neoformans, A. nidulans and A. fumigatus [11,26,27,30,59]. Meanwhile, we found
that the change trend of sensitivity to theΔAflatfAΔAflatfB strain to heat stress is the same
as that of the ΔAflatfA mutant, suggesting that the response to heat stress is not regulated
by AflatfB. Moreover, as the incubation time increases at 4 ◦C, the viability of conidia from
the ΔAflatfA mutant dramatically decreased in A. flavus in comparison with WT, which
is similar to A. fumigatus [27]. However, the phenomenon is not observed in the ΔAflatfB
mutant. Interestingly, the germination rate of the ΔAflatfAΔAflatfB mutant is higher than
that of the ΔAflatfA mutant, but lower than that of WT. Thus, in fungi, the transcription
factor AtfA, but not AtfB, might play a central role in temperature stress responses.

In fission yeast and filamentous fungi, Atf1/AtfA orthologs mediate vegetative growth
and sexual and asexual development of fungi. Firstly, AflatfA contributes to the colony
growth in A. flavus. Although Atf1/AtfA is conserved in the effects on radial growth, dif-
ferences exist among fungi. In contrast to the moderate radial growth in A. nidulans [25,29],
the lack of Atf1/AtfA led to a decreased colony diameter not only of A. flavus in this study
on PDA and MM [58], but also of S. pombe, F. verticillioides and M. oryzae in previous
studies [6,18,19]. Nevertheless, the lack of AtfB as an AtfA paralogous gene showed no
obvious change of colony diameter on PDA compared to WT in this study; however, dele-
tion of AflatfB brought about a decreased colony diameter in A. flavus NRRL3357 [58],
suggesting that the effect of AtfB on vegetative growth is related with the medium type.
Noticeably, we observed that the change trend in radial growth of the ΔAflatfAΔAflatfB
strain is the same as that of ΔAflatfA but not ΔAflatfB. Therefore, AflatfA and AflatfB both
regulate colony growth, but the mechanism is complex. Moreover, similar to how the
deletion of Atf1/AtfA homologous genes resulted in dramatically less conidia in fungi A.
nidulans, B. cinerea and V. dahliae on an artificial medium [17,23,25,29], the ΔAflatfA mutant
has a defect in conidia production not only on the artificial medium MM [58], but also
on host plants such as corn and peanut in this study. A further study revealed that the
germination ratio of the conidia of ΔAflatfA had declined. The deletion of the AflatfB gene
showed no change to conidia production and the germination ratio of conidia, whereas the
change trend of conidia production and its germination ratio of ΔAflatfAΔAflatfB is similar
to that of the ΔAflatfA mutant. The loss of AflatfA results in a strongly increased production
of sclerotia in A. flavus. However, deletion of AtfA in A. flavus NRRL 3357 results in no
sclerotia formation [58]. Conversely, the formation of sclerotia is both damaged in the
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ΔCpatf1 mutant of C. purpurea and in the ΔBcatf1 mutant of B. cinerea [17,24]. Therefore,
Atf1/AtfA orthologs of fungi play an important role in regulation of sclerotia formation,
but the specific regulatory mechanism is dependent on the species and strain. Similar to the
reported AtfB in a previous study [58], we reported that AtfB positively regulates the scle-
rotia formation in A. flavus. In contrast to the impact of AflatfA on sclerotia formation, the
ΔAflatfB mutant showed defects in sclerotia formation. Interestingly, as with single deletion
of AflatfA, the double deletion of AflatfA/AflatfB brought about an increased production of
sclerotia. Thus, it can be seen that AflatfA plays an opposite role to AflatfB in the regulation
of sclerotia formation, and the function of AflatfA is decisive, which is similar to Atf1/AtfA
orthologs in S. pombe, A. nidulans, F. verticillioides and M. oryzae [6,18,19,25,29]. Thus, it
can be seen that AflatfA involves mycelium growth, conidia germination and sclerotia
formation, whereas AflatfB only the regulates sclerotia formation.

4. Materials and Methods

4.1. Fungal Strains and Culturing Conditions

A. flavus strains listed in Table 1 were used or generated in this study. The Czapek–Dox
Medium supplemented with 10 mM uridine and 10 mM uracil as needed was used to
construct the mutants. For spore collection or RNA and DNA extraction, strains were
cultured on PDA at 37 ◦C for 5 d or 29 ◦C for 48 h. To assess the colony and growth
characteristics, both WT strain and mutants were maintained on YES or GMM with or
without different chemical agents for 5 d at 29 ◦C in dark. As for the oxidative stress condi-
tions, mycelium sensitivity to oxidative agents was measured by YES media supplemented
with 10 mM H2O2. To observe the vegetative growth under osmotic stress conditions, the
strains were inoculated on GMM containing 1.5 M NaCl, 1.5 M KCl or 1.4 M Sorbitol, and
then the colony diameters were measured after 5 d. The sensitivity to temperature stress
was analyzed on GMM after spores were treated by different temperatures. All strains as
glycerol stocks were maintained at −80 ◦C.

Table 1. Fungal strains used in this study.

Strain Description Reference

Recipient strain PTSΔku70ΔpyrG [60]
wild type (WT) PTSΔku70ΔpyrG::AfpyrG [60]

ΔAflatfA Δku70ΔpyrGΔAflatfA::pyrG This study
ΔAflatfB Δku70ΔpyrGΔAflatfB::pyrG This study

ΔAflatfAC Δku70ΔpyrGΔAflatfA::pyrG, AflatfA::pyrG This study
ΔAflatfBC Δku70ΔpyrGΔAflatfB::pyrG, AflatfB::pyrG This study

ΔAflatfAΔAflatfB Δku70ΔpyrGΔAflatfA::pyrGΔAflatfB::ptrA This study

4.2. Identification, Gene Composition and Phylogentic Analysis of AflatfA and AflatfB

The protein sequence of AtfA (GeneID: 5991817, locus tag: AO0900003000685; Acces-
sion no.: XP_001824132) and AtfB (GeneID: 5996391, locus tag: AO090120000418, Accession
no.: XP_001824132) from A. oryzae as the query were used to perform BLAST search to find
the homologous genes in A. flavus. The AtfA and AtfB gene CDS region and upstream
and downstream 2000 bp were loaded from the NCBI database. Then, the sequences
were submitted to softberry web server, and the gene composition and protein sequence
were re-predicted. We used the InterProScan 5 on EBI web server to predict the protein
domain, including Atf1 from S. pombe (accession no. BAA09841.1), AoatfA from A. oryzae
(accession no. XP_001819834.1), AfatfA from A. fumigatus (accession no. XP_754486.2),
AtfA from A. terreus (accession no. EAU35111.1), AnAtfA from A. nidulans (accession no.
ANN75015.1), PmAtfA from T. marneffei (accession no. KFX50645.1), ATF-1 from N. crassa
(accession no. KFX50645.1), VdATF-1 from V. dahliae (accession no. XP_009621680.1), CPTF1
from C. purpurea (accession no. CCE33955.1), FgATF1 from F. graminearum (accession no.
XP_011319081.1), MoATF1 from M. oryzae (accession no. ELQ67298.1) and Bcatf1 from B.
cinerea (accession no. XP_024550682.1). The domains were visualized using IBS software.
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The protein sequences of AtfA homologous from fungi functionally verified by experiments
were aligned with AtfA from A. flavus with Clustal X 2.0. A maximum likelihood tree was
generated using a JTT Matrix model with 1000 replicates for bootstrapping by MEGA X
software [61].

4.3. RNA Isolation and Reverse-Transcription PCR of AflatfA and AflatfB

A. flavus WT, ΔAflatfA and ΔAflatfB strains were inoculated on cellophane sheets laid
on the PDA plates and cultured on media at 29 ◦C, and then the mycelia were harvested
after 36 h. Then, total RNA was extracted using TRIzol Reagent, and DNA was digested
with RNase-free DNase I. Subsequently, RNA was reverse transcribed into first-strand
cDNA using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific,
Waltham, MA, USA). To explore the transcription levels between the AflatfA and AflatfB
genes, the sequence of the gene coding region was amplified using pairs 031340RT and
94010RT. The house-keeping gene actin was used as the internal control. The sequence of
primers are listed in Table S1.

4.4. Gene Deletion and Complementation of AflatfA and AflatfB

For constructing the AflatfA and AflatfB genes replacement, 1.1-kb upstream and 1.1-kb
downstream fragments of a part of AflatfA and 1.1-kb upstream and 1.1-kb downstream
fragments of a part of AflatfB were amplified from A. flavus genomic DNA, respectively.
Meanwhile, the orotidine-5′-monophosphate decarboxylase (pyrG) gene was amplified
from A. fumigatus gDNA. Then, the two flanking sequences of AflatfA and pyrG were joined
together by overlap PCR with the primer pairs 31340 5F/F and 31340 3F/R, and the two
flanking sequences of AflAtfB and pyrG were joined together by overlap PCR with the
primer pairs 094010 5F/F and 094010 3F/R. Then, both approximately 3.8-kb segments
were purified and transformed into the A. flavus recipient strain,. To construct the double
deletion mutant, the gene knockout cassette comprising 2-kb of upstream and downstream
fragments of AflatfB and a 1.8 kb of ptrA gene was generated by fusion PCR. Subsequently,
the purified fragment was transformed into the A. flavus ΔAflatfA strain. To generate
the complementation of the AflatfA and AflatfB mutants, the fragment of the ORF and its
downstream and upstream flanking sequences of AflAtfA and AflAtfB were amplified and
transformed into ΔAflatfA and ΔAflatfB strains, respectively. Then, the putative mutants
were selected after being cultured on YGT containing 5-fluoroorotic acid (5-FOA) at 37 ◦C
for 5 d. Subsequently, 1.0-kb fragment containing 500 bp terminator and its upstream
500 bp and 1.0-kb downstream fragments of the terminator were amplified from A. flavus
genomic DNA. Then, two flanking sequences were fused with the pyrG gene amplified
from A. fumigatus genomic DNA. At last, two purified segments were transformed into
the Δku70ΔpyrGΔAflatfA::pyrG, AflatfA strain and the Δku70ΔpyrGΔAflatfB::pyrG, AflatfB
strain to generate the complementation of the AflatfA and AflatfB deletion mutants. The
preparation of A. flavus protoplasts and fungal transformation were both performed as the
described method in the reference [62]. All mutants were firstly verified using diagnostic
PCR with primers inside and outside the corresponding gene (Table S1). Then, Southern
blot was used to further verify the disruption strains.

4.5. Observation of Developmental Phenotype

To observe the radial colony growth, wild type and mutants were inoculated on
PDA for 5 d at 29 ◦C. Conidia were harvested from 5-day-old colonies grown on PDA in
5 mL of distilled water containing 0.1% Tween 80, and then conidia were counted using a
hemocytometer. Then, two hundred freshly grown conidia suspended in 2 μL 0.1% Tween
80 were inoculated. After 5 d, the colony diameters were measured, and the pictures were
taken at the same time. To investigate the sclerotia production, 104 fresh conidia (5 d)
suspended in 2 μL 0.1% Tween 80 were spotted on modified Wickham medium plates. The
plates were incubated in the dark at 37 ◦C for 12 d. To help the enumeration of sclerotia, 70%
ethanol was used to kill and wash away conidia. Then, seven 7 mm-diameter agar plugs
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were taken from each plate, and the number of sclerotia was counted. Three biological
replicates were included in each treatment, and whole experiment was repeated two times.

4.6. Oxidative Stress Bioassay

For the oxidative stress response assay of A. flavus conidia, 2 M H2O2 was added to
conidia suspensions (H2O2 final concentration 100 mM and 200 mM respectively). The
suspensions were immediately diluted to 105 conidia/mL after 20 min of incubation at
room temperature. In total, 200 spores suspended in 100 μL 0.01% Tween 80 were spread
onto GMM agar plates, and were incubated at 29 ◦C for 48 h. Then, the number of colonies
were counted, and the germinating rate was calculated. To test the H2O2-sensitivity of
A. flavus mycelia, fresh conidia (5 d) were pipetted onto cellophane sheets (circle-shaped,
2-cm-diameter) laid on the YES agar plates and cultured for 24 h in the dark. Mycelial
mates with sheets were transferred onto fresh YES or YES supplemented with 10 mM H2O2.
Then, all plates were incubated at 29 ◦C, and the colony diameters were measured after
being incubated for two to three days. All treatments included three replicates, and whole
experiments were repeated two times.

4.7. Osmotic Stress Bioassay

To investigate the osmotic stress sensitivity of all mutants, the osmotic reagents NaCl,
KCl and Sorbitol were chosen and added into the GMM medium. The concentration of
osmotic reagents was as follows: 1.5 M NaCl, 1.5 M KCl or 1.4 M Sorbitol. Two hundred
conidia were suspended in 2 μL 0.01% Tween 80 and spotted onto GMM plates with or
without the abovementioned concentration reagents. All plates were incubated at 29 ◦C in
dark for 5 d. From the second day to the fifth day, the colony diameters were measured.
All treatments included three replicates, and whole experiments were repeated two times.

4.8. Temperature Treatment Assay

Conidia suspension of each strain was diluted to 105 conidia/mL for the heat stress
assay and the survival rate of the conidia upon incubation at the 4 ◦C assay. To analyze
the heat stress response, 200 μL diluted conidia suspensions from each strain in 1.5 mL
tube were incubated on block heaters at 50 ◦C for 1 h. Then, the tubes were immediately
transferred and cooled on ice. The conidia were diluted to 2×103 conidia/mL, and 100 μL
conidia suspension was transferred and spread onto the GMM medium. After incubation
at 29 ◦C in the dark for 48 h, the number of colonies was counted. Conidia without heat
stress treatment were used as control. The germinating rate of conidia were calculated. To
test the viability during preservation at 4 ◦C, the diluted suspensions (200 μL) from each
strain were kept at 4 ◦C for 7 d and 14 d. As per the above description, the survival rates
were calculated. All treatments included three replicates, and whole experiments were
repeated two times.

4.9. Aflatoxin B1 Production Analysis

To measure the aflatoxin B1 production in vitro, 200 spores of WT, AflatfA and AflatfB
mutant strains were spotted on a plate (Φ = 60 mm) containing 10 mL artificial YES medium
(15% sucrose, 2% yeast extract, and 1% soytone), and cultured at 29 ◦C. After 5 d, six 7-mm-
diameter agar plugs were taken from each plate, and transferred to an Eppendorf tube.
Then, 3 mL dichloroethane was added into each plate, which were then sonicated for 1 h
at room temperature. In total, 2 mL of extract was transferred to a new Eppendorf tube,
and dried completely at room temperature. A total of 50 μL dichloroethane was used to
suspend the dry extract, and 5 μL AFB1 standard (1 mg/mL) and extract were applied to
TLC plates for analysis. A dichloroethane: acetone (90: 10, vol/vol) solvent system was
used to develop TLC plates, and the bands were visualized under 254 nm light.
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4.10. Virulence Assays on Corn and Peanut

The infection experiments of corn and peanut were mainly performed as per the
method invented by Chang et al. [63]. The following steps were modified. The eight seeds
as a group were placed onto a Petri dish plate (Φ = 60 mm). Subsequently, a suspension
of 3000 freshly harvested conidia in 3 μL of WT and all mutants were inoculated onto
the surface of each seed. The seeds were spotted with 3 μL 0.01% Tween 80 solution as
the controls. All seeds from each plate were transferred to tubes, and 10 mL of the 0.02%
Triton-X 100 water was added into each tube. After being vortexed vigorously for 2 min
to dislodge conidia, 500 μL suspension from each tube was used to count conidia using a
hemocytometer, and the rest of the suspension was extracted with 8 mL dichloroethane.
Subsequently, the extracts were shaken at 180 rpm/min for 30 min, and 5 mL extracts
from every tube were transferred to a new tube. After being dried completely at room
temperature, the extracts were resuspended in 100 μL dichloroethane. In total, 5 μL
AFB1 standard (1 mg/mL) and extracts from each tube were applied to the TLC plates,
respectively. The dichloroethane: acetone (90: 10, vol/vol) solvent system was used to
develop the TLC plates, and TLC plates were visualized under 254 nm light.

4.11. Statistical Analysis

For statistical analysis, data were analyzed using the GraphPad Instat software pack-
age, version 5.01 (GraphPad software Inc.), according to the Tukey–Kramer multiple com-
parison test at p < 0.05. The different letters indicate the significant difference between data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14120857/s1, Table S1: PCR primers used in this study,
Figure S1: Construction stratgy of AflatfA and AflatfB double knock mutant.
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Abstract: Aflatoxin, a carcinogenic secondary metabolite produced by Aspergillus flavus, is a sig-
nificant threat to human health and agricultural production. Histone 2-hydroxyisobutyrylation is
a novel post-translational modification that regulates various biological processes, including sec-
ondary metabolism. In this study, we identified the novel histone 2-hydroxyisobutyryltransferase
Afngg1 in A. flavus, and explored its role in cell growth, development and aflatoxin biosynthesis.
Afngg1 gene deletion markedly decreased lysine 2-hydroxyisobutyrylation modification of histones
H4K5 and H4K8 compared with the control strain. Additionally, Afngg1 deletion inhibited mycelial
growth of A. flavus, and the number of conidia and hydrophobicity were significantly decreased.
Notably, aflatoxin B1 biosynthesis and sclerotia production were completely inhibited in the ΔAfngg1
strain. Furthermore, the pathogenicity of the ΔAfngg1 strain infecting peanut and corn grains was
also diminished, including reduced spore production and aflatoxin biosynthesis compared with A.
flavus control and Afngg1 complementation strains. Transcriptome analysis showed that, compared
with control strains, differentially expressed genes in ΔAfngg1 were mainly involved in chromatin
remodelling, cell development, secondary metabolism and oxidative stress. These results suggest that
Afngg1 is involved in histone 2-hydroxyisobutyrylation and chromatin modification, and thus affects
cell development and aflatoxin biosynthesis in A. flavus. Our results lay a foundation for in-depth
research on the 2-hydroxyisobutyrylation modification in A. flavus, and may provide a novel target
for aflatoxin contamination prevention.

Keywords: Aspergillus flavus; aflatoxin; pathogenicity; 2-hydroxyisobutyryltransferase; Afngg1

Key Contribution: The 2-hydroxyisobutyryltransferase Afngg1 affects 2-hydroxyisobutyrylation
modification of histones H4K5 and H4K8 and blocks aflatoxin biosynthesis in Aspergillus flavus.

1. Introduction

Aspergillus flavus, one of the most abundant and widely distributed fungi on earth,
is often found in pre- or post-harvest crops, and it causes serious economic losses [1,2].
It can produce teratogenic and carcinogenic aflatoxins that pose a serious safety hazard
to both humans and animals [3]. It is estimated that aflatoxin contamination costs the
US corn industry nearly USD 1.68 billion annually [4]. Aflatoxin causes 28% of hepa-
tocellular carcinoma worldwide [5]. Therefore, an in-depth understanding of aflatoxin
biosynthetic pathways and their regulatory mechanisms is urgently required to develop
effective strategies to control aflatoxin contamination.

Histone post-translational modifications (HPTMs), including acetylation, phospho-
rylation, ubiquitination and 2-hydroxyisobutyrylation, play a crucial role in many cel-
lular processes in eukaryotes, including secondary metabolite biosynthesis and chro-
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matin regulation [6]. Among them, 2-hydroxyisobutyrylation is a recently discovered
post-translational modification that plays an important regulatory role in gene transcrip-
tion, metabolism and enzyme activity [7]. Previous studies have shown that lysine de-2-
hydroxyisobutyrylase CobB can regulate the catalytic activity of enolase by decreasing
modification at the K343 site, thereby regulating glycolysis and cell growth in bacteria [8].
In Ustilaginoidea virens, mutation of the 2-hydroxyisobutyrylation modification site of
mitogen-activated protein kinase UvSlt2 decreased UvSlt2 enzyme activity and signifi-
cantly reduced the development and virulence of plant pathogenic fungi [9]. Significantly,
2-hydroxyisobutyrylation modification is involved in the pathogenicity of Botrytis cinerea,
Candida albicans, Fusarium oxysporum and Toxoplasma gondii [7,10–12]. Our previous studies
have shown that 2-hydroxyisobutyrylation modification regulates mycelial growth and
development of A. flavus, as well as aflatoxin biosynthesis [13]. These results indicate
that lysine 2-hydroxyisobutyrylation modification plays a key role in A. flavus, but the en-
zymes involved in histone 2-hydroxyisobutyrylation modification have not been reported
in A. flavus. Herein, we identified histone 2-hydroxyisobutyryltransferase Afngg1 in A.
flavus, and explored its underlying gene regulatory mechanisms using RNA sequencing
(RNA-seq)-based transcriptional analysis.

In this study, Afngg1, a homolog of Candida albicans histone acetyltransferase Ngg1,
was found to be associated with histone 2-hydroxyisobutyrylation modification. Addi-
tionally, the functions of Afngg1 in cell development and aflatoxin B1 (AFB1) production
were profiled, and the underlying regulatory mechanisms were investigated through tran-
scriptome analysis. The findings suggest that Afngg1 is a potential target for the effective
control of aflatoxin contamination.

2. Results

2.1. Characterisation of A. Flavus Histone 2-Hydroxyisobutyryltransferase Afngg1

In order to characterise homologs of Afngg1 in A. flavus, we obtained homologous
sequences by BLAST searching the NCBI database, and constructed phylogenetic trees
to analyse their evolutionary relationships. The results revealed that Afngg1 in A. flavus
is closely related to homologs in other fungi, and most similar to homolog in A. oryzae
RIB40 (Figure 1A). The analysis also indicated that it was homologous to Candida albicans
histone acetyltransferase Ngg1. The domains in Afngg1 were further analysed via the
NCBI database and visualised using DOG2.0. A conserved Ada3 (histone acetyltransferase
subunit 3) domain was found in homologs of Afngg1 proteins in nine species (Figure 1B).
Additionally, Afngg1 was localised in the nucleus of A. flavus (Figure 1C).

Given the similarity to Ngg1 in C. albicans, we speculated that Afngg1 might also
be involved in histone modification. To test this hypothesis, the effects of Afngg1 on the
level of acetylation of histone H3 and 2-hydroxyisobutyrylation modification of histone
H4 were investigated by collecting mycelia of A. flavus control and ΔAfngg1 strains, and
proteins were extracted for Western blotting detection using corresponding antibodies. The
results indicated that the acetylation modification level of H3K14 in strain ΔAfngg1 was
decreased compared with the A. flavus control strain, and notably, acetylation modification
of H3K9 was completely absent (Figure S1). Unexpectedly, our results also showed that
2-hydroxyisobutyrylation modification levels of H4K8 and H4K5 were significantly lower
than in the A. flavus control strain (Figure 1D). These results suggest that Afngg1 contributed
to lysine acetylation and 2-hydroxyisobutyrylation as a histone acetyltransferase.

2.2. Afngg1 Is Involved in A. flavus Growth, Conidia Formation and Aflatoxin Biosynthesis

To further explore the potential role of Afngg1 in A. flavus, we constructed ΔAfngg1
and ΔAfngg1-Com strains (Figure S2), and the effects of Afngg1 on A. flavus growth, conidia
formation and biosynthesis of aflatoxin were evaluated. Unlike the A. flavus control strain,
mycelia of the ΔAfngg1 strain were white and fluffy (Figure 2Aa). Stereoscopic microscope
observation showed that, compared with the A. flavus control strain, conidia heads of the
ΔAfngg1 strain were smaller and fewer in number (Figure 2Ab). Microscopy observation
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revealed that deletion of Afngg1 reduced the length of conidiophores and conidial number
(Figure 2Ac). SEM results showed that conidial heads of the A. flavus control strain were
fully formed, while conidial heads of the Afngg1 strain were significantly smaller and
deformed (Figure 2B). Additionally, compared with the A. flavus control strain, the mycelia
growth rate was decreased after Afngg1 deletion, and conidia production was decreased
by 99.88%, consistent with microscopy observation (Figure 2C,D). Qualitative thin-layer
chromatography (TLC) analysis showed that AFB1 was no longer produced by the A. flavus
strain lacking Afngg1 (Figure 2E).

Figure 1. Bioinformatics analysis, subcellular localisation, and modification sites identification of
Afngg1. (A) Phylogenetic tree based on sequence alignment. The numbers on the branches indicate
bootstrap support value. (B) The domains of Afngg1 from the above nine species were further
visualised by DOG2.0. The green area represented the Ada3 domain. (C) Subcellular localization
of Afngg1. (D, E) Level of 2-hydroxyisobutyrylation modification of histones H4K5 and H4K8 in
A. flavus control and ΔAfngg1 strains. *** represents p < 0.001.

2.3. Effects of Afngg1 on Hydrophobicity and Sclerotia Formation of A. flavus Colonies

We studied the effects of Afngg1 on the surface hydrophobicity of A. flavus cells. The
results revealed spherical water droplets on A. flavus control strain colonies, but these were
dispersed and absorbed on ΔAfngg1 strain colonies (Figure 3(Aa,Ab)). In order to further
probe the hydrophobicity differences, the droplet state of mycelia around droplets on
colonies and Bromophenol Blue droplets were observed by stereoscopic microscope. The
results showed that mycelia and spores around the A. flavus control strain were attached
to the outer side of the droplet, while Bromophenol Blue solution of the ΔAfngg1 strain
was diffused throughout mycelia (Figure 3(Ac)). Additionally, the results showed that
compared with the A. flavus control strain, the ΔAfngg1 mutant did not produce sclerotia
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at all on PDA medium (Figure 3B,C). These results indicate that Afngg1 is essential for
sclerotia formation in A. flavus.

Figure 2. Effects of Afngg1 on the growth, conidia and aflatoxin biosynthesis of A. flavus. (A) The
colony (a), stereoscopic microscope (b) and conidiophores (c) analysis. A. flavus control strain,
ΔAfngg1 and Afngg1-Com strains were cultivated on PDA medium at 37 ◦C for 5 days. (B) SEM
analysis of conidia (a) and conidial heads (b). (C) Determination of colony diameter cultured on PDA
medium. (D) Determination of the number of conidia from different strains. (E) TLC analysis of AFB1

production. *** represents p < 0.001.

Figure 3. Analysis of hydrophobicity and sclerotium yield. (A) Determination of hydrophobicity of
A. flavus control strain, ΔAfngg1 and Afngg1-Com strains. Colony morphology (a), microscope (b) and
stereoscopic microscopic (c) analysis after Bromophenol blue treatment. (B) Colony morphology of
different strains after 7 days of culture on PDA medium. The plate was sprayed with 70% alcohol to
expose the sclerotium. (C) Determination of the number of sclerotium in (B). *** represent p < 0.001.
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2.4. Afngg1 Influences the Infection Ability of A. flavus on Peanut and Corn

In order to study the pathogenicity of Afngg1 deletion in A. flavus, maize and corn
grains were inoculated with spore suspensions. The results showed that the ΔAfngg1
mutant had a decreased ability to colonise peanut and corn grains, and conidia production
was decreased by 97.39% and 91.94%, respectively (Figure 4A,B). We also explored the
yield of AFB1 on peanut and corn, and AFB1 was not detected on either peanut or corn
grains infected with the ΔAfngg1 mutant (Figure 4C). These results indicate that Afngg1
plays a crucial role in conidia formation of A. flavus, and in the biosynthesis of aflatoxin
during A. flavus colonisation on peanut and corn grains.

Figure 4. Effect of Afngg1 on the ability of A. flavus to infect crops. (A) Colonisation of peanut and corn
grains by A. flavus control, ΔAfngg1 and ΔAfngg1-Com strains. (B) The number of conidia number
was determined from the infected peanut and corn grains; (C) TLC analysis of AFB1 production from
infected peanut and corn grains. *** represents p < 0.001.

2.5. Transcriptome Overview

The Pearson correlation coefficient between all pairs of samples was >0.97, suggesting
that samples were adequate for subsequent analysis (Figure 5A). Based on the FPKM
(Fragments Per Kilobase per Million) value of each gene, gene expression levels were
normalised and differentially expressed genes (DEGs) were compared (Figure 5B). The
volcano map directly shows the expression ratio and significance of genes (Figure 5C). A
total of 4008 significant DEGs were identified, among which 2186 (54.54%) were upregulated
and 1822 (45.45%) were downregulated (Figure 5D).

The biological functions of DEGs were characterised by GO functional enrichment
analysis. The results showed that most DEGs were linked to oxidation–reduction metabolic
processes (Figure 6A). In terms of cellular components, DEGs were mainly associated
with the plasma membrane, component of membrane and cell periphery subcategories
(Figure 6B). The main molecular functions of DEGs were oxidoreductase activity, binding
and catalytic activity (Figure 6C). KEGG pathway enrichment analysis results showed that
DEGs were mainly involved in metabolic pathways, biosynthesis of secondary metabolites
and aflatoxin biosynthesis (Figure 6D).
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Figure 5. Sample correlation and gene expression analysis. (A) Person correlation coefficient. (B) Vio-
lin plot. (C) Volcano map of DEGs. (D) Total number of DEGs.

2.6. Categorisation of DEGs

To further elucidate the regulatory effects of Afngg1 on A. flavus cell development
and aflatoxin biosynthesis, representative DEGs were divided into four groups: chromatin
remodelling, cell development, secondary metabolism and oxidative stress (Table 1).

Table 1. Classification of representative DEGs in the ΔAfngg1 strain vs. control strain.

Gene Category Name Log2(fc) p-Value Description

Chromatin remodelling
AFLA_025120 clr3 1.089 2.82 × 10−21 histone deacetylase
MSTRG.3596 RPD3 1.15 1.26 × 10−6 histone deacetylase RPD3
AFLA_055490 epl1 1.51 5.53 × 10−44 histone acetyltransferase complex component
AFLA_052300 mit1 1.49 7.93 × 10−28 chromatin remodelling complex subunit (Chd3)

Cell development
AFLA_052030 wetA −2.32 1.96 × 10−120 developmental regulatory protein WetA
AFLA_029620 abaA −3.17 1.99 × 10−171 transcription factor abaA
AFLA_082850 brlA −5.27 0 C2H2 type conidiation transcription factor
AFLA_046990 stuA −1.03 5.33 × 10−46 APSES transcription factor StuA
AFLA_026900 vosA −2.28 1.98 × 10−75 developmental regulator VosA
AFLA_039530 fluG −3.17 1.28 × 10−13 FluG family protein
AFLA_044800 con-6 −8.10 7.93 × 10−60 conidiation protein Con-6
AFLA_098380 rodA −7.58 2.79 × 10−67 RodA/RolA7
AFLA_060780 dewA −6.81 8.80 × 10−9 hydrophobin family protein
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Table 1. Cont.

Gene Category Name Log2(fc) p-Value Description

AFLA_023460 ags1 −2.80 6.03 × 10−201 alpha-1,3-glucan synthase Ags1
AFLA_134100 ags2 −2.28 4.34 × 10−119 alpha-1,3-glucan synthase Ags2
AFLA_052780 MP65 −3.87 1.26 × 10−141 cell wall glucanase (Scw4)
AFLA_104680 chiB1 −1.64 1.57 × 10−22 class V chitinase ChiB1
AFLA_024280 dcw1 −5.49 0 cell wall glycosyl hydrolase Dfg5
AFLA_113120 ecm33 −1.02 6.90 × 10−76 GPI-anchored cell wall organization protein
AFLA_138060 erg4 −2.95 1.32 × 10−108 c-24(28) sterol reductase
AFLA_001030 erg7 −9.21 1.07 × 10−73 lanosterol synthase
AFLA_028640 erg5 −5.79 2.08 × 10−143 cytochrome P450 sterol C-22 desaturase

Secondary metabolism
AFLA_139410 aflC −1.00 3.76 × 10−32 aflC/pksA/pksL1/polyketide synthase
AFLA_139330 aflH −1.46 2.3 × 10−3 aflH/short chain alcohol dehydrogenase
AFLA_139160 aflX −2.37 1.05 × 10−2 aflX/ordB/monooxygenase/oxidase
AFLA_139320 aflJ −2.82 1.28 × 10−2 aflJ/estA/esterase
AFLA_139170 aflW −3.82 6.16 × 10−6 aflW/moxY/monooxygenase
AFLA_002920 aflQ −4.82 2.29 × 10−46 flavonoid 3-hydroxylase
AFLA_024090 aflT 1.57 8.06 × 10−24 efflux pump antibiotic resistance protein
AFLA_139310 norA −8.34 7 × 10−4 aflE/norA/aad/adh-2/ NOR reductase
AFLA_094990 ustYa −7.92 2.80 × 10−21 Ustiloxin B biosynthesis protein Ya
AFLA_094940 ustO −2.98 2.18 × 10−108 Ustiloxin B biosynthesis protein O
AFLA_094960 ustC −4.14 1.27 × 10−48 cytochrome P450
AFLA_095010 ustP −4.59 1.18 × 10−84 Ustiloxin B biosynthesis protein P
AFLA_095060 ustQ −4.75 1.78 × 10−35 tyrosinase
AFLA_095040 ustD −6.18 9.10 × 10−2 NRPS-like enzyme
AFLA_095050 ustF2 −7.29 5.02 × 10−20 dimethylaniline monooxygenase
AFLA_064420 gliK −3.26 3.49 × 10−12 gliotoxin biosynthesis protein GliK
AFLA_118990 gliA −4.91 1.47 × 10−127 efflux pump antibiotic resistance protein
AFLA_064540 gliC −6.69 1.62 × 10−55 cytochrome P450 oxidoreductase
AFLA_114820 fluP −1.44 1.78 × 10−50 polyketide synthase
AFLA_006170 pksP −6.54 0 polyketide synthetase PksP
AFLA_010000 aurA −2.23 2.02 × 10−84 polyketide synthase
AFLA_054090 pks1 −2.22 7.5 × 10−3 polyketide synthase

Oxidative stress
AFLA_034380 cta1 −7.68 0 catalase
AFLA_096210 ctl-2 −6.96 6.43 × 10−272 catalase
AFLA_100250 cat −1.57 6.97 × 10−16 catalase

Means with p-value < 0.05 are considered to have significant difference.

Afngg1 deletion altered the expression of genes involved in chromatin remodelling,
including histone deacetylases (clr3, RPD3 and epl1) and chromatin remodelling complex
subunits (mit1). Deletion of Afngg1 inhibited the expression of conidia-related genes wetA,
abaA, brlA, stuA, vosA, fluG and con-6, and conidia hydrophobicity-related genes rodA and
dewA. Additionally, ags1, ags2, MP65, chiB1, dcw1, ecm33, erg4, erg7 and erg5 genes related to
cell wall and membrane formation were downregulated.

Secondary metabolism was also affected. The results showed that AFB1 biosynthetic
pathway genes aflC, aflH, aflX, aflJ, aflW, aflQ, aflT and norA were downregulated after afngg1
deletion. Genes associated with the synthesis of other secondary metabolites, including
conidia pigments (pksP and pks1), polyketones (fluP and aurA), ustiloxin B (ustYa, ustO, ustC,
ustP, ustQ, ustD and ustF2) and gliotoxin (gliK, gliA and gliC) were also downregulated.
Furthermore, afngg1 deletion inhibited the expression of catalase-related genes cta1, ctl-2
and cat.
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Figure 6. Biological process (A), cellular component (B), molecular function (C) and KEGG pathway
(D) analysis of DEGs.

3. Discussion

As an important post-translational modification, 2-hydroxyisobutyrylation plays a
vital role in protein synthesis, transcriptional regulation and metabolism [14]. In this study,
we performed a functional analysis of histone 2-hydroxyisobutyryltransferase Afngg1 in
A. flavus. Deletion of Afngg1 reduced the level of histone 2-hydroxyisobutyrylation modi-
fication, indicating that Afngg1 functions as a histone 2-hydroxyisobutyrylyltransferase.
Additionally, Afngg1 plays a crucial role in the growth and development of A. flavus and the
biosynthesis of aflatoxin, and its potential regulatory mechanisms were explored through
transcriptome analysis.

3.1. Afnng1 Correlates with the Level of Histone 2-Hydroxyisobutyrylation Modification

Previous reports have shown that Ngg1 is required for histone H3 acetylation of
Candida albicans histone H3, and loss of Ngg1 greatly reduced the level of acetylation modi-
fication of histone H3 in Ngg1-A and Ngg1-B strains compared with wild-type strains [15].
However, its specific lysine acetylation sites were not characterised. In the present study,
we identified homologs of C. albicans acetyltransferase NGG1 in A. flavus, and identified
K9ac and K14ac as the key sites for alteration of histone H3 acetylation. Notably, we also
found that Afngg1 is associated with 2-hydroxyisobutyrylation of histone H4, and deletion
of Afngg1 significantly reduced lysine 2-hydroxyisobutyrylation levels at the K5 and K8
sites of histone H4.
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3.2. Afnng1 Is Involved in Altering Chromatin Remodelling

Histone modification plays a crucial role in altering chromatin structure, among
which histone acetylation and 2-hydroxyisobutyrylation modification are important con-
tributors to chromatin remodelling [16,17]. RPD3 is a conserved histone deacetylase that
regulates various cellular processes. In Fusarium graminearum, deletion of FgRpd3 led to
increased acetylation of histone H4 [18]. Additionally, the crl3 gene encoding histone
deacetylase affects the growth of Penicillium brasilianum, and the production of many sec-
ondary metabolites [16]. As a chromatin remodelling factor, Mit1 is mainly involved in
regulating transcription of heterochromatin regions, and it promotes the deacetylation of
histone H3 by clr3 [19]. We found that following deletion of Afngg1, expression levels of clr3,
RPD3, epl1 and mit1 genes related to chromatin remodelling were altered. Additionally, pre-
vious studies have shown that cobB, de-2-hydroxyisobutyrylation enzyme, is involved in
regulating the growth and metabolism of prokaryotes [8]. In human cells, deletion of the hi-
stone 2-hydroxyisobutyltransferase EP300 decreases the level of 2-hydroxyisobutyrylation
modification at specific regulatory sites, and thus reduces the activity of cell metabolism-
related enzymes [17]. Our current work showed that histone acetylation modification and
2-hydroxyisobutyrylation levels of the ΔAfngg1 strain were reduced. These results suggest
that Afngg1 may alter chromatin conformation, altering the accessibility of genes, thus
affecting cell development and secondary metabolism of A. flavus.

3.3. Afngg1 Affects Conidial Development and Sclerotium Formation

Recent studies have shown that fungal growth, development and production of sec-
ondary metabolites are regulated by post-translational modifications such as 2-hydroxyiso-
butyrylation [13]. Expression of A. flavus conidiogenesis genes is regulated by a cascade
involving brlA, abaA and wetA [20]. BrlA and abaA are key transcription factors, of which
brlA initiates conidia formation, and abaA contributes to conidia development and also
affects sclerotia formation and AFB1 production [21,22]. StuA affects the expression of
downstream genes by influencing brlA and abaA, and regulates sporulation [23]. VosA,
a member of the velvet protein family, co-regulates spore-specific genes with wetA, and
is critical for spore maturation and dormancy [24]. Loss of VosA resulted in increased
sensitivity to oxidative stress and decreased trehalose content in A. flavus conidia [25].
FluG plays a balancing role in asexual and sexual development, and deletion of fluG can
delay and reduce the formation of A. flavus conidia [26]; fluG can also interact with velB
or laeA to control the production of conidia and sclerotia [27]. In the present study, the
genes wetA, abaA, brlA, stuA, vosA, fluG and con-6 related to conidia were downregulated
following deletion of Afngg1, mutant strain colonies were white, conidia production was
decreased significantly and the strain no longer produced sclerotia. These results suggest
that Afngg1 may regulate developmental balance, oxidative stress and conidia trehalose
synthesis, and thereby affect the formation of conidia. Additionally, our experiment found
that the ΔAfngg1 strain no longer produced sclerotia, consistent with the results of fluG
deletion [27]. Transcriptomic analysis also showed downregulation of genes encoding
hydrophobic proteins, namely rodA and dewA, which was confirmed by hydrophobic assay,
and is reminiscent of the deletion of laeA in A. flavus [28].

3.4. Afngg1 Is Required in the Formation of the Cell Wall

The fungal cell wall is a complex structure composed of chitin, dextran and other
polymers that play an important role in fungal growth and survival [29]. Ags1 and Ags2 are
involved in glucan synthesis, and growth was inhibited after Ags1 deletion [30]. DCW1 is
necessary for incorporation of cell wall glycoproteins into the cell wall, and deletion of the
dcw1 gene in yeast led to cell wall abnormalities [31]. MP65 encodes β-glucan mannoprotein,
which is associated with cell wall integrity and biofilm formation [32]. The GPI-anchored
protein Ecm33 is required for cell wall composition, and is involved in fungal cell wall
integrity and multiple stress tolerance [33]. One study found that the absence of ecm33 and
MP65 increased sensitivity to cell wall degraders and altered morphology [32,33]. Herein,
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transcriptomic results showed that expression levels of the cell wall-related genes ags1,
ags2, MP65, chiB1, dcw1 and ecm33 in the ΔAfngg1 strain were downregulated. Additionally,
ergosterol is an important component of cell membranes, and we found that expression
levels of genes associated with ergosterol biosynthesis such as erg4, erg7 and erg5 were
significantly downregulated after deletion of Afngg1. These results suggest that Afngg1
may impede the synthesis of cell wall components such as glucan, reduce cell wall tolerance
and cause cell wall defects.

3.5. Afngg1 Plays a Key Role in Secondary Metabolism

It has been reported that chromatin remodelling is closely related to the biosynthe-
sis of aflatoxin [34]. Aflatoxin biosynthesis includes complex enzymatic reactions that
require multiple enzymes, such as fatty acid synthases, polyketone synthases, oxidoreduc-
tases, cytochrome P450 monooxygenases, esterases, and others [35]. AflC (pksA) encodes a
polyketone synthase that is involved in the conversion of acetate to norsolorinic acid, and
AFB1 production can be significantly increased by upregulating aflC, aflR and aflK [36,37].
Both AflX and AflQ encode oxidoreductases, and AflQ is involved in the formation of
AFB1 precursor hydroxyl-methylsterigmatocystin, and it plays a role in the later stages of
the biosynthetic pathway [38,39]. Previous studies revealed a strong linear relationship
between aflQ expression and aflatoxin biosynthesis [40]. AflW encodes a single monooxy-
genase that catalyses the conversion of hydroxyversicolorone to versiconal hemiacetal
acetate [41]. Additionally, aflS encodes an esterase (AflJ) that interacts with nearby aflR
genes to regulate the biosynthesis of aflatoxin [42]. Following aflS deletion, expression lev-
els of aflatoxin biosynthetic pathway genes including aflC, aflD, aflM and aflP were reduced
5–20-fold, and biosynthesis of aflatoxin intermediates was blocked [43]. In the present
study, deletion of Afngg1 downregulated genes encoding enzymes related to the aflatoxin
biosynthetic pathway, such as aflC, aflX, aflJ, aflQ, aflT and norA, indicating that Afngg1 can
inhibit the biosynthesis of aflatoxin by regulating the expression of multiple genes in the
gene cluster via chromatin modification. Our study also found that the ΔAfngg1 strain no
longer produced AFB1, consistent with knockout of histone acetyltransferase AflGcnE [6].

Other secondary metabolic pathways are also affected. Ustiloxin B is a secondary
metabolite of Ustilaginoidea virens, and 18 genes form a gene cluster for the synthesis of
ustiloxin B. Deletion of a relevant gene led to a complete or substantial loss of ustiloxin
B production in A. flavus [44]. Biosynthesis of gliotoxin is carried out by a synthetic
gene cluster consisting of 12 genes in A. fumigatus [45]. Loss of gliA greatly reduced the
biosynthesis of glioxin [46], and deletion of gliK significantly hindered efflux of glioxins,
and increased sensitivity to exogenous glioxins [47]. Herein, we found that expression
levels of ustYa, ustO, ustC, ustP, ustQ, ustD, ustF2, gliK, gliA and gliC, which are responsible
for the biosynthesis of ustiloxin B and gliatoxin, were downregulated. In addition, A.
flavus produces a variety of polyketone-derived secondary metabolites, which are the most
abundant of fungal secondary metabolites [48]. PksP was found to be associated with the
biosynthesis and virulence of A. fumigatus conidia pigments [49]. The Pks1 gene encodes
a polyketone synthase involved in melanin biosynthesis [50]. Deletion of polyketone
synthase gene Flup resulted in decreased filament growth rate and conidial production in
A. parasitica [51]. The present study found that expression levels of polyketone synthase-
related genes fluP, pksP, aurA and Pks1 were downregulated. These results suggest that
Afngg1 may play an important regulatory role in mycotoxin efflux and self-protection.

3.6. Afngg1 Alters Oxidative Stress Homeostasis

Oxidative stress is often associated with the synthesis of fungal secondary metabolites.
Biosynthesis of aflatoxin has been reported to be inhibited by increased reactive oxygen
species (ROS) levels and decreased activity of antioxidant enzymes [52]. Cells produce a
variety of antioxidant enzymes to remove excessive ROS to protect cells from oxidative
stress [53]. Previous reports have shown that deletion of cat1 significantly increased intra-
cellular ROS levels, which in turn increased oxidative stress levels and reduced aflatoxin
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biosynthesis and virulence [52]. In our current work, expression levels of catalase-related
genes cat1, ctl-2 and cat were downregulated, suggesting that deletion of Afngg1 might
prevent cells from clearing ROS in a timely manner, thereby diminishing their defences
against oxidative stress, and inhibiting the biosynthesis of aflatoxin.

In conclusion, we identified histone 2-hydroxyisobutyryltransferase Afngg1 in A. flavus,
and explored its potential roles in cell development and aflatoxin biosynthesis. The results
indicated that deletion of Afngg1 reduced the degree of lysine 2-hydroxyisobutyrylation
modification of histone H4, inhibited cell growth, conidia formation, sclerotia production
and AFB1 production in A. flavus, and decreased hydrophobicity. RNA-seq was subse-
quently used to investigate the underlying regulatory mechanisms, and analysis of DEGs
showed that genes associated with chromatin remodelling, cell development, oxygen stress
and biosynthesis of aflatoxin, ustiloxin B and gliatoxin, were downregulated. Therefore,
these results suggest that histone 2-hydroxyisobutyryltransferase Afngg1 affects chromo-
somal modification, alters gene expression and regulates the growth, development and
aflatoxin biosynthesis of A. flavus. The findings enhance our understanding of the role
of histone 2-hydroxyisobutyrylation in aflatoxin biosynthesis and fungal pathogenicity
regulation, and provide potential targets for exploring new control strategies for A. flavus.

4. Materials and Methods

4.1. Strains and Culture Conditions

A. flavus CA14 (kusA−, pyrG+) served as a control strain, and the Afngg1 knockout
strain (ΔAfngg1), Afngg1 complementation strain (ΔAfngg1-Com) and Afngg1-enhanced
green fluorescence protein (eGFP) strain were derived in this study. Potato dextrose agar
(PDA) was used to evaluate growth, conidia formation, cell hydrophobicity and aflatoxin
B1 production, with appropriate amounts of uridine (10 mmol/L) added to the medium as
needed. For sclerotia production, spore suspensions were maintained on PDA medium at
37 ◦C for 7 days in the dark. Each experiment was repeated three times.

4.2. Sequence Resources and Phylogenetic Tree Analysis

We used the protein sequence of Afngg1 to perform a BLAST search to identify homol-
ogous sequences in the National Center for Biotechnology Information (NCBI) database.
Afngg1 domains were predicted by DOG 1.0 software (Ren and Wen, Hefei, China). Afngg1
protein sequences were aligned by ClustalW using MEGA software (7.0 version, iGEM,
Temple University, Philadelphia, PA, USA), and a neighbour-joining phylogenetic tree was
constructed [54].

4.3. Construction of ΔAfngg1, ΔAfngg1-Com and Afngg1-eGFP Strains

The ΔAfngg1 strains were constructed using homologous recombination with PCR
primers listed in Table S1. PCR amplification was performed using P505 DNA polymerase
(Vazyme, Nanjing, China). For construction of the ΔAfngg1 strain, primers ΔAfngg1-1F,
ΔAfngg1-1R, ΔAfngg1-2F and ΔAfngg1-2R were used to amplify the 1.1 kb upstream and
1.5 kb downstream regions of Afngg1 fragments in the A. flavus genome, respectively.
Meanwhile, primers pyrG-F and pyrG-R were used to amplify the pyrG selection marker.
Fusion PCR was performed using primers ΔAfngg1-1F and ΔAfngg1-2R to generate a
fragment containing the upstream and downstream segments, and the pyrG selection
marker [55]. The fusion fragment was purified and transformed into the A. flavus control
strain according to previous methods [34], and transformants were selected for verification.

Construction of the Afngg1-Com strain was performed according to previous meth-
ods [56]. Primers ΔAfngg1-Com-F and ΔAfngg1-Com-R were used to amplify a fragment
including the promoter, coding sequence and terminator from A. flavus control strain
genomic DNA, and this was ligated to the pPTRI plasmid following HindIII and SmaI
restriction enzyme digestion. The resulting plasmid was transferred into A. flavus ΔAfngg1
protoplasts, and the ΔAfngg1-Com strain was confirmed by PCR.
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For construction of the Afngg1-eGFP strain, linker, eGFP and TglaA were sequentially
connected next to the Afngg1 coding sequence without a stop codon, using primers Afngg1-
eGFP-2F and Afngg1-eGFP-2R. The fragment was ligated to the pPTRI plasmid according
to previous methods [52]. The confirmed plasmid was transferred into ΔAfngg1 protoplasts,
and transformants were selected for verification.

4.4. Subcellular Localisation

To detect subcellular localisation of Afngg1, A. flavus spore suspensions (106) were
inoculated into Dextrose Peptone Yeast (DPY) liquid medium and cultured at 30 ◦C for
24 h. After collection, mycelia were washed with phosphate-buffered saline (PBS), stained
with 4,6-diamidino-2-phenylindole for 10 min according to a previous method [57], and
observed with an FV1000 laser confocal microscope (Olympus, Beijing, China).

4.5. Protein Extraction and Western Blotting Analysis

To explore the effect of Afngg1 deletion on the acetylation level of histone H3 and the 2-
hydroxyisobutyrylation level of histone H4 in A. flavus, A. flavus control and ΔAfngg1 strains
were cultured on PDA medium at 30 ◦C for 72 h. Mycelia were frozen with liquid nitrogen
and ground to a powder. An appropriate amount of each protein sample was mixed
with sample buffer and protein lysis solution to make a final concentration of 1–2 mg/mL,
and heated at 95 ◦C for 10 min prior to sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to a PVDF membrane, and this was
blocked with 5% skimmed milk powder after transfer. For analysis of lysine acetylation
of histone H3, anti-H3K9ac, anti-H3K14ac and anti-H3 were used as primary antibodies.
For analysis of lysine 2-hydroxyisobutyrylation, anti-H4K5hib (PTM-854; 1:10,000 dilution;
PTM-Bio, Hangzhoou, China) and anti-H4K8hib (PTM-805; 1:10,000 dilution; PTM-Bio,
Hangzhoou, China) were used as primary antibodies. Goat anti-mouse IgGI (1:10,000
dilution; Thermo, Shanghai, China) was used as secondary antibody, and chemiluminescent
horseradish peroxidase (HRP) substrate (Millipore) was added and incubated for 2 min for
signal detection. Meanwhile, protein gray scale analysis was performed using Image-Pro
Plus software (4.5 version, Media Cybernetics, Silver Spring, USA) according to a previous
method [6].

4.6. Morphological and Physiological Analyses

To investigate the effect of Afngg1 on the growth of A. flavus, 2 μL spore suspensions
(106 spores/mL) of A. flavus control, ΔAfngg1 and ΔAfngg1-Com strains were separately
inoculated in the centre of PDA plates and cultured at 30 ◦C for 5 days; then, the colony
diameter was measured and conidial heads were counted under a stereoscopic microscope
(Nikon, Shanghai, China). Next, 6 mL sterile water was added to each Petri dish to harvest
the mycelium, and the number of conidia was calculated using a hemocytometer. To assess
the hydrophobicity of A. flavus mycelia, 20 μL sterile water and 20 μL 3% Bromophenol Blue
solution were added to the edges of colonies of A. flavus control, ΔAfngg1 and ΔAfngg1-Com
strains, cells were cultured at 30 ◦C for 2 days, and analysed by a stereoscopic microscope.
Quantitative analysis of sclerotia production was performed at 37 ◦C for 7 days. After
7 days, 75% ethanol was sprayed to wash the medium and expose the sclerotia, and
five holes were made along the diameter to count the number of sclerotia. Additionally,
scanning electron microscopy (SEM) was used to photograph the conidia microstructure of
A. flavus control, ΔAfngg1 and ΔAfngg1-Com strains as described previously [58].

4.7. Determination of AFB1 Production

AFB1 production analysis was carried out according to a previously described
method [59]. Spore suspensions (106 spores/mL) of A. flavus control, ΔAfngg1 and ΔAfngg1-
Com strains were cultured in 50 mL Yeast Extract Sucrose (YES) liquid medium at 30 ◦C
in the dark for 5 days. An equal volume of chloroform was added to extract aflatoxin
from the 50 mL medium. After the chloroform was completely volatilised, the residue was
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dissolved in 1 mL methanol and then analysed by TLC. The AFB1 yield of A. flavus strains
was evaluated using an AFB1 standard sample (0.1 mg/mL).

4.8. Peanut and Corn Infection Assay

A peanut and corn infection experiment was performed as described previously [60].
Peanut and corn seeds were inoculated with 106/mL spore suspensions of A. flavus control,
ΔAfngg1 strain and ΔAfngg1-Com strain and cultured at 28 ◦C in the dark for 6 days, with
water replenished each day. Sterile water was added to collect the spore suspension and
the number of conidia was calculated using a hemocytometer according to a previous
method [34]. Finally, chloroform was added to extract aflatoxin as described above.

4.9. Transcriptome Analysis

Total RNA was extracted using Trizol reagent (Thermo Fisher, Shanghai, China) fol-
lowing the manufacturer’s instructions. RNA quality and integrity analyses, cDNA library
construction, and RNA-Seq were performed by Guangzhou Gene Denovo Biotechnology
(Guangzhou, China). The Pearson correlation coefficient was used to analyse the accu-
racy and reliability of the three biological duplicate samples. DESeq was used to analyse
differences in FPKM value, and differences were considered statistically when log2(fold
change) >1 and p-value < 0.05 criteria were met. Genome Ontology (GO) functional anal-
ysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
carried out using FungiFun (https://sbi.hki-jena.de/FungiFun/FungiFun.cgi) (accessed
on 15 August 2022) and the KEGG Automatic Annotation Sever (http://www.kegg.jp/ or
http://www.genome.jp/kegg/) (accessed on 15 August 2022).
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Abstract: Peanuts are susceptible to aflatoxins produced by Aspergillus flavus. Exploring green,
efficient, and economical ways to inhibit Aspergillus flavus is conducive to controlling aflatoxin
contamination from the source. In this study, Ag-loaded titanium dioxide composites showed more
than 90% inhibition rate against Aspergillus flavus under visible light irradiation for 15 min. More
importantly, this method could also reduce the contaminated level of Aspergillus flavus to prevent
aflatoxins production in peanuts, and the concentrations of aflatoxin B1, B2, and G2 were decreased by
96.02 ± 0.19%, 92.50 ± 0.45%, and 89.81 ± 0.52%, respectively. It was found that there are no obvious
effects on peanut quality by evaluating the changes in acid value, peroxide value, and the content of
fat, protein, polyphenols, and resveratrol after inhibition treatment. The inhibition mechanism was
that these reactive species (•O2

−, •OH−, h+, and e−) generated from photoreaction destroyed cell
structures, then led to the reduced viability of Aspergillus flavus spores. This study provides useful
information for constructing a green and efficient inhibition method for Aspergillus flavus on peanuts
to control aflatoxin contamination, which is potentially applied in the field of food and agri-food
preservation.

Keywords: peanuts; Aspergillus flavus; inhibition; visible light; Ag-loaded titanium dioxide; quality

Key Contribution: This study provides a green and efficient way to inhibit Aspergillus flavus on
peanuts, which can reduce the aflatoxin contamination from the source. Ag-loaded titanium dioxide
composites showed excellent activity in inhibiting Aspergillus flavus to reduce aflatoxin contamination
on peanuts under visible light irradiation.

1. Introduction

Industrial wastes, pesticides, heavy metals, mycotoxins, etc. are becoming more and
more serious threats to food safety [1–4]. Peanuts, with rich nutrients and health value, are a
type of important oil crop [5], but they are susceptible to aflatoxin contamination. Aflatoxins,
with high toxicity, teratogenicity, and carcinogenicity, have been regarded as the most toxic
mycotoxins found in food and agri-food [6–8], which not only threaten human health,
but also can lead to huge economic losses [9–13]. Aflatoxins are secondary metabolites,
mainly produced by Aspergillus flavus (A. flavus) in food and agri-food, especially peanuts
and corn [14,15]. Therefore, controlling A. flavus is a meaningful approach to reducing the
contamination of aflatoxins in food and agri-food from the source.

The most frequently used measures for controlling A. flavus include physical, chemical,
and biological measures, etc. Physical measures, such as high voltage atmospheric cold
plasma, and chemical measures, such as Validamycin A, could control A. flavus [16,17]. For
biological methods, Bacillus subtilis QST 713 [18], Pseudomonas stutzeri YM6 [19], and lactic
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acid bacteria [20], etc. showed inhibition effects on A. flavus. Recently, it had been reported
that photocatalysis based on semiconductors can be used as an effective way to control
fungi [21].

Photocatalysis is regarded as a green, mild, and low-energy method [22]. However,
exploring an efficient, low-cost, and stable catalyst that can be used in food and agri-food
is challenging and significant. Titanium dioxide (TiO2) is a low-cost, low-toxicity, and
high-stability photocatalyst, which can be also used as a food additive authorized by
the Food and Drug Administration [23]. It could be used as a food additive in bakeries,
chewing gums, candies, chocolates, etc. [24]. In addition, Hwang et al. evaluated the
physicochemical properties, intestinal transport, and cytotoxicity of food additive TiO2,
which were conducive to the application of TiO2 in the food industry [25]. It was found
that TiO2 could inactivate Escherichia coli (E. coli) [26], Staphylococcus aureus (S. aureus) [27],
and Bacillus subtilis [28] under ultraviolet (UV) light irradiation. However, only 5% of
sunlight is UV light, which limits the practical application of TiO2 [29]. Ag nanoparticles
(Ag NPS) can present the surface plasmon resonance (SPR) effect to enhance the visible light
absorption region of TiO2 [30]. Besides, the intrinsic disinfection property of Ag NPS had
been proved in the field of food disinfection. Bandpey et al. made Ag-coated low-density
polyethylene films, which presented promising disinfectant activity against microbes and
prolonged the shelf life of milk [31]. Wu et al. reported that Ag/TiO2 composites showed
excellent photocatalytic activity in the disinfection of E. coli and S. aureus under visible light
irradiation [32]. Based on the above introduction, this study intends to combine Ag and
TiO2 to utilize their synergistic effects for controlling A. flavus in food and agri-food.

Herein, Ag-loaded titanium dioxide (Ag/TiO2) composites were synthesized by a
facile photodeposition method, and the composition and microstructure of Ag/TiO2 were
analyzed. Then, the inhibition performance of Ag/TiO2 on A. flavus was evaluated by a
modified plate colony counting method. The inhibition activity of Ag/TiO2 on contam-
inated peanuts was also estimated, and the reduction of aflatoxins concentrations was
evaluated by high-performance liquid chromatography (HPLC). In addition, the effects of
photocatalytic inhibition on the quality of peanuts were discussed. Finally, the reasons for
photocatalytic activity enhancement were investigated by UV-visible diffuse reflectance
spectrum (UV-vis DRS) analysis and photoelectrochemical tests. The photocatalytic inhibi-
tion mechanism of A. flavus over Ag/TiO2 was explored by radical trapping tests, electron
spin resonance (ESR) analysis, and fluorescent spore staining tests.

2. Results

2.1. Characterization of Photocatalysts

XRD was used to study the crystal structure of as-prepared catalysts. As demonstrated
in Figure 1a, the characteristic diffraction peaks of anatase and rutile were observed in
TiO2, consistent with its mixed-crystal phases [33]. The peaks located at 25.28◦, 37.80◦,
48.05◦, and 62.69◦ could be identified as the (101), (004), (200), and (204) crystal planes
of anatase (JCPDS No. 21-1272), while peaks at 27.44◦, 36.09◦, 41.23◦, 54.32◦, 56.64◦, and
69.01◦corresponded to the (110), (101), (111), (211), (220), and (301) planes of rutile (JCPDS
No. 21-1276), respectively. As for Ag/TiO2, an additional peak at 38.10◦ appeared in the
enlarged XRD pattern (Figure 1b), which was ascribed to the (111) crystal plane of Ag
(JCPDS No. 01-1167) [34]. This result indicated the introduction of metallic Ag on TiO2 to
form Ag/TiO2, which was successfully synthesized via the photodeposition method.
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Figure 1. (a) XRD spectrum of TiO2 and Ag/TiO2 with different silver concentrations and (b) the
enlarged pattern in 35–42.5◦ of Figure 1a.

The elemental compositions and chemical states of the Ag/TiO2 were subsequently
characterized by XPS. The spectra of Figure 2a implied that the catalyst was mainly com-
posed of three elements, including Ti, O, and Ag, while the C 1s peak might be attributed
to the adsorbed CO2 or the contamination of hydrocarbons in the instrument [35]. In Ti 2p
(Figure 2b) and O 1s (Figure 2c) spectra, peaks at 464.2 eV, 458.6 eV, 529.8 eV, and 531.8 eV
were observed, which should be identified as the Ti 2p1/2 and Ti 2p3/2 spin orbitals of
Ti4+ [36], lattice oxygen atoms, and oxygen atoms of surface hydroxyl [34], respectively. As
for Ag 3d spectrum in Figure 2d, characteristic peaks of Ag 3d5/2 and Ag 3d3/2 appeared
at 367.5 eV and 373.5 eV [37], which further confirmed the existence of metallic Ag in the
catalysts.

Figure 2. (a) XPS survey spectrum; high-resolution (b) Ti 2p spectrum; (c) O 1s spectrum; and (d) Ag
3d spectrum of 1.5% Ag/TiO2.

SEM, TEM, and HRTEM were used to analyze the micromorphology of the as-prepared
catalysts. As depicted in Figure 3a–c, Ag/TiO2 was made up of TiO2 irregular blocks with
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deposited Ag NPS. In accordance with the XRD results, typical lattice fringes with spacings
of 0.170, 0.323, and 0.236 nm were observed, corresponding to the (105) plane of anatase,
(110) plane of rutile, and (111) plane of Ag, respectively (Figure 3d). Moreover, the element
mapping of Ag/TiO2 visually displayed its elemental distribution, where Ag was observed
on the surface of the TiO2 block with uniformly distributed Ti and O. Based on the XRD, XPS,
TEM, and mapping characterizations, it can be concluded that Ag/TiO2 was successfully
synthesized by depositing Ag NPs over the TiO2.

Figure 3. (a) SEM; (b,c) TEM; (d) HRTEM; the corresponding elemental mappings of (e) dark field;
(f) O; (g) Ti; and (h) Ag of 1.5% Ag/TiO2.

2.2. Photocatalytic Inhibition Tests
2.2.1. Inhibition Activities of Different Conditions

The photocatalytic inhibition activity of A. flavus over as-prepared Ag/TiO2 was
investigated by a modified plate colony counting method. As displayed in Figure 4a, there
were no inhibition activities in either darkness or light without catalysts; the inhibition
rate of Ag/TiO2 under visible light irradiation was much higher than that in the dark,
illustrating that the catalyst and visible light were necessary for photocatalytic inhibition
activity. The inhibition rate of Ag/TiO2 was 27.58 ± 1.86% in the dark, which was attributed
to the intrinsic disinfection effect of Ag NPs. It was also found that the composites presented
a higher inhibition rate than the single catalyst under visible light irradiation in Figure 4a.
Figure 4b indicated that the inhibition rate of A. flavus in the presence of Ag/TiO2 gradually
increased with the increase in irradiation time. The inhibition rate of Ag/TiO2 against A.
flavus was > 90% after irradiation for 15 min.

2.2.2. Inhibition Activities of Ag/TiO2 with Different Silver Concentrations

In addition, the inhibition activities of Ag/TiO2 with different silver concentrations
were explored. As demonstrated in Figure 4c, it was presented that the colony units in
the presence of 1.5% Ag/TiO2 were the least compared with the others. The result was in
accordance with the content in Figure 4d and suggested that 1.5% Ag/TiO2 has the highest
inhibition rate of A. flavus under visible light. With the increase in silver concentrations, the
photocatalytic inhibition rate of A. flavus firstly increased, followed by decreasing gradually
when the silver concentrations were higher than 1.5% in Figure 4d. The reason for this
phenomenon might be that too many Ag NPs generated a masking effect on the surface of
TiO2 [38]. Therefore, the light-harvesting ability of the photocatalyst was reduced, which
led to a reduction in the inhibition rate.
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Figure 4. (a) The inhibition rates correspond to different treatment conditions; (b) the colony units
under different irradiation times; (c) the colony units and (d) the corresponding inhibition rates over
Ag/TiO2 with different silver concentrations; (e) the inhibition rates of four-cycle tests; and (f) XRD
spectra of 1.5% Ag/TiO2 before and after four-cycle tests.

2.2.3. Stability and Reusability of Catalysts

The stability of the catalyst was a decisive factor in long-term and continuous uti-
lization, which was evaluated via the cyclic tests of 1.5% Ag/TiO2. As demonstrated in
Figure 4e, 1.5% Ag/TiO2 maintained efficient photocatalytic activity during the consecutive
runs, suggesting that Ag/TiO2 had good stability and reusability. The stability was further
confirmed by the XRD pattern of the recycled 1.5% Ag/TiO2 (Figure 4f), which displayed no
significant change after the fourth cycle. The above discussions verified that 1.5% Ag/TiO2
was potentially used in the photocatalytic inhibition of A. flavus.

2.3. Photocatalytic Inhibition in Peanuts

Peanuts were susceptible to A. flavus and aflatoxin contamination, which were re-
garded as some of the most serious problems for food safety [39]. Thus, the inhibition
performance of A. flavus over the as-prepared 1.5% Ag/TiO2 on peanuts was evaluated.
As shown in Figure 5a, the number of mycelia and spores on the surface of peanuts be-
gan to decrease gradually with the prolongation of irradiation time. Additionally, the
contamination of A. flavus on peanuts was greatly inhibited after irradiation for 15 min.
In addition, the concentrations of AFB1, AFB2, AFG2, and AFG1 were determined by the
HPLC to analyze the contaminated level of aflatoxins in the above peanuts. As displayed
in Figure 5b, the concentrations of aflatoxins on peanuts treated by photocatalysts under
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visible light were notably reduced. The corresponding inhibition rates of AFB1, AFB2, and
AFG2 were 96.02 ± 0.19%, 92.50 ± 0.45%, and 89.81 ± 0.52%, respectively. These results
illustrated that the 1.5% Ag/TiO2 can effectively inhibit A. flavus growth to control aflatoxin
contamination in peanuts.

Figure 5. (a) The colonies of A. flavus on peanuts under different irradiation times and (b) the
concentrations of aflatoxins in peanuts treated with 1.5% Ag/TiO2.

2.4. Peanut Quality Analysis after Photocatalytic Inhibition

The acid value (AV), peroxide value (POV), and the contents of fat, protein, polyphe-
nols, and resveratrol after the treatment were estimated to investigate the effects of photo-
catalytic inhibition treatment on the quality of peanuts. AV and POV were two important
indicators for testing whether peanuts were oxidatively deteriorated. The AV and POV be-
fore and after photocatalytic treatment were unchanged (Table 1), and they were lower than
3 mg/g and 0.4 g/100 g, which were the recommended values of the China Agricultural
Industry Recommended Standard, respectively. The results of the correlational analysis
suggested that photocatalytic treatment did not cause oxidation or deterioration of peanuts.
Peanuts were rich in fat and protein [40], which belonged to six basic nutrients. The results
showed the contents of fat and protein in peanuts were 51.64 ± 0.54% and 28.44 ± 0.76
before inhibition treatment, respectively. It has become apparent that the changes in fat and
protein content were negligible after photocatalytic treatment. Polyphenols and resveratrol
were nutrients with antioxidative functions in peanuts. Furthermore, it was found that the
contents of polyphenols and resveratrol hardly changed after photocatalytic treatment. The
above results suggest that the photocatalytic inhibition treatment could be a promising and
efficient method to prevent A. flavus and to control aflatoxin contamination in peanuts.

Table 1. The determination results of peanut samples before and after photocatalytic treatment.

Peanuts
Acid Value

(mg/g)
Peroxide Value

(g/100 g)
Fat (%) Protein (%)

Polyphenols
(mg/kg)

Resveratrol
(mg/kg)

Control * 1.46 ± 1.80 0.06 ± 1.41 51.64 ± 0.54 28.44 ± 0.76 27.48 ± 0.58 5.44 ± 1.15
1d 1.40 ± 2.88 0.06 ± 1.00 51.32 ± 0.35 28.32 ± 0.70 27.41 ± 0.67 5.35 ± 1.54
7d 1.45 ± 2.35 0.06 ± 1.38 51.49 ± 0.33 28.40 ± 0.29 27.45 ± 0.78 5.29 ± 1.01
14d 1.51 ± 1.74 0.06 ± 1.23 51.53 ± 0.43 28.42 ± 0.50 27.39 ± 0.56 5.24 ± 1.09
21d 1.47 ± 1.40 0.06 ± 1.18 51.48 ± 0.29 28.32 ± 0.46 27.33 ± 0.88 5.23 ± 1.06

* Control represented the peanuts without photocatalytic treatment. The form of data: mean of three values ±
relative standard deviation.

3. Discussion

The above results had shown that the method was feasible and efficient in inhibiting
A. flavus to reduce aflatoxin contamination in peanuts. The discussion of the inhibition
mechanism helped to have an in-depth understanding and provided a theoretical basis and
reference for the subsequent optimization of the method.
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3.1. Photocatalytic Activity Enhancement Mechanism

The light-harvesting ability was one of the most significant factors for photocatalytic
performance. Enhanced light-harvesting ability was conducive to photocatalytic activity.
Thus, the UV-vis DRS absorption spectra of 1.5% Ag/TiO2 and TiO2 were recorded in
Figure 6a. It is worth noting that the absorption range of Ag/TiO2 demonstrated an
increase in the visible light region compared with pristine TiO2, which should be attributed
to the SPR effect of metallic Ag NPs [41].

 
Figure 6. (a) UV-vis DRS spectra of 1.5% Ag/TiO2 and TiO2; (b) EIS and (c) transient photocurrent
response spectra of TiO2 and Ag/TiO2; (d) the inhibition rates that correspond to different radical
scavengers; ESR spectra of (e) •O2

− and (f) •OH for 1.5% Ag/TiO2.

Electrochemical impedance spectroscopy (EIS) and transient photocurrent responses
were employed to investigate the separation and transfer ability of the photogenerated
carriers (h+ and e−). Generally, the higher the separation and the transfer efficiency of
carriers, the better the photocatalytic activity. The smaller arc radius represented the smaller
charge transfer resistance of as-prepared samples in EIS. Obviously, 1.5% Ag/TiO2 was
the smallest one (Figure 6b), which indicated the most efficient charge-transfer property
of the photocatalyst. Transient photocurrent responses were also measured to further
observe the separation efficiency of carriers. As depicted in Figure 6c, the 1.5% Ag/TiO2
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photocatalyst shows the strongest transient photocurrent response, implying the highest
charge separation ability of 1.5% Ag/TiO2.

3.2. Photocatalytic Inhibition Mechanism

To explore the active species in photocatalytic inhibition of A. flavus, radical trapping
tests were performed. As shown in Figure 6d, benzoquinone caused a prominent decrease in
inhibition rate, which indicated that •O2

− was the main active specie for inhibiting A. flavus.
As for h+ and •OH, the addition of ammonium oxalate and tert-Butanol generated a lower
loss of inhibition rate. Taking into account that •OH mainly originated from the oxidation
of H2O driven by h+, the inhibition of A. flavus should be ascribed to •OH, which suggested
that •OH was a secondary active specie. AgNO3 hardly had an effect on inhibition efficiency,
indicating that e− played the weakest role in this photoreaction system. The results of
ESR tests were displayed in Figure 6e,f. Figure 6e showed that no •O2

− was generated
from the 1.5% Ag/TiO2 in the dark, but it could be discovered that the •O2

− had a 1:1:1:1
quartet pattern characteristic after irradiation for 5 and 10 min. Similarly, as demonstrated
in Figure 6f, the obvious characteristic peak of •OH was observed, which suggested the
production of •OH radicals from 1.5% Ag/TiO2 under visible light irradiation.

To obtain a deeper understanding of the photocatalytic inhibition mechanism of A.
flavus, morphological changes of A. flavus spores before and after the photocatalytic inhi-
bition treatment were investigated through fluorescence-based live/dead fungal staining
tests. In general, after staining by fluorescent dyes, SYTO 9 and PI, the living spores, which
had intact cell membranes, would appear in green, while dead spores, which had damaged
cell membranes, appeared in red [42]. As displayed in Figure 7a, almost all spore cells
without visible light irradiation were alive. To the contrary, the number of dead spores
increased considerably after irradiation for 15 min, indicating that photocatalytic treatment
led to the damage of fungal cell structure.

 
Figure 7. (a) Fluorescent images of live/dead spores of A. flavus and (b) the possible photocatalytic
inhibition mechanism of Ag/TiO2.
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Based on the above analyses, a possible photocatalytic inhibition mechanism of A.
flavus over Ag/TiO2 was proposed and displayed in Figure 7b. When Ag/TiO2 was
irradiated by visible light, the deposited Ag NPs on TiO2 improved the light-harvesting
performance on account of the SPR effect, and they produced hot electrons. Hot electrons
were transferred into the conduction band (CB) of TiO2 to create additional Fermi levels,
which reduce the band gap energy near the CB [43]. Meanwhile, because of the intense
interfacial contact between anatase, rutile, and Ag NPs, the conduction band potential of
anatase was more positive than that of rutile. Additionally, the hot electrons firstly tended
to flow to the CB of the rutile, followed by flowing to the CB of anatase [44]. This type
of flow prolonged the lifetime of carriers, enhanced the separation and transfer abilities
of electron-hole pairs, and was conducive to photocatalytic activity [45]. O2 was driven
to reduction by e− to •O2

−, and h+ oxidized H2O/OH− to •OH. These active species
generated in the photocatalytic reaction attacked the spore cell membranes and caused
damage to cell structures, which eventually led to reduced viability of A. flavus spores.

4. Conclusions

In conclusion, Ag/TiO2 composites were synthesized by a facile photodeposition
method, which could efficiently inhibit A. flavus growth under visible light irradiation.
Ag/TiO2 composites could also control A. flavus and then reduce the aflatoxin contamina-
tion in peanuts. Moreover, there were no obvious effects on the quality of peanuts after
photocatalytic inhibition treatment. This efficient inhibition was due to the intrinsic disin-
fection and co-catalysis effects of Ag NPS in composites. It was found that active species,
such as •O2

−, •OH−, h+, and e−, generated in photocatalytic reactions, could destroy the
integrity of spore cell membranes to cause the reduced viability of A. flavus spores. This
study presented an efficient, economical, and sustainable inhibition method for inhibiting
A. flavus, which provided a reference for the green control of other pathogenic fungi.

5. Materials and Methods

5.1. Materials

All reagents, of analytical grade, were used directly without any further purification.
AgNO3 was purchased from Guangdong Guanghua Sci-Tech Co., Ltd. (Guangdong, China).
Tween 80, TiO2, and ammonium oxalate were acquired from Sinopharm Chemical Reagents
Co., Ltd. (Shanghai, China). Benzoquinone and tert-Butanol were obtained from Sigma-
Aldrich. Deionized water was used in all experiments.

5.2. Synthesis and Characterization of Ag/TiO2
5.2.1. Synthesis of Ag/TiO2

Ag/TiO2 was synthesized by a facile photodeposition method [30]. In detail, 625 mg
TiO2 powder was evenly dispersed in 200 mL methanol aqueous solution (10%) after
sonication for 30 min, and then 868 μL AgNO3 solution (0.1 mol/L) was added drop
by drop. After vigorous stirring for 1 h, the suspension liquid was irradiated with an
ultraviolet halogen lamp (365–405 nm) for 1 h. The precipitate was centrifuged, washed
three times with ethanol and water, and dried at 80 ◦C for 18 h. In addition, in order to
evaluate the effect of silver concentrations on the photocatalytic inhibition performance, a
series of Ag/TiO2 with different silver concentrations were prepared and labeled as 0.5%,
1%, 1.5%, 2%, and 2.5% Ag/TiO2 (Figure S1).

5.2.2. Material Characterization

X-ray diffraction (XRD) analysis was recorded on a Bruker-AXS D8 X-ray diffractome-
ter with a scan range of 20–80◦. X-ray photoelectron spectroscopy (XPS, Thermo Escalab
250Xi, Waltham, MA, USA) was used to characterize the elemental compositions and chem-
ical states of as-prepared Ag/TiO2. The morphology and microstructure were observed by
scanning electron microscopy (SEM, Hitachi Limited SU8020, Tokyo, Japan), transmission
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electron microscopy (TEM, FEI Tecnai G2 F30, Hillsboro, TX, USA), and high-resolution
transmission electron microscopy (HRTEM, FEI Tecnai G2 F30, Hillsboro, TX, USA).

5.3. Activation of Aspergillus flavus

All materials used in the process of the experiment were sterilized in advance [46].
The preserved spore suspension of A. flavus 3.4408 (China General Microbiological Culture
Collection Center (Beijing, China)) was inoculated on AFPA Agar medium for activation,
and it was cultured for three days (28 ◦C, 90% RH) until orange round colonies appeared.
The activated mycelium of A. flavus was subsequently picked with sterile toothpicks and
inoculated on Dichloran Glycerol (DG-18) Agar medium. After five to seven days of
culture (28 ◦C, 90% RH), the spores were washed with Tween 80 (0.1%). Additionally, its
concentration was estimated with blood counting plates under optical microscope. The
obtained spores were stored in a refrigerator at 4 ◦C for later use.

5.4. Photocatalytic Inhibition Tests
5.4.1. The Method of Photocatalytic Inhibition Tests

The modified plate colony counting method was used to evaluate the inhibition
activities of Ag/TiO2. In detail, 25 mg of Ag/TiO2 powder was firstly suspended in 50 mL
of spore suspension (106 CFU/mL), followed by stirring for 30 min in the dark to reach
sorption equilibrium. After that, the suspension was irradiated by a 300 W Xenon lamp
(PLS SXE300, Beijing Perfectlight Inc., Beijing, China) with a visible light filter (λ > 420 nm).
After given intervals (0, 3, 6, 9, 12, and 15 min), 1 mL of mixed liquid was taken as a sample,
diluted with sterile water, and evenly coated on Malt Extract Agar medium. At last, the
growing colony units were counted after culturing for 48 h at 28 ◦C. The inhibition rate
(R) was calculated by comparing the colony number of A. flavus at the beginning (C0) and
treatment time t (Ct): R (%) = (C0 − Ct)/C0 × 100%.

5.4.2. The Effect of Ag/TiO2 with Different Silver Concentrations

According to the above method, photocatalytic inhibition tests were carried out with
0.5%, 1%, 1.5%, 2%, and 2.5% Ag/TiO2, respectively. Then, the inhibition performances
were compared and analyzed.

5.4.3. Cyclic Tests

The cyclic tests of photocatalytic inhibition of A. flavus were conducted to analyze
the stability and reusability of the as-prepared Ag/TiO2 [47]. To be specific, the Ag/TiO2
composites were collected and reused by centrifuging, washing, and drying after each cycle.

5.5. Photocatalytic Inhibition of Aspergillus flavus on Peanuts

The peanuts with complete grains and uniform shapes were sterilized (121 ◦C, 30 min)
and placed on Petri dishes (10 grains per plate). The spore suspension (1 × 104 CFU/mL,
20 μL per grain) was inoculated on the surface of the peanuts and dried naturally. Subse-
quently, 200 μL of Ag/TiO2 dispersion (0.5 mg/mL) was evenly added to the surface of
the contaminated peanuts, followed by irradiating with a Xenon lamp. After that, these
peanuts were cultured for seven days at 28 ◦C. The growth situation of A. flavus on peanuts
was observed. Whereafter, the treated peanuts were sterilized, dried at 105 ◦C, and ground
for the determination of aflatoxins (AFB1, AFB2, AFG1, and AFG2) using HPLC (Agilent
1100, Palo Alto, CA, USA). Specific parameters were shown in Table 2.
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Table 2. Specific parameters of the HPLC method.

Project Parameters

Mobile phase Methanol aqueous solution (45%)
Velocity of flow 0.80 mL/min

Chromatographic column Sycronis C18, 4.6 mm × 150 mm, 5 μm
Column temperature 35 ◦C

Excitation wavelength 360 nm
Emission wavelength 440 nm

Injection volume 10 μL
Analysis time 14 min

5.6. Evaluation of the Peanut Quality before and after Inhibition Treatment

In brief, the effects of inhibition treatment on peanut quality were investigated by
determining acid value, peroxide value, and the contents of fat, protein, polyphenols,
and resveratrol in peanuts before and after photocatalytic treatment. These indicators of
peanuts were determined at the given times (1, 7, 14, and 21 days) after the treatment. The
detailed detection methods of each indicator are in the Supplementary Materials.

5.7. Study of the Photocatalytic Inhibition Mechanism of Aspergillus flavus
5.7.1. Photocatalytic activity enhancement mechanism

The light absorption characteristics were analyzed through the UV-vis DRS (Shimadzu
UV-3600, Kyoto, Japan). Photoelectrochemical properties were detected on a CHI 660E
electrochemical workstation.

5.7.2. Photocatalytic Inhibition Mechanism

Radical trapping tests were conducted to confirm the main active species in the process
of photocatalytic inhibition, where benzoquinone (1 mM), tert-Butanol (1 mM), ammonium
oxalate (1 mM), and AgNO3 (0.5 mM) were added to each parallel photocatalytic system to
assume the role of scavengers for •O2

−, •OH, h+, and e−, respectively [48].
ESR tests were employed to further explore the formation of reactive oxygen species.

The production of •O2
− and •OH by the as-prepared Ag/TiO2 was quantified by ESR

analysis (Bruker A300-10/12, Karlsruhe, Germany).
In addition, the fluorescence-based live/dead fungal viability assay was carried out

using LIVE/DEAD® FungaLight™ Yeast Viability Kit (Waltham, MA, USA) to explore the
integrity of spore cell membranes and cell viability. The spore suspension was centrifuged,
followed by washing before and after the inhibition treatment. Then, the resultant spores
were stained for 30 min with SYTO 9 (6 μg/mL) and PI (6 μg/mL) in the confocal dish in
the dark. Finally, the results were observed by a super-resolution confocal laser microscope
(Zeiss LSM980, Oberkochen, Germany).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins15030216/s1, Figure S1: Ag/TiO2 composites with silver
concentrations of 0.5%, 1%, 1.5%, 2%, and 2.5%. References [49–54] are cited in the Supplementary
Materials.
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