
Citation: Zhou, X.; Chen, D.; Yu, M.;

Jiao, Y.; Tao, F. Role of

Flavohemoglobins in the

Development and Aflatoxin

Biosynthesis of Aspergillus flavus. J.

Fungi 2024, 10, 437. https://doi.org/

10.3390/jof10060437

Academic Editor: Kimiko Yabe

Received: 13 May 2024

Revised: 9 June 2024

Accepted: 17 June 2024

Published: 19 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Fungi
Journal of

Article

Role of Flavohemoglobins in the Development and Aflatoxin
Biosynthesis of Aspergillus flavus
Xiaoling Zhou †, Dongyue Chen †, Min Yu, Yuan Jiao and Fang Tao *

School of Life Sciences, Anhui Agricultural University, Hefei 230036, China; zhouxiaoling@stu.ahau.edu.cn (X.Z.);
chendongyue@stu.ahau.edu.cn (D.C.); yumin@stu.ahau.edu.cn (M.Y.); jiaoyuan2023@ahau.edu.cn (Y.J.)
* Correspondence: taofang@ahau.edu.cn; Tel.: +86-551-6578-6315
† These authors contributed equally to this work.

Abstract: Aspergillus flavus is notorious for contaminating food with its secondary metabolite—highly
carcinogenic aflatoxins. In this study, we found that exogenous nitric oxide (NO) donor could
influence aflatoxin production in A. flavus. Flavohemoglobins (FHbs) are vital functional units in
maintaining nitric oxide (NO) homeostasis and are crucial for normal cell function. To investigate
whether endogenous NO changes affect aflatoxin biosynthesis, two FHbs, FHbA and FHbB, were
identified in this study. FHbA was confirmed as the main protein to maintain NO homeostasis, as its
absence led to a significant increase in intracellular NO levels and heightened sensitivity to SNP stress.
Dramatically, FHbA deletion retarded aflatoxin production. In addition, FHbA played important
roles in mycelial growth, conidial germination, and sclerotial development, and response to oxidative
stress and high-temperature stress. Although FHbB did not significantly impact the cellular NO level,
it was also involved in sclerotial development, aflatoxin synthesis, and stress response. Our findings
provide a new perspective for studying the regulatory mechanism of the development and secondary
mechanism in A. flavus.
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1. Introduction

Aspergillus flavus is a common saprophytic fungus. It is notorious for produce aflatox-
ins, a highly carcinogenic fungal toxin and classified as a Group 1 carcinogen to humans by
the International Agency for Research (IARC) [1]. A. flavus primarily reproduces asexually
through conidia. Under unfavorable environmental conditions, the strain forms a mycelial
aggregate called sclerotium. Either sclerotia or conidia can survive for a long time and can
germinate again for reproduction under favorable conditions. Once infected with crops or
food, A. flavus can rapidly spread, affecting crop growth and food storage, thus severely
impacting human health along the food chain [2,3]. Although the biosynthetic pathway
of aflatoxin synthesis is known, the development and aflatoxin production of A. flavus
are influenced by numerous factors, making the regulatory mechanisms highly complex.
Currently, its prevention and control remain a global challenge.

Nitric oxide (NO) is a crucial signaling molecule first discovered in mammals, reg-
ulating various physiological processes like cell growth, apoptosis, neurotransmission,
vasodilation, immunity, reproduction, and metabolism [4]. In bacteria, NO is involved
in the formation and dispersion of biofilms and in the biosynthesis of secondary metabo-
lites [5]. In plants, NO is involved in a myriad of bioprocesses such as the regulation of
growth, development, photoperiod, flowering, plant immunity, and abiotic stress [6–8].
NO has also been found to play a role in the regulation of fungal growth, differentiation,
and secondary metabolism [9–11]. For example, in Neurospora crassa, NO has been shown
to inhibit conidiation and promote vegetative growth [12]. In Aspergillus nidulans, NO has
been found to stimulate the production of sexual cleistothecia and decrease sterigmato-
cystin production [13]. In addition, NO has been implicated in the regulation of fungal
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virulence. For example, in the plant pathogenic fungus Botrytis cinerea, NO was required
for full virulence on plants [14]. And in Magnaporthe oryzae, the removal of NO resulted in
decreased pathogenicity [15]. NO also plays an important role in fungal response to abiotic
and biotic stresses [16,17].

NO homeostasis is critical for normal cell function. NO has dual functions in eukary-
otic organisms. NO-derived compounds produced inside the cells are either beneficial or
deleterious to them. NO can serve as a precursor molecule for a series of reactive nitrogen
species (RNS). Excessive accumulation of highly reactive RNS can lead to nitrosative stress,
causing toxicity to cells [18]. To maintain the homeostasis of NO in the cell, different
organisms have evolved NO detoxification mechanisms to combat RNS. Flavohemoglobin
(FHb), or Nitric oxide dioxygenase (NOD), is a well-known enzyme involved in RNS
response. FHb is a globin protein with a dual-domain structure. Its N-terminus contains a
hemoglobin domain, while its C-terminus comprises an oxidoreductase domain with FAD
and NAD(P)H binding sites [19]. Under aerobic conditions, FHb converts NO into a harm-
less nitrate, which can be stored (in plant vacuoles), secreted (in animals), or assimilated (in
bacteria, fungi, and plants) [20,21]. Under anaerobic conditions, FHb has a reduction func-
tion for NO, converting it into non-toxic N2O [22,23]. In Saccharomyces cerevisiae, Yhb1 has
been proved to be crucial for NO metabolism, safeguarding yeast from NO-related toxicity
under both aerobic and anaerobic conditions [24,25]. In human pathogenic Candida albicans,
CaYHB1 has been shown to be responsible for NO consumption and detoxification [26].
In Aspergillus oryzae, two FHbs, FHb1 and FHb2, were identified. Only deletion of FHb1
results in heightened cellular sensitivity to NO stress [27]. In A. nidulans, two FHbs, FHbA
and FHbB, have been shown to be involved in the metabolism of NO to nitrate [28]. The
knockout of fhbA in A. nidulans leads to an increase in cellular NO levels and a simultaneous
decrease in the production of mycotoxin sterigmatocystin [13]. All the above suggest that
FHb is crucial for NO homeostasis and plays important roles in fungal development and
secondary metabolism. However, it is not yet reported whether the synthesis of aflatoxins
is also influenced by NO.

In this study, to investigate the effect of NO on the aflatoxin biosynthesis, we first
investigated the effects of exogenous NO on the aflatoxin biosynthesis. We then explored
the effects of FHb gene deletion and overexpression on endogenous NO levels. Further, we
assessed whether changes in endogenous NO levels affect aflatoxin production, as well as
the mycelial growth, development, stress response, and pathogenicity of A. flavus.

2. Materials and Methods
2.1. Fungal Strains and Culture Conditions

The A. flavus NRRL 3357 was used as wild type (WT) strain throughout this work.
WT and derivative transformants were routinely cultured at 28 ◦C on potato dextrose
agar (PDA, BD Difco, Franklin Lakes, NJ, USA) or CDA (Czapek-Dox Broth (BD Difco,
Franklin Lakes, NJ, USA) + 1.5% agar) medium to evaluate growth, colony characteristics,
and conidiation. Wickerham medium was used to observe the formation of sclerotia [29].
YES medium (20 g/L yeast extract, 150 g/L sucrose, 15 g/L agar) was used for aflatoxin
production analysis.

2.2. FHb Sequence Analysis

The FHb orthologs from different organisms were obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov/, accessed on 1 March 2022). The phylogenetic relationship
was analyzed by MEGA-X [30]. Sequence alignments were performed using the Clustal
W (version 2.0) [31]. Domain architecture was automatically provided by the SMART
online software program (version 9) [32]. Further domain visualization of the proteins was
completed by DOG2.0 (http://dog.biocuckoo.org, accessed on 1 June 2023).

http://www.ncbi.nlm.nih.gov/
http://dog.biocuckoo.org
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2.3. FHb Deletion and Overexpression

The targeted gene deletion mutants were constructed following a previously estab-
lished double-fluorescence knockout system [33]. The ~1.0 kb DNA fragments flanking
upstream and downstream regions of the target gene fhbA were amplified with primers
FHbA_5f/FHbA_5r and FHbA_3f/FHbA_3r. Flanking regions of target gene fhbB were am-
plified with primers FHbB_5f/FHbB_5r and FHbB_3f/FHbB_3r. The phleomycin-resistant
gene and RFP gene fused cassette, Ble-RFP, was amplified from the pDHBG vector with
the primers Pbr-f/Pbr-r (Table S1). The pUM-GFP vector containing the GFP expression
cassette was linearized by BamH I. All fragments were mixed and transformed into yeast
strains FY834 to generate deletion construct pKO-FHbA and pKO-FHbB by the homol-
ogous recombination. These plasmids were purified and transformed to Agrobacterium
tumefaciens, respectively. The fungal conidia were transformed using the Agrobacterium
tumefaciens-mediated transformation (ATMT) method [34]. All phleomycin-resistant trans-
formants were first screened by fluorescence. The transformants that only emitted red
fluorescence were then screened for homogeneous nuclei (HMN) strains by negative screen-
ing double PCR [33] using primers FHbA-null-f/FHbA-null-r, FHbB-null-f/FHbB-null-r,
and Ptub-f/Ptub-r.

The target gene overexpression strains were constructed following a previous site-
specific integration system [35]. The foreign DNA integrated into the succinate dehydro-
genase (SDH) gene site via a carboxin-resistant sdh2R allele (H249L) strategy. The left
flank of sdh2 harboring a point-mutated (H249L) site was generated with primer pairs
P101/P102 and P103/P104. The right flank of sdh2 was amplified using primers P105/P106.
The fhbA and fhbB gene coding regions were amplified from WT genomic DNA using
primer pairs OE::fhbA-f/OE::fhbA-r and OE::fhbB-f/OE::fhbB-r, respectively. The gpdA
promoter and trpC terminator, used for overexpressing the target gene, were amplified from
pDHBR plasmid [34]. All the above DNA fragments were cloned into the pUM vector [35]
using a yeast recombination cloning approach to generate pUM::FHbA and pUM::FHbB
vectors, respectively. The overexpression constructs were transformed into A. flavus WT
through ATMT. The carboxin-resistant transformants were verified by PCR using primers
P100-F/P100-R.

Primers used in this section are listed in Table S1.

2.4. qRT-PCR and Gene Expression Analysis

First, 10 µL of conidial suspension (1 × 106 spores/mL) was seeded centrally onto the
PDA plate and incubated at 28 ◦C for 3 d in darkness. Total RNA was isolated from the cul-
tures using Trizol reagent (TaKaRa, Dalian, China) according to the manufacturer’s instruc-
tions. Then, 5 µg of total RNA was reversely transcribed into cDNA using a TransScript®

One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen, Co., Ltd., Beijing,
China). Confirmation of deletions and overexpression of the fhbA and fhbB genes was
made with primer pairs D-FHbA-f/D-FHbA-r and D-FHbB-f/D-FHbB-r, respectively. The
β-tubulin gene amplified by primer pairs β-tubulin-F/β-tubulin-R was used as an en-
dogenous control. Real-time quantitative RT-PCR was performed using the TB Green®

Premix Ex TaqTM II (TaKaRa Co., Ltd., Tokyo, Japan) following previously described proce-
dures [33,36]. The β-tubulin gene was used as an endogenous control, with three biological
replicates assessed for each sample. Relative expression levels were calculated using the
comparative CT (2−∆∆CT) method. Primers used in this section are listed in Table S1.

2.5. Phenotypic Characterization

To assess the fungal growth, 10 µL of conidial suspension (1 × 106 spores/mL) was
point inoculated onto fresh CDA and PDA media, followed by incubation at 30 ◦C for
5 d. The colony images were photographed at 5 d post inoculation (dpi). To evaluate
sporulation, conidia of the tested strains were harvested from 5-day-old CDA and PDA
agar plates using a solution of 0.01% Triton X-100 and counted using a hemocytometer. The
conidial germination assay was conducted as follows: coverslips were placed in a Petri
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dish (90 mm). Then, 5 mL of YES medium was poured into the dish, before 1 µL of conidial
suspension (1 × 106 spores/mL) was inoculated onto each slip and cultured at 37 ◦C.
Conidial germination was observed by microscopic examination of at least 1000 conidia
per replicate for each time point. For sclerotia analysis, 10 µL of conidial suspension
(1 × 106 spores/mL) was seeded centrally onto the WKM plates and incubated in the dark
at 30 ◦C for 10 d. The conidia were then washed off the plates with 75% alcohol and the
remaining sclerotia were counted under a microscope. These experiments were repeated
three times with three replicates each, and representative results from one experiment
are shown.

2.6. Abiotic Stress Assay

For exogenous NO stress, sodium nitroprusside (SNP) was used for the NO donor [37].
Then, 10 µL of conidial suspension (1 × 106 spores/mL) was inoculated onto YES plate
supplementary SNP and cultured in darkness at 28 ◦C for 3 d. For oxidative stress, 10 µL of
conidial suspension was inoculated onto CDA media supplementary H2O2 (3, 6, and 9 mM)
and assessed after culturing at 28 ◦C for 4 d. For temperature stress, 10 µL of conidial
suspension was inoculated onto CDA medium and cultured in darkness at 28 ◦C, 37 ◦C,
and 42 ◦C for 4 d, respectively. The colony diameter of each strain was measured under
all abiotic stress conditions. The growth inhibition rate for each strain under each stress
condition was calculated by the method previously described [33,36]. All the experiments
were repeated three times with triple replications.

2.7. Pathogenicity Assay

A laboratory kernel infection assay (KIA) was performed as previously described
with slight modifications [33]. Undamaged maize kernels were sterilized with 75% ethanol
and 1% NaClO for 5 min in turn. After being washed with distilled water, the kernels
were immersed in a conidial suspension (2 × 106/mL) and shaken at 70 r/min at 30 ◦C
for 30 min. The kernels were then placed in 35 mm Petri dishes without a lid, and these
small dishes were then placed in a large Petri dish (90 × 20 mm) with the embryo up and
incubated at 30 ◦C for 10 d. The kernels immersed in distilled water served as the control
and three replications were conducted for each test. Infection was designated as visible
mycelia and conidia on the surface of the kernel. Spores were also harvested and counted
with a hemacytometer.

2.8. Aflatoxin Extraction

According to our previously described method [33], aflatoxin extraction from mycelia was
carried out with few modifications. Then, 10 µL of conidial suspension (1 × 106 spore/mL)
of each tested strain was inoculated onto the YES solid medium and cultured at 28 ◦C
for 4 d. The fungal biomass was scraped from the plates and weighed, then extracted
by incubation with 5 mL of methanol/water (7:3) at room temperature, with shaking at
200 rpm for 2 h. The supernatant was then collected by centrifugation at 3000× g for 10 min
at room temperature and filtered through a syringe filter (0.22 µm, Alltech, Nicholasville,
KY, USA). Aflatoxin extraction from infected maize kernels followed the methodology
outlined in our previous studies [38].

To assess the effect of exogenous NO on the aflatoxins produced by the WT strain,
1 mL conidial suspension (7 × 108/mL) of NRRL 3357 was inoculated in 150 mL of liquid
YES medium and shaken at 100 r/min in darkness at 28 ◦C for 2 d. The cultures were then
added to NO donor SNP and further incubated for 24 h and 48 h. After each duration,
mycelia and liquid medium were harvested separately by filtering the culture through
a miracloth. The medium was extracted with an equal volume of dichloromethane to
isolate the aflatoxins. The mycelia were dried, weighed, and subjected to the same aflatoxin
extraction procedure as in a solid culture.
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2.9. UPLC-MS/MS Assay

An ACQUITY UPLC I-Class (Waters, Milford, MA, USA) and Xevo TQ-S triple
quadrupole tandem mass spectrometer (Waters, Milford, MA, USA) were used to de-
tect the AFB1. Separation of the AFB1 was carried out on an ACQUITY UPLC®BEH C
18 (2.1 mm × 50 mm, 1.7 µm, Waters, MA, USA). The elution solutions used were (A)
0.1% formic acid in water and (B) 0.1% formic acid in MeOH. The solutions were pumped
at a flow rate of 0.3 mL/min, and A/B = 60:40 was applied. The column temperature
was 50 ◦C. The injection volume of the samples was 2 µL. Waters MassLynx V4.2 SCN986
analysis software (Waters, MA, USA) was used to control the LC/MS/MS system and to
acquire and process data. The mass spectrometer was operated in the positive electrospray
ionization (ESI) mode with multiple reaction monitoring (MRM). The main MS parameters
were optimized and finally set as follows: Capillary voltage, 3.5 KV; Cone voltages, 72 V;
Desolvation temperature, 500 ◦C; Desolvation gas flow rate, 1000 L/h; Cone gas, 150 L/h;
precursor ion (m/z), 313; and quantification ion (m/z), 285.

2.10. NO Detection Assay

Intracellular NO was detected using a Nitric Oxide Assay Kit (Beyotime, Shanghai,
China), which is based on the classic Griess method. To quantify intracellular NO levels,
fungal conidia were inoculated onto CDA medium overlaid with sterile cellophane sheets
and cultured in darkness at 28 ◦C for 3 d. All mycelia were collected and weighed. The
mycelia were subsequently disrupted using a JXFSTPRP-24L grinder (Jingxin, Shanghai,
China) equipped with beads at a frequency of 60 Hz/s for 1 min, followed by the addition
of 400 µL of ddH2O and centrifugation at 10,000× g for 15 min. The supernatant was boiled
for 5 min and centrifuged at 12,000 rpm for 5 min. The resulting supernatant was then
transferred to 96-well plates and the concentration of NO was measured according to the
proceed of the kit (S0021S).

Intracellular NO was also visualized using DAF-FM DA (Beyotime, Shanghai, China).
The conidia of all indicated strains were inoculated in CD liquid medium (Czapek-Dox
Broth (BD Difco, Franklin Lakes, NJ, USA)) and shaken at 100 r/min in darkness at 28 ◦C
for 20 h. The mycelia were collected and resuspended in 5 µM DAF-FM DA solution,
followed by incubation at 37 ◦C for 20 min. The mycelia were then washed three times
with PBS (pH 7.4). Fluorescence images were captured by laser confocal microscopy.

2.11. Statistical Analysis

All experimental results were reported as mean ± standard deviation (SD). Statistical
analyses were performed with GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA) and a one-way ANOVA using Fisher’s LSD test. The significance level
was set at p < 0.05.

3. Results
3.1. Exogenous NO Affects Aflatoxins Production in A. flavus

To investigate the effect of exogenous NO on the biosynthesis of aflatoxins in A. flavus,
the appropriate concentration of SNP without affecting fungal growth should be deter-
mined. SNP was then used as an NO donor and added in YES liquid cultures, and the
AFB1 was detected at 24 h and 48 h, respectively, after SNP addition. The results showed
that concentrations of SNP below 1 mM did not impact the growth of A. flavus (Figure S1).
However, exogenous NO had a significant effect on the production of AFB1. In the range of
0 µM to 500 µM SNP, as the concentration increased, both the mycelia and medium showed
a significant decrease in the content of AFB1 in the mycelia, while in the range of 500 µM to
1 mM SNP, higher concentrations of NO resulted in a significant increase in AFB1 content
in both the mycelia and culture medium (Figure 1). These findings suggest a threshold for
the effect of NO on aflatoxin production in A. flavus. Within a certain threshold range, toxin
production decreases as the concentration of NO increases.
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respectively.

3.2. Characterization of Flavohemoglobins in A. flavus

FHb proteins were identified by searching the A. flavus protein database based on the
reported amino acid sequences of FHb proteins in fungi and bacteria. The results showed
that, unlike bacteria and humans which typically have only one FHb, two orthologous
proteins encoded by AFLA_040120 and AFLA_014530 were identified in A. flavus (Figure 2),
similar to A. oryzae and A. nidulans. The AFLA_040120 and AFLA_014530 sequences are
1251 bp and 1311 bp long and encode a 416 amino acid protein and a 436 amino acid
protein, respectively. By alignment with FHb1 and FHb2 in A. oryzae and FHbA and FHbB
in A. nidulans, AFLA_040120 shares 99.04% amino acid sequence similarity with FHbA in
A. oryzae and 67.31% similarity with FHbA in A. nidulans. AFLA_014530 exhibits 99.77%
similarity with FHbB in A. oryzae and 72.50% similarity with FHbB in A. nidulans (Figure
S2). Therefore, in this study, the genes AFLA_040120 and AFLA_014530 were named fhbA
and fhbB, and the encoded proteins were named FHbA and FHbB, respectively. Protein
domain analysis revealed that the predicted FHbA and FHbB of A. flavus contain three
distinct domains: an N-terminal globin domain and C-terminal FAD and NAD binding
domains (Figure 2), which is consistent with the first deciphered structure of the Escherichia
coli HMP protein [19].
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FHbB, CAF25490.1 Aspergillus niger FhbA, XP_001825874.1 A. oryzae FHb1, XP_001727230.1 A. oryzae
FHb2, XP_746528.1 Aspergillus fumigatus FhpA, XP_747410.1 A. fumigatus FhpB, B. cinerea BCFHG1,
XP_711046.1 C. albicans Yhb1p, CAP74387.1, BAA33011.1 Fusarium oxysporum FHb, XP_369046.1
M. oryzae MoFHB1, NP_011750.1 S. cerevisiae Yhb, and NP_417047.1 E. coli HMP. The phylogenetic
tree of the 15 orthologs was constructed by MEGA-X. The domain was analyzed by InterProScan and
drawn by DOG 2.0.

3.3. Construction of fhbA and fhbB Deletion and Overexpression Mutants

The fhbA and fhbB gene knockout strains were constructed using homologous recom-
bination. The principle of constructing the gene knockout strain is shown in Figure 3A.
The T-DNA region contained a Ble-RFP cassette, and the 5′-up sequence and 3′-down
sequence of the target gene (fhbA or fhbB) were located on both sides of this cassette. The
T-DNA region also contained a GFP gene expression cassette which was used to exclude
ectopic transformants. During homologous recombination, the Ble-RFP cassette replaced
the target gene. Only those with red fluorescence are putative null mutants [33]. As shown
in Figure 3B, the ∆fhbA and ∆fhbB strains only exhibited red fluorescence, indicating that
they are putative null mutants. To screen for the null mutant with homogeneous nuclei
(HMN), double-PCR was performed to detect the target gene and β-tubulin. Only one band
corresponding to β-tubulin could be amplified from the HMN strain (Figure S3A), which
suggests that the fhbA and fhbB genes were knocked out, respectively.

The fhbA and fhbB gene overexpression strains were constructed using a site-specific
integration system. The construction strategy is shown in Figure 3C. The T-DNA region
contained the PgpdA promoter, the TrpC terminator, and the sequence of the target gene
(fhbA or fhbB). It also included the sdh2 left flanking fragment (containing the sdh2 mutation
site) and the sdh2 right flanking fragment, which were used for homologous recombination
after transformation to insert the exogenous fragment into the sdh2 locus. Carboxin resis-
tance selection was then performed, and the resulting transformants were screened and
verified by positive PCR with primer pairs P100-F/P100-R and β-tubulin as controls. The
results showed that a band of approximately 1.9 kb was amplified from the transformant
but not from the WT (Figure S3B), indicating that the target genes have been inserted into
the specific site.

The relative expression levels of genes fhbA and fhbB were determined using qRT-PCR
in the knockout and overexpression strains. In the ∆fhbA and ∆fhbB mutants, no expression
of the target genes was detected. In the OE::fhbA strain, the expression level of fhbA was
1.5-fold higher than that in the WT strain, while in the OE::fhbB strain, the expression level
of fhbB was 14-fold higher than that in the WT strain (Figure 3). The results also further
confirmed the successful knockout and overexpression of the target genes fhbA and fhbB.
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red fluorescence. (C) Gene overexpression strategy in A. flavus. The white star stands for the sdh2
mutation site. (D) The expression levels of fhbA and fhbB in the WT, the gene-deleted mutant ∆fhbA
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3.4. fhbA Plays a Key Role in Sustaining NO Homeostasis in A. flavus

FHb plays a crucial role in sustaining NO homeostasis within the cell by clearing excess
NO [20]. To ascertain whether FHb mediated the same role in A. flavus, we first compared
the endogenous NO levels in the WT and the fhbA and fhbB deletion and overexpression
strains. The results showed that the NO content increased by approximately 4.2-fold in
∆fhbA compared with the WT (Figure 4A), whereas other mutants showed no significant
difference to the WT. The intracellular NO was also visualized using DAF-FM DA, the
NO-sensitive fluorescent probes. The fluorescence within the hyphae of the ∆fhbA mutant
strain was stronger than that of the WT and other mutant strains (Figure 4B). We further
treated the WT and the four mutant strains with SNP. The WT exhibited significant growth
inhibition when treated with SNP concentrations above 1 mM and could not grow above
20 mM SNP (Figure S4). Only ∆fhbA was more sensitive to SNP, with a higher growth
inhibition rate than the WT at concentrations of 1 mM–10 mM (Figure 5). Our results
indicate that fhbA plays an important role in eliminating excess NO in A. flavus.
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Figure 5. Effects of SNP stress on growth of A. flavus strains. (A) Colonies of the indicated strains
subjected to different concentrations of SNP. All strains were inoculated onto YES supplemented with
SNP at 28 ◦C in darkness for 3 d. (B) Growth inhibition rate of mutants under SNP stress. The rate
of inhibition of mycelial growth was calculated by measuring the diameter of fungal colonies and
normalized to the growth of control, respectively. *** p < 0.001, **** p < 0.0001.

3.5. Different Role of fhbA and fhbB in the Biosynthesis of AFB1

To assess the impact of fhbA and fhbB on AFB1 production in A. flavus, LC-MS was
performed to measure the content of AFB1 in various strains cultured onto YES plate.
The results revealed that either deletion or overexpression of fhbA and fhbB, respectively,
significantly reduced AFB1 production. In particular, deletion of fhbA resulted in a 63%
decrease in AFB1 levels compared to the WT, whereas gene overexpression resulted in a 27%
decrease. Conversely, deletion of fhbB resulted in a 30% reduction in AFB1 levels compared
to the WT, whereas overexpression of the gene resulted in a 63% decrease (Figure 6). These
results indicate that both fhbA and fhbB are involved in the regulation of aflatoxin synthesis,
but they might exert different effects on the regulation of toxin biosynthesis.
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3.6. fhbA Affects Mycelial Growth

To investigate the role of fhbA and fhbB on the mycelium growth and conidiogenesis
in A. flavus, the mycelial growth of WT, the ∆fhbA and ∆fhbB strains, and OE::fhbA and
OE::fhbB strains were compared on PDA and CDA medium. Only the growth of ∆fhbA
strain exhibited a significant difference compared to the WT (Figure 7A,B). Meanwhile,
the ∆fhbA developed a lighter color of colonies on PDA medium and fewer aerial hyphae
on CDA medium compared to the WT (Figure 7A). The conidiation of all strains were
analyzed and showed that there were no significant differences between the mutants and
the WT (Figure 7C). Neither deletion nor overexpression of fhbA and fhbB had any effect on
the conidiophore development (Figure 7D).
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Figure 7. Effect of fhbA and fhbB on growth of A. flavus. (A) Phenotype of mycelia grown on PDA
and CDA medium. All tested strains were inoculated onto PDA and CDA at 30 ◦C for 5 d and then
photographed. (B) Mycelia growth rate analysis. Colony diameters of the tested strains on PDA and
CDA media were measured and analyzed. *** p < 0.001. (C) Conidial production analysis on PDA
and CDA plate. (D) Conidiophores of the mutant strains. (E) Virulence assay of mutants on maize
kernels. (F) Conidial production on kernels. (G) AFB1 production in maize kernels infected with
A. flavus strains. The results were presented as the mass of AFB1 per unit mass of infected kernels.
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To further understand the role of fhbA and fhbB in pathogenic development, conidial
suspension of all tested strains was inoculated with maize kernels. The results indicated
that there were no significant differences in the extent of grain surface coverage by hyphae
and spores between the mutant strains and the WT strain (Figure 7E). Similarly, there were
no significant differences in spore and AFB1 production levels among the different strains
during maize infection (Figure 7F,G).

3.7. fhbA Promotes Conidial Germination

To ascertain the role of FHbs in A. flavus conidia germination, all mutant strains and the
WT strain were cultured on coverslips. The results showed that at 3 h post inoculation (hpi),
the conidia from all test strains except for the ∆fhbA strain had just initiated germination,
with no significant differences observed. At 6 hpi, the germination rate of WT conidia
was 23.2%. In comparison, conidial germination significantly decreased to 14.2% in ∆fhbA
and increased to 38.9% in OE::fhbA. However, ∆fhbB and OE::fhbB showed no difference in
conidial germination compared to the WT. At 9 h, 100% conidia of all tested strains had
germinated. However, ∆fhbA exhibited shorter hyphae and OE::fhbA showed relatively
longer hyphae compared to the WT (Figure 8). These results suggest that fhbA may play a
role in conidial germination in A. flavus.
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3.8. fhbs Involved in Sclerotial Development

Sclerotia, the robust and compact structures formed by A. flavus under unfavorable
environmental conditions, have been recognized as vital reproductive bodies. To identify
the effect of deletion and overexpression of FHb on sclerotia development in A. flavus,
conidia of each strain were inoculated onto WKM medium and subjected to a 10-day dark
cultivation period. Surprisingly, the deletion of fhbA and fhbB did not significantly affect the
production of sclerotia. However, when fhbA and fhbB were overexpressed, a substantial
increase in sclerotium production was observed compared to the WT strain, with 2.7-fold
increase in OE::fhbA and 1.9-fold increase in OE::fhbB, respectively (Figure 9).
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3.9. fhbA and fhbB Response to Oxidative Stress

The ability to withstand oxidative stress is crucial for maintaining normal cellular func-
tions in fungi, and it is closely associated with their secondary metabolism. To investigate
the roles of FHb in the response of A. flavus to oxidative stress, the WT and FHb deletion
and overexpression strains were subjected to H2O2-induced stress. The results showed that
under all tested concentration conditions (3 mM, 6 mM, and 9 mM), deletion of fhbA and
fhbB decreased the resistance of A. flavus to oxidative stress, while overexpression of fhbB
enhanced its resistance to oxidative stress (Figures 10 and S5). These findings suggest that
fhbA and fhbB are both involved in the defense against oxidative stress.
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Figure 10. Effects of different concentrations of H2O2 on growth of A. flavus strains. Growth inhibition
rate of the indicated strains under H2O2 stress. * p < 0.05, ** p < 0.01, **** p < 0.0001.

3.10. Both fhbA and fhbB Response to High Temperatures

To further explore the role of FHb in response to the high temperatures in A. flavus,
the mycelial growth of the mutant strains and WT at high temperatures (37 ◦C and 42 ◦C,
respectively) were compared with that at 28 ◦C. The colony growth of ∆fhbA and ∆fhbB at
37 ◦C were all dramatically inhibited compared with the increased growth of WT. Mean-
while, 37 ◦C also promoted the growth of OE::fhbA and OE::fhbB, but there was a significant
difference compared to the WT (Figure 11), while at 42 ◦C, the growth of all mutants was
inhibited and showed no difference compared to the WT. The results indicate that fhbA and
fhbB play a significant role in combating higher temperature stress.
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4. Discussion

FHb, known as flavohemoglobin, was first discovered in E. coli (named HMP) and
was hailed as a defense mechanism against the toxic effects of bacterial-produced nitric
oxide (NO) [39]. Subsequent studies confirmed FHb in eukaryotic organisms, including
yeast, filamentous fungi, and plants. The number of FHb orthologs varies across species.
Only one FHb ortholog was founded in S. cerevisiae [24], Cryptococcus neoformans [40],
and B. cinerea [41]. In the C. albicans, three FHb orthologs were found, but only CaYHb1
demonstrates NOD activity and assumes responsibility for NO clearance [26]. In A. oryzae,
there are two FHb orthologs, FHb1 and FHb2, both of which exhibit NOD activity [42].
Only the fhb1 gene responded to external nitric oxide (NO) stress at the transcriptional
level. Disrupting fhb1 increased cell hypersensitivity to NO stress [43]. In this study, two
FHb orthologs, FHbA and FHbB, were identified in the A. flavus, both of which were more
than 99% homologous to FHb1 and FHb2 in A. oryzae.

We further confirmed that FHbA plays a key role in endogenous NO elimination, as
deletion of the fhbA gene leads to significantly elevated NO levels and increased sensitivity
to SNP stress. However, overexpression of fhbA did not decrease the NO level. We
speculate that cells require a certain concentration of NO to maintain normal cellular
functions. Although overexpression of the fhbA gene may lead to the clearance of NO
within cells, NO continues to be synthesized to maintain NO homeostasis. This precisely
indicates that FHbA is the primary enzyme responsible for NO clearance, because the
increase in NO caused by the deletion of the fhbA gene is not alleviated by other pathways.
Furthermore, whether the fhbB gene was deleted or overexpressed, its effect on intracellular
NO levels was not significant. It has been reported that in A. oryzae, the N-terminus of
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FHbB possesses a mitochondrial targeting signal, and FHbB is localized in mitochondria,
potentially participating in mitochondrial NO stress responses [42,43]. In this study, the
homology between the FHb proteins of A. flavus and those in A. oryzae exceeds 99%;
the N-terminus of A. flavus FHbB also carries a potential mitochondrial targeting signal
(Figure S2). Therefore, it is inferred that FHbB in A. flavus may also engage in mitochondrial
NO stress responses, with minimal impact on cellular NO levels as a whole. And it is a
challenge to detect the influence of FHbB on cellular NO levels using existing detection
methods.

FHB regulates the level of intracellular NO and participates in fungal secondary
metabolism. In this study, we found that there was a threshold of the exogenous NO level
which affected AFB1 production in A. flavus. NO concentration below a certain threshold
(<500 µM SNP) could reduce AFB1 production, but above this threshold, AFB1 production
in A. flavus increased. Moreover, the intracellular NO level in the ∆fhbA strain significantly
increased, while its AFB1 production decreased significantly, suggesting that within a
certain threshold range, the NO level was negatively correlated with AFB1 production. In A.
nidulans, deletion of fhbA also increases intracellular NO levels and reduces sterigmatocystin
production [13]. Curiously, the NO level in other mutant strains was comparable to those in
the WT, but the AFB1 production remarkably reduced, especially the OE::fhbB. We speculate
that FHbs might regulate aflatoxin biosynthesis not only by a NO signal but also through
other unknown pathways. Additionally, although the AFB1 production of various mutant
strains on the YES agar medium was significantly lower than that of the WT, there was no
significant difference in toxin production on infected maize kernels compared to the WT.
This may be due to some unknown interactions between kernels and fungi.

FHb is involved in the regulation of growth and development in some fungi. In A.
oryzae, deletion of the fhb1 gene negatively affects mycelial growth [43]. Moreover, in a pclA-
disrupted strain with a hyperbranching growth phenotype, the transcript levels of the fhbA
gene were 2–5 times higher compared to the WT, which indicate a functional correlation
between the fhbA gene and mycelial growth in A. oryzae [44]. In M. oryzae, although the
expression of the MoFHB1 (fhbA ortholog) was developmentally regulated during conidial
germination and appressorium development, disruption of MoFHB1 did not change vegeta-
tive growth, conidiation, and virulence [45]. In this study, the deletion and overexpression
mutants of fhbA and fhbB had no impact on conidiogenesis and pathogenicity. However,
∆fhbA showed slower vegetative growth on CDA medium compared to the WT. Further,
we found that deletion of fhbA delayed conidial germination, whereas overexpression of
fhbA promoted spore germination. This suggests that fhbA may play a positive regulatory
role in the conidial germination stage. In addition, deletion of the fhbA or fhbB genes in A.
flavus did not affect sclerotial development, while overexpression of these genes increased
the number of sclerotia. In contrast, in A. nidulans, deletion of fhbA increased the num-
ber of Hülle cells (precursors of cleistothecia) [13]. Hence, we speculate that FHb might
have different regulatory mechanisms in growth and development among different fungal
species. In addition, Yang et al. recently reported that the fhb1 deletion mutant produced
much more sclerotia than the A. flavus wild type [46]. This difference could potentially be
attributed to variations in the genetic background of the strains utilized or in the conditions
for sclerotial cultivation.

Apart from its role in NO metabolism and detoxification, FHb has been proposed to
participate in oxidative stress. In S. cerevisiae, treatment with antimycin A or thiol oxidants,
or lacking superoxide dismutase, resulted in the accumulation of reactive oxygen species
and enhanced expression of YHb1. Additionally, YHb1 deficiency made yeast cells more
sensitive to oxidative conditions, indicating a role for YHb1 in oxidative stress response [25].
In A. oryzae, fhbA and fhbB deletion strains exhibited higher resistance to H2O2 compared to
the WT, while the fhbB overexpression strain showed hypersensitivity to H2O2, indicating a
detrimental role in defending against H2O2 [27]. However, the results of this study revealed
that deletion strains ∆fhbA and ∆fhbB displayed decreased resistance to H2O2, while the
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overexpression strain of fhbB exhibited heightened resistance compared to the WT, contrary
to the findings observed in A. oryzae.

In addition, previous studies have shown that an increase in endogenous NO levels
leads to increased heat tolerance in S. cerevisiae [47]. In contrast, deletion of fhbA in A.
flavus resulted in dramatically elevated NO levels, which inhibited vegetable growth at
37 ◦C compared to 28 ◦C. We speculated that there might be two reasons for this: (1) NO
has a dual effect on the regulation of some bioprocesses based on dose–effect. High
concentrations of NO may exert opposite effects in certain biological processes compared
to low concentrations. (2) FHb may influence strain response to heat stress not only by
regulating NO levels, but also through other unidentified biological pathways. Regardless,
FHbs play crucial roles in fungal tolerance to high-temperature environmental stress.

5. Conclusions

In this study, we confirmed that exogenous NO could affect AFB1 synthesis in A. flavus.
Two flavohemoglobins, FHbA and FHbB, were identified in A. flavus. FHbA played a
key role in sustaining NO homeostasis and participated in mycelial growth, conidial
germination, sclerotial development, AFB1 biosynthesis, and response to oxidative stress
and temperature stress. FHbB participated in sclerotial development, toxin synthesis, and
response to stress. This research for the first time clarified the important role of FHbs in the
development and aflatoxins synthesis in A. flavus, providing a new direction for the study
of the regulatory mechanism of A. flavus growth and development.
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