foxins

Article

Chitin Deacetylase Homologous Gene cda Contributes to
Development and Aflatoxin Synthesis in Aspergillus flavus

Xin Zhang ¥, Meifang Wen t, Guoqi Li T and Shihua Wang *

check for
updates

Citation: Zhang, X.; Wen, M; Li, G.;
Wang, S. Chitin Deacetylase
Homologous Gene cda Contributes to
Development and Aflatoxin Synthesis
in Aspergillus flavus. Toxins 2024, 16,
217. https://doi.org/10.3390/
toxins16050217

Received: 25 January 2024
Revised: 25 April 2024
Accepted: 26 April 2024
Published: 9 May 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/).

State Key Laboratory of Ecological Pest Control for Fujian and Taiwan Crops, Key Laboratory of Pathogenic,
Fungi and Mycotoxins of Fujian Province, School of Life Sciences, Fujian Agriculture and Forestry University,
Fuzhou 350002, China; zhangxin5319@gmail.com (X.Z.); meifangwen@hotmail.com (M.W.);
liguogi@fafu.edu.cn (G.L.)

* Correspondence: wshmail@m.fafu.edu.cn; Tel./Fax: +86-591-87984471

 These authors contributed equally to this work.

Abstract: The fungal cell wall serves as the primary interface between fungi and their external
environment, providing protection and facilitating interactions with the surroundings. Chitin is a
vital structural element in fungal cell wall. Chitin deacetylase (CDA) can transform chitin into chitosan
through deacetylation, providing various biological functions across fungal species. Although this
modification is widespread in fungi, the biological functions of CDA enzymes in Aspergillus flavus
remain largely unexplored. In this study, we aimed to investigate the biofunctions of the CDA family
in A. flavus. The A. flavus genome contains six annotated putative chitin deacetylases. We constructed
knockout strains targeting each member of the CDA family, including Acdal, Acda2, Acda3, Acda4,
Acdab, and Acda6. Functional analyses revealed that the deletion of CDA family members neither
significantly affects the chitin content nor exhibits the expected chitin deacetylation function in
A. flavus. However, the Acda6 strain displayed distinct phenotypic characteristics compared to the
wild-type (WT), including an increased conidia count, decreased mycelium production, heightened
aflatoxin production, and impaired seed colonization. Subcellular localization experiments indicated
the cellular localization of CDA6 protein within the cell wall of A. flavus filaments. Moreover,
our findings highlight the significance of the CBD1 and CBD2 structural domains in mediating
the functional role of the CDAG6 protein. Overall, we analyzed the gene functions of CDA family
in A. flavus, which contribute to a deeper understanding of the mechanisms underlying aflatoxin
contamination and lay the groundwork for potential biocontrol strategies targeting A. flavus.

Keywords: Aspergillus flavus; aflatoxin; chitin deacetylase; cda6

Key Contribution: In this study, we aimed to analyze the functions of six cda genes in A. flavus. We
found that the absence of CDA family member did not affect the chitin content and cell wall integrity.
However, our results showed that the cda6 gene plays a crucial role in regulating the development,
aflatoxin synthesis, and pathogenicity of A. flavus.

1. Introduction

Aspergillus flavus is a fungus of the genus Aspergillus that is widely distributed and
highly adaptable to its environment [1]. However, under improper storage conditions,
A. flavus can proliferate in various crop seeds and produce aflatoxins [2]. On one hand,
A. flavus can cause poison in humans and animals, leading to tumors, cancer, and even
death [3,4]. On the other hand, A. flavus spores or mycelium can infect host tissues and cause
invasive pulmonary aspergillosis and infectious aspergillosis in animals [5]. Moreover,
A. flavus is the primary contaminant and major producer of AFB;, which is one of the most
hazardous carcinogenic toxins for humans and animals [6]. In summary, A. flavus poses a
significant threat to food security, human, and animal health.
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The fungal cell wall, comprising (3-1, 6-glucan, 3-1, 3-glucan, and chitin, represents a
pivotal structure at the interface between fungi and their external surroundings [7]. Its com-
position dynamically changes during various growth and differentiation stages, exerting
crucial roles in fungal survival, growth, and interaction with the environment [8]. Notably,
the fungal cell wall safeguards cellular integrity, facilitates intercellular adhesion, and
mediates cell-substrate attachment. Moreover, it significantly influences the pathogenicity
and virulence of invasive fungi [9]. Due to the importance of the cell wall to fungi, it serves
as a therapeutic target in clinical research and development of antifungal drugs [10,11].

Chitin is a crucial component of the cell wall for fungi, serving to maintain its stability.
Chitin deacetylase (CDA) is prevalent across fungal species, and catalyzes the conversion
of chitin to chitosan, modulating cell wall formation, integrity, and pathogenicity [12,13].
Structural biology studies have shown that CDAs share a similar catalytic mechanism
with other members of the carbohydrate esterase 4 (CE4) family. Previous investigations
conducted in model fungi like Saccharomyces cerevisiae and Cryptococcus neoformans have
illuminated the essentiality of CDAs. In S. cerevisiae, the structure of chitosan is essential for
spores to maintain their structural stiffness and resist various environmental pressures [13].
Two genes, cdal and cda2, play vital roles in the formation of correct ascospore walls in
S. cerevisiae [14]. In C. neoformans, which harbors four cda genes, namely cdal, cda2, cda3,
and fpd1, deletion of cda genes affects the chitosan content of the cell wall [15]. Deacetylated
chitosan serves as a crucial structural component of the trophic mycelium cell wall of
C. neoformans, contributing to the maintenance of structural integrity, with the enzyme
activity of Cdal being critical to the pathogenesis of this species [16]. In Pyricularia oryzae,
the chitin deacetylase PoCda?7 is essential for the pathogenicity of the rice blast fungus [17].
There are seven cda genes in the A. fumigatus genome, of which Cod4 and Cod7 play
significant roles in polarity abnormality and conidiation [18]. While the seven candidate
CDA proteins in A. fumigatus exhibit minor contributions to fungal cell wall synthesis and
virulence, Cda2 is an exception, involved in conidiation [19]. The above results showed
that CDAs play distinct roles in conidiation, cell wall formation, and pathogenicity across
various fungal species.

All members of the CDA family proteins harbor conserved domains, including the
NodB homology domain, pivotal for chitin deacetylation. The NodB domain is the land-
mark domain of carbohydrate esterase 4 (CE4) family, which can convert chitin into chi-
tosan in various fungi. In Rhizobium, the NodB protein is a chitosan deacetylase capable
of deacetylating the non-reducing N-acetylglucosamine residues of chitosan, but not the
monosaccharide N-acetylglucosamine [20]. Furthermore, additional domains like chitin-
binding domains (CBDs) and glycosylphosphatidylinositol (GPI) anchoring motifs enhance
CDA functionality by facilitating cell surface interactions and membrane anchorage [21].
The GPl is involved in attaching protein to the fungal cell wall and cell membrane [22,23].
Notably, the CDA homologous gene of the CBP1 gene in Magnaporthe grisea contains a
chitin-binding domain (CBD) and the NodB domain, which is critical in response to external
hydrophobic signals [24].

Based on studies in phytopathogenic filamentous fungi, we hypothesized that CDAs
might play important roles in conidiation, aflatoxin biosynthesis, and host—pathogen
interactions in A. flavus. In this study, we aim to comprehensively investigate the impact of
the chitin deacetylase family on various physiological and pathological aspects of A. flavus.
Another critical aspect of this research is to assess the impact of CDAs on the synthesis
of aflatoxins in A. flavus. This study also investigated how the CDA family influences
pathogenicity in A. flavus. In conclusion, this study aims to establish a theoretical framework
for the prevention and management of A. flavus.

2. Results
2.1. Bioinformatics Analysis of CDA Family in A. flavus

Through homology comparison, we identified and named six chitin deacetylase genes
in A. flavus as cdal, cda2, cda3, cda4, cda5, and cda6, respectively (Table S1). Protein se-
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quences of CDA family in A. flavus were compared with the homologous sequences from
A. nidulans, A. fumigatus, A. niger, A. parasiticus, and A. oryzae. Phylogenetic analysis re-
vealed the presence of homologous proteins of CDA members across various Aspergillus
genera. Notably, the highest percent identity (97.42%) was observed between A. flavus
CDAG6 (XP 041144085.1) and A. oryzae (EIT74861.1), underscoring the high conservation of
the CDA family within Aspergillus species (Figure 1A). All members of the CDA family
contain a conserved NodB homology domain, characteristic of the carbohydrate esterase 4
(CE4) family. This domain catalyzes the conversion of chitin to chitosan in diverse fungi.
Additionally, the CDAG®6 protein contains chitin-binding domains (CBDs), a signal peptide
(SP), and a glycosylphosphatidylinositol (GPI)-anchoring domain (Figure 1B).
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Figure 1. Bioinformatics analysis of CDA family in A. flavus. (A) Phylogenetic tree construction
of CDA homologous proteins between different species. The red bullet represents A. flavus CDAs.
(B) Domain analysis of CDA family in A. flavus.

2.2. Quantitative Analysis of Chitin in A. flavus

To investigate the biological functions of CDA members in A. flavus, gene deletion
strains for cdal, cda2, cda3, cda4, cda5, and cda6 were constructed using homologous recom-
bination. After PCR verification, these strains were subjected to further testing (Figure S1).
Given the high homology of CDA family members with those of other fungi, it was hy-
pothesized that A. flavus CDA proteins may have chitin deacetylation activity. Quantitative
analysis of chitin using Calcofluor White (CFW) staining revealed blue fluorescence on all
mycelial cell walls. However, the fluorescence intensity of single cda knockout strains did
not significantly differ from that of the WT strain (Figure 2A). The absorbance values of
the developed color with p-dimethylaminobenzaldehyde were measured, and the data
were analyzed for the relative content of cell wall chitin in A. flavus. The results showed
no significant difference in chitin content between Acdal, Acda2, Acda3, Acda4, Acdab, and
Acda6 strains compared to WT strain (Figure 2B), indicating that deletion of cda genes did
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not affect chitin content. In summary, single cda gene deletion within the CDA family did
not influence the chitin content of A. flavus cell wall.
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Figure 2. Quantitative analysis of chitin in cda single deletion strain of A. flavus. (A) Confocal
microscope results of hyphae from Acdal, Acda2, Acda3, Acda4, Acda5, and Acda6 dyed by CFW (CFW,
Fluorescent Brightener 28, can bind to chitin and fluoresces blue. Bar = 25 um). (B) Quantitative
analysis of chitin in cda single knockout strain of A. flavus by chemical extraction. ns indicates
no significance.

2.3. Involvement of CDA Members in Regulating Conidial Formation in A. flavus

To test the role of CDA family members in conidial formation in A. flavus, spore
suspensions of WT, Acdal, Acda2, Acda3, Acda4, Acda5, and Acdab strains were inoculated
on GMM basal medium and YGT nutrient-rich medium. The colony diameters of CDA
member knockout strains in both GMM and YGT media were not significantly different
compared to WT strain (Figure 3A), indicating that CDA family members do not regulate
radial growth of A. flavus. However, the results revealed a significant increase in spore
production in the Acda6 strain compared to WT (Figure 3B,C), indicating involvement of
the cda6 gene in regulating conidial formation.

To further investigate the biofunctions of cda6 gene in A. flavus, we also constructed a
complement strain of this gene (cda6%). Subsequently, WT, Acda6, and cda6© strains were
further incubated in YGT media at 37 °C for 5 days. The result in Figure 3D,E indicated that
the cda6 gene negatively regulates the spore formation in A. flavus, and the complemented
strain cda6® fully restored its function. To investigate the signaling pathway of the cda6
gene regulating conidial formation in A. flavus, the transcript levels of regulatory genes
for spore formation, brlA and abaA, were examined by qPCR. The results showed that the
relative expression of brlA and abaA genes was significantly up-regulated in the Acda6
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strain compared to the WT strain (Figure 3F), indicating that the cda6 gene regulated spore
formation by affecting the transcript levels of the brlA and abaA genes.
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Figure 3. Role of CDA family members in radial growth and sporulation of A. flavus. (A) WT, Acdal,
Acda?, Acda3, Acda4, Acda5, and Acdab6 strains were inoculated in GMM and YGT medium respectively
to observe the growth status. (B) Statistics of conidial number of the above strains in GMM medium.
(C) Statistics of conidial number of the above strains in YGT medium. (D) Growth status of WT,
Acdab, and cda6C strains on YGT medium. (E) Statistics of conidial number of WT, Acda6, and cda6©
in YGT medium. (F) Relative expression levels of the conidial formation regulatory genes brlA and
abaA in the above strains. ns indicates not significant, ** indicates that the significance level was p <
0.01, and *** indicates that the significance level was p < 0.001 (1 = 3).

2.4. Fluorescence Localization of CDA6 Protein in A. flavus

To elucidate the localization of CDAG6 protein in A. flavus mycelia, we constructed a
CDAG6-mcherry strain using homologous recombination. Under a laser confocal microscope,
the position of red fluorescent in the mycelia of the Acda6 strain indicated the cellular
localization of the protein. CFW is a non-specific fluorescent dye that binds cellulose and
chitin in the cell wall. The results showed that the red fluorescence of CDA6-mcherry
myecelia basically coincided with the blue fluorescence of Calcofluor White (Figure 4),
indicating that CDA6 protein was mainly distributed in the cell wall of A. flavus mycelia.

cda6-mCherry

DIC

mCherry CFW Merge

Figure 4. Subcellular localization of CDA6 protein in A. flavus. CDA6 protein was localized in the cell
wall of A. flavus hypha. The hypha was stained with CFW solution, and the localization of CDA6
protein was observed under laser confocal microscope.

2.5. cda6 Affects the Sclerotia Formation in A. flavus

To elucidate the role of the cda6 gene in sclerotia formation in A. flavus, the spore
suspensions of WT, Acda6, and cda6C strains were inoculated with equal concentrations on



Toxins 2024, 16,217

6 of 17

CM and GMM medium. Statistical analysis revealed that the Acda6 strains did not produce
any sclerotia on CM and GMM medium compared to WT (Figure 5A-D), indicating that
the cda6 gene was essential for sclerotia formation in A. flavus. To further investigate the
mechanism of the cda6 gene in regulation of sclerotia formation in A. flavus, the transcript
levels of the nsdC and nsdD genes related to sclerotia formation were examined by qPCR.
The result showed that the relative expression of the nsdC and nsdD genes in Acda6 strain
was significantly lower than that in WT and cda6C strains (Figure 5E), suggesting that the
cda6 gene regulates sclerotia formation in A. flavus by affecting the transcript levels of nsdC
and nsdD genes.

A M B GMM
WwWT Acda6 cda6¢

= WT
Acdab
> 1.0 . cdad’

ok I

300
200
100

H

Number of sclerotium per dish
2
Relativ e gene expression
°
=

Number of sclerotium per dish

$ W & nsdC nsdD

Figure 5. Effect of cda6 gene on sclerotium formation of A. flavus. (A) Sclerotium state of WT, Acda6,
and cda6C strains on CM solid medium, the magnification is 75 times. (B) Sclerotium state of WT,
Acda6, and cda6C strains on GMM solid medium, the magnification is 75 times. (C) Sclerotium number
of WT, Acda6, and cda6€ strains on CM solid medium. (D) Sclerotium number of WT, Acda6, and
cda6C strains on GMM solid medium. (E) Relative expression levels of nsdC and nsdD genes in WT,
Acda6, and cda6C strains. ND indicates no detection, ** indicates that the significance level was p <
0.01, and *** indicates that the significance level was p < 0.001 (1 = 3).

2.6. Effect of cda6 Gene on Aflatoxin Biosynthesis

To explore whether the cda6 gene is involved in regulating the biosynthesis of AFBy,
equal amounts of spore suspensions of WT, Acda6, and cda6® strains were inoculated
on YES liquid medium, and cultured in the dark at 29 °C for 6 days. Dichloromethane
was added to extract the aflatoxin, and thin-layer chromatography (TLC) was used for
detection. The results showed that the aflatoxin production of the Acda6 strain significantly
increased compared to that of WT and cda6C strains (Figure 6A,B), indicating that the cda6
gene negatively regulated aflatoxin synthesis. In order to further explore how the cda6
gene regulates aflatoxin synthesis, the transcription levels of aflatoxin synthesis related
genes aflQ, afIR, and aflS were detected by qPCR. The qPCR data showed that the relative
expression levels of aflQ, afIR, and aflS in the Acda6 strain were significantly higher than
those in WT and cda6° strains (Figure 6C), which further proved that the cda6 gene may
negatively regulate aflatoxin biosynthesis by affecting the transcript levels of genes related
to aflatoxin synthesis.
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Figure 6. Effect of cda6 gene on aflatoxin synthesis. (A) WT, Acda6, and cda6€ strains were cultured on
YES liquid medium at 29 °C for 6 days, and aflatoxin AFB; was extracted and detected by thin-layer
chromatography (TLC). (B) Semi-quantitative analysis of aflatoxin in the above strains. (C) Relative
expression levels of aflatoxin synthesis-related genes aflQ, afIR, and aflS in the above strains. **
indicates that the significance level was p < 0.01, and *** indicates that the significance level was
p <0.001 (n =3).

2.7. cdab Gene Deletion Affects A. flavus Pathogenicity

To investigate the role played by the cda6 gene in infesting peanut and maize seeds,
we selected the same batch of peanuts and corn, then infected and cultured them at 29 °C
for 7 days to quantitatively analyze conidia and aflatoxin. The data showed that the Acda6-
contaminated peanut and maize produced significantly fewer spores compared to WT
and cda6C strains (Figure 7A,B,E,G). Aflatoxin was extracted and detected by TLC after
infestation of peanut and maize, and the results of the semi-quantitative analysis showed
that the aflatoxin production from Acdaé-infected seeds was significantly higher than those
from WT and cda6C€ strains (Figure 7C,D,EH), indicating that the cda6 gene affects the
pathogenicity of A. flavus to crop seeds peanut and maize.

B

Peanut Corn

Mock

WT

Acda6 cda6¢ Mock WT Acda6 cda6€

Figure 7. Cont.
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Figure 7. Effect of cda6 gene on pathogenicity of A. flavus to peanut and corn. (A) Growth state of
peanut seeds infected with WT, Acda6, and cda6C strains cultured in the dark at 29 °C for 7 days.
(B) Growth state of WT, Acda6, and cda6C strains on corn kernels cultured in the dark at 29 °C
for 7 days. (C) AFB; was extracted from peanut seeds and detected by TLC. (D) AFB; was ex-
tracted from corn and detected by TLC. (E) Quantification of conidia from the infected peanut seeds.
(F) Semi-quantitative analysis of AFB; from peanut seeds. (G) Quantification of conidia from the
infected corn seeds. (H) Semi-quantitative analysis of AFB; from corn. ND indicates not detection,
* indicates that the difference was significant p < 0.05, ** indicates that the difference was significant
p <0.01, and *** indicates that the difference was significant p < 0.001 (1 = 3).

2.8. The Role of cda6 Gene in the Stress Response

To investigate the potential involvement of the cda6 gene in the stress response of
A. flavus, various stress agents were introduced to the culture medium, including antifungal
drugs, SDS, EtOH, and HyO,. It was observed that the deletion of the cda6 gene did
not result in significant differences in the inhibition rates compared to both the WT and
cda6® strains. This result suggested that the cda6 gene does not play a discernible role in
responding to cell membrane and cell wall stress (Figure S2A-F). Similarly, oxidative stress
experimental results revealed no significant variation in the inhibition rate among the WT,
Acda6, and cda6C strains (Figure S2G,H), implying that the deletion of the cda6 gene does
not impact oxidative stress response in A. flavus.

2.9. Functional Studies of Structural Domains and Signal Peptide of CDAG6 in A. flavus

The structural analysis of the CDAG6 protein in related fungi revealed a conserved
structure across different species (Figure 8A). To investigate the role of structural domains
and signal peptide of CDAG6 in A. flavus, domain-deficient strains were generated, including
cda6®S? | cda6®NodB | 0da68GPT cdapACBPl and cda62CBP2. Growth observation revealed no
difference in colony diameter between cda6 knockout and domain deletion strains compared
to WT (Figure 8B), indicating that the structural domains and signal peptides were not
involved in regulating the radial growth of A. flavus. However, quantitative analysis
revealed a significant increase in conidial production in the cda6*“BP! and cda6*BD?
strains compared to that in WT strain, while no significant difference was observed in
conidial production in the cda6S®, cda6®NodB and cda62CT strains (Figure 8D). These
findings suggested that the structural domains CBD1 and CBD2 played a major role in
the regulation of conidial formation in A. flavus. Previous experiments have shown that
the deletion of the cda6 gene causes A. flavus to be unable to form sclerotium normally.
To investigate the specific effects of various domains and signal peptides of the CDA6
protein on sclerotium formation, WT and all domain deletion mutants were cultured on
GMM medium. Compared to the WT, a significant decrease in sclerotial production was
observed in the cda6*“BP! and cda6*“BP? strains (Figure 8C,E), while no significant changes
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were noted in other deletion mutants relative to the WT. These results suggested that the

CBD1 and CBD2 domains of CDAG6 play pivotal roles in regulating sclerotium formation in
A. flavus.

A
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Figure 8. Effects of CDA6 domains and signal peptides on conidial and sclerotium formation in A.
flavus. (A) Domain analysis of CDA homologous proteins in different species. (B) WT, Acda6, cda6©,
cda6®5Y | cda6BNodB  11368GPL 04,68CBDL and cda62CBD2 gtrains were inoculated on GMM medium to
observe the growth status. (C) The sclerotial state of WT, Acda6, cda6C, cda6®S?, cda6®NodB, cdacACPT,
cda62CBPl and cda68CBP2 gtrains after being inoculated on GMM medium and cultured at 37 °C for
10 days. (D) The statistics of conidial number from above strains in GMM solid medium (E) Statistics
of the sclerotium number in GMM solid medium of above strains. ND indicates not detection, and **
indicates that the significance level was p < 0.01 (n = 3).

3. Discussion

The fungal cell wall plays a crucial role in the protection, support, and maintenance of
cellular morphology, with chitin being a key constituent. The cell wall is a dynamic cell
structure, and chitin can be deacetylated to form chitosan, which is catalyzed by chitin
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deacetylase [25]. In various fungal species, the deacetylation modification mediated by
chitin deacetylases is essential for maintaining cell wall morphology, structure, and integrity,
particularly in pathogenic fungi [25]. Despite the significance of chitin deacetylation in
fungal biology, the specific biological function of chitin deacetylase in A. flavus remains
largely unexplored.

Previous studies have identified seven chitin deacetylase genes in A. fumigatus [19].
Homologs of the A. fumigatus cda genes were identified from the A. flavus genome and
named as cdal, cda2, cda3, cda4, cda5, and cda6, respectively. According to the CAZy
(Carbohydrate Active Enzymes database, http:/ /www.cazy.org/, accessed on 15 November
2022), the CDA family is classified within the carbohydrate esterase 4 (CE4) family branch.
Through the construction of the evolutionary tree, CDA family members were found to
be highly conserved within the genus Aspergillus. Additionally, the domains of the CDA
family exhibit a high degree of conservation across evolution. Notably, the NodB domain
has been identified as functionally related to deacetylation activity [20]. This conservation
suggested that the CDA family likely plays a fundamental role in fungal physiology and
may have conserved functions across different species within the genus Aspergillus.

In this study, we aimed to investigate the function of the chitin deacetylase (CDA)
family members in A. flavus. We constructed knockout strains for each member of the
CDA family, including Acdal, Acda2, Acda3, Acda4, Acda5, and Acda6. We utilized the CFW
staining method [26] and a chemical extraction method [27] to quantify the chitin content in
the cell wall. Our findings revealed that deletion of individual cda genes did not significantly
alter the cell wall chitin content or integrity in A. flavus (Figure 2), suggesting potential
functional redundancy or the involvement of alternative chitin-modifying enzymes. Similar
results were reported in A. fumigatus, where the deletion of a single cda gene or even all
seven cda genes did not affect fungal cell wall synthesis or virulence. It was revealed that
the deacetylation of cell wall chitin in A. fumigatus was not catalyzed by members of the
CDA family, but probably mediated by other A. fumigatus CE4 family deacetylases [19].
The deletion of CDA family members in this study did not affect cell wall integrity in
A. flavus, and similarly, deletion of the A. fumigatus chitin deacetylase Afcod4 gene did not
significantly affect A. fumigatus cell wall integrity [18]. In S. cerevisiae, two genes (cdal and
cda2) are required for proper ascospore wall formation [14]. In contrast, the results in this
study suggested that members of the CDA family may exhibit functional redundancy or
may not be directly involved in the deacetylation of chitin; it is plausible that other CE4
family deacetylases could mediate chitin deacetylation in A. flavus.

A. flavus predominantly disseminates within the ecosystem through the generation of
asexual spores, known as conidia. The process of conidiophore production is intricately
governed by a network of regulators, including the central regulatory cascade consisting of
brlA-abaA-wetA [28]. Our results revealed that the cda6 gene exerts a negative regulatory
influence on conidial formation in A. flavus. We observed that the cda6 gene impacts the
transcript levels of key spore formation regulatory genes such as brlA and abaA during spore
development, thereby modulating conidial formation. However, the cda6 gene did not
affect the radial growth of A. flavus. However, the cda6 gene did not affect the radial growth
of A. flavus (Figure 3). In A. fumigatus, the mutant deficient for cda7 can grow in normal
medium, but exhibits reduced conidial production when grown on a medium with GIcNAc
as the sole carbon source, indicating a crucial role of cda7 in GIcNAc metabolism [19].
In the corn fungus Ustilago maydis, which contains seven cda genes, these genes play
critical roles in various aspects of fungal biology, including virulence, adhesion, and plant
defense activation [25]. In fission yeast Schizosaccharomyces pombe, cdal is required for
spore formation, and knockdown of this gene results in the formation of a small number of
abnormal spores [29]. Additionally, A. flavus forms sclerotia, dark brown and hard spherical
bodies considered self-protective dormant structures to resist external environments [30].
Regulatory genes nsdC and nsdD are required for the production of sclerotia in A. flavus [31].
In this study, the cda6 gene is required for the sclerotium formation in A. flavus (Figure 5).
Meanwhile, the relative expression of nsdC and nsdD significantly decreased in the Acda6
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strain compared to the WT strain. Taken together, these findings suggested that the cda6
gene plays a multifaceted role in the conidial and sclerotium formation of A. flavus.

Previous research has indicated that the distribution of CDA can vary among fungal
species, suggesting species-specific localization patterns that may correlate with their re-
spective functions. For instance, in Absidia coerulea and Mucor rouxii, CDA is distributed
in the periplasmic space between the cell wall and the cell membrane [32,33]. Con-
versely, in A. nidulans and Colletotrichum lindemuthianum, CDA is secreted into extracellular
matrix [34,35]. We hypothesize that the localization of CDA may be related to its specific
function within each species. To investigate the localization of CDA6 protein in A. flavus,
we constructed a cda6-mCherry strain. Our results revealed that CDAG6 protein is localized
in the mycelial cell wall and has the ability to bind to chitin (Figure 4). Interestingly, despite
its presence in the cell wall, CDA6 protein did not exhibit any discernible effects on mem-
brane or cell wall stress response. CDA6 protein in A. flavus is highly homologous to CBP1
(chitin-binding protein), a homologous to chitin deacetylase in Magnaporthe grisea [24]; we
speculated that the function of CDAG6 protein in A. flavus might be similar to that of CBP1.
Considering its localization in the cell wall and its ability to bind to chitin, we hypothesized
that CDAG likely acts as a chitin-binding protein, potentially involved in cell wall integrity.

Aflatoxin, the secondary metabolite of A. flavus, includes stable chemical variants
such as AFB;, AFB;, AFG;, and AFG,, with AFB; as one of the most toxic natural
carcinogens [36]. Our findings revealed that cda6 knockout increased AFB; production.
Additionally, we examined the relative expression levels of two aflatoxin production regu-
latory genes, afIR and aflS, along with one structural gene, aflQ. We observed a significant
increase in the expression levels of these genes (Figure 6), suggesting that the cda6 gene
may negatively regulate aflatoxin biosynthesis by affecting the transcript levels of genes
related to AFB; synthesis. A. flavus is a pathogenic fungus capable of infesting a variety
of oilseed crops, such as peanuts and maize, causing significant economic losses [37,38].
Our results showed that the knockout of the cda6 gene resulted in reduced colonization
ability of A. flavus. However, the AFB; produced by A. flavus in these two oil seed crop
species was not reduced (Figure 7). This discrepancy may be attributed to the negative
regulatory role of the cda6 gene in aflatoxin synthesis. Despite the reduced colonization
ability of the cda6 knockout strain, the upregulation of aflatoxin production genes may
compensate for the decreased fungal biomass, leading to similar levels of AFB; production
in the oil seed crops.

When the external environments changed, A. flavus can constantly regulate its own
growth and development mechanism to maintain survival. Different antifungal drugs have
different mechanisms of action, such as Caspofungin which inhibits the cell wall (3-1,3-
glycoside synthase, which plays a role in breaking cell wall synthesis [39]. It was reported
that the cell wall chitin content largely influenced the sensitivity of the strain to Caspofungin,
with higher chitin content decreasing the sensitivity of the strain to Caspofungin [40,41].
Voriconazole inhibits ergosterol synthesis in fungal cell membranes and is used to treat
severe fungal infections [42]. Amphotericin B binds to sterols on the fungal cell membrane,
thus impairing the permeability of the cell membrane [39]. Our experiments showed
that the deletion of cda6 gene does not affect the sensitivity of A. flavus to Caspofungin,
Voriconazole, or Amphotericin B, which is different from a previous report (Figure S2A,C).
Additionally, we assessed the response of A. flavus to cell membrane stress agents such as
SDS and EtOH. Our results showed no significant difference in the inhibition rate of the
Acda6 strain compared to the WT and cda6® strains (Figure S2E). Similarly, oxidative stress
experimental results showed that there was no significant difference in the inhibition rate
between WT, Acda6, and cda6C€ strains (Figure S2G). All above results showed that the cda6
gene is not involved in the response to cell wall stress, cell membrane stress, or oxidative
stress in A. flavus.

The signal peptide (SP) and structural domains NodB, GPI, CBD1, and CBD2 are
conserved motifs in the CDA6 homologous protein. Previous experiments have demon-
strated that the CDAG6 protein is located in the cell wall. Initially, we presumed that the
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localization of this protein might be related to the function of the signal peptide, which
guides the transfer and localization of newly synthesized proteins across the membrane.
However, our experiments showed that the SP, GPI, and NodB domains are not involved in
the regulation of growth and development, AFB; synthesis and pathogenicity of A. flavus.
While the GPI-anchored structural domain is involved in cell wall integrity and intercellular
interactions, and mislocalization of GPI-anchored proteins has a dramatic effect on cell wall
composition and fungal virulence in Candida albicans [43], our findings suggested that the
GPI domain does not play a role in regulating these aspects in A. flavus. On the other hand,
the chitin-binding domain (CBD) of CDA6 is homologous to the chitin-binding domain of
plant chitinase and plant lectins, such as wheat germ lectins (WGA) [44]. In this study, we
found that structural domains CBD1 and CBD2 of CDAG6 protein are primarily responsible
for regulating A. flavus development (Figure 8). This suggested that two CBD domains of
CDAG protein play crucial roles in executing its function.

4. Conclusions

Our study provides comprehensive insights into the roles of the chitin deacetylase
(CDA) family in A. flavus. Knockout of individual CDA family members did not impact the
chitin content or cell wall integrity of A. flavus, suggesting potential functional redundancy
within the CDA family or the involvement of alternative CE4 family deacetylases in chitin
modification pathways. Moreover, our study identified CDAG6 as a key protein localized
within the mycelial cell wall. Deletion of the cda6 gene led to a notable inhibition of
conidia formation. Additionally, we observed a critical role for the cda6 gene in sclerotium
formation and its negative regulation of aflatoxin biosynthesis. Moreover, our findings
indicated the involvement of the cda6 gene in the pathogenicity of A. flavus towards oil
seed crops such as maize and peanut. The structural domains CBD1 and CBD2 emerged
as crucial components for the function of CDA6 in A. flavus development. In summary,
our study showed the diverse functions of the CDA family within A. flavus, particularly
highlighting the pivotal role of CDAG6 protein in various aspects of development, aflatoxin
synthesis, and pathogenicity. These findings significantly contributed to our understanding
of the biological significance of CDA enzymes in filamentous fungi and offer valuable
potential targets for future research and applications in agriculture and biotechnology.

5. Materials and Methods
5.1. Strains and Culture Conditions

To observe growth and conidial morphology, all strains were cultivated on solid agar
media compositions including yeast extract—glucose-trace element (YGT), yeast extract—
peptone-sucrose (CM), and glucose minimal medium (GMM) at 37 °C. The GMM medium
composition comprises glucose, ammonium tartrate, potassium chloride (KCI), magnesium
sulfate heptahydrate (MgSO4-7H0), and trace elements [45]. Colony diameters and
conidial yields were quantified on the third day post-inoculation. Each experiment was
repeated three times.

5.2. Sequence Analysis

BLASTP specifically compares a protein query sequence against a protein sequence
database to find similar sequences. A BLASTP search was conducted through the National
Center for Biotechnology Information (NCBI database, https:/ /www.ncbinlm.nih.gov/,
accessed on 15 November 2022), and the CDA homologous genes in A. flavus were found
and named cdal, cda2, cda3, cda4, cda5, and cda6, respectively. Subsequently, BLASTP
searches on the NCBI platform were performed to identify homologous protein sequences
from diverse species using the conserved domain sequences of the CDA protein family
from A. flavus. The downloaded protein sequence files were retrieved and imported
into MEGA?7.0 software for subsequent phylogenetic tree construction, employing the
Neighbor-joining method to elucidate the evolutionary relationships among the identified
sequences. The Smart (http:/ /smart.embl-heidelberg.de/, accessed on 15 November 2022)


https://www.ncbi.nlm.nih.gov/
http://smart.embl-heidelberg.de/

Toxins 2024, 16, 217

13 of 17

and InterPro protein analysis web site (http://www.ebi.ac.uk/interpro/, accessed on 15
November 2022) were employed for comprehensive domain analysis, while DOG 2.0 was
utilized for domain mapping. SignalP 6.0 (https://services.healthtech.dtu.dk/service.php?
SignalP-6.0, accessed on 15 November 2022) was conducted to predict the presence of
signal peptides within proteins. PredGPI (http:/ /gpcr2.biocomp.unibo.it/predgpi/pred.
htm, accessed on 15 November 2022) and TMHMM (https:/ /services.healthtech.dtu.dk/
service.php? TMHMM-2.0, accessed on 15 November 2022) were used to perform predictive
analysis for the presence or absence of GPI-anchored proteins in proteins.

5.3. Construction of Mutant Strains

In this study, the knockout strains of CDA family members were constructed based on
the principle of homologous recombination, and experiments were carried out according
to a previously described method [46]. Screening marker (pyrG) and upstream and down-
stream homologous fragments were fused and then transferred into the CA14 protoplast
of A. flavus [47,48]. CA14 was a pyrG-deficient strain, which could not grow normally
in the medium without exogenous uridine and uracil. To construct the complemented
strain, recombinant fragments of the cda6 gene were introduced into the protoplasts of the
cda6 knockout mutant. Mutant strains with specific domain deletions (such as cda6*",
cda6®NodB 04568GPL 04,6ACBD1 and cda62CBP2) were also constructed using similar homol-
ogous recombination techniques as described above. By fusing mCherry red fluorescent
protein as a tag with the target protein, the mCherry fluorescent label strain was obtained,
allowing the localization of the protein molecule to be detected. All mutant strains were
confirmed by PCR and sequencing.

5.4. Calcofluor White (CFW) Staining

An appropriate volume of A. flavus spore suspension was inoculated onto sterilized
YGT solid medium. Following overnight incubation at 37 °C, mycelium was harvested,
washed with phosphate-buffered saline (PBS) solution, and subsequently deprived of
culture medium. Fluorescent whitening agent 28 (CFW) was introduced and allowed to
incubate under light-protected conditions for 10 min [26]. After incubation, the mycelium
was rinsed twice with PBS solution. Subsequently, mycelial samples were visualized under
405 nm excitation light using laser confocal microscopy. Each experiment was repeated
three times.

5.5. Chitin Quantification

The method of chitin quantification has been reported in previous articles [27]. A stan-
dardized volume of A. flavus spore suspension was inoculated into YGT liquid medium and
allowed to cultivate overnight. Following cultivation, the resultant mycelium was subjected
to triple washing with sterile water to eliminate residual culture medium. Subsequently,
the mycelium was desiccated, pulverized under liquid nitrogen, and precisely weighed
(0.1-0.2 mg). The ground mycelium was then transferred into centrifuge tubes, to which
1 mL of cell wall lysate (comprising 50 mM Tris-HCl, 2% SDS, 0.3 M (-mercaptoethanol,
and 1 mM EDTA) was added, followed by incubation at 100 °C for 15 min. To facilitate
chitin quantification, an equivalent volume of concentrated hydrochloric acid (HCI) was
introduced to acidify the lysate, which was subsequently subjected to drying at 100 °C for
17 h. The application of concentrated HCI serves to hydrolyze chitin and deacetylate the
resulting para-acetaminosaccharide to aminoglucan. Chitin was analyzed by measuring
the glucosamine released due to acidification using p-dimethylamino benzaldehyde as a
chromogen. The filtered supernatant was treated with 4% acetyl acetone reagent, followed
by heating at 100 °C for 10 min. Subsequently, 700 uL of 96% ethanol was added to the
mixture, which was then supplemented with p-dimethylaminobenzaldehyde reagent and
allowed to incubate at room temperature for 1 h. The absorbance of each solution at
520 nm was measured, and analytical data were recorded. Each experiment was repeated
three times.
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5.6. Extraction and Determination of Aflatoxin

A spore suspension with a concentration of 107 spores/mL was inoculated into yeast
extract-sucrose agar medium (YES) and incubated at 29 °C for 6 days within a dark
environment. Subsequently, the culture solution was subjected to equal-volume extraction
with dichloromethane to isolate AFB; via shock extraction. An equivalent volume of
dichloromethane was decanted from the lower layer, followed by evaporation to dryness.
Dichloromethane was reintroduced to solubilize the toxin, and equal amounts of toxin
samples were chromatographed on dry silica gel plates. Thin-layer chromatography
was employed for the detection of the AFB;, following the procedure detailed in a prior
publication [49]. Each experiment was repeated three times.

5.7. qPCR Analysis

The experimental procedure for real-time fluorescent quantitative PCR (qPCR) anal-
ysis adhered to previously established protocols [50]. RNA extraction was performed
using the Total RNA Extraction Kit (TTANMOBIO, Kannapolis, NC, USA), followed by
reverse transcription into cDNA. Subsequently, qRT-PCR was conducted using Tip Green
qPCR Super Mix (Transgen Biotechnology, Beijing, China) and a PikoReal 96 Real-Time
Fluorescence Quantitative PCR System (Thermo Fisher Scientific, Waltham, MA, USA) in
accordance with manufacturer’s instructions. Primers targeting the gene of interest were
employed for amplification, as delineated in Table S3.

5.8. Seed Infections Assay

Seed pathogenicity was assessed following established procedures [50]. Peanut and
corn seeds exhibiting uniform morphology were selected for the assay. A blank control
(Mock) devoid of infection was served as the control. Seeds underwent sequential washing
with sterile water, 0.05% sodium hypochlorite solution, and 75% ethanol. Subsequently,
seeds were inoculated with an equivalent concentration of A. flavus spores and incubated
at 29 °C for 5 days under moist conditions. Following incubation, spores adhering to the
seeds were enumerated and processed. Toxin extraction was achieved through thin-layer
chromatography. Each experiment was repeated three times.

5.9. Stress Response Analysis

Stress response analysis was assessed following established procedures [51]. An
appropriate volume of A. flavus spore was inoculated in YGT medium plates with different
stress agents (0.1 ng/mL Caspofungin, 0.5 ng/mL Voriconazole, 0.1 ng/mL Amphotericin
B, 300 pg/mL SDS, 2% EtOH, or 5 mM and 10 mM H;05). All the plates were incubated
at 37 °C for 5 days. The inhibition rate was calculated as follows: the diameter of the
control group minus the diameter of the inhibition group, expressed as a percentage of the
diameter of the control group. The stress response experiments were repeated three times.

5.10. Statistical Analysis

The data were presented as means (average values) = SD (standard deviation) of
at least three independent biological replicates. GraphPad Prism 8.0 was utilized for
data analysis. Statistical significance was evaluated using a one-way analysis of variance
(ANOVA). The least significant difference (LSD) test was used as a post hoc test following
ANOVA. p-values less than 0.05 were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins16050217/s1, Table S1: Information of cda homologous
gene in A. flavus; Table S2: The strains used in this study; Table S3: Primers used for gPCR in this
study. Figure S1: Construction of CDA mutants using homologous recombination; Figure S2: Role of
cdab gene in response of A. flavus to stress. Ref. [52] is cited in supplementary materials


https://www.mdpi.com/article/10.3390/toxins16050217/s1
https://www.mdpi.com/article/10.3390/toxins16050217/s1

Toxins 2024, 16, 217 15 0f 17

Author Contributions: Conceptualization, X.Z. and S.W.; methodology, X.Z.; software, M.W.; valida-
tion, X.Z., M.W. and G.L.; formal analysis, M.W.; investigation, M.W.; resources, X.Z.; data curation,
X.Z.; writing—original draft preparation, S.W.; writing—review and editing, M.W.; visualization,
G.L.; supervision, S.W.; project administration, S.W.; funding acquisition, S.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 31972214).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Zhenhong Zhuang, Jun Yuan, Yu Wang, Kunzhi Jia, Xiuna
Wang, and Xinyi Nie for their help in the experiments.

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

References

1. Klich, M.A. Aspergillus flavus: The major producer of aflatoxin. Mol. Plant Pathol. 2007, 8, 713-722. [CrossRef]

2. Probst, C.; Schulthess, E; Cotty, PJ. Impact of Aspergillus section Flavi community structure on the development of lethal levels of
aflatoxins in Kenyan maize (Zea mays). |. Appl. Microbiol. 2010, 108, 600-610. [CrossRef] [PubMed]

3.  Lewis, L.; Onsongo, M.; Njapau, H.; Schurz-Rogers, H.; Luber, G.; Kieszak, S.; Nyamongo, J.; Backer, L.; Dahiye, A.M.; Misore, A,;
et al. Aflatoxin contamination of commercial maize products during an outbreak of acute aflatoxicosis in eastern and central
Kenya. Environ. Health Perspect. 2005, 113, 1763-1767. [CrossRef] [PubMed]

4.  Hedayati, M.T.; Pasqualotto, A.C.; Warn, P.A.; Bowyer, P.; Denning, D.W. Aspergillus flavus: Human pathogen, allergen and
mycotoxin producer. Microbiology 2007, 153, 1677-1692. [CrossRef] [PubMed]

5. Rudramurthy, S.M.; Paul, R.A.; Chakrabarti, A.; Mouton, ].W.; Meis, ].F. Invasive Aspergillosis by Aspergillus flavus: Epidemiology,
diagnosis, antifungal resistance, and management. J. Fungi. 2019, 5, 55. [CrossRef]

6.  Caceres, I; Khoury, A.A; Khoury, R.E.; Lorber, S.; Oswald, I.P.; Khoury, A.E.; Atoui, A.; Puel, O.; Bailly, ].D. Aflatoxin biosynthesis
and genetic regulation: A review. Toxins 2020, 12, 150. [CrossRef]

7. Latgg, ]J.P. The cell wall: A carbohydrate armour for the fungal cell. Mol. Microbiol. 2007, 66, 279-290. [CrossRef] [PubMed]

8. Bowman, S.M,; Free, S.J. The structure and synthesis of the fungal cell wall. Bioessays 2006, 28, 799-808. [CrossRef] [PubMed]

9. Gow, N.A.R;; Latge, J.; Munro, C.A. The fungal cell wall: Structure, biosynthesis, and function. Microbiol. Spectr. 2017, 5, 1128.
[CrossRef]

10. Perlin, D.S. Cell wall-modifying antifungal drugs. Curr. Top. Microbiol. 2020, 425, 255-275. [CrossRef]

11. Munro, C.A.; Winter, K,; Buchan, A.; Henry, K.; Becker, ].M.; Brown, A.].P; Bulawa, C.E.; Gow, N.A.R. Chs1 of candida albicans is an
essential chitin synthase required for synthesis of the septum and for cell integrity. Mol. Microbiol. 2001, 39, 1414-1426. [CrossRef]

12. Tsigos, I.; Martinou, A.; Kafetzopoulos, D.; Bouriotis, V. Chitin deacetylases: New, versatile tools in biotechnology. Trends
Biotechnol. 2000, 18, 305-312. [CrossRef]

13.  Christodoulidou, A.; Briza, P; Ellinger, A.; Bouriotis, V. Yeast ascospore wall assembly requires two chitin deacetylase isozymes.
FEBS Lett. 1999, 460, 275-279. [CrossRef] [PubMed]

14. Christodoulidou, A.; Bouriotis, V.; Thireos, G. Two sporulation-specific chitin deacetylase-encoding genes are required for the
ascospore wall rigidity of Saccharomyces cerevisiae. |. Biol. Chem. 1996, 271, 31420-31425. [CrossRef] [PubMed]

15. Baker, L.G.; Specht, C.A.; Donlin, M.].; Lodge, ] K. Chitosan, the deacetylated form of chitin, is necessary for cell wall integrity in
Cryptococcus neoformans. Eukaryot. Cell. 2007, 6, 855-867. [CrossRef]

16. Upadhya, R; Baker, L.G.; Lam, W.C.; Specht, C.A.; Donlin, M.].; Lodge, ] K. Cryptococcus neoformans Cdal and its chitin deacetylase
activity are required for fungal pathogenesis. mBio 2018, 9, e02087-18. [CrossRef]

17.  Dai, M.D.; Wu, M,; Li, Y;; Su, Z.Z,; Lin, E.C,; Liu, X.H. The chitin deacetylase PoCda7 is involved in the pathogenicity of Pyricularia
oryzae. Microbiol. Res. 2021, 248, 126749. [CrossRef] [PubMed]

18. Xie, M.; Zhao, X.; L, Y.; Jin, C. Chitin deacetylases Cod4 and Cod7 are involved in polar growth of Aspergillus fumigatus.
Microbiologyopen 2020, 9, e00943. [CrossRef]

19. Mouyna, L; Delliere, S.; Beauvais, A.; Gravelat, F,; Snarr, B.; Lehoux, M.; Zacharias, C.; Sun, Y.; de Jesus Carrion, S.; Pearlman, E.;
et al. What are the functions of chitin deacetylases in Aspergillus fumigatus? Front. Cell. Infect. Microbiol. 2020, 10, 28. [CrossRef]
[PubMed]

20. John, M.; Rohrig, H.; Schmidyt, J.; Wieneke, U.; Schell, J. Rhizobium NodB protein involved in nodulation signal synthesis is a
chitooligosaccharide deacetylase. Proc. Natl. Acad. Sci. USA 1993, 90, 625-629. [CrossRef]

21. Lee, S; Kang, H.A.; Eyun, S.I. Evolutionary analysis and protein family classification of chitin deacetylases in Cryptococcus

neoformans. |. Microbiol. 2020, 58, 805-811. [CrossRef]


https://doi.org/10.1111/j.1364-3703.2007.00436.x
https://doi.org/10.1111/j.1365-2672.2009.04458.x
https://www.ncbi.nlm.nih.gov/pubmed/19674186
https://doi.org/10.1289/ehp.7998
https://www.ncbi.nlm.nih.gov/pubmed/16330360
https://doi.org/10.1099/mic.0.2007/007641-0
https://www.ncbi.nlm.nih.gov/pubmed/17526826
https://doi.org/10.3390/jof5030055
https://doi.org/10.3390/toxins12030150
https://doi.org/10.1111/j.1365-2958.2007.05872.x
https://www.ncbi.nlm.nih.gov/pubmed/17854405
https://doi.org/10.1002/bies.20441
https://www.ncbi.nlm.nih.gov/pubmed/16927300
https://doi.org/10.1128/microbiolspec.funk-0035-2016
https://doi.org/10.1007/82_2019_188
https://doi.org/10.1046/j.1365-2958.2001.02347.x
https://doi.org/10.1016/s0167-7799(00)01462-1
https://doi.org/10.1016/s0014-5793(99)01334-4
https://www.ncbi.nlm.nih.gov/pubmed/10544249
https://doi.org/10.1074/jbc.271.49.31420
https://www.ncbi.nlm.nih.gov/pubmed/8940152
https://doi.org/10.1128/EC.00399-06
https://doi.org/10.1128/mBio.02087-18
https://doi.org/10.1016/j.micres.2021.126749
https://www.ncbi.nlm.nih.gov/pubmed/33744788
https://doi.org/10.1002/mbo3.943
https://doi.org/10.3389/fcimb.2020.00028
https://www.ncbi.nlm.nih.gov/pubmed/32117802
https://doi.org/10.1073/pnas.90.2.625
https://doi.org/10.1007/s12275-020-0288-9

Toxins 2024, 16, 217 16 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Miiller, G.A.; Tschép, M.H.; Miiller, T.D. Chip-based sensing of the intercellular transfer of cell surface proteins: Regulation by the
metabolic state. Biomedicine 2021, 9, 1452. [CrossRef]

Lima, S.L.; Colombo, A.L.; Junior, ].N.D.A. Fungal cell wall: Emerging antifungals and drug resistance. Front. Microbiol. 2019,
10, 2573. [CrossRef]

Kamakura, T.; Yamaguchi, S.; Saitoh, K.; Teraoka, T.; Yamaguchi, I. A novel gene, CBP1, encoding a putative extracellular
chitin-binding protein, may play an important role in the hydrophobic surface sensing of Magnaporthe grisea during appressorium
differentiation. Mol. Plant Microbe Interact. 2002, 15, 437-444. [CrossRef]

Rizzi, Y.S.; Happel, P,; Lenz, S.; Urs, M.].; Bonin, M.; Cord-Landwebhr, S.; Singh, R.; Moerschbacher, B.M.; Kahmann, R. Chitosan
and chitin deacetylase activity are necessary for development and virulence of Ustilago maydis. mBio 2021, 12, €03419-20. [CrossRef]
[PubMed]

Delgado, J.; Owens, R.A.; Doyle, S.; Asensio, M.A.; Nufiez, F. Increased chitin biosynthesis contributes to the resistance of
Penicillium polonicum against the antifungal protein PgAFP. Appl. Microbiol. Biotechnol. 2016, 100, 371-383. [CrossRef] [PubMed]
Yago, ].I; Lin, C.H.; Chung, K.R. The SLT2 mitogen-activated protein kinase-mediated signalling pathway governs conidiation,
morphogenesis, fungal virulence and production of toxin and melanin in the tangerine pathotype of Alternaria alternata. Mol.
Plant Pathol. 2011, 12, 653-665. [CrossRef]

Yu, ].H. Regulation of development in Aspergillus nidulans and Aspergillus fumigatus. Mycobiology 2010, 38, 229-237. [CrossRef]
[PubMed]

Matsuo, Y.; Tanaka, K.; Matsuda, H.; Kawamukai, M. cdal+, encoding chitin deacetylase is required for proper spore formation in
Schizosaccharomyces pombe. FEBS Lett. 2005, 579, 2737-2743. [CrossRef]

Sun, X,; Liu, D.; Wang, Y.; Ma, A. Biogenesis of macrofungal sclerotia: Influencing factors and molecular mechanisms. Appl.
Microbiol. Biotechnol. 2020, 104, 4227-4234. [CrossRef]

Dyer, PS.; O’Gorman, C.M. Sexual development and cryptic sexuality in fungi: Insights from Aspergillus species. FEMS Microbiol.
Rev. 2012, 36, 165-192. [CrossRef]

Gao, X.D.; Katsumoto, T.; Onodera, K. Purification and characterization of chitin deacetylase from Absidia coerulea. ]. Biochem.
1995, 117, 257-263. [CrossRef]

Kafetzopoulos, D.; Martinou, A.; Bouriotis, V. Bioconversion of chitin to chitosan: Purification and characterization of chitin
deacetylase from Mucor rouxii. Proc. Natl. Acad. Sci. USA 1993, 90, 2564-2568. [CrossRef] [PubMed]

Alfonso, C.; Nuero, O.M.; Santamaria, F.; Reyes, F. Purification of a heat-stable chitin deacetylase from Aspergillus nidulans and its
role in cell wall degradation. Curr. Microbiol. 1995, 30, 49-54. [CrossRef]

Tokuyasu, K.; Mitsutomi, M.; Yamaguchi, I.; Hayashi, K.; Mori, Y. Recognition of chitooligosaccharides and their N-acetyl groups
by putative subsites of chitin deacetylase from a deuteromycete, Colletotrichum lindemuthianum. Biochemistry 2000, 39, 8837-8843.
[CrossRef]

Rushing, B.R.; Selim, M.I. Aflatoxin B1: A review on metabolism, toxicity, occurrence in food, occupational exposure, and
detoxification methods. Food Chem. Toxicol. 2019, 124, 81-100. [CrossRef] [PubMed]

Amaike, S.; Keller, N.P. Aspergillus flavus. Annu. Rev. Phytopathol. 2011, 49, 107-133. [CrossRef] [PubMed]

Abbas, H.; Wilkinson, J.; Zablotowicz, R.; Accinelli, C.; Abel, C.; Bruns, H.; Weaver, M. Ecology of Aspergillus flavus, regulation
of aflatoxin production, and management strategies to reduce aflatoxin contamination of corn. Toxin Rev. 2009, 28, 142-153.
[CrossRef]

Prasad, R.; Shah, A.H.; Rawal, M.K. Antifungals: Mechanism of action and drug resistance. Adv. Exp. Med. Biol. 2016, 892,
327-349. [CrossRef]

Costa-de-Oliveira, S.; Silva, A.P.; Miranda, I.M.; Salvador, A.; Azevedo, M.M.; Munro, C.A.; Rodrigues, A.G.; Pina-Vaz, C.
Determination of chitin content in fungal cell wall: An alternative flow cytometric method. Cytom. A 2013, 83, 324-328. [CrossRef]
Plaine, A.; Walker, L.; Da Costa, G.; Mora-Montes, HM.; McKinnon, A.; Gow, N.A.; Gaillardin, C.; Munro, C.A.; Richard, M.L.
Functional analysis of Candida albicans GPI-anchored proteins: Roles in cell wall integrity and caspofungin sensitivity. Fungal
Genet. Biol. 2008, 45, 1404-1414. [CrossRef]

Greer, N.D. Voriconazole: The newest triazole antifungal agent. Bayl. Univ. Med. Cent. Proc. 2003, 16, 241-248. [CrossRef]
Richard, M.; Ibata-Ombetta, S.; Dromer, E.; Bordon-Pallier, F.; Jouault, T.; Gaillardin, C. Complete glycosylphosphatidylinositol
anchors are required in Candida albicans for full morphogenesis, virulence and resistance to macrophages. Mol. Microbiol. 2002, 44,
841-853. [CrossRef] [PubMed]

Taira, T. Structures and antifungal activity of plant chitinases. J. Appl. Glyosc. 2010, 57, 167-176. [CrossRef]

Shimizu, K.; Keller, N.P. Genetic involvement of a cAMP-dependent protein kinase in a G protein signaling pathway regulating
morphological and chemical transitions in Aspergillus nidulans. Genetics 2001, 157, 591-600. [CrossRef] [PubMed]

Yang, K.; Liu, Y.; Wang, S.; Wu, L.; Xie, R.; Lan, H.; Fasoyin, O.E.; Wang, Y.; Wang, S. Cyclase-associated protein cap with multiple
domains contributes to mycotoxin biosynthesis and fungal virulence in Aspergillus flavus. J. Agric. Food Chem. 2019, 67, 4200-4213.
[CrossRef] [PubMed]

Weidner, G.; d’Enfert, C.; Koch, A.; Mol, P.C.; Brakhage, A.A. Development of a homologous transformation system for the
human pathogenic fungus Aspergillus fumigatus based on the pyrG gene encoding orotidine 5’-monophosphate decarboxylase.
Curr. Genet. 1998, 33, 378-385. [CrossRef] [PubMed]


https://doi.org/10.3390/biomedicines9101452
https://doi.org/10.3389/fmicb.2019.02573
https://doi.org/10.1094/MPMI.2002.15.5.437
https://doi.org/10.1128/mBio.03419-20
https://www.ncbi.nlm.nih.gov/pubmed/33653886
https://doi.org/10.1007/s00253-015-7020-4
https://www.ncbi.nlm.nih.gov/pubmed/26446386
https://doi.org/10.1111/j.1364-3703.2010.00701.x
https://doi.org/10.4489/MYCO.2010.38.4.229
https://www.ncbi.nlm.nih.gov/pubmed/23956662
https://doi.org/10.1016/j.febslet.2005.04.008
https://doi.org/10.1007/s00253-020-10545-8
https://doi.org/10.1111/j.1574-6976.2011.00308.x
https://doi.org/10.1093/jb/117.2.257
https://doi.org/10.1073/pnas.90.7.2564
https://www.ncbi.nlm.nih.gov/pubmed/8464862
https://doi.org/10.1007/bf00294524
https://doi.org/10.1021/bi0005355
https://doi.org/10.1016/j.fct.2018.11.047
https://www.ncbi.nlm.nih.gov/pubmed/30468841
https://doi.org/10.1146/annurev-phyto-072910-095221
https://www.ncbi.nlm.nih.gov/pubmed/21513456
https://doi.org/10.1080/15569540903081590
https://doi.org/10.1007/978-3-319-25304-6_14
https://doi.org/10.1002/cyto.a.22250
https://doi.org/10.1016/j.fgb.2008.08.003
https://doi.org/10.1080/08998280.2003.11927910
https://doi.org/10.1046/j.1365-2958.2002.02926.x
https://www.ncbi.nlm.nih.gov/pubmed/11994163
https://doi.org/10.5458/jag.57.167
https://doi.org/10.1093/genetics/157.2.591
https://www.ncbi.nlm.nih.gov/pubmed/11156981
https://doi.org/10.1021/acs.jafc.8b07115
https://www.ncbi.nlm.nih.gov/pubmed/30916945
https://doi.org/10.1007/s002940050350
https://www.ncbi.nlm.nih.gov/pubmed/9618589

Toxins 2024, 16, 217 17 of 17

48.

49.

50.

51.

52.

Skory, C.D.; Horng, J.S.; Pestka, ].J.; Linz, ].E. Transformation of Aspergillus parasiticus with a homologous gene (pyrG) involved in
pyrimidine biosynthesis. Appl. Environ. Microbiol. 1990, 56, 3315-3320. [CrossRef]

Lan, H.; Sun, R;; Fan, K,; Yang, K.; Zhang, F,; Nie, X.; Wang, X.; Zhuang, Z.; Wang, S. The Aspergillus flavus histone acetyltransferase
AflGenE regulates morphogenesis, aflatoxin biosynthesis, and pathogenicity. Front. Microbiol. 2016, 7, 1324. [CrossRef]

Yang, K.; Liang, L.; Ran, F; Liu, Y,; Li, Z.; Lan, H.; Gao, P.; Zhuang, Z.; Zhang, F.; Nie, X.; et al. The DmtA methyltransferase
contributes to Aspergillus flavus conidiation, sclerotial production, aflatoxin biosynthesis and virulence. Sci. Rep. 2016, 6, 23259.
[CrossRef]

Zhang, F; Xu, G.; Geng, L.; Lu, X,; Yang, K,; Yuan, J.; Nie, X.; Zhuang, Z.; Wang, S. The stress response regulator AfISkn7
influences morphological development, stress response, and pathogenicity in the fungus Aspergillus flavus. Toxins 2016, 8, 202.
[CrossRef]

Chang, PK.; Scharfenstein, L.L.; Wei, Q.; Bhatnagar, D. Development and refinement of a high-efficiency gene-targeting system
for Aspergillus flavus. ]. Microbiol. Methods 2010, 81, 240-246. [CrossRef] [PubMed]

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


https://doi.org/10.1128/aem.56.11.3315-3320.1990
https://doi.org/10.3389/fmicb.2016.01324
https://doi.org/10.1038/srep23259
https://doi.org/10.3390/toxins8070202
https://doi.org/10.1016/j.mimet.2010.03.010
https://www.ncbi.nlm.nih.gov/pubmed/20298723

	Introduction 
	Results 
	Bioinformatics Analysis of CDA Family in A. flavus 
	Quantitative Analysis of Chitin in A. flavus 
	Involvement of CDA Members in Regulating Conidial Formation in A. flavus 
	Fluorescence Localization of CDA6 Protein in A. flavus 
	cda6 Affects the Sclerotia Formation in A. flavus 
	Effect of cda6 Gene on Aflatoxin Biosynthesis 
	cda6 Gene Deletion Affects A. flavus Pathogenicity 
	The Role of cda6 Gene in the Stress Response 
	Functional Studies of Structural Domains and Signal Peptide of CDA6 in A. flavus 

	Discussion 
	Conclusions 
	Materials and Methods 
	Strains and Culture Conditions 
	Sequence Analysis 
	Construction of Mutant Strains 
	Calcofluor White (CFW) Staining 
	Chitin Quantification 
	Extraction and Determination of Aflatoxin 
	qPCR Analysis 
	Seed Infections Assay 
	Stress Response Analysis 
	Statistical Analysis 

	References

