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ARTICLE INFO ABSTRACT

Keywords: Cytochalasans, with diverse structures and pharmacological activities, are a class of compounds containing
Chaetoglobosin A isoindolinone moieties fused to the tricyclic or tetracyclic ring system. Chaetoglobosin A (cheA), mainly pro-
CgVeA

duced by Chaetomium globosum, is the most abundant cytochalasan. However, limited understanding of tran-
scriptional regulation of morphological development and cheA biosynthesis in C. globosum has hindered cheA
application in agriculture and biomedical field. This study examined the regulatory role of CgVeA gene in
C. globosum. CgVeA had significant effect on secondary metabolites production in C. globosum, similar to that
reported in other filamentous fungi. Inactivation of CgVeA caused an obvious decrease in cheA production from
51.32 to 19.76 mg/L under dark conditions. In contrast, CgVeA overexpression resulted in a dramatic increase in
cheA production, reaching 206.59 mg/L under light conditions, which was higher than that noted under dark
condition. The RT-qPCR results confirmed that CgVeA, as a light responsive regulator, positively regulated cheA
biosynthesis by controlling the expression of core genes of the cheA biosynthetic gene cluster and other relevant
regulators. Electrophoretic mobility shift assays proved that CgVeA directly regulated LaeA, cheR, and p450, and
indirectly regulated PKS. Moreover, CgVeA had a significant effect on the regulation of asexual spores produc-
tion. When compared with wild-type C. globosum, CgVeA-silenced and CgVeA overexpression mutants presented
remarkable differences in sporulation, irrespective of light or dark condition. Besides, CgVeA expression was
speculated to negatively regulate spore formation. These findings illustrated the regulatory mechanism of a
hypothetical global regulator, CgVeA, in C. globosum, suggesting its potential application in industrial-scale cheA
biosynthesis.

Chaetomium globosum

1. Introduction range of biological activities, such as phytotoxic, antitumor, antifouling,

and immunomodulatory activities [2,7-9], and have significant impor-

Chaetomium spp. are globally ubiquitous fungi found in various
habitats, such as soil, plants, wastes, and other distinct environments
[1-4]. They are well-known prolific producers of bioactive secondary
metabolites, including azaphilones, terpenoids, and cytochalasans [2,5,
6]. C. globosum is an important biocontrol species with significant ca-
pacity to produce these bioactive secondary metabolites. Cytochalasans,
the major secondary metabolites produced by C. globosum, are a class of
compounds consisting of tricyclic or tetracyclic ring systems fused to
isoindolinone moieties. The macrocyclic ring of these products can un-
dergo different modifications to form novel skeletons, exhibiting a broad
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tance in pharmacological, agricultural, and industrial applications.
CheA, one of the most abundant cytochalasans, is catalyzed and syn-
thesized by polyketide-non-ribosomal peptide synthetase (PKS-NRPS)
[10]. Owing to its significant research and commercial value, many
studies have successively analyzed cheA. Previous works have clearly
elucidated the function of the cheA biosynthetic gene cluster. By using
an RNA-mediated gene silencing strategy, the gene cluster involved in
cheA biosynthesis, which is most similar to the aspyridone gene cluster
in Aspergillus nidulans, has been identified in Penicillium expansum [11].
Bioinformatics analysis has revealed that the cheA biosynthetic gene
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cluster consists of seven elements, such as the core region PKS-NRPS, a
trans enoyl-reductase (ER), an FAD-dependent monooxygenase (FMO),
two putative p450 monooxygenases, and two putative C6 transcription
factors [12,13]. PKS-NRPS plays a major role in the condensation of
acetate/malonate to form the carbon skeleton in the biosynthesis of
chaetoglobosins [14]. ER forms a reductive carbon skeleton in the
hybrid synthetase [15]. The polyketide portion of cheA is a
non-nucleotide composed of three methyl groups from S-adenosyl
methionine [16]. Once the non-peptides are assembled, NRPS is linked
to an activated tryptophan via condensation reaction. When the cycli-
zation intermediate is formed, the putative p450 would react and form
the final product [12].

The global transcription factors have been confirmed to be a large
family of pleiotropic regulators, which have been found to exert pro-
found influence on fungi in many aspects, such as enhancing or reducing
secondary metabolites production [17,18], activating silent or cryptic
gene clusters [19,20], morphology development changes [20,21], etc.
LaeA, the nuclear localized histone methyltransferase and a well-studied
and major protein, was first identified in the model fungus A. nidulans
and noted to be extensively distributed in fungi [22,23]. Ochratoxin A
(OTA), which was first reported in 1965 in Aspergillus spp., is a potent
nephrotoxin exerting carcinogenic, teratogenic, and immunotoxic ef-
fects on animals and possibly humans [24]. Several studies have been
conducted to determine the function of LaeA gene in OTA biosynthesis
[25,26]. It has been reported that LaeA is a positive regulator of OTA
biosynthesis, and contributes to Aspergillus carbonarius pathogenicity by
regulating the expression level of Acgox. Moreover, LaeA has been found
to function by forming heterotrimeric velvet complexes with VeA and
VelB [27]. VeA, a light-dependent transcription factor, is another
well-known genetic link associated with morphogenesis and biosyn-
thesis of natural products. Disruption of Apc.laeA and Apc.veA in
Aspergillus pachycristatus NRRL 11440 has been observed to significantly
reduce, but not eliminate, the production of echinocandin B. In addition,
the two mutants exhibited aberrant phenotype, including development
of aerial hyphae, conidiophores, ascospore, and pigmentation when
grown under light or dark conditions, when compared with the parent
strain [28]. Inactivation of VeA in Alternaria alternata by a homologous
recombination strategy has been noted to significantly reduce sporula-
tion and strongly compromise mycotoxin production, both in vitro and
during pathogenesis of tomato fruits [29]. Overexpression of the major
conserved regulatory VeA in Aspergillus fumigatus has been reported to
cause a dramatic decrease in conidia development and an obvious in-
crease in gliotoxin production, when compared with those in the
wild-type control and inactivation mutants [30]. Moreover, VeA is also
well known for its ability to adjust to environmental stress, such as
salinity, osmotic pressure, temperature, and pH [31,32].

Over the past 5 years, our research team has attempted to identify
and study the function of regulators that play an essential role in
morphological development and cheA biosynthesis in C. globosum. The
pathway-specific regulator CgcheR, which has an essential role in
modulating sporulation and cheA production, was identified via bioin-
formatics analysis in C. globosum [13]. Disruption of CgcheR caused a
significant decrease in the expression of genes associated with cheA
biosynthetic gene cluster, and the CgcheR disruptant lost the ability to
produce spores. In contrast, constitutive overexpression of CgcheR
evidently improved the cheA titer from 52 to 260 mg/L, and the yield
variation was mainly owing to the efficient activation of the biosynthetic
gene cluster. Similarly, CglaeA, a ubiquitous regulator in filamentous
fungi, was also identified in C. globosum [33]. In the CglaeA over-
expression mutant, the cheA production significantly increased, the
expression of transcription factor CgcheR was positively regulated, and
the expression of another global regulator CgVelB was negatively regu-
lated. CgLaeA usually functions by forming a complex with the VeA gene.
The VeA gene, which is involved in the regulation of asexual and sexual
sporulation and biosynthesis of various secondary metabolites, is highly
conserved in filamentous fungi. However, little is known about the
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transcriptional regulation of cheA biosynthesis and morphological
development in C. globosum. In the present study, the CgVeA gene of
C. globosum, which encodes a global regulator, was characterized. A
verification process based on CgVeA-silencing and CgVeA-over-
expression strategies was performed to investigate the extent of CgVeA
regulon in detail. Subsequently, the influence of CgVeA on cheA
biosynthesis and sporulation was analyzed under light and dark condi-
tions, respectively, with wild-type C. globosum W7 used as the control.
The findings of the present study help to better understand the regula-
tory mechanism of CgVeA, and suggest that CgVeA could be a potential
target for developing control strategies for cheA biosynthesis in
C. globosum.

2. Materials and methods
2.1. Fungal strain, plasmids, and culture conditions

The fungal strain and plasmids used in this study are summarized in
Table 1. The sequences of primers employed in this study are shown in
Table S1. C. globosum was cultivated on potato glucose agar (PDA) at
28 °C. pET28a, pBARGP-mcherry, and pSilent were stored at —80 °C.
Escherichia coli DH5x and E. coli BL21(DE3) cells were cultured in LB
medium (10 g of NaCl, 10 g of tryptone, and 5 g of yeast extract; pH of
7.2) with antibiotics. C. globosum was cultured under light and dark
conditions, respectively, and the differences were compared.

2.2. Plasmid construction

2.2.1. Construction of silencing and scramble control plasmid

The conserved region of the CgVeA gene was analyzed by the Simple
Modular Architecture Research Tool (SMART) (http://smart.embl-heide
Iberg.de/) and Conserved Domains (https://www.ncbi.nlm.nih.gov/c
dd/). According to the results of conserved region analyses, primers
VeA-pSLR and VeA-pSLL were designed to amplify the pSL (Table S2) of
CgVeA. The plasmid pSlient-1 and pSL were digested with SnaBI and

Table 1
Strains and plasmids used in this study.
Strains/ Characteristics Source
plasmids
Strains
E. coli DH5a lacZAM15 Takara
E. coli BL21 Protein expression of strain Takara
(DE3)
C. globosum Wild-type strain This
W7 study
PS CgVeA silencing mutant This
study
PC CgVeA scramble control mutant This
study
CK CgVeA overexpression control mutant This
study
VE11 CgVeA overexpression mutant This
study
Plasmids
pSlient-1 Vector used for gene silencing Takara
pET28a Vector used for protein expression Takara
pSL-VeA A DNA fragment containing the upstream flanking This
sequence of VeA was inserted into pSlient-1 study
pS-VeA A DNA fragment containing the downstream flanking  This
sequence of VeA was inserted into pSL-VeA study
pSCL-VeA A DNA fragment containing the upstream flanking This
sequence of SC-VeA was inserted into pSlient-1 study
pSC-VeA A DNA fragment containing the downstream flanking ~ This
sequence of SC-VeA was inserted into pSCL-VeA study
PBARGPE Vector used for overexpression Takara
PBG-VeA A DNA fragment containing VeA, its putative This
promoter, and terminator was inserted into pBARGPE  study
pBG-VeAC Control overexpression plasmid without any fragment ~ This
insertion study
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HindIll, respectively, ligated overnight with T4 DNA ligase, and trans-
formed into E. coli DH5a competent cells. The pSR fragment was inserted
via seamless cloning using the primers, VeA-pSRR and VeA-pSRL, to
amplify the target fragment. The linearized vector pSL-VeA was digested
with Kpnl and Stul, and the fragment and plasmid were ligated according
to the manufacturer’s instructions (ClonExpress MultiS One Step Clon-
ing Kit (Vazyme)) and transformed into E. coli DH5a competent cells to
obtain plasmid pS-VeA. The scramble control plasmid was constructed in
the same way as the silencing plasmid and labeled as pSC-VeA.

2.2.2. Construction of overexpression plasmid and overexpression control
plasmid

Based on the search of genomic information of C. globosum in NCBI
(National Center for Biotechnology Information), along with the char-
acteristics of VeA, it was found that CgVeA (GenBank: XP_001228297.1)
has high homology with other filamentous fungi. The primers VeA-L and
VeA-R were designed to amplify the sequence of the CgVeA gene, with
BamHI and EcoRI sites. The CgVeA overexpression vector was con-
structed with pBARGP-mcherry. The target fragment after PCR ampli-
fication was 1539 bp. The pBARGP-mcherry plasmids and fragments
were digested with BamHI and EcoR], ligated using T4 DNA ligase, and
transformed into E. coli DH5a competent cells to produce the over-
expression plasmid pBG-VeA. Subsequently, overexpression control
plasmid, comprising an empty vector pBARGP-mcherry without any
inserted fragment, was constructed to verify the role of CgVeA. This
plasmid was designated as pBG-VeAC and selected for transformation by
protoplast transformation.

2.3. Protoplast transformation

After constructing the plasmids pS-VeA, pSC-VeA, pBG-VeA, and
PBG-VeAC, PEG-mediated protoplast transformation was performed as
described previously [34]. The wild-type C. globosum was cultured in
PDA broth for 3 days, and the mycelia were filtered and digested using
lywallzyme in an orbital shaker incubator at 30 °C and 110 rpm. After
digestion, the mixture was filtered through a double lens paper and
centrifuged at 4000 rpm for 5 min at 4 °C, the supernatant was dis-
carded, and the sediments were resuspended in 0.06 mol/L STC (27.3 g
of sorbitol, 0.75 g of Tris, 0.13 g of CaCly, and 125 mL of water; pH of
7.5). This step was repeated two or three times, and the concentration of
protoplasts was determined after resuspending the sediments in 200 pL
of STC. Then, 10 pg of plasmids were added to the STC and the mixture
was incubated at 0 °C for 20 min. Subsequently, 50% PEG 4000 (50 g of
PEG 4000, 8.48 g of Tris, 0.11 g of CaCly, and 100 mL of water; pH of
7.5) was added to the protoplast-plasmid mixture and incubated at 0 °C
for 20 min. After that, the mixture was cultured in 10 mL of regeneration
medium (0.1 g of yeast extract and peptone, 3.42 g of sucrose, 0.15 g of
agar, and 10 mL of water; pH of 7.0) for 12 h at 28 °C, and then poured
into the screening medium (0.1 g of agar, 10 mL of PDA, and appropriate
concentrations of antibiotics). After 24 h of incubation, the growth of the
transformants was observed and single colonies on the second layer
were collected.

2.4. Morphological observation

2.4.1. Scanning electron microscopy

The spores grown on the PDA plate were collected by cutting off the
culture medium (length of side: 0.5 cm) using a surgical knife, fixed in
50% glutaraldehyde solution, and dehydrated with 50%, 75%, 80%,
90%, 95%, and 100% ethanol, respectively. Subsequently, all the sam-
ples were passed through tert-butanol and subjected to critical-point
drying by lyophilizer. The dried samples were placed onto a stub
bearing adhesive and viewed under a scanning electron microscope.

2.4.2. Enumeration of C. globosum spores
The spores from the wild-type and mutant C. globosum colonies
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grown on PDA plates were collected and suspended in glycerinum
(50%). Then, the spore suspension was added to the blood cell count
plate and the spores were counted under a light microscope. The pro-
cedure was repeated thrice at each time point, and the average value was
taken into consideration.

2.5. RNA isolation and quantitative real-time PCR

The mycelium pellets in the PDA broth were filtered and washed
twice with sterile water. After absorbing the water with filter paper, the
mycelium pellets were transferred to the mortar, mixed with liquid ni-
trogen, and ground to powder. The RNA was extracted by using the RNA
prep pure plant kit (Tiangen, China) and translated into cDNA using a
reverse transcription kit (Novoprotein Scientific Inc, China). The RNA
quality was analyzed by agarose gel electrophoresis, and 10-fold diluted
c¢DNA was employed as template to perform quantitative real-time PCR
(RT-gPCR) using Trans Start Top Green gqPCR SuperMix (TransGen
Biotech, China) in a Real-time PCR System (Thermo Fisher Scientific,
Carlsbad, CA, USA). The p-actin gene (GenBank Accession No.
CH408033.1) was used as an internal control for C. globosum. The
relative abundances of CgVeA, LaeA, cheR, PKS, and p450 genes were
standardized by the expression levels of the f-actin gene, and the rela-
tive quantification of each transcript was achieved using the 274ACT
method [35]. The enumerations were performed in triplicate for each
group of data, and the average was taken into consideration.

2.6. Determination of C. globosum biomass and cheA concentration

The wild-type and mutant C. globosum strains were cultivated in 50
mL of PDA medium under light or dark condition at 28 °C and 180 rpm.
The biomass of all the incubated strains was determined at different time
points by harvesting and weighing the cells by dry weight method [12].
The filtrate was extracted with an equal volume of ethyl acetate, and the
extract was filtered and dried in a rotary evaporator at 35 °C. The crude
extract was dissolved in 1.5 mL of methanol, filtered through a 0.22-pm
filter, and assayed using high-performance liquid chromatography
(HPLC). The HPLC conditions were as follows: TC-C18 column (Agilent,
4.6 mm x 250 mm, 5 pm) and 45% CH3CN (v/v) in H,O at a flow rate of
1.0 mL/min. The cheA (C33H36N20s) standard (Sigma-Aldrich, Ger-
many) was used as the control.

2.7. Detection of the role of CgVeA in the inhibitory activity of C.
globosum against phytopathogenic fungi

The wild-type and mutant C. globosum strains were cultured in PDA
broth for 7 days. After incubation, the fermentation broth was filtered,
diluted to 20%, mixed with PDA solid medium, and poured onto plates.
The control plate was not inoculated with C. globosum strains. After
solidification of the medium, single mycelial plugs of various phyto-
pathogenic fungi from 3-day-old PDA cultures were inoculated in the
center of the PDA-C. globosum plates and incubated until phytopatho-
genic fungal colonies filled the control plate. Then, the diameter of the
phytopathogenic fungal colony in the experimental plates was deter-
mined. The investigation was performed in triplicate, and the average
value was taken into consideration.

2.8. Expression and purification of CgVeA protein

Based on the VeA gene in the C. globosum genomic DNA, the coding
region for the production of CgVeA protein was generated by PCR. The
DNA fragment was amplified using PF-CgVeA and PR-CgVeA primer
pairs. After digesting the pET28a plasmid vector with Ncol and Xhol, the
amplified fragment was ligated into this vector to obtain pET28a-
CgVeA. Then, pET28a-CgVeA was introduced into E. coli BL21(DE3)
cells for heterologous expression, and the cells were cultivated in 1.5 mL
of LB medium with kanamycin in a shaking incubator (200 rpm) at
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37 °C. When the optical density of the culture at 600 nm reached
0.6-0.8, protein expression was induced by adding 0.5 mM isopropyl
thio-p-galactopyranoside to the culture and incubating the culture at
15 °C for 28 h. Subsequently, the culture was collected and mixed with 5
mL of 1 x PBS, and subjected to ultrasonication. Then, the mixture was
centrifuged at 12,000 rpm for 1 min, and the supernatant obtained was
the CgVeA protein. The protein size was assessed by SDS-PAGE, and the
protein concentration was measured by BCA. Finally, the protein sam-
ples were stored at —80 °C or directly used in electrophoretic mobility
shift assays (EMSA).

2.9. EMSA

Fragments comprising 500-bp (from —400 to +100) upstream of the
four known secondary metabolite biosynthetic gene clusters, including
PKS, LaeA, p450, and cheR, were PCR-amplified using the primers listed
in Table S2. The CgVeA protein at different concentrations were incu-
bated with DNA probe in 20 pL of the reaction mixture, including 20 mM
Tris base, 2 mM dithiothreitol, 5 mM MgCly, 0.5 pg of calf BSA, 5% (v/v)
glycerol, and, if needed, 500 ng of poly[d(I-C)]. The DNA probe and
DNA-protein complexes were separated by electrophoresis on non-
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denaturing 4% (wt/vol) polyacrylamide gel for 25 min, with 0.5 x
TBE as the running buffer. After electrophoresis, the DNA was stained
with SYBR Gold nucleic acid gel stain for 30 min in 1 x TBE and pho-
tographed under UV using Quantity One.

3. Results
3.1. Silencing and overexpression of CgVeA in C. globosum

To determine the function of CgVeA in C. globosum, the target gene
was inactivated by utilizing the RNAI strategy (Fig. 1A). The conserved
region of the CgVeA gene was obtained by SMART and Conserved Do-
mains. Based on the results of conserved region analysis, primers VeA-
pSLL and VeA-pSLR were designed to amplify the pSL of CgVeA (Fig. 1B),
ligated to pSilent plasmid through SnaBI and HindIII sites, and trans-
formed into E. coli DH5a competent cells. The two selected trans-
formants formed two bright bands, whereas the vector control did not
exhibit any interference band, indicating that pSL was accurately ligated
to the corresponding genomic locus of pSilent plasmid (Fig. 1C). The
insertion of pSR fragment was carried out by seamless cloning (Fig. 1B),
and the results showed that pSR was accurately inserted into the vector

The whole genome of
C. globosum

A
The conservative
region of CgVeA gene
HindIII Kpnl
HindIII and SnaBI
pSlient-1 ori Kpnl and Stul T pSlient-1 ori
SnaBI
pSL-VeA

B C D

500bp ges

500bp

7500bp

500bp

Fig. 1. Construction and validation of CgVeA silencing vector. (A) Strategy for the construction of CgVeA silencing vector. (B) Electrophoresis of PCR products of
pSL and pSR fragments. (C) Verification results of double digestion by SnaBI and HindIIl. 1: Linearized pSilent plasmid fragment (7056 bp); 2-3: Two bright bands
obtained after digestion indicate the linearized pSL-VeA plasmid fragment and interference sequence (539 bp). (D) Validation results of double digestion by Kpnl and
Stul. 1: Linearized pSilent plasmid fragment (7056 bp); 2-3: Two bright bands obtained after digestion indicate the linearized pS-VeA plasmid fragment and

interference sequence (539 bp).
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pSL-VeA plasmid (Fig. 1D). The pS-VeA and pSC-VeA plasmids con-
struction strategy and validation results are displayed in Fig. 1 and
Fig. S1. After transforming the plasmids pS-VeA and pSC-VeA into
C. globosum, the corresponding CgVeA-silenced mutant (PS) and
scramble control mutant (PC) obtained were subjected to inverted cul-
ture on PDA medium for five generations, and incubated on hygromycin
(200 pg/mL)-resistant screening plates to determine the genetic stability
of all derivatives. While all the mutants could grow on the screening
plate, the parent cells could not grow (Fig. 2A), thus, confirming that the
resistance genes had been successfully inserted into the C. globosum
genome. Moreover, the two mutants were further verified by diagnostic
PCR using primers Hyg-F and Hyg-R, and the findings showed that both
the mutants formed a 752-bp band, whereas the water control and wild-
type C. globosum did not produce any band (Fig. 2B), which were

Hygromycin

Water WT PS PC

i bp'

WT

WT

PC
CK

Synthetic and Systems Biotechnology 7 (2022) 1084-1094

consistent with the results of hygromycin resistance screening.

The CgVeA overexpression mutant (VE11) was constructed using
PBARGP-mcherry as the original plasmid, and the construction strategy
and validation results are shown in Fig. S2. The plasmids pBG-VeA and
PBG-VeAC were transformed into C. globosum by protoplast trans-
formation, and the corresponding transformants VE11 and vector con-
trol (CK) were continuously cultured for five generations and then
cultivated on bialaphos resistance screening plates for 7 days. While the
wild-type C. globosum could not grow on the screening plate, VE11 and
CK could grow well (Fig. 2A). Subsequently, the strains were verified by
diagnostic PCR using primers BIpR-F and BIpR-R, and the results showed
that only VE11 and CK formed a 496-bp band, proving that the BIpR
resistance gene had been successfully inserted into the C. globosum
genome (Fig. 2B). Furthermore, to detect the expression of the red

Bialaphos

Water WT CK VEI11

) bp-

PS

VE11

Fig. 2. Silencing and overexpression of CgVeA in C. globosum. (A) WT, PS, PC, CK, and VE11 strains were cultured on resistance plates for 7 days. (B) PCR results
for Hyg and BIpR resistance genes. (C) Strains observed under fluorescence microscope. (WT: Wild-type strain; PC: Vector control; PS: CgVeA-silenced mutant, CK:

Scramble control; VE11: CgVeA overexpression mutant).
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fluorescence marker, the wild-type C. globosum, PS, PC, CK, and VE11
were observed under fluorescence microscope. The results showed that
the red fluorescence protein was accurately expressed in CK and VE11,
whereas no fluorescence was detected in the other strains (Fig. 2C).

3.2. Role of CgVeA in C. globosum development

To explore the role of CgVeA on the development of C. globosum, the
wild-type C. globosum, VE11, CK, PS, and PC strains were cultured on
PDA plates for 7 days at 28 °C under light and dark conditions,
respectively. To reduce the influence of other factors, the spores con-
centration for all the strains was adjusted to 1 x 10’ CFU/mL (oxford
cup was placed on each plate and 50 pL of spore suspension were added).
The results showed reduced spores production in VE11l, whereas
increased spores production in PS, when compared with that in the wild-
type C. globosum, under light condition (Fig. 3A). In contrast, the number
of spores in VE11 obviously enhanced from 1.23 x 10% to 1.02 x 10°
CFU/mL under dark condition, when compared with that under

Synthetic and Systems Biotechnology 7 (2022) 1084-1094

illumination (Fig. 3C). Similar trend in spores production was also
observed in the other strains. Thus, these findings indicated that the
number of spores obviously decreased under light condition, when
compared with that under dark condition. Furthermore, scanning elec-
tron microscopy analysis revealed that CgVeA did not affect the
morphology of conidia and the diameter of mycelia under light or dark
conditions (Fig. 3B).

Subsequently, RT-qPCR was performed to further examine the in-
fluence of CgVeA on the development of C. globosum, and the findings
demonstrated that CgVeA expression under light condition was higher
than that under dark condition, which proved that CgVeA negatively
regulated sporulation (Fig. 3D). It has been reported that the brlA gene
(GenBank Accession No: XP_001223891.1) has a key role in regulating
conidiation in Penicillium decumbens [36]. In the present study, the
expression of brlA in PS was 2.01-fold higher than that in the wild-type
C. globosum under dark condition (Fig. 3E), suggesting that brlA was
negatively regulated by CgVeA.

A
Light
Dark
B
Light
Dark
C D E
CJwr [ Jwr
[ Light :Igg \:'1]:5
e [ IDark s - [ bt { e
" h dEgven  * ven
X X %
. : Sed s
67 i T e 3 S 6 .
H I H £ ] .
oo 2 2
ch : - g 2
5 L iy 5 2
£ : N
& mb Z 2
b 3 e -
4+ &2 &2 z -
Ifﬁﬂ*g ‘
3 T T 0 0
WT PC PS CK VEI11 48h-Dark ~ 48h-Light  96h-Dark 96h-Light 144-Dark 144h-Light

48h-Dark 48h-Light 96h-Dark 96h-Light 144h-Dark 144h-Light

Fig. 3. Effect of CgVeA on C. globosum colony, morphology, and conidiation under dark and light conditions. (A) Sporulation of WT, PC, PS, CK, and VE11
strains on PDA plates. (B) Morphological characteristics of all the tested strains observed under scanning electron microscope. (C) Number of spores produced by WT,
PC, PS, CK, and VE11 strains on PDA medium. (D) Transcription level of CgVeA in WT, PC, PS, CK, and VE11 strains under dark and light conditions. (E) Expression
level of brlA in WT, PC, PS, CK, and VE11 strains under dark and light conditions. The relative abundance of mRNAs was standardized against the levels of the f-actin
gene. Error bars represent standard deviations from three independent experiments. Differences were analyzed by Student’s t-test, and p < 0.05 was considered
statistically significant. The levels of significance are **p < 0.01, *p < 0.05. (WT: Wild-type strain; PC: Vector control; PS: CgVeA-silenced mutant, CK: Scramble

control; VE11: CgVeA overexpression mutant).
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3.3. Role of CgVeA in C. globosum biomass and cheA production

To determine the regulatory effect of CgVeA on secondary metabo-
lites production in C. globosum, the wild-type and mutant C. globosum
strains were cultured in PDA broth under light and dark conditions,
respectively, and sampled at various time points in an interval of 3 days.
The cheA production reached an equilibrium in 12 days of incubation.
The cheA yield of VE11 reached 270.48 and 200.71 mg/mL under light
and dark conditions, respectively, which were markedly higher than
those of the wild-type C. globosum (Fig. 4A and B). This result indicated
that CgVeA expression is essential for cheA production, and that CgVeA
functions as a light-responsive positive regulator of the biosynthesis of
target compounds in C. globosum. The biomass results obtained under
both light and dark conditions revealed that the biomass of all the tested
strains linearly increased from 3 to 9 days and presented no significant
changes at the equilibrium stage (Fig. 4A and B).

3.4. Role of CgVeA in the expression of cheA biosynthetic genes and other
regulator genes

To examine the effects of CgVeA on the transcription of cheA
biosynthetic genes, development-related genes, and other regulator
genes, including PKS, p450, brlA, LaeA, and cheR genes, RT-qPCR was
performed. The cells were harvested and extracted after 6, 9, 12, and 15
days of incubation, and quantitatively analyzed under light and dark
conditions, respectively. The PKS gene, which is responsible for poly-
merizing monomer structure to form carbon skeleton, has an extremely
important role in cheA biosynthesis. The p450 gene is another crucial
gene in the cheA biosynthetic gene cluster, and is involved in converting
the nascent substrate into terminal product cheA by redox reaction. The
expression levels of both these genes were obviously enhanced in VE11
(containing the CgVeA overexpression cassette), but were dramatically
decreased in the CgVeA-silenced mutant, PS (Fig. 5). These findings,
combined with the results of cheA production (Fig. 4), indicated that
CgVeA played an important regulatory role in the biosynthesis of cheA
by controlling the transcription levels of the core enzymes in the gene
cluster. Furthermore, the results showed that effectively enhanced
expression of CgVeA had a positive impact on the expression levels of
LaeA and cheR, which were identified to be positively correlated with
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cheA biosynthesis [13], especially under light condition. In contrast,
both LaeA and cheR were obviously reduced in PS (Fig. 5). These results
suggested that CgVeA might form a regulatory network with LaeA and
cheR to interact with cheA biosynthetic gene cluster to enhance cheA
production. EMSA was performed to directly verify the role of CgVeA in
the regulation of cheA biosynthesis, and the CgVeA protein was assessed
by SDS-PAGE (Fig. 6A). The EMSA results showed clear bands corre-
sponding to p450, cheR, and LaeA; however, no band corresponding to
PKS was detected (Fig. 6B-D). These findings indicated that CgVeA
regulated the biosynthesis of cheA through direct interaction with the
promoter region of p450. The p450 gene has an important role in
oxidation reactions for the biosynthesis of cheA [12]. Similarly, CgVeA
directly regulated LaeA, a global regulator, and cheR, a pathway-specific
regulator, by binding to the promotor regions of these two genes (Fig. 6C
and D). On the contrary, CgVeA indirectly regulated PKS (Fig. 6E).

3.5. Role of CgVeA in the inhibitory activity of C. globosum against
phytopathogenic fungi

Fig. 7 shows the results of the effect of CgVeA on the inhibitory ac-
tivity of the culture filtrates of wild-type C. globosum, PS, and VE11
strains against phytopathogenic fungi. The colony diameters of Rhizoc-
tonia solani on wild-type C. globosum, VE11, and PS culture plates were
5.72, 3.36, and 7.18 cm, respectively, indicating that the culture filtrate
of CgVeA overexpression mutant showed a dramatic increase in the
inhibitory activity against phytopathogenic fungal cells. Furthermore,
the colony diameters of Sclerotinia sclerotiorum on wild-type C. globosum
and PS culture plate were 4.62 and 7.21 cm, respectively, demonstrating
lower inhibitory activity of the filtrate of the CgVeA-silenced mutant
against phytopathogenic fungi, when compared with that of the wild-
type strain. These results suggested that CgVeA plays an important
role in the inhibitory activity of C. globosum against phytopathogenic
fungi.

4. Discussion
C. globosum is the most prevalent member of Chaetomiaceae, which

has been well-studied owing to its various beneficial products such as
cytochalasan [6], azaphilones [37], and terpenoids [38]. CheA, the
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Fig. 4. Biomass and cheA yield of WT, PC, PS, CK, and VE11 strains under light and dark conditions. Biomass and cheA production of WT, PC, PS, CK, and
VE11 strains incubated in PDA medium for different durations under (A) light condition and (B) dark condition. Data were averaged using triplicate measurements.
(WT: Wild-type strain; PC: Vector control; PS: CgVeA-silenced mutant, CK: Scramble control; VE11: CgVeA overexpression mutant).
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Fig. 5. Gene expression in WT, PC, PS, CK, and VE11 strains. Expressions of CgVeA, LaeA, CheR, PKS, and p450 in WT, PC, PS, CK, and VE11 strains at 6, 9, 12,
and 15 days of incubation in PDA medium at 28 °C under (A) light condition and (B) dark condition. Data were averaged using triplicate measurements. Differences
were analyzed by Student’s t-test, and p < 0.05 was considered statistically significant. The levels of significance are **p < 0.01, *p < 0.05. (WT: Wild-type strain;
PC: Vector control; PS: CgVeA-silenced mutant, CK: Scramble control; VE11: CgVeA overexpression mutant).

major secondary metabolite of C. globosum, has a typical structure of
cytochalasan. It exhibits antitumor activity and excellent
broad-spectrum antimicrobial ability against phytopathogenic fungi
such as Fusarium sporotrichioides, Setosphaeria turcica, and Rhizopus sto-
lonifer [39,40]. Several well-designed studies have characterized the
metabolites from “silent” or “repressed” secondary metabolic biosyn-
thetic gene clusters in fungi via activation of cluster-specific or global
transcription regulator. For instance, rsmA, a recently discovered
YAP-like bZIP protein in Aspergillus nidulans, significantly activated the
production of carcinogenic and anti-predation sterigmatocystin by
binding to the two sites of a C6 transcription factor in AfIR promoter
region [41]. Deletion of rsdA, identified in Pestalotiopsis fici through
genome-wide analysis, not only resulted in a significant reduction in
secondary metabolites production, but also caused abnormal morpho-
logical development [42]. However, limited information about the
transcriptional regulation of morphological development and cheA
biosynthesis in C. globosum has hindered the application and populari-
zation of cheA in agriculture and industries.

Therefore, in the present study, the CgVeA gene was silenced and
overexpressed in C. globosum, respectively, to illustrate its functional
mechanism in regulating cheA biosynthesis and asexual spores pro-
duction. The RT-qPCR results and morphological culture characteristics
demonstrated that CgVeA has a negative regulatory effect on spore for-
mation, especially in the presence of light. The number of asexual spores
decreased with the increasing expression level of CgVeA; however,
CgVeA had no influence on the morphology of spores and hyphae.
Similarly, negative regulation of asexual spores production by VeA gene
has been reported in Aspergillus sp [43,44]. In the past 5 years, our
research group has progressively explored the factors influencing cheA
production. CglLaeA and CgcheR, the Zn(I)Cyse structural and
pathway-specific transcription factors, respectively, have been identi-
fied in C. globosum, and have been found to exert positive effects
(especially, CgcheR) on target compounds synthesis [13,33]. Further-
more, EMSA results have revealed that CgcheR shared a relatively strong
shift signal to PKS gene, which has been reported to be associated with
polymerization of monomeric substance to form the carbon backbone
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[12]. Similarly, in the present study, CgVeA was found to positively
regulate cheA biosynthesis. Moreover, CgVeA was observed to directly
regulate the LaeA gene, implicitly confirming interactions between
CgVeA and LaeA. However, as a global regulator, CgVeA did not bind to
the promoter region of the PKS gene, thus, necessitating further research
on the interaction between CgVeA and PKS.

The cheA production effectively increased when a strong promoter
gpdA was used to enhance the expression level of CgVeA. On the con-
trary, the cheA yield significantly decreased after CgVeA silencing.
Furthermore, RT-qPCR results showed that CgVeA, as a light responsive
regulator, could promote the expression of CglaeA and CgcheR. The
transcription levels of genes related to cheA biosynthetic gene cluster,
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including PKS and p450 genes, were further promoted, which might be
the result of the interaction of regulatory network. Similar to these
findings, it has been reported that biosynthesis of aflatoxins, which are
cytotoxic and carcinogenic polyketide compounds, in Aspergillus flavus is
VeA-dependent [45]. Moreover, VeA has been determined to regulate
the expression of multiple genes related to secondary metabolites pro-
duction in A. fumigatus [46]. In the present study, the expression of VeA
was positively correlated with the cheA yield, which was achieved by
modulating the expression of the key gene, PKS. When compared with
the wild-type C. globosum, the inhibitory effects of the culture filtrate of
CgVeA overexpression mutant against phytopathogenic fungi were
significantly improved, which might be related to the enhanced cheA
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production or activation of the expression of other silent or cryptic
secondary metabolite gene cluster.

In summary, the functional mechanism of CgVeA in C. globosum was
determined in the present study, and CgVeA was found to have a positive
effect on cheA biosynthesis and negative effect on asexual spore for-
mation. These influences might be the consequence of the ability of
CgVeA to regulate the core enzymes involved in cheA biosynthesis or
simulate the expression of other regulators. The mass production of cheA
not only yields high economic benefits, but also offers substantial
environmental protection by providing a novel alternative to chemical
pesticides.
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