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Abstract
A number of studies have demonstrated that endophytic fungi have the potential to produce antitumor
active substances with novel structures and signi�cant activities. Our previous studies found that an
endophytic Fusarium solani derived from the stem of the medicinal plant Nothapodytes pittosporoides
(Oliv.) Sleum had good antitumor activity. Furthermore, overexpression of the global regulator FsveA
(FsveAOE) in F. solani led to signi�cant inhibition ratio increasement of human alveolar adenocarcino -ma
cell (A549). In comparison with the wild strain (WT), the inhibition rate of FsveAOE was obviously
increased ~ 14.69%, and the apoptosis ratio was signi�cantly increased 4.86-fold. A metabolomic
analysis revealed that the overexpression of FsveA resulted in a signi�cant increasement in several
antitumor secondary metabolites of fungi, including alkaloids (Geldanamycin, Acadesine, Adenosine),
terpenoids (Lanosterin, Illudin M), carboxylic acid derivatives (L-Arginine, L-Methionine), phenolic (4-Allyl-
2-methoxyphenol) and �avonoid metabolites (Epicatechin gallate). Additionally, the transcriptome
analysis also displayed that expression pattern of 48 genes-related to the antitumor activity were
signi�cantly changed in FsveAOE, mainly involving glycosyl hydrolases, the Zn(2)-Cys(6) class,
Cytochrome P450 monooxygen -ase, 3-isopropylmalate dehydratase, and polyketide synthases.
Therefore, we conclude that FsveA mediate multiple secondary metabolic pathways to up-regulate the
production of antitumor substance in endophytic F. solani.

Introduction
Cancer is a common and frequently-occurring disease threatening human health. According to a report
from the World Health Organization (WHO), cancer-related deaths will increase and are expected to reach
an approximate number of 11.5 million by 2030 all over the world (Ur Rashid et al. 2020). As an important
means of cancer treatment, Drug therapy has been the fastest in growth (Shan et al. 2005). However, the
existing anticancer drugs are confronted with toxic side effects and drug resistance. While coexisting with
their host plant in the nature, endophytic fungi have a special symbiotic relationship with the hosts
(Terkar and Borde, 2021; Li et al. 2018). A number of studies have demonstrated that endophytic fungi
have the potential to produce antitumor active substances with novel structures and signi�cant activities.
(Chen et al. 2016; Teixeira et al. 2019; Bedir et al. 2021; He et al. 2020). Moreover, endophytic Fusarium
solani produced secondary metabolites with the potential for antitumor activity, including camptothecin
with inhibitory activity on cancer cells (Ran et al. 2017) and Azaanthra -quinone derivatives with cytotoxic
activity against four human tumor cell lines, MDAMB231, MIAPaCa2, HeLa, and NCIH1975 (Chowdhury et
al. 2017). Therefore, it is important to carry out studies on the antitumor activity of endophytic F. solani.

With the deepening studies on endophytic fungi, researchers have found that most biosynthetic gene
clusters in �lamentous fungi are silenced under conventional laboratory culture conditions, and these
silenced gene clusters contain an abundant resource of secondary metabolites (Wei et al. 2021). In recent
years, the use of regulatory factor strategies to activate silenced genes in strains to screen for new
structures and high-activity secondary metabolites is becoming a research hotspot (Lyu et al. 2020). The
global regulatory factor veA is a velvet-like photosensitive protein �rstly identi�ed in Aspergillus nidulans
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whose N-terminal contains a highly conserved nuclear localization region among different species, and
the C-terminal contains a PEST region (Ma et al. 2012). In fungi, it is found that the gene can positively
regulate sexual reproduction and negatively regulate asexual reproduction, and it is a necessary gene for
the biosynthesis of some fungal metabolites, which has a great in�uence on mycelial morphology and
metabolites (Kim et al. 2009). Studies have shown that veA negatively regulates penicillin biosynthesis in
Penicillium chrysogenum (Kopke et al. 2013). veA in Pestalotiopsis microspora is different from most veA
in inhibiting asexual reproduction and activating the synthesis of secondary metabolites, it positively
regulates the production of conidia and mycelial growth but negatively regulates the synthesis of
pestalotiollide B (Akhberdi et al. 2018). This indicated that veA in different strains had special effects on
metabolism and morphological differentiation, which provided a new way for the development of natural
products in fungi.

At present, there were few reports on whether veA mediates the anti-tumor activity of endophytic fungi.
Our previous studies have found an endophytic Fusarium solani HB1-J1 derived from the plant
Nothapodytes pittosporoides (Oliv.) Sleum with good and stable antitumor activity. In order to further
study the anti-tumor activity of this strain, we over-expressed the fungal conservative global regulatory
factor FsveA in this strain. Transcriptome and metabolomics analyses were performed to explore the
effect of veA on the antitumor activity, as well as regulation of secondary metabolism and growth and
development of F. solani.

Materials And Methods
Identi�cation of Endophytic Fusarium solani HB1-J1

Seeded into PDA plates, the isolated and puri�ed strain HB1-J1 was cultured for 7 days (d) at 28 ℃.
Observe the colony morphology and color, and measure the diameter. To observe the morphological
characteristics of conidia, conidiogenous cells, and chlamydospore under the microscopic �eld of view
for preliminary identi�cation (Qiu et al. 2020). Images were processed using Adobe Photoshop CS6
software.

Genomic DNA was extracted from the strain using a fungal genomic DNA extraction kit (Biomiga).
Ampli�cation was performed using primers ITS1/ITS4 (White et al. 1990), EF-1/EF-2 (Geise et al. 2004),
RPB1-DF2asc/RPB1-G2R (Zhang et al. 2020), fRPB2-5f2/fRPB2-7cr (Qiu et al. 2020). Sequencing was
done on the PCR products. After performing the nucleotide BLAST of sequencing product, the fasta
sequence of similar organisms along with nearest neighbor sequences from the NCBI database were
download (Table S1) and comparison by online server MAFFT v.7.110 (Katoh and Standley, 2013; Soni et
al. 2021; Ameen et al. 2021). The spliced dataset (Vaidya et al. 2011) was analyzed phylogenetically
using the online software CIPRES Science Gateway v.3.3 (Assunção et al. 2020). Phylogenetic trees were
edited by FigTree v1.4.4.

Construction of a genetic transformation system in Fusarium solani
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The target fragments were obtained by PCR ampli�cation with speci�c primers veA-F/veA-R, PgpdA-Xba1-
F /PgpdA-veA-R (Table S2) using DNA from the strain  and PgpdA plasmid as templates. PgpdA::veA
fusion product and pK2hyg backbone vector were double enzyme digested with Xba 1 and Hind III, and
T4DNA ligated before being transferred into E.coli DH5α competent cells by the thermal stimulation
method. After verifying the correct vector by colony ampli�cation, enzyme digestion, and sequencing, the
pK2hyg-PgpdA-veA plasmid was transformed into Agrobacterium tumefaciens by electroshock method.
Then it was transferred into the HB1-J1 strain by Agrobacterium-mediated (Ma et al. 2009).

FsveA gene sequence analysis

The FsveA gene was analyzed by an online BLAST search at the NCBI Web site. For the multiple
sequence alignment analysis, the amino acid sequences of FsveA and other veA homologues from
different species retrieved from NCBI were aligned using the online server MAFFT v.7.110 (Katoh and
Standley, 2013). The phylogenetic analysis was conducted with the MEGA7 software. GENEDOC was
used to treat the FsveA protein's conserved domain.

Real-time Quantitative PCR analysis

Mycelia of WT and FsveAOE fermented in Sabouraud’s liquid medium for 7 d were collected, and total
RNA was extracted by the Easy Spin Plant RNA Rapid Extraction Kit from Adelaide. Total RNA quality and
concentration were detected, and DNA was removed after extraction was completed. cDNA was
synthesized by referring to the GenStar kit, and cDNA was used as a template for RT-qPCR analysis. Using
the tubulin gene in Fusarium as an internal reference gene (Alexander et al. 2018). Relative expression
levels of each gene was calculated by the comparative crossing point method and presented as 2-∆∆Ct.
Each gene expression analysis was performed with three independent biological replicates. The speci�c
primers used for RT-qPCR are listed in Table S2.

Preparation of crude extracts

 The blastospore of FsveAOE and wild-type HB1-J1 strains were quantitatively inoculated into
Sabouraud’s liquid medium and fermented aerobically at 28 ℃ and 180 rpm for 7 d. Fermentation
cultures of mutant and WT strains were extracted three times with ethyl acetate and concentrated under
decreased pressure to obtain crude extracts for anti-tumour activity and metabolomics assays (�lter
mycelia stored at -80 ℃for transcriptome detection). Metabolome and transcriptome detection were
entrusted to Biomarker Technologies (https://international.biocloud.net/zh/user/login).

Proliferation of cancer cells by MTT assay

  Human alveolar adenocarcinoma cells (A549) in the logarithmic growth phase and in good growth
conditions were taken and digested with trypsin, and the addition of RPMI1640 fresh medium containing
serum terminated the reaction. Centrifugation to make cell suspension, inoculation in 96-well plates at
1×106 cells/mL, 100 μL per well, incubation at 37 ℃, 5 % CO2 incubator for 24 hours (h). Different drug

https://international.biocloud.net/zh/user/login
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concentrations were prepared with fresh medium, and �ve duplicate wells were set for each
concentration. The crude extract was utilized as the experimental group, the adriamycin was used as the
positive control, the medium containing only cells was used as the negative control, and the culture time
was 48 h. Then 20 μL of MTT solvent was added to each well, incubated for 4 h, the supernatant was
discarded, and DMSO 150 μL/well was added. At 490 nm, the absorbance was measured using an
enzyme-labeled device.

Detection of apoptosis by AnnexinV-FITC/PI

A549 cells at the logarithmic growth stage were taken, made into cell suspension, inoculated into 6-well
plates at 1×107 cell/mL, 1 ml per well, and incubated in a 5 % CO2 incubator at 37 ℃for 24 h. Then, WT

and FsveAOEV14 crude extracts were applied to the cells for 48 h. The cells were collected, washed in
1xPBS, centrifuged, stained with AnnexinV-FITC/PI reagent kit, and �ow cytometry was than used to
detect apoptosis of the cells.

Nontarget LC-MS/MS metabolome detection

Waters Xevo G2-XS QTOF high resolution mass spectrometer was used to collect primary and secondary
mass spectrometry data in MSe mode under the control of the acquisition software (MassLynx
V4.2,Waters). In each data acquisition cycle, dual-channel data acquisition can be performed on both low
collision energy and high collision energy at the same time. The low collision energy is 2 V, the high
collision energy range is 10~40 V, and the scanning frequency is 0.2 seconds for a mass spectrum. The
parameters of the ESI ion source are as follows: Capillary voltage: 2000 V (positive ion mode) or -1500 V
(negative ion mode); cone voltage: 30 V; ion source temperature: 150 ℃; desolvent gas temperature 500
℃; back�ush gas �ow rate: 50 L/ hours; Desolventizing gas �ow rate: 800 L/hours. 

Transcriptome sequencing

The purity, concentration and integrity of RNA samples were tested using advanced molecular biology
equipment to ensure the use of quali�ed samples for transcriptome sequencing. A total amount of 1μg
RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were
generated using NEBNext®Ultra™RNALibrary Prep Kit for Illumina®(NEB, USA) following manufacturer s
instructions and index codes were added to attribute sequences of each sample. Brie�y, mRNA was
puri�ed from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer 5X . First
strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase. Second
strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining
overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3,
ends of DNA fragments, NEBNext Adaptor with hairpin loop structure were ligated to prepare for
hybridization. In order to select cDNA fragments of preferentially 240 bp in length, the library fragments
were puri�ed with AMPure XP system (Beckman Coulter, Beverly, USA). Then 3μL USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated cDNA at 37 ℃ for 15 min followed by 5 min at
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95 ℃ before PCR. Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR
primers and Index (X) Primer. At last, PCR products were puri�ed (AMPure XP system) and library quality
was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was
performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia)
according to the manufacturer’s instructions. After cluster generation, the library preparations were
sequenced on an Illumina Hiseq 2000 platform and paired-end reads were generated.

Statistical analysis

One-way ANOVA was used to examine the �ndings of the qRT-PCR studies, and P < 0.05 was considered
statistically signi�cant. The results of anti-tumor activity data and apoptosis data of each sample were
analyzed using t-tests (and nonparametric tests), and the IC50 values were statistically analyzed using
SPSS 12.0 software, all expressed in s(standard deviation). In metabolome and transcriptome analysis,
Fold change (FC)> 1, variable projection signi�cance assessment (VIP )> 1, and P < 0.05 thresholds were
considered statistically signi�cant.

Results
The crude extracts of endophytic Fusarium solani have anti-tumor activity

To investigate the antitumor activity of the endophytic strain HB1-J1, we examined the status of A549
test cell line using the MTT method with adriamycin as a positive drug. The survival rate of A549
decreased signi�cantly with increasing concentration of adriamycin, and the IC50 was
3.84±1.67 μg/ml (Fig. 1A), and the applied concentrati -on range was consistent with the literature (Xu et
al. 2018; Xie et al. 2015; Zhu et al. 2012) , indicating that the A549 cell line was in normal status and
could be used for the test. Compared with the negative control group, the ethyl acetate extract of HB1-J1
showed a signi�cant inhibitory effect on A549 (P <0.05), which was increased with the
increasement of the concentration of the crude extract. At a concentration of 300 μg/mL, the inhibition
rate was 37.87 %, and the IC50 value was 362.21±1.34 μg/ml (Fig. 1B). The inhibitory effect on
A549 of HB1-J1 was revealed.

In order to explore the antitumor substances of the strain, we �rstly identi�ed the fungus. Morphological
observations revealed that the aerial mycelium of the strain on PDA medium was white villous, with neat
colony edges and yellowish pigmentation on the back of the substrate (Fig. 2A). Conidiogenous
structures were multi-typed (Fig. 2B,C, D). Conidia were of two types: microconidia, ellipsoidal, reniform,
44.9-62.5 μm; Macroconidia, falcate, beaked at both ends, 301.20-359.70 μm, 4-6 septate (Fig. 2G).
Chlamydospore, spherical or ellipsoid, beaded chains, 3.00-8.86 μm in diameter (Fig. 2E-F). All the
morphological structures were similar to those of Fusarium sp.. Meanwhile, ITS, EF1α, RPB1 and RPB2
multigene tandem sequences were used to construct phylogenetic tree with the outgroup Fusarium
oxysporum LEMM110787 and �nd the closely related species of the fungus. The results showed that
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strain HB1-J1 clustered with Fusarium solani on the same branch with 99% similarity (Fig. 2H). Therefore,
the strain was identi�ed as F. solani.

Overexpression of FsveA enhances the antitumor activity of the strain

To explore the effect of FsveA on the antitumor activity of the strain, the FsveA gene was overexpressed
in the F. solani strain. The homologous gene of veA in this strain was ampli�ed and sequenced using the
F. solani genome as a template. Protein homology analysis revealed that the homologous protein was
86% homologous to veA of F. solani KAH7250457. Therefore, the protein was named FsveA (Fig. 3A, Fig.
S1). Construction of the veA overexpression vector by replacing the promoter of the FsveA gene in WT
with the constitutive promoter PgpdA of Aspergillus nidulans (Fig. 3B). Via Agrobacterium-mediated
genetic transformation, wild-type and transformant strains were inoculated on CZM plates containing
hygromycin B resistance, and WT growth was found to be signi�cantly inhibited, while the transformants
grew normally (Fig. 3C). Further PCR veri�cation of the transformants by the hygromycin B resistance
gene (hyg) carried by the pK2hyg-PgpdA-veA vector showed that the transformants could be ampli�ed
with speci�c bands at about 1000 bp, which was consistent with the expected size, while WT had no
band (Fig. 3D), demonstrating the overexpression mutant FsveAOE was successful. The FsveA gene
transcript levels of WT and transformants were also analyzed by qRT-PCR, and it was found that
FsveAOEV14, FsveAOEV12, and FsveAOEV2 strains were signi�cantly up-regulated 52.5, 12.1, and 10.35 fold
(P<0.005) compared to WT (Fig. 3E). MTT method was used to detect the anti-tumor activity of the crude
extracts of FsveAOEV14, FsveAOEV12, FsveAOEV2, and WT strains. Results showed that the difference in
activity of crude extracts between WT and FsveAOEV14 was signi�cant, and the inhibition rate of
FsveAOEV14 on A549 cancer cells increased by about 14.69% (Fig. 3F, Table S4). Furthermore, it was also
found by �ow cytometry detection (Fig. S1, Table S5) that the apoptosis rate of the crude extract of the
FsveA overexpression strain was signi�cantly improve, about 4.86 fold than that of WT (Fig. 3G). This
suggests that FsveA mediates the antitumor activity of F. solani.

FsveA mediates the production of antitumor substances in strains

To explore the substance basis of FsveA-mediated antitumor activity, the LC/MS non-targeted
metabolomics method was used to detect metabolites of WT and FsveAOEV14 strains. Principal
component analysis showed a signi�cant separation between WT and FsveAOEV14 samples .
Concomitantly, orthogonal partial least-squares discrimination analysis (OPLS-DA) also presented highly
signi�cant differences between the samples, all within 95% con�dence intervals. And the results of
hierarchical cluster analysis showed that the replicates of FsveAOEV14 and WT both formed separate
branches, showing that there were indeed signi�cant metabolic differences. The differential metabolites
were further analyzed under the conditions of FC >1, P <0.05, and VIP >1, and it was found that 860
metabolites were co-expressed, of which 304 metabolites were up-regulated, 169 were down-regulated,
and 387 metabolites had no difference (Fig. S3). Via Classi�cation of detected differential metabolites
based on the HMBD database, the main metabolites were carboxylic acids and derivatives, fatty acyl
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groups, organic oxides, benzene and substituted derivatives, steroids and steroid derivatives (Fig. 4A).
Also discovered were nucleosides (Zenchenko et al. 2021), terpenes (de Vasconcelos Cerqueira Braz et
al. 2020), �avonoids (Pinto et al. 2021), phenols (Xia et al. 2021), indole derivatives (Han et al. 2020), and
other compounds with potential antitumor activity. Furthermore, the metabolites were found to be
signi�cantly enriched in ABC transporter, purine metabolism, phenylalanine metabolism, 2-oxocarboxylic
acid metabolism, aminoacyl- tRNA biosynthesis, and indole-like alkaloid metabolism via KEGG pathway
enrich- ment analysis (Fig. 4B). It indicates that the regulation involved in FsveA is global and has a
regulatory effect on the basal metabolism of the strain in addition to the regulation of secondary
metabolism, which may be related to the mechanism of action of FsveA.

To excavate the differential metabolites associated with antitumor activity, KEGG enrichment network
analysis was performed on the top 5 pathways of differential metabolites using the method of
clusterPro�ler selection hypergeometric test. The compounds in FsveAOEV14 that differed signi�cantly
from WT mainly belonged to alkaloids (pos_401 inosine, pos_5 adenosine, pos_117 ribo�avin, pos_175
cytidine, and pos_471 carnitine), Carboxylic acid derivatives (pos_408 l-Arginine, pos_486 l-Methionine,
etc), of which carnitine was 485 times more abundant than the WT(Fig. 4C). In addition to the
compounds enriched in the above pathways, 24 candidate metabolites were screened with the conditions
log2FC≥2, P <0.05, and VIP >1. Among the alkaloids, 2'-O-Methyluridine was only found in FsveAOEV14,
geldanamycin was up-regulated 3.98-fold compared with WT, Acadesine (AICAR) was up-regulated 5.31-
fold compared to WT. The terpenes were all up-regulated, among which Geosmin was only found in
FsveAOEV14. In phenols 4-Allyl-2-methoxyphenol was up to 230.44- fold compared to WT. Cinnamaldehyde
in aldehydes was up-regulated 52.9-fold compared to WT. Other carboxylic acid derivatives, �avonoids,
fatty acyls, and unknown metabolites were also signi�cantly up-regulated (Fig. 4D Table S6). Taken
together, it suggests that FsveA may mediate the production of multiple anti-tumor active substances in
the strain.

FsveA mediates the expression of metabolic genes of antitumor active substances in the strain

To reveal the molecular basis of FsveA-mediated antitumor active substance, we analyzed the gene
transcription patterns of WT and FsveAOE using third-generation gene sequencing technology. The
numerical control results showed that the data volume of both samples reached 6.26 GB, the sequencing
depth met the analysis standard, the percentage of Q30 bases was above 94.91%, and the GC content of
each sample was above 55.11% (Table S7). The above results indicated that the quality of transcriptome
data was up to standard, and further analysis could be carried out. Differentially expressed genes (DEGs)
were screened with |log2FC| >1, P <0.05 as the criteria, and a total of 4536 differentially expressed genes

were screened. In comparison with WT, the number of up-regulated differential genes in FsveAOEV14 was
1957, while  the ones of down-regulated were 2579 (Fig. 5A). GO functional enrichment of differentially
expressed genes then showed that 2964 genes in DEGs were clustered onto 59 functional categories (Fig.
5B). The largest number of genes was enriched in the metabolic process of biological processes with
1386 genes. Secondly, with 1163 genes in the cellular process, and the largest number of genes in the



Page 9/20

membranes of cellular components, with 988 genes. About the molecular functions, the most abundant
genes were involved in atalytic activity and molecular binding functions with 1342 and 1271 genes
respectively. Combined with the classi�cation of differentially expressed genes in KEGG, the highest
number of DEGs involving the metabolic classes were found with 124 metabolic pathways including
terpenoid biosynthesis, purine and pyrimidine metabolism, indole diterpene alkaloid biosynthesis,
monolactam biosynthesis, 2-oxocarboxylic acid metabolism, ubiquinone and other terpenoid quinone
biosynthesis, ABC transporters (Fig. 5C). These genes associated with metabolic pathways were all
signi�cantly different in FsveAOEV14 compared to those of WT, and the metabolic pathways of the
enrichment were consistent with the metabolome enrichment results.

Based on the Pfam, Swissprot, and eggNOG class databases, we analyzed and summarized the
metabolic differential genes enriched by GO and KEGG, and found that these differential genes belonged
to 53 different families (Table S8). Among them, all 3-isopropylmalate dehydratases were up-regulated in
FsveAOEV14, and even the lowest expression was 5.30-fold higher than those in WT. And 43 DEGs in the
fungal transcription factor Zn(2)-Cys(6) class were up-regulated with the highest up-regulation of 6.99-
fold higher than those in WT. In the Glycosyl hydrolases family, 31 genes were up-regulated with the
maximum up-regulation fold of 5.28 times. While 14 out of 15 Cytochrome P450 monooxygenases were
signi�cantly down-regulated compared to those in WT. Other pyridine nucleotide-disul�de
oxidoreductases, FAD-dependent oxidoreductases, polyketide synthases, and ABC transporters were also
up-or down-regulated signi�cantly. To screen key genes associated with antitumor activity, 48 candidate
key genes were screened via combining gene function annotations with |log2FC| >1, P <0.05 and VIP >1
as the criteria (Fig. 6A, B; Table S9). Mainly including Glycosyl hydrolases family (Cheng et al. 2013; Yu et
al. 2006), Zn(2)-Cys(6) class genes (Cai et al. 2020), Cytochrome P450 monooxygenases (Brandon et al.
2005), ABC transporter (Goossens et al. 2019; Shi et al.2022), 3-isopropylmalate dehyd -ratase (Wang,
2010), polyketide synthases (Bundale et al. 2018), Pyridoxal-phosp- hate-dependent enzyme (Li et al.
2020), α/β hydrolase class (Jaiswal et al. 2021) and Aminotransferase class (Luo et al. 2021), most of
these candidate key genes have been reported in the literature to play an important role in the synthesis
of antitumor substances and the mechanism of tumor activity. In addition, based on the information from
the KEGG pathway annotation of each differential gene and each differential metabolite above, each
differential gene and differential metabolite under the same KEGG pathway was correlated to understand
the linkage between key genes and metabolites in the process of increased antitumor activity of
FsveAOEV14. The results showed that the differentially expressed metabolites and differentially expressed
genes were signi�cantly enriched in the combined pathways of pyrimidine metabolism, terpenoid
backbone biosynthesis, ubiquinone and other terpenoid quinone biosynthesis, biotin metabolism,
penicillin and cephalosporin biosynthesis and ribo�avin metabolism (Fig. S4). This enrichment result was
consistent with the KEGG results of metabolic analysis and transcriptional analysis. The above results
jointly indicated that FsveA mediated the expression of the genes for the anti-tumor active substance
metabolism in the strain.
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To validate the reproducibility and repeatability of DEGs in transcriptome sequencing, �ve up-regulated
and �ve down-regulated differential genes each were randomly selected from DEGs and validation
analysis was performed by RT-qPCR (Fig. 6C, D; Table S2). The results were consistent with the
transcriptome sequencing results, which con�rmed that the transcriptome sequencing data were accurate
(P <0.05).

Discussion
In this study, via overexpressing the global regulator veA in endophytic Fusarium solani, it was found that
the antitumor activity of the crude extract of the overexpression mutant strain viz FsveAOEV14 was
signi�cantly improved in comparison with WT. The combined metabolomic and transcriptomic analyses
has revealed that FsveA may mediate the expression of multiclass metabolic genes in the strain, thereby
affecting antitumor substance biosynthesis.

According to metabolomics analysis, we found that multiple classes of substances were signi�cantly
different in FsveAOEV14 compared to WT, primarily comprising alkaloids, terpenes, carboxylic acid
derivatives, phenols, aldehydes, and �avonoids. Most of these differential substances have promising
potential for antitumor activity, and alkaloids account for a substantial proportion of antitumor drugs
(Nussbaumer et al. 2011). In the differential substances we screened, the fraction of alkaloid compounds
(including Geldanamycin, AICAR and Nucleosides) is likewise higher. Among them, Geldanamycin is
reported to be a natural HSP90 inhibitor with good inhibitory activity against the growth of various tumor
cells and has broad-spectrum anti-proliferative and anti-tumor effects (Xie et al. 2021). AICAR can induce
apoptosis and inhibit migration and invasion of prostate cancer cells through the Ampk/Mtor-dependent
pathway (Su et al. 2019). Adenosine is an important endogenous signaling molecule that can act as a
ligand and participate in the regulation of various physiological and pathological processes such as
apoptosis, cell proliferation, and vasodilation by binding to G protein-coupled receptors (Liu et al. 2020).
Therefore, it is speculated that alkaloids play an important role in the antitumor activity of FsveAOEV14.
Terpenes are a broad class of compounds with a variety of promising physiological and pharmacological
activities and are among the top anti-tumor agents currently being studied (de Vasconcelos Cerqueira
Braz et al. 2020). Surprisingly, we also found that terpene substances (Lanosterin, Illudin M ) were
signi�cantly enriched in FsveAOEV14 compared with WT. Lanosterin was reported to have a crucial role in
the treatment of molecular diseases as well as cancer (Stäubert et al. 2016). Illudin M has anti-
proliferative properties in various cancers, including prostate, kidney, pancreatic, breast, and lung cancers
(Sharma et al. 2021). Thus, terpenes production may also contribute to the augmentation of the
antitumor activity of FsveAOEV14. In summarizing the differential substances, we found that although
carboxylic acid derivatives (L-arginine), aldehydes (Cinnamaldehyde), phenols (4-Allyl-2-methoxyphenol)
and �avonoids (Epicatechin gallate) accounted for a small ratio in comparison with alkaloids and
terpenes, they were also signi�cantly up regulated in FsveAOEV14, and reported to have potential antitumor
activity. Study has showed that L-arginine affects the metabolic �tness and viability of T cells which were
critical for anti-tumor responses (Geiger et al. 2016). Cinnamaldehyde inhibits proliferation, migration,
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invasion and promotes apoptosis of OS cells and is a potentially valid antitumor agent (Huang et al.
2020). 4-Allyl-2- methoxyphenol inhibits non-small cell lung cancer by inhibiting NF-B to regulate TRIM59
expression (Cui et al. 2019). Epicatechin gallate can be combined with other compounds to form novel
agents that inhibit the tumorigenicity of human papillomavirus-positive head and neck squamous cell
carcinomas (Piao et al. 2016). So it is implied that these classes of compounds also play an essential
role in the antitumor activity of FsveAOEV14. The above illustrates that FsveA mediates the production of
multiple classes of substances, affecting the antitumor activity of FsveAOEV14.

To shed light on the molecular basis of FsveA-mediated antitumor active substances, we screened 48
candidate key genes associated with the antitumor activity of FsveAOEV14via transcriptome analysis,
among which the most denotable ones are the glycosyl hydrolase family, Zn(2)-Cys(6)-like genes,
cytochrome P450 monooxygenase, 3-isopropylmalate dehydratase, and polyketide synthases. The
Glycosyl hydrolase family has an overriding role in catalyzing the glycosylation of substrates like
oligosaccharides, fatty alcohols or aromatic alcohols, peptides, terpenes, phenolics, alkaloids and
antibiotics (Cheng et al. 2013). It was discovered that this enzyme protein can e�ciently catalyze the
synthesis of paclitaxel precursors, which has promising applications in increasing the clinical availability
of paclitaxel (Yu et al. 2006). In our metabolome analysis, it was speculated that the above class of
enzymes may be intimately related to the production of a large number of alkaloids, terpenes, phenols,
and other antitumor active substances in FsveAOEV14. The Zn(2)-Cys(6) family of genes is a unique class
of transcription factors found only in fungi and plays an essential regulatory role in basal metabolism,
secondary metabolism, drug resistance, and meiosis in fungi (MacPherson et al. 2006). And it was
discovered that this class of proteins can be used as tumor suppressors to inhibit hepatocellular
carcinoma by inducing apoptosis of cell proliferation (Liang et al. 2017). Via transcriptome analysis, we
found that these transcription factors were signi�cantly up-regulated in FsveAOEV14 and were enriched in
the biosynthesis of ubiquinone and terpenoid quinone. It implies that these classes of genes may
regulate the production of terpenoid antitumor active substances in FsveAOEV14 or contribute directly to
its antitumor activity. For the PKSs type of genes, it has long been documented that many newly
discovered antibacterial, antitumor, and antiviral compounds are synthesized with these kinds of genes
(Nikolouli et al. 2012). It has been demonstrated that the expression of these genes lead to improved
production of the antitumor active substance viz geldanamycin [58] (Wang et al. 2017). Interestingly, our
metabolomic analysis showed that the content of the alkaloid geldanamycin in FsveAOEV14 was also
signi�cantly larger compared to WT, further corroborating the close association of this class of genes
with the production of antitumor active substances in FsveAOEV14. The enzyme 3-isopropylmalate
dehydratase participates in microbial amino acid synthesis and therefore exists in the vast majority of
microorganisms (Wang, 2010). Via the KEGG enrichment of metabolome, transcript- ome, metabolome
and transcriptome combined analyses, we unearthed that these enzymes were mainly involved in
pyrimidine and purine metabolism. So it has being speculated that this class of enzymes may be mainly
associated with alkaloidal antitumor active substances (Cytidine, Adenosine, Inosine) in FsveAOEV14.
Cytochrome P450 monooxygenase is a class of heme-containing oxidases encoded by a supergene
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family that have long been shown to participate in the synthesis and metabolic reactions of terpenes,
alkaloids, and sterols (Schuler et al. 2003). But some studies have illustrated that this class of enzymes
has a promotive effect on tumor cell proliferation (Jiang et al. 2009). Surprisingly, via transcriptome
analysis, we found that almost all of these enzymes were signi�cantly down-regulated in FsveAOEV14

compared to WT. In the metabolome, the substances (including 20-HETE, 5-HETE, leukotrienes)
corresponding to such genes was also signi�cantly down-regulated in FsveAOEV14compared with WT, or
there was essentially no difference between the two. Hence we surmise that the high expression of FsveA
caused the expression of this class of enzymes to be signi�cantly down-regulated and the antitumor
activity increased in FsveAOEV14. In summary, FsveA overexpression may mediate the production of
multiple classes of antitumor substances in FsveAOEV14via multiple classes of genes direct or indirect
regulation and result in the higher antitumor activity of FsveAOEV14 than WT-type strain.

Conclusion
Via overexpressing the global regulator FsveA, which conservely regulates in fungi, the antitumor activity
of the crude extract from the overexpression mutant strain viz FsveAOEV14 was remarkably increased
compared to WT. Multiple classes of antitumor active substances were screened by the metabolome, and
48 key genes that may be a�liated with antitumor activity were screened with combining database
analysis of the transcriptome, revealing that the global regulator FsveA mediates the antitumor activity of
endophytic Fusarium solani. Further studies may focus on validating, through biological experiments,
how the anti-tumor activity attribute to these candidate genes or/and metabolites.
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Figures

Figure 1

The crude extracts of endophytic Fusarium solani have anti-tumor activity. A, Relative inhibition rates of
adriamycin at different concentrations on A549 cancer cells; B, Relative inhibition rate of different
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concentrations of crude extract of HB1-J1 on A549 cancer cells; the experiment was repeated three times,
and the mean values were taken, the error bars were standard deviations (±SD)

Figure 2

Fusarium solani morphology and phylogenetic tree. A, Colony morphology on PDA medium; B-D, Different
types of conidiogenous structures; E-F, Chlamydospore; G, Large and small conidia; H, Phylogenetic tree
constructed with multi-gene tandem of ITS , EF1α, RPB1 and RPB2 sequences; scale bars c-g=10 μm

Figure 3

Inhibition of A549 growth by crude extracts of WT and FsveAOEV14 strains. A, Comparative diagram of
FsveA homologous protein; B, Schematic diagram of FsveAOE mutant vector construction; C, The WT
strain and randomly selected transformants were grown on a CZM plate containing hygromycin B (20
μg/mL) resistance; D, PCR validation of transformants using the hygromycin B resitance gene carried by
the pK2hyg-PgpdA-veA vector, M: Star marker D2000, Positive control: pK2hyg-PgpdA-veA plasmid; E,

Analysis of relative expression of FsveA gene in WT and FsveAOE strains; F, Relative Inhibition Rate of WT
and FsveAOEV14 Extracts on A549 Cells by MTT; G, Apoptosis of A549 cells induced by WT and
FsveAOEV14 extracts was detected by the AnnexinV-FITC/PI assay; the experiment was repeated three
times and the mean values were taken, error bars are standard deviations (±SD), *P <0.05, **P <0.01, ***P
<0.005, ****P <0.001

Figure 4

Global analysis of the metabolic pro�les of WT and FsveAOEV14 strains. A, HMDB differential metabolite
classi�cation chart, which shows only the top 20 metabolic classi�cations in descending order; B,
Enrichment chart of differential metabolite pathways, where the horizontal axis is the number of
differential metabolites annotated to the pathway and the vertical axis is the pathway name; C, KEGG
enrichment network diagram of differential metabolites, the light yellow nodes in the diagram are
pathways, the small nodes connected to them are speci�c metabolites annotated to the pathway, the
diagram shows up to 5 pathways; D, Enrichment diagram of 24 key differential metabolites, the
hierarchical clustering of differential metabolites in WT and FsveAOEV14 shows two different branches,
comparing the signi�cant characteristics of speci�c metabolism of FsveAOEV14 to those of WT, the
clustering display diagram done with the average expression of differential metabolites in WT and
FsveAOEV14
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Figure 5

Analysis of DEGs. A, Volcano plot of differentially expressed genes. Each point in the plot represents a
gene. The horizontal coordinate indicates the logarithmic value of the expression ploidy difference of a
gene in two samples, the larger its absolute value, the greater the expression ploidy difference between
the two samples. The vertical coordinate indicates the negative logarithmic value of the false discovery
rate, the larger its value, the more signi�cant the differential expression and the more reliable the
differentially expressed genes obtained by screening. In the plot green and red dots represent genes with
signi�cant expression differences, green represents down-regulated gene expression, red represents up-
regulated gene expression, and black dots represent genes with no signi�cant expression differences; B,
GO secondary node annotation statistics of differentially expressed genes, where the vertical coordinate
is the GO classi�cation, the top horizontal coordinate is the percentage of the number of genes, and the
bottom horizontal coordinate is the number of genes; C, KEGG classi�cation of differentially expressed
genes, where the vertical coordinate is the name of the KEGG metabolic pathway, the horizontal
coordinate is the number of genes annotated to the pathway, and the percentage of the total number of
genes annotated

Figure 6

Expression of critical genes. A-B, Clustered heat maps of up- and down-regulated key gene expressions
obtained from the screening, where each column represents a sample, different rows represent different
genes, and the colors represent the logarithmic values of the gene expression FPKM in the sample with a
base of 2; C-D, QRT-PCR veri�cation of transcriptome data, among them, c28192. graph_c0: 3-
isopropylmalate dehydratase, c27832. graph_c1: Zn(2)-Cys(6)SUC1, c31126. graph_c1: Protein
SnodProt1, c32983. graph_c0: PRELI/MSF1 protein, c37044. graph_c0: Ribose-phosphate
pyrophosphkinase were selected from the up-regulated DEGs for veri�cation; among the down-regulated
DEGs, c37592. graph_c0: Glycerol-3-phosphate dehydrogenase, c35536. graph_c1: Enoyl-(Acyl carrier
protein) reductase, c38759. graph_c0: Glycosyl hydrolases, c20458. graph_c0: Epoxide hydrolase srdG,
c15521. graph_c0: Cytochrome P450 monooxygenase FCK2 were selected for veri�cation, the experiment
was repeated three times, and the mean was taken. Error bars are standard deviation (±SD), *P < 0.05,
***P < 0.005 
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