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serious economic losses in China (Shaban et al. 2018; Song 
et al. 2020). Moreover, the pathogen can infect more than 
200 plant species, and it is difficult to be controlled (Yu et 
al. 2019). Biological control is one of the safest and envi-
ronmentally friendly methods to control Verticillium wilt 
(Spurrier 1990). Many microorganisms have been proved 
to have biocontrol effect, and some of them have been 
gradually applied (Shaban et al. 2018). However, due to the 
changes of biotic and abiotic factors in the field, the sur-
vival and colonization of biocontrol bacteria or fungi are 
affected to a certain extent, and the biocontrol products that 
can effectively control soil borne diseases under field condi-
tions are very limited (Mazzola and Freilich 2017).There is 
no effective and environmental friendly fungicide to inhibit 
the pathogen (Zhang et al. 2022). The biocontrol bacteria or 
fungi can produce a variety of secondary metabolites, which 
are more stable than the biocontrol bacteria or fungi them-
self. It is an important source of green fungicide. Finding an 
effective and environmentally friendly fungicide to control 
Cotton Verticillium wilt or is expected to solve the problem 
of unstable control effect in the application of biocontrol 
bacteria of fungi.

Introduction

The fungus Verticillium dahliae can cause Verticillium 
wilt in many plants, such as tomato, pepper, strawberry, 
and cotton (Wei et al. 2021). Cotton Verticillium wilt can 
cause cotton yield and quality decline, and also result in 
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Abstract
The pathogen Verticillium dahliae causes Verticillium wilt in a number of crops, including cotton Verticillium wilt. Chae-
toviridin A, a secondary metabolite of Chaetomium globosum, significantly inhibits the growth of V. dahliae. Spore 
germination is a major part of the disease cycle. However, the molecular mechanism of chaetoviridin A inhibiting spore 
germination of V. dahliae is unknown. In this work, we found that chaetoviridin A significantly inhibited spore germination 
of V. dahliae. Transcriptome analysis showed that DEGs were enriched in linolenic acid metabolism, alpha-Linolenic acid 
metabolism, Arachidonic acid metabolism and Purine metabolism pathways at 1 h, which were related to cell membrane. 
At 3 h, DEGs were enriched in the pathways of galactose metabolism, diterpenoid biosynthesis, cysteine and methionine 
metabolism, and starch and sucrose metabolism, which were mainly related to amino acid metabolism and sugar metabo-
lism. Several genes related to glucose metabolism were identified, mainly including Glucagon endo-1,3-alpha-glucosidase 
agn1, glucoamylase, maltose O-acetyltransferase, and beta-galactosidase. Stress resistance gene PAL, detoxification gene 
P450 2C31 and ABA receptor were also down- regulated. These genes may be related to spore germination. These results 
provide a theoretical basis for chaetoviridin A to control fungal diseases.
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Fungal infection of plants is usually caused by the con-
tact of the host with spores and then by germination (Zhou 
et al. 2018). The germination of Aspergillus niger spores 
refers to the emergence of cells from asexual spores and the 
formation of spore mycelia or thalli under optimal growth 
conditions (van Leeuwen et al. 2013). During the germina-
tion, the hydrophobicity of the spore gradually decreases, 
resulting in the swelling of the spore, which is called isotro-
pic growth, followed by polarized growth characterized by 
germ tube formation (Dague et al. 2008). The spore germi-
nation can be considered to be one of the main steps of the 
disease cycle and greatly affects fungal aggressiveness and 
colonization (Zhou et al. 2018). Therefore, inhibiting spore 
germination is also very important in disease control. Some 
genes related to fungal spore germination have also been 
reported. YlyA codes a RNA polymerase-binding protein 
that is specifically used to regulate the expression of genes 
involved in spore germination (Traag et al. 2013). The genes 
involved in protein folding and transport were transient up-
regulated during the onset of spore germination of the yeast 
Saccharomyces cerevisiae (Geijer et al. 2012). Deletion 
of the SpoVA operon from a Bacillus subtilis strain with 
transposon Tn1546 slightly decreased the heat and humid-
ity resistance of spores, but the germination rate decreased 
significantly (Luo et al. 2021). The endochitinase VDECH 
from V. dahliae also inhibits spore germination (Cheng et 
al. 2017).

Chaetomium globosum can inhibit many plant diseases, 
including rape sclerotinia rot (Zhao et al. 2017), Fusarium 
wilt of tomato (Madbouly et al. 2017), potato late blight 
(Shanthiyaa et al. 2013), root rot of wheat (Yue et al. 2018), 
et al. Previous studies have found that C. globosum CEF-082 
can inhibit cotton Verticillium wilt, and chaetoviridin A was 
isolated from the fermentation broth of this fungus, which 
can significantly inhibit the growth of V. dahliae (Zhang et 
al. 2021). Chaetoviridin A is an azapholone antibiotic, was 
first characterized from C. globosum var. flavoviride  (Taka-
hashi et al. 1990), also known to have antifungal activity, 
such as Botrytis cinerea, Sclerotinia sclerotiorum, Fusarium 
graminearum, Phytophthora capsici, and F. moniliforme 
(Yan et al. 2018; Tomoda et al. 1999) found that chaetoviri-
din A inhibited the cholesteryl ester transfer protein (CETP) 
in mice. Spore germination is an important step in the dis-
ease cycle. Whether chaetoviridin A can affect the spore ger-
mination of V. dahliae is unclear. To explore the molecular 
mechanism of chaetoviridin A inhibiting spore germination 
of V. dahliae has important guiding significance for using 
chaetoviridin A to control cotton Verticillium wilt.

Materials and methods

V. dahliae strain culture

V. dahliae V991, the pathogen of cotton Verticillium wilt, 
was provided by the Institute of Cotton Research of Chi-
nese Academy of Agricultural Sciences (Anyang, China). V. 
dahliae V991 was cultured on potato dextrose agar (PDA) 
medium and incubated in the dark at 25  °C for 7 d, then 
inoculated into liquid potato dextrose broth (PDB), cultured 
at 25 °C, 150 rpm for 7 d. The mycelia were filtered out and 
removed to obtain spore suspension.

Effect of chaetoviridin A on spore germination of V. 
dahliae

The spore suspension of V. dahliae V991 was collected into 
a 1.5 mL sterile centrifuge tube, centrifuged, removed PDB, 
and collected spores about the size of mung bean. Then, 490 
µL PDB and 10 µL chaetoviridin A was added to the centri-
fuge tube with a final concentration of 150 µg/mL. Chaeto-
viridin A is an azapholone antibiotic, and was isolated from 
C. globosum CEF-082 (Fig. S1). Chaetoviridin A can inhibit 
the colony expansion of V. dahliae, and it is also likely to 
inhibit spore germination. Ten µL of sterile methanol instead 
of chaetoviridin A was added in the control group, and the 
experiment was repeated three times. Spore suspension was 
cultured at 25 °C and 200 rpm. Samples were collected after 
1 and 3 h, a total of 12 samples, CK1h-1, CK1h-2, CK1h-3, 
Treat1h-1, Treat1h-2, Treat1h-3, CK3h-1, CK3h-2, CK3h-
3, Treat3h-1, Treat3h-2, Treat3h-3, respectively. The sam-
ple was centrifuged to remove the supernatant, then was 
quickly frozen with liquid nitrogen and put into the − 80 °C 
refrigerator for storage. Before collecting samples for 3 h, 
the spore suspension was inoculated onto PDA plates, and 
each replicate was inoculated with 10 µL. The spore germi-
nation on PDA was observed at 3 h, 4 h, 5 h, 6 h, 7 h, 8 and 
12 h. Five visual fields were observed for each treatment, 
and each visual field was not less than 50 spores. Then the 
germination rate was calculated.

RNA extraction

RNA was extracted from the 12 samples collected above, 
and the RNA of the samples was isolated and purified with 
Trizol (Invitrogen, CA, USA) according to the operating 
protocol provided by the manufacturer. The amount and 
purity of total RNA were then controlled with NanoDrop 
ND-1000 (NanoDrop, Wilmington, DE, USA). The integ-
rity of RNA was detected by Bioanalyzer 2100 (Agilent, 
CA, USA) and verified by agarose electrophoresis. The 
RNA samples with Concentration > 50 ng/µL, RIN > 7.0, 
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OD260/280 > 1.8, total RNA > 1 µg were sent to Hangzhou 
Lianchuan Biotechnology Co., Ltd. for sequencing.

RNA sequencing (RNA-seq)

Oligo (DT) magnetic beads (Dynabeads oligo (DT), Article 
No. 25-61005, Thermo Fisher, USA) were used to specifi-
cally capture the mRNA containing polyadenylate (poly-
adenylate) by two rounds of purification. The captured 
mRNA was subjected to high temperature conditions using 
a magnesium ion disruption Kit (nebnext ® Magnesium 
RNA fragmentation module, Article No. e6150s, USA) for 
5–7 min at 94  °C. The fragmented RNA was synthesized 
into cDNA by reverse transcriptase (Invitrogen superscript 
™ II reverse transcriptase, Article No. 1,896,649, CA, 
USA). Double ended sequencing of cDNA was performed 
according to standard operation using Illumina novaseq™ 
6000 (LC Bio Technology Co., Ltd. Hangzhou, China), and 
the sequencing mode was PE150.

Functional annotation of differential expressed 
genes (DEGs)

Reads obtained from the sequencing machines were filtered 
by Cutadapt (https://cutadapt.readthedocs.io/en/stable/, 
version: cutadapt-1.9) through removing reads containing 
adapters, polyA and polyG, reads containing more than 5% 
of unknown nucleotides (N), and low quality reads contain-
ing more than 20% of low quality (Q-value ≤ 20) bases. The 
clean reads were spliced and aligned to the reference V. 
dahliae genome retrieved from the genome website (https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA28529). The 
expression level of genes was measured by Fragments Per 
Kilobase of exon model per Million mapped reads (FPKM) 

or Reads Per Kilobase of exon model per Million mapped 
reads (RPKM). In this study, FPKM was used to calculate 
the expression abundance of known genes in different sam-
ples. Genes differential expression analysis was performed 
by DESeq2 software between two different groups. The dif-
ference multiple FC ≥ 2 or FC ≤ 0.5 (i.e., the absolute value 
of log2FC ≥ 1) and P < 0.05 were taken as the criteria, and 
the genes screened were considered as DEGs. The R lan-
guage ade4 package (1.7.13) was used for principal coordi-
nate analysis (PCoA) analysis. Kyoto Encylopedia of Genes 
and Genomes (KEGG) pathways and Gene Ontology (GO) 
terms were enriched by DEGs.

Quantitative real-time PCR (qRT-PCR) analysis

RNA was extracted from the sequenced samples and reverse 
transcribed into cDNA. The analyzed DEGs were designed 
with primers by beacon Designer (7.92) for gene expres-
sion verification (Table 1). qRT-PCR was performed via a 
Bio-Rad CFX96 Real-Time System, and each PCR mixture 
consisted of 2 µL of cDNA, 0.4 µL of each primer, 10 µL of 
ChamQ Universal SYBR qPCR Master Mix (Vazyme) and 
7.2 µL of sterile water. Each sample involved at least three 
technical repeats. The PCR cycle was the same as that used 
by Zhang et al. (2021). The V. dahliae β-tubulin gene was 
used as the internal reference, and relative gene expression 
was calculated using the 2−ΔΔCt method (Han et al. 2015). 
The primer of V. dahliae β-tubulin was the same as that 
described by Han et al. (2015) (Table 1).

Statistical analysis

The statistical procedures for spore germination experi-
ments were performed using the statistical software Statistix 

Gene name Primer sequence (5′→3′)
VDAG_06908 F: TTATCAGGGACGCAATCAT; R: CCTTCACCTTCTGTTCATAC
VDAG_06909 F: GACTCTGTGATACGCTTTAC; R: CCATGTTGATTGATGATTGATG
VDAG_05831 F: CAATGGCTGTGAGAAATCG; R: CAGGCGGATAAGCATAGAT
VDAG_05834 F: CAGCAGAAACAACTCTCAG; R: GAAGTGTTCATCCTGTAAGC
VDAG_08795 F: GTCAGTTTGCTCAGTCATAG; R: CGAGTAGAAGTCTGTGGAA
VDAG_05830 F: TATCTGGGTCTCCTTCTCC; R: TCTCATCATCTGTGGCAAG
VDAG_07854 F: GTATCCTGGTGCATGAGTA; R: GTAAACGGAGGCTCTATGA
VDAG_05072 F: CGCCATCATAGTCCTTGTC; R: GAGTTGACGACGAGTGTTG
VDAG_03161 F: GTTTCCGAATGATGCTTT; R: GAGAACCACAGACTTCAC
VDAG_04082 F: CATTACATCGGACCTATTC; R: GATACCACATCATCACAC
VDAG_03838 F: CTGACTATGTCCAGGATG; R: GGAGAAAAGAGGGAAATAG
VDAG_04734 F: ACCATACCTTGATCTACT; R: TCTCCATCTTCAATCTTG
VDAG_05832 F: TCAGCACGATATACTCAA; R: CTTCATGGATCTGGAACA
VDAG_09834 F: CTCATGGAGAACTTCATC; R: TCATATCGTCCTCAGAAT
VDAG_01953 F: CACCTATGATAACCAGAC; R: CGTAAGACCAAGTAAGAT
VDAG_05835 F: GTCCATACAGCATCCATT; R: CTTCAAGGGGTTGTTAGG
VDAG_03313 F: ATATTGTCGGCATTGGTA; R: TTTGAGAATGGCATTGAC
β-tubulin F: AACAACAGTCCGATGGATAATTC; R: GTACCGGGCTCGAGATCG

Table 1  Specific primer 
sequences of qRT-PCR-related 
genes
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Results

Effect of chaetoviridin A on spore germination of V. 
dahliae

After spores of V. dahliae treated with chaetoviridin A 3 h, 
the spore suspension was then inoculated onto PDA. There 
was no difference in the spore germination rate between 
the control group and the treatment group after 3 and 4 h 
(Fig. 1A) inoculated onto PDA. While at 5 h, 6 h (Fig. 1B), 
7 h, 8  (Fig. 1C) and 12 h, the germination rate of V. dahliae 

(8.1), and means were separated by Tukey’s honestly sig-
nificant difference test. P value < 0.05 was considered statis-
tically significant.

Fig. 1  Spore germination of V. 
dahliae after chaetoviridin A 
treatment. A, Spore germination 
of V. dahliae at 4 h; B, Spore 
germination of V. dahliae at 
6 h; C, Spore germination of V. 
dahliae at 8 h. The red arrow 
refers to germinated spores, while 
the green arrow refers to non-
germinated spores, Bar = 50 μm; 
D, The spore germination rate at 
3 h, 4 h, 5 h, 6 h, 7 h, 8 and 12 h 
after inoculation of V. dahliae on 
PDA. Different letters indicate 
significant difference at the level 
of P < 0.05
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(Fig. 2C). At 1 h, there were 4 up-regulated genes and 29 
down-regulated genes; At 3 h after treatment, there were 3 
up-regulated genes and 44 down-regulated genes, respec-
tively. Among the DEGs at 1 and 3 h, 91.25% were down-
regulated and 8.75% were up-regulated.

KEGG pathways involved in the treatment of 
chaetoviridin A

KEGG analysis showed that there were four signal path-
ways (at the level of P < 0.05) 1  h after the spores of V. 
dahliae treated with chaetoviridin A, namely, linoleic acid 
metabolism, alpha-linolenic acid metabolism, arachidonic 
acid metabolism and purine metabolism. Three hours after 

in the control group was significantly higher than that in the 
treatment group, and the spores in the control group almost 
completely germinated at 12 h, with a germination rate of 
98.40% (Fig. 1D). The results showed that chaetoviridin A 
could inhibit the spore germination of V. dahliae.

Functional annotation and analysis of DEGs

At 1 and 3  h after the spores of V. dahliae treated with 
chaetoviridin A, there were 33 and 47 DEGs respectively 
(Fig. 2A). In these two periods, only one same DEGs was 
VDAG_08399 (o-methylsterigmatocystin oxidoreductase) 
and were up-regulated (Fig.  2B). Clustering heatmaps 
were drawn for the expression of these DEGs at 1 and 3 h 

Fig. 2  Analysis of DEGs after spores of V. dahliae treated with chaetoviridin A 1 and 3 h. A, Number of DEGs in column chart; B, Venn diagram 
of DEGs. C, Clustering heatmaps of the expression of DEGs. a, DEGs at 1 h; b, DEGs at 3 h
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Predicted genes related to spore germination of V. 
dahliae

Nine genes were randomly selected from the transcriptome 
data, and the expression levels of the control group and the 
treatment group were compared by qRT-PCR. The results 
of qRT-PCR were consistent with the expression trend of 
genes in the transcriptome (Fig. S2).

After obtaining functional annotation of the transcripts 
from gene and protein databases, we selected 20 DEGs, 
which may be related to spore germination of V. dahliae. 
19 of these 20 genes were down-regulated. Most of the 
down-regulated genes are related to glucose metabolism, 
such as FAD binding domain-containing protein, glucagon 
endo-1,3-alpha-glucosidase agn1, glucoamylase, maltose 
O-acetyltransferase, aldehyde reductase and beta-galacto-
sidase. Stress resistance gene phenylalanine ammonia-lyase 
(PAL) and cytochrome P450 2C31 were also found in the 
down-regulated transcripts. Abscisic acid ABA receptor and 
transcription factor C6 zinc finger domain-containing pro-
tein were also down-regulated (Table 3). These genes may 
be related to spore germination of V. dahliae.

Discussion

Studies have shown that C. globosum has control effects on 
a variety of plant diseases (Zhao et al. 2017), and its antago-
nistic mechanism is mainly to produce a variety of antifungal 
metabolites such as chaetomugilins D and A, chaetoglobo-
sins A and C, and chaetosin (Darshan et al. 2020). Chae-
toviridin A is a kind of azotropic substance isolated from 
C. globosum. It has strong antifungal activity against a 
variety of pathogenic fungi and has broad antigungal spec-
trum (Yan et al. 2018; Park et al. 2005; Awad et al. 2014). 
Previous studies found that chaetoviridin A can inhibit the 
hyphal growth of V. dahliae and inhibit the germination of 
microsclerotia (Zhang et al. 2021). The results of this study 
showed that chaetoviridin A could also significantly inhibit 
the spore germination of V. dahliae. Therefore, this study 
will provide a theoretical basis for using chaetoviridin A to 
control cotton Verticillium wilt.

At 1 and 3 h after the spores of V. dahliae treated with 
chaetoviridin A, 12 samples in these two periods were 
analyzed by PCoA, and the results showed that there were 
differences between the control groups and the treatment 
groups at 1 and 3 h (Fig. S3). The number of DEGs iden-
tified increased gradually from 1 to 3  h after treatment, 
which may be the reason for the gradual enhancement of the 
inhibitory effect. DEGs at 1 h were significantly enriched 
in linolenic acid metabolism, alpha-linolenic acid metabo-
lism, arachidonic acid metabolism and purine metabolism 

the spores of V. dahliae treated with chaetoviridin A, the sig-
nal pathways were galactose metabolism, dieterpenoid bio-
synthesis, cysteine and methionine metabolism, and starch 
and sucrose metabolism (Table 2). In the main pathways of 
KEGG enrichment at 1   (Fig.  3A) and 3  h (Fig.  3B), the 
same signal pathways were galactose metabolism, propano-
ate metabolism and pyruvate metabolism, but the difference 
was not significant.

Three hours after the spores of V. dahliae treated with 
chaetoviridin A, all the 11 DEGs enriched in the signal 
pathways were down-regulated, including a phenylalanine 
ammonia-lyase gene (VDAG_05831) and a beta-galactosi-
dase gene (VDAG_04734) (Fig. 4A). The gene expression of 
8 DEGs included VDAG_05831 and VDAG_04734 enriched 
in the signal pathways at 1 an 3 h was detected by qRT-PCR, 
and the results showed that the expression of DEGs in the 
treatment group was lower than that in the control group, 
which was consistent with the transcriptome data, and the 8 
DEGs were down-regulated (Fig. 4B).

Go terms involved after chaetoviridin A treatment

Go terms analysis showed that 1  h after the spores of V. 
dahliae treated with chaetoviridin A, there were 10 DEGs 
distributed in biological process, 15 DEGs distributed in cell 
composition and 8 DEGs distributed in molecular function. 
There were 15 terms at the level of P < 0.05 (Fig. 5A). Three 
hours after the spores of V. dahliae treated with chaetoviri-
din A, there were 9, 16 and 7 DEGs in the biological pro-
cess, cell composition and molecular function, respectively. 
There were 29 terms at the level of P < 0.05, and 3 of the 
top 20 terms were the same, which were secondary meta-
bolic biological process, small molecular metabolic process 
and oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen, NAD(P)
H as one donor, and incorporation of one atom of oxygen 
(Fig. 5B). The DEGs in the two periods were the most in 
cell composition (Fig. 5).

Table 2  KEGG pathways after the treatment of chaetoviridin A
Pathway ID Pathway Number 

of DEGs
p-value

1 h
ko00591 linoleic acid metabolism 1 0.01
ko00592 alpha-linolenic acid metabolism 1 0.02
ko00590 arachidonic acid metabolism 1 0.03
ko00230 purine metabolism 2 0.05
3 h
ko00052 galactose metabolism 2 0.01
ko00904 dieterpenoid biosynthesis 1 0.02
ko00270 cysteine and methionine 

metabolism
2 0.02

ko00500 starch and sucrose metabolism 2 0.05
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Fig. 3  KEGG pathway enrichment after the treatment of chaetoviridin A. A, KEGG pathway enrichment after spores of V. dahliae treated with 
chaetoviridin A 1 h; B, KEGG pathway enrichment after spores of V. dahliae treated with chaetoviridin A 3 h
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and methionine metabolism and starch and cross metabo-
lism pathways. The intermediate products of branched chain 
amino acid biosynthesis are essential for spores germination 
of the pathogenic fungus Metarhizium robertsii (Luo et al. 
2020; Balotf et al. 2021) also found that DEGs in germinated 
spores were enriched in biosynthesis of amino acids, such 
as arginine. Transcriptome analysis of the pathogen Penicil-
lium expansum showed that DEGs during spore germination 
were enriched in the pathways such as lysine biosynthesis, 
cystaine and methionine metabolism and biosynthesis of 

pathways. The three metabolic pathways of linolenic acid 
metabolism, alpha-linolenic acid metabolism and arachi-
donic acid metabolism are related to the cell membrane. 
Most of arachidonic acid is bound to the cell membrane 
phospholipids. Linolenic acid and alpha linolenic acid are 
components of the cell membrane. Balotf et al. (2021) 
found that the DEGs during spore germination of the patho-
gen Spongospora subterranea also involved in fatty acid 
metabolism; the DEGs at 3 h were significantly enriched in 
galactose metabolism, dieterpenoid biosynthesis, cystaine 

Fig. 4  Expression analysis of 
several DEGs on the KEGG 
enrichment signal pathways. 
A, The expression patterns 
analysis of DEGs on the KEGG 
enrichment signal pathways 
by clustering heatmap. Gene 
expression was detected by 
RNA-seq. The coloured scale 
varies from blue to red. Blue 
represents lower expression and 
red represents higher expression; 
B, The expression analysis of 
DEGs on the KEGG enrichment 
signal pathways by qRT-PCR. a, 
VDAG_05831; b, VDAG_04734; 
c, VDAG_05832; d, 
VDAG_08795; e, VDAG_09834; 
f, VDAG_01953; g, 
VDAG_05835; h, VDAG_03313.
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covalent bonds. The cysteine and methionine metabolism 
pathway was also involved in this study. It is possible that 
chaetoviridin A can also react with these two amino acids.

Plant source beta-galactosidase (BGALs) belongs to 
the polygenic family and is an enzyme related to cell wall 

amino acids (Zhou et al. 2018). The results of this study 
are consistent with those of the above-mentioned literature. 
Tomoda et al. (1999) found that chaetoviridin A can inhibit 
the activity of cholesterol ester transfer protein, which can 
react with lysine and other amino acids in protein to form 

Fig. 5  GO enrichment. A, GO 
enrichment after spores of V. 
dahliae treated with chaetoviridin 
A 1 h; B, GO enrichment after 
spores of V. dahliae treated with 
chaetoviridin A 3 h. The top 20 
GO terms were showed
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catabolic pathways are entirely different from those observed 
in plants. Exogenous ABA could accelerate spore germina-
tion and appressoria formation in rice blast pathogen M. 
orzyae (Spence and Bais 2015b), and treatment with exog-
enous ABA increased the colonization efficiency of fungi 
(Tatjana et al. 2015). Fungal ABA biosynthesis is required 
for infection in M. oryzae. A knockout mutant of M. oryzae 
with impaired ABA biosynthesis could not form lesions on 
rice (Spence et al. 2015a). The above research shows that 
fungal ABA biosynthesis is required for infection in M. ory-
zae, and it may have similar roles in V. dahliae. In this study, 
we found that after chaetoviridin A treated the spores of V. 
dahliae, the ABA gene was down-regulated and the spore 
germination rate was significantly decreased. This result is 
consistent with the above-mentioned literature. When ABA 
content increases, it promotes fungal spore germination and 
colonization, and conversely, it inhibits spore germination.

In plants, PAL activity has been detected in monocots, 
dicots, gymnosperms, ferns, and lycopods (Young et al. 
2011). PAL activity was found relatively less in fungi, only 
in a few basidiomycetes and deuteromycetes, and in one 
Nectria cinnabarina (Bandoni et al. 1968). PAL enzymes 
in certain fungi have activity towards L-tyrosine, and this 
was considered to be tyrosine ammonia lyase (TAL) activ-
ity (Young et al. 2011; Camm & Towers 1973; Vance et al. 
1975). The biological role of PAL in fungi is limited. palA, 
palB, palC, palF, palI, palH and pacC mediate the signals 
of fungi sensing environmental pH (Peñalva et al. 2008). 

polysaccharide metabolism. β-galactosidase can degrade 
structural polysaccharides in plant cell walls to release 
free galactose in various biological processes, including 
cell wall expansion and degradation (Hou et al. 2021). 
β-galactosidase in the cell wall was involved in germina-
tion and seedling growth of chickpea (Hernández-Nistal et 
al. 2014). β-galactosidase gene DkGAL1 revealed that cell 
wall modification was related to fruit ripening in tomato 
(Ban et al. 2018). β-galactosidase was also detected in 
fungi, and most of the research was on the characteristics 
of β-galactosidase (Park & Oh 2009; Isobe et al. 2013). The 
biological function of β-galactosidase in fungi has not been 
reported yet.

Abscisic acid (ABA) is long known for its role in modu-
lating plants response against both biotic and abiotic stress. 
The plant hormone ABA plays a crucial role in regulating 
seed germination and post-germination growth (Huang et 
al. 2017). Although the information of ABA biosynthesis in 
plants has been well documented, the knowledge of ABA 
biosynthesis in other organisms is still at an early stage. 
Fungi also produce and secrete ABA, ABA may play a role 
in enhancing or accelerating fungal virulence. Studies have 
shown that Botrytis cinerea (Siewers et al. 2006; Hirai et 
al. 1986; Siewers et al. 2004), multiple Cercospora species 
(Okamoto et al. 1988; Neill et al. 1982, 1987; Oritani et 
al. 1984; Oritani and Kiyota 2003) and rice blast pathogen 
Magnaporthe oryzae (Jiang et al. 2010; Spence and Bais 
2015b) can all produce ABA. Fungal ABA biosynthesis and 

Transcript ID Gene name log2 
Fold 
Change

Description Q-value

XM_009657178.1 VDAG_03313 -5.53 glutaredoxin domain-containing protein 0.00
XM_009655813.1 VDAG_06908 -1.62 RNA12 protein 0.00
XM_009650529.1 VDAG_04082 -1.99 Glucagon endo-1,3-alpha-glucosidase agn1 0.00
XM_009655814.1 VDAG_06909 -1.73 hypothetical protein BJF96_g301 0.00
XM_009655228.1 VDAG_05831 -1.88 phenylalanine ammonia-lyase 0.00
XM_009655006.1 VDAG_05270 -3.14 ankyrin repeat and protein kinase domain-

containing protein
0.00

XM_009655229.1 VDAG_05832 -2.11 FAD binding domain-containing protein 0.00
XM_009657982.1 VDAG_01953 -1.56 glucoamylase 0.00
XM_009655227.1 VDAG_05830 -1.52 cytochrome P450 2C31 0.00
XM_009655232.1 VDAG_05835 -3.24 aldehyde reductase 0.00
XM_009659594.1 VDAG_06890 -2.12 spvB domain-containing protein 0.00
XM_009652620.1 VDAG_07854 -1.04 maltose O-acetyltransferase 0.00
XM_009655599.1 VDAG_09297 -1.87 hypothetical protein BN1708_004720 0.00
XM_009654284.1 VDAG_04680 -1.10 ent-kaurene oxidase 0.00
XM_009654338.1 VDAG_04734 -1.56 beta-galactosidase 0.00
XM_009657812.1 VDAG_01783 -1.31 modification methylase Sau96I 0.00
XM_009652690.1 VDAG_07924 1.24 dipeptidyl aminopeptidase/acylaminoacyl 

peptidase
0.01

XM_009653151.1 VDAG_02498 -1.29 abscisic acid ABA receptor 0.02
XM_009657158.1 VDAG_03293 -1.08 C6 zinc finger domain-containing protein 0.02
XM_009659737.1 VDAG_10410 -1.65 inosine/uridine-preferring nucleoside hydrolase 0.02

Table 3  Predicted genes related 
to spore germination of V. dahliae
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P450 2C31 (VDAG_05830) and abscisic acid ABA receptor 
(VDAG_02498).

Abbreviations
DEGs	� Differentially expressed genes
KEGG	� Kyoto Encyclopedia of Genes and Genomes
qRT-PCR	� Quantitative real-time PCR
RNA-seq	� RNA sequencing
GO	� Gene ontology
CMC	� Carboxymethyl cellulose medium
TAL	� Tyrosine ammonia lyase
ABA	� Abscisic acid
BGALs	� Beta-galactosidase
PAL	� Phenylalanine ammonia-lyase
PCoA	� Principal coordinate analysis
FPKM	� Fragments Per Kilobase of exon model per 

Million mapped reads
PDA	� Potato dextrose agar
CETP	� Cholesteryl ester transfer protein

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s42161-
023-01344-x.

Author Contribution  ZY and YYX designed the experiment; ZY, YYX 
and WAY performed the experiment; XC analyzed the data; ZY wrote 
the manuscript, ZM and ZJH revised the manuscript. All authors have 
read and agreed to the published version of the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This research was supported by Central Guidance of Lo-
cal Science and Technology Development Special Foundation 
(YDZX2022077), and Agricultural Scientific and Technological In-
novation Project of Shandong Academy of Agricultural Sciences 
(CXGC2022E06).

Data Availability  Data will be made available on request.

Declarations

Institutional review board statement  Not applicable.

Informed consent statement  Not applicable.

Conflict of interest  The authors declare that they have no competing 
interests, any financial or personal relationships that may be perceived 
as influencing their work.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 

BbPAL is a CaM-binding protein, and CaM negatively reg-
ulate the BbPAL activity in Beauveria bassiana. In addition, 
heat and cold stresses inhibited the BbPAL activity in B. 
bassiana (Kim et al. 2015). The function of PAL genes in 
V. dahliae has not been reported yet. In this study, chae-
toviridin A could also inhibit the expression of PAL gene, 
indicating that chaetoviridin A may be a stress similar to 
heat and cold stress, thus affecting the subsequent germina-
tion of spores.

The cytochrome P450 (CYP) superfamily regulate vari-
ous biosynthetic and detoxification pathways (Xu et al. 
2015), and plays crucial roles in promoting plants growth 
and development and response to stresses. Several fungi 
P450s have been shown to play a key role in primary and 
secondary metabolism as well as degradation of xenobiotics 
(Cresnar and Petric 2011). A genome-wide deletion mutant 
set covering 102 P450s was constructed, and the changes of 
these mutants in 38 phenotypic categories, including fun-
gal development, response to several xenobiotics and stress 
response, were analyzed in F. graminearum. They found that 
five P450 mutants (Fg03700, Fg02111, Fg00012, Fg10451 
and Fg12737) were revealed to be specifically defective in 
virulence, and the spore production of the mutant ΔFg06068 
strain in carboxymethyl cellulose medium (CMC) was sig-
nificantly reduced compared with the wild-type strain. Most 
P450s seem to play redundant roles in the degradation of 
xenobiotics in F. graminearum (Shin et al. 2017). Azole 
antifungal agents can inhibit fungal sterol 14a-demethylase 
(Cyp51) (Liu et al. 2011). In this study, after treatment with 
chaetoviridin A, the expression of P450 gene was down-
regulated, which may lead to the weakening of the detoxifi-
cation effect of P450 on chaetoviridin A, so the subsequent 
spore germination was affected.

Conclusion

In conclusion, this study found that chaetoviridin A could 
significantly inhibit the spore germination of V. dahliae. 
Transcriptome analysis showed that the DEGs graduallyin-
creased from 33 to 47 after spores of V. dahliae treated with 
chaetoviridin A 1 and 3 h, and the inhibitory effectgradually 
increased. These DEGs were mainly enriched in linolenic 
acid metabolism, alpha-linolenic acid metabolism, arachi-
donic acid metabolism and purine metabolism pathways, 
galactose metabolism, diterpenoid biosynthesis, cysteine 
and methionine metabolism and starch and sucrose metabo-
lism. These pathways mainly related to fatty acid metabo-
lism, amino acid metabolism and sugar metabolism, and the 
process of inhibition was from cell membrane to cytoplasm. 
Several genes that may be related to spore germination 
were screened, such as PAL (VDAG_05831), cytochrome 
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