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ABSTRACT
Peroxidase activity is essential for the virulence of a number of plant-pathogenic fungi. However, there are few reports of the 
systematic analysis of peroxidase genes in Botrytis cinerea. We identified all the peroxidase genes of B. cinerea by searching the 
fungal peroxidase database and found that the expression levels of BcPRD3, BcPRD7, BcPRD8 and BcPRD10 changed significantly 
during hyphal development and in response to H2O2 stress treatment and infection of Arabidopsis thaliana by B. cinerea. We 
found that the hyphae of the mutant strains became more slender, the number and size of the infection structures decreased, the 
number of conidia decreased and the stress response and virulence decreased significantly. These four genes positively regulated 
the growth, development and pathogenicity of B. cinerea and participated in osmotic and oxidative stress response and cell in-
tegrity maintenance. In addition, we also found that BcPRD7 played important roles in oxidase enzyme activity, ion penetration, 
the synthesis and metabolism of mycotoxins, and determined the interaction between BcPRD7 and BcHEX, the latter being the 
major protein of the Woronin body. It is speculated that BcPRD7 may regulate the growth, development and pathogenicity of the 
pathogen by participating in the development of the Woronin body. The function of peroxidase family genes in B. cinerea was 
systematically analysed in this study, which provides a solid foundation for the subsequent in-depth elucidation of the relevant 
regulatory mechanisms and is expected to provide new ideas and strategies for the prevention and control of B. cinerea diseases.

1   |   Introduction

Botrytis cinerea is one of the 10 most economically destructive 
plant pathogens, causing grey mould in thousands of plant spe-
cies and posing a serious threat to the economic value of these 
crops (Dean et al. 2012). B. cinerea usually infects dicotyledon-
ous plants and begins to infect at the early stage of crop growth 
and rapidly spreads under conducive conditions to cause crop 

disease. Also, there is a risk to mature (senescing) fruits like 
strawberry fruits. Infection by B. cinerea is mainly caused by co-
nidia adhering to and germinating on the surface of plants. It has 
been reported that B. cinerea can directly enter the host through 
stomata or directly penetrate the plant cuticle through conidial 
germ tubes (Glazebrook 2005). In the early stage of infection, co-
nidia germinate and form the initial infection site. At this stage, 
the fungus mainly stays on the host surface and kills the host 
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cells with the help of cell-wall hydrolytic proteins (Stefanato 
et al. 2009; You and van Kan 2021). In the middle stage of infec-
tion, B. cinerea proliferates in dead plant tissues, forms super-
ficial hyphae, and differentiates into appressoria and infection 
cushions (multicellular appressoria dedicated to plant penetra-
tion), which help B. cinerea penetrate the host tissues. Infection 
cushions produce many virulence factors to help the pathogen 
penetrate and colonise the host plant. All pathways lead to the 
local accumulation of fungal biomass at the site of infection, re-
sulting in a greater area of infection in the host (Bi et al. 2023). In 
the late stage of infection, B. cinerea destroys the cuticle and cell 
wall of host plants and induces plants to produce defence com-
pounds that resist the infection of pathogenic fungi. At the same 
time, B. cinerea can resist such toxic antifungal metabolites from 
plants by, for example, the degradation of α-tomatine and the 
generation of toxic glucosinolate degradation products (Piasecka 
et al. 2015; Vela-Corcía et al. 2019). Grey mould can also cause 
huge economic post-harvest losses during transportation and 
storage (Staats et al. 2005; Williamson et al. 2007). Therefore, it 
is of considerable commercial significance to explore the patho-
genic mechanism of B. cinerea.

The processes involved in the production and elimination of 
reactive oxygen species (ROS) play an important role in the in-
teraction between pathogens and plants. The oxidative burst in 
plants caused by infection by plant-pathogenic fungi is charac-
terised by local ROS accumulation. Therefore, the successful 
removal of plant-derived ROS by pathogenic fungi is essential 
for their survival and virulence. Therefore, pathogen proteins 
that contribute to ROS catabolism and affect cell oxidation, such 
as oxidoreductases, are potential virulence factors. Studies have 
shown that B. cinerea secretes a cytochrome c peroxidase that 
promotes plant invasion by detoxifying host-derived ROS (Yang 
et al. 2022).

Peroxidases play an important role in reducing levels of ROS 
and protecting macromolecules such as proteins and lipids from 
oxidation. Peroxidases are mainly present in the peroxisomes, 
where they represent the core enzyme activity. Peroxisomes can 
adjust their shape, size, location and abundance in response to 
changes in nutritional or environmental conditions (Lodhi and 
Semenkovich  2014). The dynamic processes of the formation 
and dissolution of peroxisomes maintain the homeostasis of per-
oxisome functions in fungi (Mahalingam et al. 2021). Removal 
of redundant or dysfunctional peroxisomes helps to maintain 
peroxisome function and prevents the accumulation of damaged 
peroxisomes during cell senescence (Platta and Erdmann 2007), 
with new peroxisomes being formed by the division or regenera-
tion of pre-existing peroxisomes (He et al. 2021).

As marker enzymes of peroxisomes, peroxidases are widely dis-
tributed in plants, animals and microorganisms. In plants, in-
hibition of peroxidase activity in Arabidopsis can alter cell wall 
and phenylpropanoid metabolism (Shigeto et  al.  2013). It has 
been reported that the peroxidase activity of Chrysanthemum 
increases sharply in response to drought stress, helping plants 
to tolerate drought by scavenging more ROS (Hodaei et al. 2018). 
In Capsicum seedlings, saline-alkali stress greatly inhibits seed-
ling growth and reduces the plant growth rate; by applying reg-
ulators to enhance the redox metabolic pathway of peroxidases, 
the saline-alkali tolerance of Capsicum seedlings was greatly 

improved (Wang et al. 2024). In animals, the biological activity 
of heme peroxidase is related to antifungal and antiviral func-
tions (Octavia et al. 2012), and abnormal peroxidase activity is 
associated with diseases such as myocardial infarction, asthma 
and Alzheimer's disease. In mosquitoes, an imbalance in the 
antioxidant defence system has adverse effects on male fertil-
ity and reproductive physiology (Shaw et al. 2014). Studies have 
shown that heme peroxidase is an important cytokine that pro-
tects sperm from oxidative stress and maintains semen quality 
in the reproductive organs of male mosquitoes, thus directly af-
fecting the mosquito population (Chen et al. 2021).

In microorganisms, peroxidases are essential for the virulence 
of a range of phytopathogenic fungi. In a report on Magnaporthe 
oryzae, the causative organism of rice blast disease, peroxidase 
activity significantly affected the virulence of the fungus (Heller 
and Tudzynski 2011). A knockout mutant of MoPRX1 was con-
structed, and the response to stress by and virulence analysis of 
the mutant showed that MoPRX1 activity of rice blast was posi-
tively correlated with H2O2 stress tolerance and virulence (Auh 
and Murphy 1995). With the help of electron donors, peroxidases 
exhibited antioxidant function in M. oryzae (Shai et al. 2018) and 
then regulated its virulence and asexual reproduction process 
(Wang et al. 2013). Fusarium graminearum is a filamentous fun-
gal pathogen that can cause Fusarium wilt of wheat. The perox-
idase gene FgNoxR in F. graminearum was identified and found 
to play an important role in its virulence. FgNoxR is localised 
on punctate structures throughout the cytoplasm in aerial hy-
phae; these structures tend to accumulate at or near the plasma 
membrane, septum and hyphal tip of germinated conidia. 
Deletion of the FgNoxR gene led to decreases in conidium for-
mation and germination, which affected the virulence (Torres 
et al. 2002; Lee et al. 2018, 2020). In Penicillium chrysogenum, 
it was found that a peroxidase is involved in the biosynthesis of 
penicillin through the action of peroxisomes. Overexpression of 
the PcPEXP gene led to a proliferation of tubular microsomes, 
which increased penicillin production by P. chrysogenum (Kiel 
et  al.  2005); penicillin production could increase 2–2.5 times 
using this strategy.

However, few systematic studies on the peroxidase gene family 
in B. cinerea have been published. We aim to use bioinformatic 
methods to analyse and functionally characterize the peroxi-
dase gene families of B. cinerea. At the same time, by construct-
ing mutants of key genes, the functions of the peroxidase family 
of B. cinerea in the growth, development and virulence of this 
pathogen could be further explored, which provides a baseline 
for the study of the function and regulatory mechanism of the 
peroxidase gene family of B. cinerea and could form a theoretical 
basis for the prevention and control of grey mould.

2   |   Results

2.1   |   Identification, Phylogenetic Evolution 
and Chromosome Mapping Analysis 
of the Peroxidase Gene Family in B. cinerea

We used bioinformatic methods to perform phylogenetic anal-
ysis of the peroxidase family genes in B. cinerea, M. oryzae and 
Saccharomyces cerevisiae. After analysis, the sequences of 31 
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peroxidase family genes were obtained from B. cinerea. The cod-
ing sequence (CDS) length of 17 genes was greater than 1000 bp, 
and the CDS length of 14 genes was less than 1000 bp. According 
to the isoelectric point (pI) value, 17 amino acids were acidic and 
14 amino acids were alkaline, but this difference was not related 
to the length of the CDS. The molecular weight of the protein 
was generally distributed between 20 and 80 kDa, with only 
two exhibiting higher molecular weights of 126 and 136 kDa 
(Table 1).

The amino acid sequence of the products encoded by the per-
oxidase family genes of B. cinerea was phylogenetically anal-
ysed with the peroxidase amino acid sequences of M. oryzae 
and S. cerevisiae. The peroxidase family genes of B. cinerea 
were divided into nine subfamilies: Class I peroxidase, glu-
tathione peroxidase, animal cyclooxygenase-2, NADPH ox-
idase (Nox) regulator, peroxiredoxin, alkyl hydroperoxidase 
D-like protein, catalase, dye-decolorising (Dyp) peroxidase 
and NADPH oxidase (Nox). BcPRD11, BcPRD10, BcCCP2 and 

TABLE 1    |    Physicochemical properties of peroxidase family genes in Botrytis cinerea.

Gene name Gene ID Chromosome Start codon Stop codon CDS AA MW (kDa) pI

BcNOXR BC1G_06200 Chr3 2,311,352 2,315,090 1623 540 61.26 5.80

BcGPX3 BC1G_02031 Chr3 492,223 494,220 765 254 19.36 5.95

BcPRX4 BC1G_00059 Chr1 2,968,621 2,969,951 690 229 25.58 6.10

BcPRX3 BC1G_06262 Chr16 131,243 132,750 792 263 22.48 9.23

BcPRX1 BC1G_07040 Chr4 214,534 216,674 1050 349 36.22 7.54

BcCCP1 BC1G_08301 Chr1 3,254,960 3,257,185 1119 372 40.76 8.50

BcCCP2 BC1G_11611 Chr7 2,149,013 2,150,624 882 293 34.42 6.10

BcPRD11 BC1G_04955 Chr13 1,279,863 1,288,816 1614 537 57.91 4.48

BcPRD10 BC1G_14974 Chr3 2,680,257 2,682,916 1608 535 53.87 4.66

BcPRX7 BC1G_13939 Chr2 2,995,918 2,997,499 543 180 20.56 8.69

BcPRX9 BC1G_05133 Chr10 419,238 421,031 471 156 16.31 5.33

BcPRX8 BC1G_09932 Chr9 1,393,182 1,394,631 720 239 18.18 5.20

BcPRD1 BC1G_06374 Chr13 2,164,260 2,166,607 1542 513 53.78 6.43

BcPPOA70 BC1G_08479 Chr14 839,453 840,529 600 199 22.15 5.46

BcPRD7 BC1G_04705 Chr10 976,618 978,809 831 276 30.69 5.64

BcPRD3 BC1G_03406 Chr11 1,465,875 1,467,075 834 277 29.92 4.59

BcPRD6 BC1G_11384 Chr2 2,228,343 2,229,971 951 316 35.61 5.60

BcPRD8 BC1G_01628 Chr5 896,444 868,576 1329 442 47.31 4.61

BcPRD2 BC1G_12449 Chr5 573,177 575,869 1302 433 46.30 5.88

BcPRD4 BC1G_09364 Chr5 223,653 225,647 1311 436 47.18 4.88

BcPRD5 BC1G_12525 Chr3 108,776 110,693 1284 427 45.84 5.11

BcPRD9 BC1G_09959 Chr9 1,337,227 1,338,806 1248 415 43.33 4.76

BcPPOA90 BC1G_04254 Chr4 1,724,037 1,728,750 3462 1153 126.17 6.19

BcppoA80 BC1G_14780 Chr2 1,097,131 1,102,185 3858 1286 136.49 6.11

BcNOXA BC1G_10823 Chr5 143,183 147,870 1662 553 63.42 8.04

BcCAT2 BC1G_12856 Chr11 2,289,386 2,291,960 2145 714 61.05 5.51

BcCAT3 BC1G_02407 Chr6 1,539,352 1,542,118 2214 737 82.10 5.91

BcCAT6 BC1G_13021 Chr5 1,624,387 1,626,743 1506 501 55.56 6.53

BcCATA BC1G_01095 Chr6 430,726 432,971 1626 541 60.68 6.18

BcCAT4 BC1G_09386 Chr5 292,260 294,217 1692 563 63.86 6.23

BcCAT5 BC1G_01968 Chr3 639,916 642,436 1530 509 57.49 6.24

Abbreviations: AA, amino acids; CDS, coding sequence (bp); MW, molecular weight; pI, isoelectric point.
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BcCCP1 belong to the class I peroxidase subfamily; BcGPX3 
belongs to the glutathione peroxidase subfamily; BcPPOA90 
and BcPPOA80 belong to the animal cyclooxygenase sub-
family; and BcNOXR belongs to the Nox regulator subfam-
ily. BcPRX1, BcPRX3, BcPRX4, BcPRX7, BcPRX8 and BcPRX9 
belong to the peroxiredoxin subfamily; BcPPOA70 belongs to 
the alkyl hydroperoxidase D-like protein subfamily; BcCAT2, 
BcCAT3, BcCAT4, BcCAT5, BcCAT6 and BcCATA belong to 
the catalase subfamily; BcPRD1, BcPRD2, BcPRD3, BcPRD4, 
BcPRD5, BcPRD6, BcPRD7, BcPRD8 and BcPRD9 belong to 
the Dyp peroxidase subfamily; and BcNOXA belongs to the 
NADPH oxidase (Nox) subfamily (Figure 1A).

We established a chromosome distribution map by studying the 
distribution of peroxidase family members on the chromosomes 
of B. cinerea. The results showed that the 31 peroxidase gene 
family members were located on 13 of the 18 chromosomes of B. 
cinerea (Figure 1B). Among them, there was one gene on each of 
chromosomes 7, 14 and 16; two genes on each of chromosomes 
1, 4, 6, 9, 10, 11 and 13; three genes on chromosome 2; five genes 
on chromosome 3 and six genes on chromosome 5.

2.2   |   Analysis of Peroxidase Family Gene Structure 
and Conserved Domains in B. cinerea

After obtaining the basic physical and chemical properties and 
chromosome localisation of the peroxidase family of B. cine-
rea, we then conducted a deep analysis of the gene structure 
and conserved protein domains of the peroxidase family and 
visualised the results. In the gene structure, there are obvious 
differences in the structure of the peroxidase family genes of 
B. cinerea. Among them, the animal cyclooxygenase subfamily 
gene contains more exons, and the CDS sequence is longer, with 
BcPPOA90 having 11 exons and BcPPOA80 having eight exons, 
which are the two highest numbers of exons in the B. cinerea 
peroxidase gene family. There are generally fewer exons in genes 
of the peroxiredoxin subfamily, and the CDS sequence is shorter, 
with BcPRX4 having only two exons (Figure  2A). Among the 
conserved domains, we found that the peroxidase family pro-
teins of B. cinerea contained 13 different domains. Among them, 
proteins with the peroxidase_2 domain were the most common, 
with BcPRD2, BcPRD3, BcPRD4, BcPRD5, BcPRD6, BcPRD7, 
BcPRD8 and BcPRD9 containing the peroxidase_2 domain 
(Figure 2B).

2.3   |   Expression Analysis of Peroxidase Family 
Genes in B. cinerea in Response to Hyphal 
Development, H2O2 Stress, Infection of A. thaliana 
and Conidium Formation

Peroxidase activity is closely related to oxidation. The perox-
idase_2 domain is the most abundant domain in the peroxi-
dase family of B. cinerea, so we cultured the wild-type strain 
B05.10 on potato dextrose agar (PDA) medium containing 
H2O2 and determined the relative colony size in the presence 
and absence of H2O2. The results showed that H2O2 inhibited 
the growth of B. cinerea, with the inhibitory effect increasing 
with increasing H2O2 concentration (Figure  3A,B). We per-
formed reverse transcription-quantitative PCR (RT-qPCR) 

experiments to detect peroxidase gene expression levels during 
B. cinerea hyphal development, response to H2O2 and infection 
of Arabidopsis thaliana. The results showed that the relative ex-
pression levels of genes BcPRD3, BcPRD7, BcPRD8 and BcPRD10 
were higher under H2O2 stress, especially those of the first three 
genes, and there was also a degree of upregulation of the expres-
sion of the genes during hyphal development and infection of 
A. thaliana (Figure 3C). The expression of genes encoding cell-
wall-degrading enzymes in wild-type B05.10 and ∆BcPRD3, 
∆BcPRD7, ∆BcPRD8 and ∆BcPRD10 knockout mutants was an-
alysed. The results showed that the expression levels of Bcpg1, 
Bcpgx1, Bcpme2, Bcpme1 and Bcpg6 were downregulated to dif-
ferent degrees. We believe that BcPRD3, BcPRD7, BcPRD8 and 
BcPRD10 positively regulate the expression of genes encoding 
cell-wall-degrading enzymes, which are related to host cell in-
tegrity (Figure S4). Therefore, we speculate that these four genes 
play an important role in the growth and development of patho-
gens, response to stress and virulence. During conidial develop-
ment, the 31 peroxidase genes also showed different expression 
patterns, with almost all of the four genes, BcPRD3, BcPRD7, 
BcPRD8 and BcPRD10, that we focused on being expressed at 
the highest level at 4 h (Figure 3D). It is speculated, therefore, 
that the development of conidia may be fastest at 4 h.

2.4   |   Effects of Peroxidase Family Genes on 
the Growth and Development of B. cinerea

We had shown that the peroxidase family genes of B. cinerea 
showed different expression patterns during hyphal develop-
ment. Therefore, we constructed knockout mutants of BcPRD7 
and BcPRD10 genes and mutants of BcPRD3 and BcPRD8 genes 
to assess their role in the growth and development of the patho-
gen (Figure S1). We used the wild-type B05.10 strain of B. cinerea 
as a control to observe the colony morphology of the mutants. 
Mycelia grown for 3 days were stained with calcofluor white 
(CFW), and the morphology of hyphae (observed by confocal 
microscopy), conidia and infection structures (both observed 
by optical microscopy) were studied. The results showed that 
the colour of the hyphae of wild-type colonies was grey-black, 
while that of mutant colonies was lighter in colour than that of 
wild-type colonies (Figure 4A). The average hyphal length of the 
wild-type strain was 75 μm, which was smaller than that of the 
average mutant strain (90 μm; Figure 4B,D), while the average 
width of the wild-type hyphae was 10 μm, which was greater 
than that of the mutant strain (6–7 μm; Figure 4B,E). The mean 
sporulation rate of the wild-type strain was 40 × 108 conidia per 
dish, while that of the mutants was 4–5 × 108 per dish, almost 
90% fewer (Figure 4F). The size of individual wild-type conidia 
was also larger than that of the mutants. The results of the scat-
ter plot showed that the average morphology of the wild-type 
spores largely had a length and width of around 90 and 50 μm, 
respectively, while the mutant spores had typical dimensions of 
45 and 40 μm, respectively (Figure 4C,G). Comparative analysis 
of the infection structures showed that all strains could produce 
them, but the formation of the mutant infection structures oc-
curred significantly later in development than those of the wild 
type, and the number of infection structures was also signifi-
cantly lower than that of the wild type. At 24 h, in the wild-type 
strain B05.10, mutants ΔBcPRD3 and ΔBcPRD8 had smaller in-
fection structures, while those in ΔBcPRD7 and ΔBcPRD10 had 
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FIGURE 1    |     Legend on next page.
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FIGURE 1    |    Identification, phylogenetic evolution and chromosomal localisation of peroxidase family genes in Botrytis cinerea. (A) Phylogenetic 
tree of peroxidase family genes in B. cinerea, Saccharomyces cerevisiae and Magnaporthe oryzae. (B) Chromosomal localisation of peroxidase family 
genes in B. cinerea.

FIGURE 2    |    Gene structure and conserved domains of peroxidase family genes in Botrytis cinerea. (A) Gene structure of the peroxidase family 
in B. cinerea. CDS, coding sequence; UTR, untranslated region. Size in nucleotides. (B) Conserved domains of peroxidase family genes in B. cinerea.

FIGURE 3    |    Expression analysis of peroxidase family genes of Botrytis cinerea in mycelium and conidia, during the infection process and in re-
sponse to oxidative stress treatment. (A) Colony morphology of B. cinerea under different concentrations of H2O2. CK, negative control (0 mM). (B) 
Growth rate of B. cinerea under different concentrations of H2O2 relative to CK (set as 1.0). Significant difference by one-way ANOVA, *p < 0.05, 
**p < 0.01. (C) Expression levels of peroxidase family genes in B. cinerea during mycelial development, H2O2 stress and infection of Arabidopsis thali-
ana. (D) Expression patterns of peroxidase family genes in conidia of B. cinerea.
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FIGURE 4    |    Effects of peroxidase family genes on the growth and development of Botrytis cinerea. (A) Surface morphology of wild-type (B05.10) 
and mutant colonies. (B) Wild-type and mutant hyphal morphology. Bar in the figure is 20 μm. (C) Conidia morphology of wild-type and mutant 
strains. Bar in the figure is 20 μm. (D) Wild-type and mutant hyphal lengths. (e) Wild-type and mutant hyphal widths. (F) Sporulation rates of wild-
type and mutant strains. (G) Length:width ratios of wild-type and mutant conidia. (H) Morphology of wild-type and mutant infection structures at 
various times after inoculation. Bar in the figure is 20 μm. (I) Relative sizes of the wild-type and mutant infection cushion. (J) Numbers of infection 
cushion of the wild-type and mutant strains. Significant difference by one-way ANOVA, **p < 0.01.
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not yet formed; after 48 and 72 h, the mutants began to exhibit 
infection structures, but their numbers and sizes were signifi-
cantly different from the wild type. In terms of number, the 
wild type reached nearly 30, while the mutant was almost 10 
(Figure 4H,I). The infection structures of the mutant were about 
half the size of the wild-type structures (Figure  4H,I). From 
these results, we believe that the peroxidase family genes of B. 
cinerea play an important role in the growth and development 
of the pathogen.

2.5   |   Effects of Peroxidase Family Genes of B. 
cinerea on Pathogen Response to Stress

Under oxidative stress treatment, the expression of peroxidase 
family genes was also affected, indicating that peroxidase fam-
ily genes could respond to oxidative stress. At the same time, the 
response to other stress treatments was also assessed. We inoc-
ulated wild-type B05.10 and mutant strains at the same growth 
stage onto potato dextrose agar (PDA) containing NaCl, KCl, 
H2O2, menadione (vitamin K3), Congo Red or fluconazole, and 
measured the stress-induced inhibition rate under the different 
treatments by comparing the treated and control colony diam-
eters (Figure 5A). The results showed that the growth rates of 
ΔBcPRD3 and ΔBcPRD8 were the slowest while the degree of 
inhibition was greatest under the NaCl or KCl treatments, with 
the inhibition level of ΔBcPRD7 being almost the same as that 
of the wild type, with NaCl actually promoting the growth of 
ΔBcPRD10 (Figure  5B,C). Under H2O2 treatment, the growth 
rate of ΔBcPRD3 was the lowest, so the degree of inhibition was 
the highest, while the inhibition level of the wild type was sim-
ilar to that of the other mutants (Figure 5D). Under menadione 
treatment, the growth rates of ΔBcPRD3 and ΔBcPRD8 were 
the lowest and the degree of inhibition was the most obvious. 
The inhibition level of ΔBcPRD7 was the lowest, being signifi-
cantly lower than that of the wild type, while the inhibition 
level of ΔBcPRD10-1 was higher than that of the wild type and 
ΔBcPRD10-2 was lower than that of the wild type (Figure 5E). In 
response to treatment with Congo Red, each strain suffered an 
obvious inhibitory effect, especially ΔBcPRD3, which exhibited 
the greatest inhibition (Figure 5F). Under fluconazole treatment, 
the growth rates of ΔBcPRD3 and ΔBcPRD8 were the slowest, 
and the degree of inhibition was significantly higher than that 
of the wild type, while those of ΔBcPRD7 and ΔBcPRD10 were 
lower than that of the wild type (Figure 5G). Therefore, we spec-
ulate that the peroxidase family genes of B. cinerea can actively 
respond to osmotic stress and oxidative stress and participate in 
the regulation of cell integrity, thereby maintaining the stability 
of fungi in response to changes in the surrounding environment.

2.6   |   Effects of Peroxidase Family Genes on 
the Virulence of B. cinerea

The peroxidase family genes of B. cinerea exhibited different ex-
pression patterns during the infection process of A. thaliana, so 
we then studied their effects on the pathogenicity and virulence 
of the pathogen. We inoculated the wild-type strain B05.10 and 
ΔBcPRD3, ΔBcPRD7, ΔBcPRD8 and ΔBcPRD10 mutant strains 
at the same growth stage onto the surface of Nicotiana benth-
amiana leaves, which were subsequently cultured in a dark and 

humid plant culture room for 2 days, after which the lesion areas 
were recorded in a spectral imager (Figure 6A,C,E,G). The re-
sults showed that, except for inoculation with ΔBcPRD7, which 
did not produce lesions (Figure 6B), all the other strains caused 
obvious lesions on the leaves, although the lesion area induced 
by the mutants, at almost 2 cm2, was significantly smaller than 
that caused by the wild type (Figure 6B,D,F,H). Because the vir-
ulence of ΔBcPRD7 was much lower than that of the other three 
mutants, we also made the complemented strain BcPRD7-C and 
did the same observations and analysis. BcPRD7-C could pro-
duce lesions, but the lesion area was smaller than that of the 
wild-type (Figure S2a,b). It was found that the distance between 
successive septa, the width of the hyphae, the sporulation rate, 
the size of the conidia, the size and number of the infection 
structures and the stress tolerance of BcPRD7-C were all comple-
mented (Figures S5 and S6). We speculate that the virulence of 
the pathogen was greatly reduced after the knockout of BcPRD7 
or BcPRD10 genes and the silencing of BcPRD3 and BcPRD8 
genes, indicating that the peroxidase family genes of B. cinerea 
positively regulate the virulence of the pathogen.

2.7   |   Peroxidase Activity Analysis of BcPRD7 
Protein in B. cinerea

To test the activities of the enzymes encoded by the peroxidase 
family genes of B. cinerea, we selected the BcPRD7 protein, con-
structed a prokaryotic expression vector, and determined the 
enzyme amount and enzyme activity curve of this protein. The 
peroxidase activity of the BcPRD7-6 × His non-induced culture 
and lysate were designated as the controls (CK). The results 
showed that the peroxidase activity of the BcPRD7-6 × His in-
duced culture was 99.5 U/1012 cells, which was significantly 
higher than that of the non-induced control (7.3 U/1012 cells) 
(Figure 7A). The peroxidase activity of the BcPRD7-6 × His in-
duced lysatewas 8.7 U/1012 cells, which was also significantly 
higher than that of the corresponding control (Figure 7C). The 
kinetic curve of BcPRD7-6 × His showed that the absorbance at 
470 nm of the non-induced control culture did not increase after 
30 s and reached only 0.15. The value for the induced culture in-
creased from 30 s to 120 s and was 0.55 absorbance units higher 
than the control (Figure  7B). The kinetic curve showed that 
the non-induced control lysate did not increase after 30 s and 
reached only 0.05 whereas the value for the induced lysate in-
creased from 30 s to 120 s and was 0.37 absorbance units higher 
than the control (Figure  7D). When measuring intracellular 
ROS levels in wild-type B05.10 and mutant cells, the ROS con-
centration in the wild-type B05.10 was 140 relative fluorescence 
units (RFU), which was much higher than that of the mutant, 
60–70 RFU (Figure 7E) Therefore, we believe that the BcPRD7 
protein exhibits peroxidase activity, which is involved in ROS 
scavenging.

2.8   |   Screening and Identification 
of BcPRD7-Interacting Proteins in B. cinerea

To further explore changes in gene expression and other func-
tions in ΔBcPRD7 and wild-type B05.10, we inoculated po-
tato dextrose broth (PDB) with either strain and cultured 
them for 12 days, at which point sampling was undertaken for 
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RNA-sequencing (RNA-Seq) analysis. A total of 7385 differen-
tially expressed genes (DEGs) were identified, of which 1845 
genes were significantly upregulated and 1414 genes were sig-
nificantly downregulated in ΔBcPRD7. We used GO analysis 
to identify the possible functions or cellular pathways for the 
DEGs and found that the proteins encoded by the upregulated 
genes played an important role in oxidoreductase activity, ion 
transport and mycotoxin synthesis and metabolism, findings 
that were consistent with results from our research into peroxi-
dase function (Figure 8A). We analysed the metabolic pathways 
involving DEGs by Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis and found that the DEGs from the ΔBcPRD7 

mutant were mainly involved in the biosynthesis of secondary 
metabolites of B. cinerea, of which 43 were significantly upregu-
lated genes. Significantly upregulated genes were also involved 
in tryptophan metabolism, glycerophospholipid metabolism 
and starch and sucrose metabolism (Figure  8B). The proteins 
encoded by downregulated genes were mostly in pathways of 
carbohydrate metabolism and organic matter catabolism. From 
the perspective of molecular function, downregulated genes 
were related to hydrolase activity (Figure  S3a). Significantly 
downregulated genes were involved in starch and sucrose me-
tabolism, mutual conversion of pentose and glucuronic acid and 
biosynthesis of coenzyme factors (Figure S3b).

FIGURE 5    |    Determination of stress response of peroxidase family genes in Botrytis cinerea. (A) Growth of the wild-type (B05.10) and mutant 
strains under different stresses. CK, negative control. (B) Inhibition rate by NaCl on the wild-type and mutant strains. (C) Inhibition rate by KCl on 
the wild-type and mutant strains. (D) Inhibition rate by H2O2 on the wild-type and mutant strains. (E) Inhibition rate of menadione on the wild-type 
and mutant strains. (F) Inhibition rate of Congo Red on the wild-type and mutant strains. (G) Inhibition rate of fluconazole on the wild-type and 
mutant strains. Significant difference by one-way ANOVA, *p < 0.05, **p < 0.01.
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Through GO and KEGG analysis, we found that BcHEX has the 
function of encoding HEX, the main protein in Woronin bod-
ies, which are peroxisome-related organelles that are unique 
to filamentous fungi. These bodies function to seal the septal 
pores in response to cellular wounding and prevent the loss of 
cytoplasm when the fungal hyphae are injured or as they age, 
which contributes to maintaining the integrity of the hyphae 
and the stability of the cells. BcPRD7 has been shown to be 
related to mycelial growth and development and can regulate 
cell integrity. We speculated that BcHEX might interact with 
BcPRD7. We performed yeast two-hybrid (Y2H) and dual lu-
ciferase complementation assays to examine whether BcHEX 
interacts with BcPRD7. The results showed that yeast colonies 
co-transformed with AD-BcPRD7 and BD-BcHEX and BD-
BcPRD7 and AD-BcHEX grew normally in the triple-deficient 
synthetic defined (SD) medium (−Leu/−Trp/−His) and the 
quadruple-deficient medium (−Leu/−Trp/−His/−Ade), but the 
yeast colonies co-transformed with other negative control com-
binations could not grow (Figure 8C). N. benthamiana leaves in-
jected with BcPRD7-nLUC + BcHEX-cLUC and BcPRD7-cLUC 
+ BcHEX-nLUC showed obvious fluorescent signals under the 
plant in vivo imaging system, while leaves injected with other 
Agrobacterium combinations showed no fluorescent signals 
(Figure  8D). Immunoprecipitation (IP) was performed with 
BcPRD7 with a FLAG tag. The total protein was incubated with 
anti-FLAG + Protein A/G for elution and then examined by 
western blotting. When incubated with anti-FLAG antibodies, 
both BcHEX-Myc + BcPRD7-FLAG and BcPRD7-FLAG showed 
specific bands. When incubated with anti-Myc, only BcHEX-
Myc + BcPRD7-FLAG showed specific bands (Figure 8E), indi-
cating that an interaction had occurred between BcHEX and 
BcPRD7.

The peroxidase activity of wild-type strain B05.10 was 
137 U/g. We transferred the gene BcHEX into the B05.10 strain 

and measured the enzyme activity again. It was found that 
the peroxidase activity of BcHEX-B05.10 was 168 U/g, so that 
the enzyme activity had increased by approximately 20% 
(Figure  8F). Subsequently, we also determined the enzyme 
activity in ΔBcPRD7 and BcHEX-ΔBcPRD7 strains. The re-
sults showed that the peroxidase activity of ΔBcPRD7 was 
76 U/g, which was significantly lower than that of wild-type 
B05.10 (Figure  8G). When BcHEX was transferred into the 
mutant, the peroxidase activity of BcHEX-ΔBcPRD7 increased 
to 101 U/g, which was about 30% higher than that of the 
ΔBcPRD7 strain, showing that BcHEX promotes the peroxi-
dase activity of BcPRD7.

3   |   Discussion

Botrytis cinerea is a typical necrotrophic pathogen and is one 
of the 10 most economically destructive plant pathogens. It 
causes grey mould on thousands of plant species, resulting in 
serious damage to the economic value of these crops. B. cinerea 
usually infects dicotyledonous plants at the early stage of crop 
development. The infected host organ decays rapidly when the 
environment is conducive to the maturation of the pathogen, 
causing large economic losses during transportation and stor-
age. Therefore, in-depth exploration of the virulence genes of B. 
cinerea plays a fundamental role in revealing and understanding 
the infection mechanism of B. cinerea.

The peroxidase gene family is ubiquitous in almost all plants 
and pathogens. It can catalyse the oxidation of various or-
ganic and inorganic substrates by reacting with hydrogen 
peroxide and similar molecules and has important reductive 
protection against the detrimental oxidation of host proteins 
and lipids by ROS. Due to their broad catalytic activity, perox-
idases can remove phenolic compounds and peroxides in the 

FIGURE 6    |    Virulence determination of Botrytis cinerea peroxidase family gene mutants on Nicotiana benthamiana leaves. (A) Symptoms of 
N. benthamiana infected by the ΔBcPRD7 strain compared to the wild type (B05.10). (B) Lesion area of N. benthamiana infected by the ΔBcPRD7 
strain. (C) Symptoms of N. benthamiana infected by the ΔBcPRD10 strain. (D) Lesion area of N. benthamiana infected by the ΔBcPRD10 strain. (E) 
Symptoms of N. benthamiana infected by the ΔBcPRD3 strain. (F) Lesion area of N. benthamiana infected by the ΔBcPRD3 strain. (G) Symptoms of 
N. benthamiana infected by the ΔBcPRD8 strain. (H) Lesion area of N. benthamiana infected by the ΔBcPRD8 strain. Significant difference by one-
way ANOVA, **p < 0.01.
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degradation of mycotoxins (Monastyrska and Klionsky 2006; 
Sakai et al. 2006; Meijer et al. 2007). The importance of perox-
idases is widely known, and their functional roles have been 
reported in P. chrysogenum, M. oryzae and F. graminearum. 
However, there have been few studies on the peroxidase fam-
ily genes and their specific functions in B. cinerea. Therefore, 
we explored the whole genome of B. cinerea. Using bioinfor-
matic methods to screen the B. cinerea genome sequence, 31 
peroxidase genes of B. cinerea were identified and divided into 
nine subfamilies, containing 15 different domains, reflecting 
the diversity and functional differentiation within the gene 
family. In addition, we studied the peroxidase gene family 
of B. cinerea to analyse the physicochemical properties, gene 
structure and phylogenetic evolution of its members. The per-
oxidase genes were distributed on 13 chromosomes, and the 
isoelectric points were between 4.48 and 9.23. By comparison 
with S. cerevisiae and M. oryzae, it was found that there are 
many homologous genes between the peroxidase family of 
B. cinerea and these species. This provides an important tool 

with which to understand the evolutionary conservation and 
function of the peroxidase family in B. cinerea.

In addition, we found that the expression of peroxidase family 
genes in B. cinerea varied under different treatments, mutants 
and stages of development. The expression levels of BcCATA 
and BcPRD1 were relatively high during mycelial growth, while 
the expression levels were lower in response to H2O2 treatment 
or infection of A. thaliana. The expression levels of BcCAT2, 
BcPRD3, BcPRD4, BcPRD7, BcPRD8 and BcPRD9 after H2O2 
treatment were higher than those during hyphal development 
and infection of A. thaliana. The expression levels of BcCCP2, 
BcPPOA70, BcNOXR, BcPRD5, BcPRD11, BcPRX1, BcPRX7 and 
BcPRX9 in A. thaliana were higher than those following H2O2 
treatment or during the hyphal development period. In the co-
nidial stage, the highest expression was generally reached at 4 h. 
Therefore, we speculate that the peroxidase genes of B. cinerea 
may play an important role in hyphal development, conidium 
formation, virulence and tolerance to abiotic stresses and resis-
tance to biotic stresses.

Studies have reported that peroxidases are involved in the 
process of pathogen growth and development, confirming 
our speculation. It has been reported that, after knocking 
out a peroxidase gene of F. graminearum, defects in hyphal 
and conidial development were observed (Rolke et  al.  2004; 
Giesbert et  al.  2008). To investigate this phenomenon, we 
also constructed a peroxidase gene mutant of B. cinerea and 
analysed the phenotype of the wild-type and mutant strains. 
It was found that the hyphae of the mutant became thinner, 
the hyphal cells became longer and the production of conidia 
was also greatly reduced. The time required to form infection 
structures increased, and the number of structures decreased; 
the number and size of F. graminearum spores and infection 
cushions were significantly reduced, and virulence was sig-
nificantly decreased in the mutant. The results of the B. ci-
nerea experiment were consistent with the effects reported 
earlier for the peroxidase gene of F. graminearum. It was clear 
that the peroxidase gene of B. cinerea positively regulates the 
growth and development of the pathogen, but its mechanism 
of action is not yet clear, and further research is needed.

Studies have reported that peroxidases are involved in the 
response of pathogens to stress and regulate the virulence 
of pathogenic fungi. In yeast, multiple peroxidase genes are 
induced during the response to oxidative stress (Oliveira 
et  al.  2021). In F. graminearum, after knocking out the per-
oxidase gene, the growth of F. graminearum strains on H2O2-
supplemented medium almost stalled (Guo et  al.  2019). We 
also carried out oxidative stress treatments on peroxidase 
family gene mutants of B. cinerea. It has been reported that 
fungal cell wall inhibitors could induce ROS in apoptotic cells 
in yeast cells. With the increase in intracellular ROS con-
centration, oxidative damage would be caused to cells, and 
Congo Red would induce ROS production. Therefore, we also 
supplemented osmotic stress and cell integrity tests. The re-
sults showed that the growth rate of ΔBcPRD3 was the slow-
est and the degree of inhibition was the highest under H2O2 
treatment, while the inhibition level of the wild type and the 
other mutant strains was almost the same. The results were 
similar to the report on F. graminearum, but not to the extent 

FIGURE 7    |    Determination of peroxidase activity of BcPRD7 protein 
in Botrytis cinerea. (A) Peroxidase activity of BcPRD7-6 × His-induced 
culture (U/1012 cells). CK, non-induced culture. (B) 470 nm kinetic 
curve of BcPRD7-6 × His-induced culture. CK, non-induced culture. (C) 
Peroxidase activity of BcPRD7-6 × His-induced lysate. CK, non-induced 
lysate (set as 1.0). (D) 470 nm kinetic curve of BcPRD7-6 × His-induced 
lysate. CK, non-induced lysate. (E) Determination of reactive oxygen 
species (ROS) levels in ΔBcPRD3, ΔBcPRD7, ΔBcPRD8 and ΔBcPRD10 
mutants compared to the wild type (B05.10). Significant difference by 
one-way ANOVA, **p < 0.01.
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FIGURE 8    |    Functional annotation, metabolic pathway analysis and interacting protein verification of upregulated genes of ΔBcPRD7 in Botrytis 
cinerea. (A) Gene Ontology (GO) functional annotation of significantly differentially upregulated genes in ΔBcPRD7 gene knockout mutant. (B) 
Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway analysis of significantly upregulated genes in ΔBcPRD7 gene knockout 
mutant. (C) Yeast two-hybrid verification of BcPRD7 and BcHEX interaction. (D) Luciferase complementation assay verification of BcPRD7 and 
BcHEX interaction. (E) Co-immunoprecipitation (Co-IP) verification of BcPRD7 and BcHEX interaction. IP, immunoprecipitation; IB, immunoblot. 
(F) Comparison of peroxidase enzyme activity between B05.10 and BcHEX-B05.10. (G) Comparison of peroxidase enzyme activity between ΔBcPRD7 
and BcHEX-ΔBcPRD7. Significant difference by one-way ANOVA, **p < 0.01.
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that the mutant could not grow; the concentration used in the 
Fusarium study was 20 mM, whereas the concentration in our 
experiment was only 1 mM, indicating that the concentration 
of H2O2 was directly associated with the growth inhibition 
of the strain. The results also showed that the strain could 
respond positively to osmotic stress and oxidative stress and 
could regulate cell integrity, indicating roles for the peroxi-
dase gene of B. cinerea in these responses. Studies have shown 
that, in F. graminearum, the virulence of the peroxidase-gene 
knockout mutant was greatly reduced compared with the wild 
type (Lee et  al. 2018). In our test results, we inoculated the 
wild type and mutant strains onto the surface of N. benthami-
ana leaves. The lesion area produced by the mutant strain 
was much smaller than that achieved by the wild type, with 
ΔBcPRD7 hardly producing any visible lesions, a finding that 
was consistent with the reported results and indicating that 
this peroxidase gene of B. cinerea positively regulates the vir-
ulence of the pathogen.

Studies have shown that the knockout of peroxidase genes will 
reduce enzyme activity, greatly reduce oxygen-binding capac-
ity and reduce ion transport capacity. It has also been found in 
microorganisms that the lack of peroxidase can affect the me-
tabolism of mycotoxins. We explored the function of the perox-
idase BcPRD7 in B. cinerea and performed RNA-Seq analysis 
of the B. cinerea wild-type strain B05.10 and its BcPRD7 gene 
knockout mutant ΔBcPRD7. It was found that the DEGs signifi-
cantly upregulated in the mutant ΔBcPRD7 mainly played roles 
in oxidase enzyme activity, ion penetration and mycotoxin syn-
thesis and metabolism, findings that were consistent with pre-
vious research reports on other fungi. It is speculated that the 
BcPRD7 gene functions through the peroxisome because, when 
the BcPRD7 gene is deleted, the function of the peroxisome is 
weakened, which affects peroxidase activity and thus affects 
oxygen-binding capacity, ion transport capacity and mycotoxin 
production and metabolism.

It has been reported that the HEX protein is the main protein 
in the Woronin body (Yuan et al. 2003). The Woronin body is 
an organelle unique to filamentous fungi, being a specialised 
peroxisome located near the edge of the cell or the septa of the 
hyphae. Its function is to maintain the integrity of the cell struc-
ture when the cell is damaged (Tang et  al.  2020). It has been 
found that the knockout of the HEX1 gene in Neurospora crassa 
can lead to the leakage of cytoplasm following cell lysis (Jedd 
and Chua 2000). The hyphal morphology of a HEX1 gene dele-
tion mutant of M. oryzae changed, and the ability of appressoria 
to penetrate or colonise host cells decreased (Xu et al. 2021). We 
confirmed the interaction between BcPRD7 and BcHEX, so it is 
speculated that the BcPRD7 protein may affect the function of 
the Woronin body by interacting with BcHEX, thus participat-
ing in the growth and development of pathogens, their virulence 
and involvement in the regulation of cell integrity.

We identified 31 peroxidase family genes in B. cinerea, which 
were distributed across 13 chromosomes and could be divided 
into nine subfamilies. The 31 peroxidase family proteins of B. 
cinerea contained 15 different domains and showed different 
expression patterns in conidia, hyphae, response to H2O2 stress 
and the infection period of the pathogen. It was clear that the per-
oxidase genes of B. cinerea positively regulated the growth and 

virulence of B. cinerea and participated in the response of the 
pathogen to osmotic stress, oxidative stress and the regulation 
of cell integrity. The interaction between BcPRD7 and BcHEX 
protein was clarified. The current in-depth study of the peroxi-
dase gene of B. cinerea is of great significance for controlling the 
grey mould disease. In future research, we will further explore 
the mechanism of action of BcPRD7 and the Woronin body and 
lay the foundation for elucidating the functions of the peroxidase 
family genes in B. cinerea.

4   |   Experimental Procedures

4.1   |   Fungal and Plant Material

The B. cinerea wild-type B05.10, mutants ∆BcPRD3, ∆BcPRD7, 
∆BcPRD8 and ∆BcPRD10 and N. benthamiana were preserved 
and provided by Hebei Key Laboratory of Plant Physiology and 
Molecular Pathology.

4.2   |   Gene Structure Analysis of the Peroxidase 
Family in B. cinerea

The amino acid sequences of the peroxidase family of three 
fungal species, B. cinerea, S. cerevisiae and M. oryzae, were 
downloaded from the fungal peroxidase gene database (http://​
perox​iDase.​riceb​last.​snu.​ac.​kr). MEGA software was used for 
amino acid sequence alignment, and the phylogenetic tree was 
constructed by the neighbour-joining method. The development 
tree was visualised using Evolview (http://​www.​evolg​enius.​
info/​evolview).

The Ensembl Fungi (http://​fungi.​ensem​bl.​org/​) database was 
queried to obtain the chromosome length of B. cinerea and the 
gene location information on the genes of the peroxidase family. 
Using TBtools software, chromosome localisation visualisation 
was performed to obtain the chromosome localisation map of 
peroxidase family genes. The DNA sequence information of 
the B. cinerea peroxidase family genes was obtained from the 
Ensembl Fungi database. TBtools software was used to visualise 
the genetic structure. The amino acid sequences of the proteins 
encoded by the 31 peroxidase family genes in B. cinerea were 
analysed by using the online website SMART (http://​smart.​
embl-​heide​lberg.​de/​). TBtools software was used to visualise the 
protein domains.

4.3   |   Gene Expression Analysis of Peroxidase 
Family Genes in B. cinerea

From the GEO (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​) database, 
the expression profile data of the development period of B. cine-
rea hyphae and conidia was downloaded, and Heml software 
was used to analyse the expression pattern of peroxidase fam-
ily genes during the germination of B. cinerea conidia and the 
growth of hyphae.

H2O2 at final concentrations of 0, 5, or 15 mM was added to 
the PDA, and the B. cinerea B05.10 strain was inoculated onto 
the medium and cultured in the dark at 25°C. The growth of 

http://peroxidase.riceblast.snu.ac.kr
http://peroxidase.riceblast.snu.ac.kr
http://www.evolgenius.info/evolview
http://www.evolgenius.info/evolview
http://fungi.ensembl.org/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://www.ncbi.nlm.nih.gov/geo/
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B. cinerea was observed on solid medium for 3 days. H2O2 at 
a final working concentration of 0 (control, CK) or 5 mM was 
added to PDB, and the B. cinerea B05.10 strain was inoculated. 
After 7 days, the samples in the liquid medium were collected 
and stored at −80°C. The specific primers of B. cinerea perox-
idase family genes (Table S1) were used to extract the RNA of 
B. cinerea grown under 0 or 5 mM H2O2 stress treatment, which 
was reverse-transcribed into cDNA as a template for qPCR de-
tection. Using the BcACTA actin gene as the internal reference 
gene, the relative expression levels of each gene were analysed 
by the comparative 2−∆∆Ct value method. One-way analysis of 
variance was performed on the data using GraphPad Prism soft-
ware. *p < 0.05, **p < 0.01.

Mycelial plugs (6 mm diameter) from 7-day-old B. cinerea B05.10 
cultures were inoculated onto the adaxial surface of healthy 
Arabidopsis leaves and cultured at 25°C in the dark for 5 days. 
The mycelial RNA was extracted and reverse-transcribed into 
cDNA. The cDNA template was used for qPCR detection by 
using the specific primers for the peroxidase family genes of B. 
cinerea (Table S1), with BcACTA as the internal reference gene. 
The relative expression levels of each gene were analysed by the 
comparative 2−∆∆Ct value method.

Seven-day-old cultures of B. cinerea B05.10 and ΔBcPRD3, 
ΔBcPRD7, ΔBcPRD8 and ΔBcPRD10 mutants were used to ex-
tract mycelial RNA, which was reverse-transcribed into cDNA. 
The expression of cell-wall-degrading enzyme genes was de-
tected by qPCR using cDNA templates, with BcACTA as the in-
ternal reference gene. The relative expression levels of each gene 
were analysed by the comparative 2−∆∆Ct value method.

4.4   |   Phenotypic Analysis of ΔBcPRD3, ΔBcPRD7, 
ΔBcPRD8 and ΔBcPRD10 Mutants

Coverslips were obliquely inserted into the medium of cultures 
of the wild-type B05.10 and corresponding mutant strains on 
PDA plates. After 3 days of culture, the coverslips were removed, 
50 μL CFW (10 μg/mL) stain solution was added dropwise, and 
the coverslips were placed in the dark for 30 min. Confocal flu-
orescence microscopy (Solarbio) was used to observe and count 
the length and width of the hyphae.

Studies on the infection cushions of these strains followed the 
same procedure, except that three coverslips were inserted. One 
coverslip was removed every other day and observed under an 
optical microscope, and the shape, size and number of infec-
tion cushions were recorded. The wild-type B05.10 and mutant 
strains grown on PDA plates under the same culture conditions 
were washed with 20 mL double-distilled water, and the conidia 
were collected, with the number of conidia being counted (to de-
termine sporulation rate) under an optical microscope.

4.5   |   Determination of Stress Response 
of ΔBcPRD3, ΔBcPRD7, ΔBcPRD8 and ΔBcPRD10 
Mutants

The wild-type strain B05.10 and mutant strains were inocu-
lated onto PDA containing 0.8 M NaCl, 0.8 M KCl, 10 mM H2O2, 

250 μM menadione, 2 mg/mL Congo Red or 10 μg/mL fluco-
nazole. The sensitivity of each strain to osmotic stressors, oxi-
dative stressors and inhibitors of cell walls and cell membranes 
was determined. After 4 days of culture, the growth diameter of 
the colonies of each strain was measured, and the inhibition rate 
(relative to the wild type) was calculated.

4.6   |   Virulence of ΔBcPRD3, ΔBcPRD7, ΔBcPRD8 
and ΔBcPRD10 Mutants

Plugs (6 mm diameter) were punched from 7-day-old cultures 
of wild-type B05.10 and mutant strains on PDA using a sterile 
hole punch and were used to inoculate fresh PDA plates of the 
same growth environment and time. After adding 30 μL Tween 
20 to the surface of N. benthamiana leaves, the fungal plate was 
inoculated onto the top surface of the leaves. After 2 days of cul-
ture in the dark under high-humidity conditions, the inoculated 
leaves were analysed by a multispectral imager, and the lesion 
area was measured.

4.7   |   Peroxidase Activity Analysis of the BcPRD7 
Protein in B. cinerea

The constructed BcPRD7-28a plasmid was transformed into 
Escherichia coli BL21. A total of 200 μL of the suspension of 
BcPRD7-28a in BL21 was inoculated into 20 mL LB medium 
containing kanamycin (1% wt/vol) at 37°C in a shaking in-
cubator (220 rpm) to OD600 ≈ 0.6, when 0.1 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added before incu-
bating at 28°C and 200 rpm for 6 h to induce the expression of 
BcPRD7-6 × His recombinant protein, after which the OD600 
value of the bacterial culture was measured. The cells in an ice-
water mixture were lysed ultrasonically. The ultrasonic power 
was 200 W, each period of ultrasound was 3 s, the interval between 
exposures was 5 s, and the cells were lysed for a total of 5 min. 
The peroxidase activity of the induced BcPRD7 culture and ly-
sate was detected by the Peroxidase Detection Kit (Solarbio). The 
ROS levels of wild-type B05.10 and mutants ΔBcPRD3, ΔBcPRD7, 
ΔBcPRD8 and ΔBcPRD10 were determined using an ROS assay 
kit, and the fluorescence intensity value was recorded.

4.8   |   Validation of BcPRD7-Interacting Proteins in 
B. cinerea

The constructed AD-BcPRD7 plasmid (1 μg) was combined 
with 1 μg BD-BcHEX or BD-BcPRD7 plasmids. The 1 μg BD-
BcPRD7 plasmid was combined with 1 μg AD-BcHEX, and a 
negative control combination was set up. Each plasmid combi-
nation was transformed into competent yeast cells, plated onto 
double-deficient (−Leu/−Trp) medium and cultured at 28°C for 
2–3 days. The yeast clones that grew well on the double-deficient 
medium were selected for gradient dilution, and the growth 
state was observed on the double-deficient (−Leu/−Trp), triple-
deficient (−Leu/−Trp/−His) and quadruple-deficient (−Leu/−
Trp/−His/−Ade) medium.

The constructed luciferase complementary vector was trans-
formed into competent Agrobacterium tumefaciens GV3101 
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cells, and single clones were selected for PCR identification. The 
cells were resuspended in a 10 mM MgCl2 solution containing 
100 mM acetosyringone two or three times, and the OD600 of 
the bacterial solution was adjusted to 2.0. The Agrobacterium 
suspension was injected into N. benthamiana leaves. After 48 h, 
the leaves were treated with D-luciferin containing 1 mM fire-
fly substrate, and fluorescence detection was performed using a 
plant in vivo imaging system.

The constructed BcHEX-Myc, BcPRD7-FLAG vectors were 
transformed into competent A. tumefaciens GV3101 cells, and N. 
benthamiana transformants were obtained by A. tumefaciens-
mediated transformation (ATMT). The proteins were extracted 
and immunoprecipitated using magnetic beads. The co-
immunoprecipitation (Co-IP) products were analysed by SDS-
PAGE and western blotting.

We transformed the constructed BcHEX vector into competent 
A. tumefaciens GV3101 cells and then BcHEX was transformed 
into B05.10 and ΔBcPRD7 by ATMT. The peroxidase activity of 
the two transformants was determined, and the enzyme activity 
of the strains without the BcHEX sequence was compared to de-
termine the specific changes in enzyme activity. The activity of 
peroxidase was calculated by using the Peroxidase Activity Kit 
(Solarbio), based on the rate of change of OD470.
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