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Abstract: Fusarium solani is the most significant pathogen that causes root rot in wolfberry, which
has led to serious economic losses in terms of production. As an important enzyme in organisms,
NADPH oxidase produces ROS. However, the mechanism of ROS mediated by NADPH oxidase
in the growth of F. solani has not been studied. In this study, F. solani colonies were treated with
40 µmol/L DPI and 0.0012% H2O2. The growth rate in terms of colonies, number of spores, key
gene expression levels, activity of key enzymes and the content of key products of ROS metabolic
pathways were determined. The results showed that the growth rate of colonies treated by DPI
decreased by 19.43%, the number of macroconidia increased by 231.03%, the IOD/area values of
O2
− and H2O2 decreased by 34.88% and 16.97%, respectively, the expression levels in terms of NCF2,

SOD1, CTA1 and PXMP4 significantly decreased and the activities of SOD, CAT and POD decreased
significantly, while the MDA content increased significantly. Additionally, in the case of the colonies
treated with exogenous H2O2, the MDA content decreased significantly while the other indicators
increased. Taken together, the NCF2 gene is involved in regulating the activity of NADPH oxidase
and regulates the products of O2

− and ROS metabolism enzyme genes and their activities to affect
colony growth in the F. solani growth process.

Keywords: NADPH oxidase; ROS; Fusarium solani; growth rate; DPI

1. Introduction

Root rot disease is the most serious disease in Wolfberry (Lycium barbarum L.) produc-
tion, especially in those with a long planting period. According to statistics, the highest
incidence rate reached 72.4% and occurred in all the main producing bases [1]. The main
pathogens of wolfberry root rot contain Fusarium solani, F. oxysporum, F. dimerum, F. monil-
iforme and Rhizoctonia solani [2]. F. solani has a stronger pathogenicity compared to other
root rot pathogens in the Gansu production area [3]. Recent studies have shown that ROS
play an important physiological role in cell signal transduction and transcription. At the
same time, ROS can react to a variety of ligands, including growth factors, cytokines and
protein G-linked receptors [4]. At present, multiple studies have confirmed that the ROS
produced by pathogens are positively correlated with their growth and pathogenicity [5,6].

NADPH oxidase can specifically produce superoxide anion, which is the most impor-
tant kind of ROS, and its abnormal regulation affects the redox signal cascade that controls
cell proliferation and death [7]. NADPH oxidase is located on the cell membrane [8] and
is the key enzyme in terms of redox signals in eukaryotic cells [9]. ROS generation from
NADPH oxidase requires the assembly of multi-subunit complexes [10,11]. Filamentous
fungi include three different NADPH oxidase subfamilies, namely NoxA, NoxB and NoxC.
Among them, NoxA and NoxB are homologous to the mammalian catalytic subunit gp91phox,
and NoxC contains the putative calcium-binding left-handed motif, which is homologous
to human Nox5 and plant Nox; it also contains the homologous regulatory subunit p67phox
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(NoxR, NCF2) and the small GTPase Rac gene [12]. The NoxA complex controls sporophore
formation [13], the sclerotia [14,15] and germ tubes [16], toxicity [14,17] and cellulose
degradation [18]. The NoxB complex is responsible for host tissue infiltration [19], ROS
production [20] and ascospore germination [21].

However, the role of ROS mediated by NADPH oxidase in F. solani isolate growth
remains unclear. The key subunit of the NADPH complex that restricts the growth of F.
solani and its downstream genes needs to be explored. Additionally, the growth, spore
number, gene expression and physiological recovery of F. solani by exogenous ROS need to
be verified. In this study, F. solani was used as the test isolate, was cultured in PDA and
was treated with the NADPH oxidase inhibitor DPI and a typical ROS such as H2O2. The
changes in ROS production intensity and location, key differentially expressed genes and
key antioxidant enzyme indices among treatments were measured to reveal the role of ROS
mediated by NADPH oxidase in the growth of F. solani and provide a theoretical basis for
the control of wolfberry root rot.

2. Materials and Methods
2.1. Fungi

The F. solani isolate was isolated from wolfberry root with root rot disease in Wuhe
Township, Jingyuan County, Gansu Province, China (36.98◦ N, 105.21◦ E, 1700 m). The
isolate was stored at −70 ◦C in a refrigerator at the Wolfberry Harmless Cultivation
Engineering Research Center, College of Forestry, Gansu Agricultural University according
to the method of Leslie and Summerell [22]. PDA medium was used to activate and culture
the isolate at 25 ◦C for 8 days before use. After the second culture, the 5 mm plugs were
taken out and used as inoculation material in the study.

2.2. Treatment and Sample Collection

Four treatments were set up in this study, and F. solani isolate was inoculated in PDA
medium for S1 treatment. For S2 treatment, the isolate was inoculated in PDA medium
containing 40 µmol/L DPI. For S3 treatment, the isolate was cultured in PDA medium
containing 40 µmol/L DPI for 3 days, and 5 mL of 0.0012% H2O2 solution was added on
the 4th day. For S4 treatment, the isolate was cultured in PDA medium for 3 days, and
5 mL 0.0012% H2O2 solution was added on the 4th day. There were three repetitions each
treatment and fifteen dishes each repetition.

The colonies were observed at 10:00 a.m. every day. The transverse and longitudinal
diameters of the colonies were measured by the cross method. The number of spores
were determined on the 8th day by a hemocytometer [23]. When the S1, S2 and S3 had
been cultured for 8 days, histochemical stained ROS were detected by using the NBT and
DAB methods. At the same time, the samples were scraped, mixed, weighed, sub-packed
and stored in liquid nitrogen to determine the O2

− and H2O2 contents, the activities of
major enzymes such as SOD, POD and CAT, the MDA content and the expression level of
genes. Fifteen samples were collected for each treatment, 0.2 g each sample. In addition,
when S4 had been cultured for 8 days, six mixed samples were collected for O2

− and
H2O2 determination.

2.3. Transcriptome Extraction, Sequencing, Comparison and Analysis

The total RNA was extracted from the S1, S2 and S3 treatments by employing the
Trizol® kit method, and the genomic DNA was removed. After testing the concentration
and quality of RNA and mRNA with poly-A tail, the RNA and mRNA were enriched by
Oligo(dT) magnetic beads. The fragmented mRNA was used as templates, the random
oligonucleotides were used as primers and the first strand of cDNA was synthesized in
a reverse transcriptase system (Invitrogen, Waltham, MA, USA). The RNA strand was
degraded with RNase H and the second strand of cDNA was synthesized from dNTPs in a
DNA polymerase I system. The purified double stranded cDNA was used to repair the
end, add the A tail and connect the sequencing connector. The length of cDNA, roughly
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250–300 bp, was screened with AMPure XP beads and amplified by PCR and the PCR
product was purified with ampure XP beads again, before the the library fragments were
finally obtained. The library fragments were sequenced by Wuhan Frasergen Gene Infor-
mation Co., Ltd. (Wuhan, China) on an Illumina PE150 sequencing platform to obtain
raw reads. The splice sequences, low-quality (base number ≤ 5) reads and their paired
ends and undetected reads (N content ≥ 10%) and their paired ends were filtered out to
obtain clean reads. The contents of Q20, Q30 and GC and the sequence repeat levels were
calculated to assess the quality of the sequencing data. The clean reads were compared
with the reference genome and information on the differences between the reads and the
original after the sequencing was assembled to determine the source genes of these reads
by HISAT2 software. Finally, RSEM software was used to obtain the number of reads of
each transcript in each sample and convert them in FPKM (fragments per kilobase per
million bases) to obtain the expression levels of genes. The DEGs (differentially expressed
genes) were calculated and screened by DESeq2 software, and when |log2Fold Change| > 2
and p-adjust < 0.05, the genes were identified as the final differentially expressed genes.
Referring to the FPKM value and the pathway map enriched by KEGG (Kyoto Encyclopedia
of Genes and Genomes) and GO (Gene Ontology), the genes related to the ROS metabolism
pathway were thoroughly analyzed to obtain the differentially expressed genes upstream
and downstream [24].

2.4. Real-Time Quantitative PCR Expression Analysis

The RNA preparation and cDNA synthesis were performed in the same way as
transcriptome sequencing. Primers were designed according to the DEG sequences, and
the gene information and primers are shown in Table 1. The reaction system was 1 µL
cDNA (500 ng/µL), 0.5 µL each of upstream and downstream primers (0.2 µmol/mL),
10 µL 2× SYBR Green Pro Taq HS Premix and 8 µL DDH2O, for a total reaction volume
of 20 µL. The specific reaction conditions were: predenaturation at 95 ◦C for 10 s, after
denaturation at 95 ◦C for 10 s, annealing for 10 s and extension at 72 ◦C for 10 s; a total
of 40 cycles were performed. A Light Cycler 96 SW 1.1 (Roch, Switzerland) was used for
real-time quantitative PCR. The reference gene was β-actin, and the number of repeats was
n = 3. The reaction specificity was determined according to the melting curve, and the CQ
(cycle threshold) value of each sample was obtained. The relative expression level of the
target gene was calculated by the 2−∆∆Ct method [25,26].

Table 1. List of oligonucleotide primers used for RT-qPCR studies.

GeneID Genename Forward Primer Sequence Reverse Primer Sequence

NECHADRAFT_57795 CTA1 AGCCAGACTACCATGTCAAAG GGAGCCTTCTTGATCTCTTCAG
NECHADRAFT_74783 PXMP4 CGATTCGCCGTCATCTACAA CCAAAGACAAAGTAGCCTCCA
NECHADRAFT_81761 NCF2 GGCTACACTGTCTTCTCCATTC GTAGTCCTTGGTCTTGAGGTTTC
NECHADRAFT_59203 SOD1 CCCTCTTCAAGACTTGCTTCT GAGGATTGGGTATCTGGTTTGT

2.5. Determination of MDA Content

MDA determination referred to the method of Hodges et al. [27].

2.6. The Superoxide Anion(O2
−) and Hydrogen Peroxide (H2O2) Content Assay

The O2
− content was determined according to Wang and Luo [28]. The H2O2 content was

estimated by forming a titanium–hydroperoxide complex according to Prochazkova et al. [29]
with modifications.

2.7. Enzyme Extraction

All enzyme extracts were conducted by homogenizing 0.3 g of frozen colonies in a
mortar on ice, using the following extraction media: 10 mL of 50 mmol/L phosphate buffer
(pH 7.8) for SOD and POD and 10 mL of 50 mM phosphate buffer (pH 7.5) containing
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5 mmol/L dithiothreitol (DTT) and 2% PVPP (w/v) for CAT. The extracts were then
centrifuged at 12,000× g for 20 min at 4 ◦C. The supernatants were used for enzyme assays.

2.8. Enzymatic Activity Assays

SOD activity was assayed by the method of Rao et al. [30] with modifications. CAT
activity was assayed according to Wang et al. [31] with modifications. POD activity was
assayed colorimetrically with guaiacol as the hydrogen donor according to the method of
Venisse et al. [32] with modifications.

2.9. Histochemical Detection of ROS

O2
− was visually detected by using the NBT (Nitro-blue tetrazolium chloride, Am-

resco, Dallas, TX, USA) staining method [33]. The pictures were taken with a Nikon D750
digital camera. The images were counted and analyzed by using Image Pro Plus 6.0, and
the relative content of O2

− was quantified by the ratio of integrated optical density (IOD) to
the total colony area. H2O2 was visually detected by DAB (3,3′-diaminobenzidine; Sigma,
St. Louis, MO, USA) staining as described previously [34]. The pictures were taken and
treated by using the same method as in the case of O2

−.

2.10. Statistical Analysis

All statistical analyses were performed by the GraphPad Prism9.0 analysis module.
All the data were presented as the mean ± SD, and the significance of treatments were
analyzed by the one-way ANOVA and Tukey’s multiple comparisons test. A p-value
less than 0.05 was considered statistically significant. The graphs were generated by
GraphPad Prism9.0.

3. Results
3.1. Colony Growth and Spore Number

Figure 1a shows the colony growth of S1, S2 and S3 within 8 days. On the 8th
day, the colony diameter of S1 was the largest, 15.22% and 8.47% larger than S2 and S3,
respectively; S2 was 7.97% smaller than S3, and the differences between the three colonies
were significant.
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Figure 1. Colony growth and spore number after different treatments. (a) is the diameter of colonies
and (b) is the number of spores (macroconidia). S1 group (n = 5): inoculation of F. solani on normal
PDA; S2 group (n = 5): inoculation of F. solani on PDA containing 40 µmol/L DPI; S3 group (n = 5):
inoculation of F. solani on PDA containing 40 µmol/L DPI. On the fourth day of cultivation, 5 mL of
0.0012% H2O2 was added to each dish. Data are expressed as the mean ± SD. * p < 0.05 S2 or S3 vs.
S1, # p < 0.05 S3 vs. S2.

Within 8 days, the growth rates of S1, S2 and S3 were 9.65 mm d−1, 8.08 mm d−1

and 8.78 mm d−1, respectively. The growth rate of S2 was 19.43% lower than that of S1.
From day 0 to 4, the growth rate of S1 was 8.24 mm d−1, which was significantly higher
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than that of S2 and S3 at 7.45 mm d−1 and 7.22 mm d−1, respectively, with these being
practically the same. From day 5 to 8, after adding H2O2, the growth rate of S3 reached
10.34 mm d−1, which was significantly higher than that of S2 (8.72 mm d−1) and close to
S1 (11.06 mm d−1). From the 5th day, the growth rate of S3 accelerated. On the 6th day,
the diameter of S3 was significantly larger than that of S2, and the significant difference
continued until the end of observation.

At the 8th day of culture, the number of spores of F. solani isolate were detected. The S1,
S2 and S3 treatments produced macroconidia but the number of microconidia was low and
chlamydospore was not observed. As shown Figure 1b, the macroconidia number of S1,
S2 and S3 were 1.16 ± 0.08 × 105, 3.83 ± 0.24 × 105 and 2.05 ± 0.38 × 105 spores per dish,
respectively. Compared to S1, the macroconidia numbers of S2 and S3 were significantly
higher, 231.03% and 76.92% higher, respectively. Compared with S3, the macroconidia
number of S2 was 87.10% higher, with a significant upward trend.

3.2. Colony Histochemical Detection of ROS

As shown in Figure 2, the three treatments produced O2
−, and the edge colonies were

particularly rich. The counting results of the Image-Pro software showed that the IOD/area
values of S1, S2 and S3 were 0.086 a.u., 0.056 a.u. and 0.078 a.u., respectively, and the O2

−

production decreased by 34.88% after NADPH was inhibited, with it recovering after the
addition of 0.0012% H2O2, as shown in S3.
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Figure 2. NBT staining photos of colony superoxide anion. The upper row is the shoot in the back
light, and the lower row is the Image-pro software count picture. S1 group (n = 3): inoculation of F.
solani on normal PDA; S2 group (n = 3): inoculation of F. solani on PDA containing 40 µmol/L DPI;
S3 group (n = 3): inoculation of F. solani on PDA containing 40 µmol/L DPI. On the fourth day of
cultivation, 5 mL of 0.0012% H2O2 was added to every dish.

As shown in Figure 3, the three colony treatments produced H2O2, which was dis-
tributed at 1/3 from the outer edge of the colonies. The counting results showed that the
IOD/area value was 0.165 a.u., 0.193 a.u. and 0.285 a.u. for S1, S2 and S3, respectively.
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Figure 3. DAB staining photos of colony hydrogen peroxide. The upper row shoot in back light, the
lower row is the Image-Pro software count picture. S1 group (n = 3): inoculation of F. solani on normal
PDA; S2 group (n = 3): inoculation of F. solani on PDA containing 40 µmol/L DPI; S3 group (n = 3):
inoculation of F. solani on PDA containing 40 µmol/L DPI. On the fourth day of cultivation, 5 mL of
0.0012% H2O2 was added to each dish.

3.3. mRNA Expression of NCF2, SOD1, CTA1 and PXMP4

As shown in Figure 4, the expression of key genes in the ROS metabolic pathway such
as NCF2, SOD1, CTA1 and PXMP4 was greatly affected after treatment, and the results
were verified by RT-qPCR.

The FPKM value of the NCF2 gene in S2 was 49.95 ± 4.87, which was 25.34% lower
than that of S1. The FPKM value of S3 increased significantly, with it being 153.23% higher
than that of S1 and 239.16% higher than that of S2 (Figure 4a). The RT-qPCR results showed
that variation trend was similar to that shown in Figure 4a. The relative expression value
of S3 was 8.90 ± 0.55, which was 7.86 times higher than that of S1 and 15.33 times higher
than that of S2. (Figure 4b).

The FPKM value of the SOD1 gene in S2 was as low as 195.44 ± 28.10, 21.42% lower
than that of S1, but the difference was not significant (p = 0.766); the S3 FPKM value in-
creased to 343.98 ± 116.59, with this increasing by 38.31% and 76.00% compared with
the S1 and S2 values, respectively (Figure 4c). The relative value of S2 significantly
decreased to 0.49 ± 0.05 (p = 0.043), 53.22% lower than that of S1. The S3 relative ex-
pression value increased to 3.65 ± 0.47, 2.48 and 6.45 times higher that than S1 and S2,
respectively (Figure 4d).

The FPKM values of the CTA1 gene in S1, S2 and S3 were 28.67± 0.52, 11.43± 0.33, and
15.66± 3.95, respectively. The FPKM value in S2 was significantly low (p = 0.010) compared
with S1. The same value in S3 was 26.99% higher than that of S2 (Figure 4e). Furthermore,
the trend of the relative expression value was similar to that of the FPKM value. The
relative expression values of S1 and S2 were 0.20 ± 0.11 and 1.28 ± 0.20, respectively. The
S2 was significantly lower than S1. The S3 relative expression value was 0.57 ± 0.14, with
this being a significant increase, 65.42% (p = 0.004), compared with S2 (Figure 4f).



Agriculture 2022, 12, 1840 7 of 14
Agriculture 2022, 12, 1840 7 of 14 
 

 

 
Figure 4. mRNA expression of NCF2, SOD1, CTA1 and PXMP4 in the F. solani colony. (a,c,e,g) are 
fragments per kilobase of exon model per million mapped fragments (FPKM) values from transcrip-
tome sequencing data; (b,d,f,h) are relative expression values from RT-qPCR data. S1 group (n = 3): 
inoculation of F. solani on PDA; S2 group (n = 3): inoculation of F. solani on PDA containing 40 
µmol/L DPI; S3 group (n = 3): inoculation of F. solani on PDA containing 40 µmol/L DPI. On the 
fourth day of cultivation, 5 mL of 0.0012% H2O2 was added to each dish. Data are expressed as mean 
± SD. * p < 0.05 S2 or S3 vs. S1, # p < 0.05 S3 vs. S2. 

Figure 4. mRNA expression of NCF2, SOD1, CTA1 and PXMP4 in the F. solani colony. (a,c,e,g)
are fragments per kilobase of exon model per million mapped fragments (FPKM) values from
transcriptome sequencing data; (b,d,f,h) are relative expression values from RT-qPCR data. S1 group
(n = 3): inoculation of F. solani on PDA; S2 group (n = 3): inoculation of F. solani on PDA containing
40 µmol/L DPI; S3 group (n = 3): inoculation of F. solani on PDA containing 40 µmol/L DPI. On
the fourth day of cultivation, 5 mL of 0.0012% H2O2 was added to each dish. Data are expressed as
mean ± SD. * p < 0.05 S2 or S3 vs. S1, # p < 0.05 S3 vs. S2.
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The FPKM value of the PXMP4 gene in S3 was the highest among the three treatments,
reaching 139.07± 1.97, with this being 38.90% (p = 0.007) higher and 88.13% (p = 0.001) higher
than S1 (100.13 ± 12.12) and S2 (73.93 ± 9.72), respectively (Figure 4g). The change in the
trend between the relative expression value and the FPKM value of the PXMP4 gene were
practically the same. S3 was the highest among the three treatments, reaching 1.28 ± 0.14,
which was significantly higher, 86.87%, than S2 (Figure 4h).

3.4. Colony ROS Level

As shown in Figure 5, the concentrations of O2
− and H2O2 in four treatments

were measured.
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Figure 5. The main ROS content in the F. solani colony. (a) Superoxide anion (O2
−); (b) hydrogen

peroxide (H2O2). S1 group (n = 3): inoculation of F. solani on PDA; S2 group (n = 3): inoculation of F.
solani on PDA containing 40 µmol/L DPI; S3 group (n = 3): inoculation of F. solani on PDA containing
40 µmol/L DPI; S4 group (n = 3): inoculation of F. solani on PDA and on the fourth day of cultivation,
5 mL of 0.0012% H2O2 was added to each dish. Data are expressed as mean ± SD. * p < 0.05 S2 or S3
vs. S1, # p < 0.05 S3 vs. S2, + p < 0.05 S4 vs. S1.

Figure 5a shows the change in O2
− content in the colonies. The contents of S1, S2,

S3 and S4 were 20.75 ± 0.41 µg g−1FW, 19.35 ± 0.18 µg g−1FW, 27.39 ± 1.34 µg g−1FW
and 26.28 ± 1.07 µg g−1FW, respectively. The O2

− content increased significantly after the
addition of 0.0012% H2O2. Compared with S2, the O2

− contents of S3 and S4 increased
5.53 µg g−1FW and 8.04 µg g−1FW, respectively.

As shown in Figure 5b, the H2O2 contents of S1, S2, S3 and S4 were
139.96 ± 1.71 µg g−1FW,158.39 ± 1.64 µg g−1FW, 169.84 ± 2.09 µg g−1FW and
156.01 ± 0.87 µg g−1FW, respectively. Compared with S1, the H2O2 content of S4 increased
16.05 µg g−1FW. Compared with S2, the H2O2 content of S3 increased 11.45 µg g−1FW, and
the increment was less than that without inhibitor.

3.5. Colony Oxidant–Antioxidant Level

As shown in Figure 6, the activities of antioxidant enzymes such as SOD, CAT and
POD and the MDA content, which indicates the level of cell membrane oxidation in the
F. solani colony, were detected.
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Catalase (CAT). (c) Peroxidase (POD). (d) Malondialdehyde (MDA). S1 group (n = 3), inoculation of F.
solani on PDA; S2 group (n = 3), inoculation of F. solani on PDA containing 40 µmol/L DPI; S3 group
(n = 3), inoculation of F. solani on PDA containing 40 µmol/L DPI. On the fourth day of cultivation, 5
mL of 0.0012% H2O2 was added to each dish. Data are expressed as the mean ± SD. * p < 0.05 S2 or
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The SOD activities of S1, S2 and S3 were 95.04 ± 11.53 U g−1FW h−1, 9.13 ±
1.68 U g−1FW h−1 and 18.79 ± 1.52 U g−1FW h−1, respectively. Compared with S1,
the SOD activities of S2 and S3 90.39% and 80.23% lower, respectively. Compared with
S3, the SOD activity of S2 51.43% higher, but the upward trend was not significant
(p = 0.53) (Figure 6a).

Compared with S1, the CAT activities of S2 and S3 were 69.51% and 24.91% lower,
respectively. S3 was 59.40% higher than S2, with a significant upward trend (Figure 6b).

Compared with S1, the POD activities of S2 and S3 were 88.05% and 67.68% lower,
respectively. Compared with S3, the POD activity of S2 was 63.02% higher (Figure 6c).

The change in trend in terms of MDA content in the colonies varied from that of the
antioxidant enzymes such as SOD, CAT and POD. The MDA contents of S1, S2 and S3
were 3.93 ± 0.13 µg g−1FW, 5.28 ± 0.02 µg g−1FW and 4.68 ± 0.19 µg g−1FW, respectively.
Compared with S1, the MDA contents of S2 and S3 were 27.73% and 10.19% higher,
respectively. Compared with S2, the MDA content of S3 was 11.48% lower, with a significant
downward trend (Figure 6d).

4. Discussion

As the most important enzyme in the ROS production system and the key enzyme
of redox signals in eukaryotic cells, NADPH oxidase is specially located on the cell mem-
brane [8,9,35]. NADPH oxidase is composed of multiple subunits. p47phox subunit are
phosphorylated to form cytoplasmic complexes when the cells are stimulated, before being
adsorbed to the cell membrane and then combining with the two membrane structures
to assemble into the NADPH complex to produce O2

− [11]. Subsequently, the O2
− is
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decomposed into H2O2 under the action of iron-sulfur protein, and O2
− as well as H2O2

are important ROS types.
ROS play a dual role in organisms, not only as by-products of cellular aerobic

metabolism, cause cellular peroxidation [36,37], but also as signal molecules in cells to
regulate cell proliferation and differentiation [38]. The content of ROS produced in the
interaction process is related to the pathogenicity of fungi [5]. The pathogens may success-
fully infect and form interaction combinations or may fail and form plant immunity [39].
Therefore, changing the ROS content of a colony may convert the pathogenicity of the
strain [6] and may affect the growth and macroconidia number of the isolate, as shown
in this study. The addition of the NADPH oxidase inhibitor DPI can effectively reduce
the extracellular O2

− concentration of the marine diatom Thalassiosira oceanica and reduce
the efficiency of PSII [40]. The knockout of key NADPH oxidase genes such as Nox1 and
Nox2 in pathogenic bacteria can block the production of O2

− and affect colony growth and
expansion [41,42]. In this study, DPI was added to PDA medium, and, as a result, the O2

−

content of the F. solani decreased by 34.88% and 7.24%, respectively, as determined by NBT
staining and the hydroxylamine hydrochloride method. The results of transcriptome se-
quencing and RT-qPCR showed that the mRNA expression of the NCF2 (p67phox) gene was
inhibited, with the expression decreasing by 25.34% and 84.40%, respectively. Furthermore,
the growth rate decreased by 19.43%, which indicates that by reducing O2

− produced by
colonies, NADPH oxidase can effectively inhibit colony growth, which is largely consistent
with previous studies. The H2O2 content in the colonies was determined by the titanium
sulfate precipitation method and DAB chemical staining after inhibition by DPI. The H2O2
content in the colonies did not decrease as reported above but increased by 13.17% and
16.97%, respectively, reaching a significant level in this study, which is inconsistent with
most previous research results and was most likely due to the addition of DPI significantly
inhibiting the gene expression and activities of antioxidant enzymes such as SOD, CAT
and POD as well as greatly reducing the metabolic capability of H2O2, thus leading to
the increase in H2O2 content. However, Libik-Konieczny et.al showed that adding DPI to
the isolated vascular bundles of Mesembryanthemum crystallinum inhibited the activity of
NADPH oxidase and reduced the H2O2 content [43], which is consistent with the results
of this study. At the same time, the MDA content increased by 27.33% after the activity of
NADPH oxidase was inhibited, resulting in higher values compared to the S1 treatment.
Meanwhile, the oxidative stress on the cell membrane was intensified, which confirmed
that the H2O2 content increased.

There are several enzymes that regulate the ROS balance and redox signals in organ-
isms, such as NADPH oxidase, SOD, CAT, PRX and GPX [44,45], which can maintain the
ROS content at a nontoxic level in cells [36]. When trying to break the balance between the
production and clearance of reactive oxygen species, ROS-mediated redox reactions are
usually initiated [46] to affect life processes. In this study, DPI inhibited the production of
ROS, disrupted the redox balance of F. solani colonies and seriously affected the growth of
the colonies. Previous studies have shown that DPI pretreatment of wild-type Arabidopsis
or knockout of the atrbohD/F gene can reduce the activities of key enzymes, such as SOD,
CAT, APX and GR, under salt stress, leading to a decline in long-term salt resistance [47].
Regarding the interaction between the pathogen F. thiocyanum and potato tubers, the activ-
ity of potato NADPH oxidase increased, the production rate of O2

− increased significantly
and the activities of CAT, POD, SOD, GR and APX rose steadily [48]. In this study, the
relative expression of ROS metabolism and key genes such as NCF2, SOD1, CTA1 and
PXMP4 decreased, which is consistent with previous research, confirming that the NADPH
oxidase inhibitor DPI affected the activity of key ROS metabolism enzymes and the relative
expression of genes.

In this study, H2O2 was added to F. solani colonies, and NADPH oxidase was in-
hibited by DPI. The O2

− concentration increased to a high level, NCF2 gene expression
increased dramatically and the colony growth rate recovered, with these results being
the same as those for Arabidopsis under salt stress. It was established that the H2O2 pro-
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duced by NADPH oxidase under salt stress at the inception phase was likely used as a
signal substance to trigger the antioxidant response of Arabidopsis, activate the activities
of antioxidant enzymes such as CAT, APX and GR and reduce the damage caused by salt
stress [47]. Meanwhile, the H2O2 concentration increased when exogenous H2O2 was
added to the normal cultured colony (S4) and displayed higher values compared to the
inhibition treatment, indicating that the colonies inhibited by NADPH oxidase could utilize
more exogenous H2O2 and that supplementation with exogenous H2O2 could significantly
reduce the MDA content in the colonies to alleviate the oxidative stress of the colonies’
cell membranes. In F. solani, H2O2 is the key growth signal substance that can reverse
regulate O2

−.
There are some problems that need to be further researched arising from this study.

First, the DPI inhibited the production of O2
− by NADPH oxidase, but the O2

− content
only decreased by 7.24%, a nonsignificant level, indicating that there are still other ways
to produce O2

− in F. solani. The most likely reason for this is that DPI is a noncompetitive
inhibitor of NADPH oxidase and only reacts with reducible NADPH oxidase [49], so other
ROS production pathways and their physiological functions in F. solani need to be further
studied. In addition, comparing the transcriptome sequencing of the three treatments,
the expression of genes related to cytochrome P450 such as cyp12, af510 and gsfF-1 were
strongly inhibited, and their mechanism and relationship with ROS metabolism also need
to be studied.

5. Conclusions

The addition of DPI and H2O2 can change the level of ROS in colonies, regulate the
expression of NCF2 and its downstream genes SOD1, CTA1 and PXMP4 and change the
activities of key metabolic enzymes such as SOD, CAT and POD and the level of MDA to
change the degree of cell membrane oxidation and affect the growth of F. solani (Figure 7).
In conclusion, the results provide a scientific breakthrough for further exploration of the
interaction mechanism of NADPH oxidase, key ROS metabolic enzymes and MDA during
the growth of F. solani.
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