Li et al. Stress Biology (2025) 5:33
https://doi.org/10.1007/544154-025-00223-y

Stress Biology

Roles of NADPH oxidases in regulating redox

®

Check for
updates

homeostasis and pathogenesis of the poplar
canker fungus Cytospora chrysosperma

Quansheng Li', Rongrong Guo', Aining Li'" and Yonglin Wang'"

Abstract

Pathogenicity

Poplar canker, caused by the fungus Cytospora chrysosperma, results in tremendous losses in poplar plantations

in China. Although NADPH oxidases (NOXs) play important roles in the development and pathogenicity of several
pathogenic fungi, their roles in C. chrysosperma remain unclear. In this study, we characterized three NOX genes
(CcNox1, CcNox2, and CcNoxR) in C. chrysosperma. All three genes were highly upregulated during poplar branch
infection, and deletion of any of them severely reduced virulence on poplar branches. Furthermore, deletion

of either CcNoxT or CcNoxR resulted in a significant increase in endogenous reactive oxygen species production

in hyphae, enhanced influx of Ca?*, the disruption of redox homeostasis and compromised mitochondrial integrity.
Moreover, biosynthesis and secretion of a known virulence factor oxalic acid was obviously defective and exogenous
oxalic acid supplementation rescued the virulence of the mutants. Taken together, our findings reveal that NOXs play
important roles in redox homeostasis, mitochondrial integrity and pathogenicity in C. chrysosperma.
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Introduction

The ascomycete Cytospora chrysosperma (sexual form
Valsa sordida) is a necrotrophic fungal pathogen that
predominantly infects the branches and trunks of woody
plants, causing enormous ecological and economic losses
worldwide. Poplar trees are widely grown, and poplar
plantations play important roles in wood production
and eco-environmental protection and improvement.
C. chrysosperma can easily attack and infect the bark of
poplar trees through wounds and expands rapidly on the
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poplar stem, resulting in large necrotic canker on bark
and even death of the tree (Lin et al., 2024). To date, our
strategies to effectively prevent and control this disease
are scarce. Therefore, understanding the pathogenic-
ity mechanisms of C. chrysosperma pathogenesis will
facilitate to develop more effective disease management
strategies.

Recently, dozens of pathogenicity-related genes, such
as those encoding effectors (Zhang et al. 2019; Wang et al.
2022; Han et al. 2021) and transcription factors (Wu et al.
2018; Xiong et al. 2021; Xu et al. 2023; Xie et al. 2023),
have been characterized in C. chrysosperma or Valsa
mali (another causal agent of apple canker). Our previ-
ous study revealed that the oxalic acid (OA) secreted by
C. chrysosperma plays a key role in suppressing the host
defense response during the early stages of colonization
(Wang and Wang 2020). Interestingly, reactive oxygen
species (ROS) are recognized as important regulators
affecting OA production in Sclerotinia sclerotiorum (Kim
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et al. 2011). On the other hand, reactive oxygen species
(ROS) production, regulation and signaling have been
shown to play important roles in host—pathogen interac-
tions. However, the roles of endogenous ROS homeosta-
sis in OA synthesis and their relationship between ROS
balance and OA production during C. chrysosperma-
poplar interaction remain unknown so yet.

Reactive oxygen species (ROS) is highly reactive, oxy-
gen (and nitrogen) -bearing molecules, such as nitric
oxide (NO), superoxide anion (O,”), hydrogen peroxide
(H,0,), and hydroxyl radical (-OH) (Nauseef 2008). The
generation of ROS occurs in plants as an early response
to pathogens and infection results in a burst of ROS of
plants (Zhao et al. 2023). ROSs were mainly produced
by cytochrome P450, peroxisomes and NADPH oxidase
(NOX) in mitochondria. In fungi, NOX is composed
of three constituent subunits, NOXA (Nox1), NOXB
(NOX2), and NOXC (NOX3) (Lambeth 2004). During
cell differentiation, the NOX catalytic subunit responds
to internal or external signals, and the catalytic subunits
RacA and NoxR transfer electrons to the plasma mem-
brane to form a multi-enzyme complex and convert O,
to O,”. O, can be rapidly converted to H,O, by dis-
mutase and diffused through the membrane as a second
messenger, playing roles in the fungal cell wall, plasma
membrane receptors, or the ion channel and activating
internal signaling pathways (Scott et al. 2008). NOXs play
different roles in hyphal growth, development, conidia-
tion, and virulence in fungi (Ryder et al. 2013; Nordzieke
et al. 2019; Wang et al. 2020; Wu et al. 2020). So far, the
role of NOXs in C. chrysosperma has not been studied.

In this study, we focused on the roles of NOXs in the
pathogenesis and OA production of C. chrysosperma. We
showed that the expression of three NOX genes (CcNox1,
CcNox2, and CcNoxR) was strongly unregulated dur-
ing C. chrysosperma infection and that these three NOX
genes are important for full virulence. Furthermore, our
results indicate that CcNoxI and CcNoxR are required
for the endogenous ROS production, maintenance of
mitochondrial integrity as well as OA synthesis. These
findings emphasize the role of NOXs in pathogenesis by
maintaining redox homeostasis in C. chrysosperma.

Results

NOXs are required for C. chrysosperma virulence

Three homologous sequences of NOXs in the C. chrys-
osperma genome were obtained by Blastp using the
NADPH oxidases protein sequences of M. grisea (Gen-
Bank: ABS01491.1; ABS01490.1; MGG_05280) as a
template. They were named as CcNox1 (GME_2965g),
CcNox2 (GME_9502g) and CcNoxR (GME_6327g).
Protein domain analysis shows that CcNOX1 and
CcNOX2 contain consensus motifs containing NADPH
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binding domains, Ferredoxin reductase-type FAD
binding domain, heme binding motifs, and multiple
transmembrane domains (Fig. SIA). CcNOXR contain
TPR12 and PB1 domain (Fig. S1A). These findings are
consistent with those reported in other fungal spe-
cies (Kim et al. 2011; Mu et al. 2013; Segmiiller et al.
2008). The expression levels of these three genes during
C. chrysosperma infection compared with hyphae were
examined using qRT-PCR. CcNox1 and CcNoxR were
both significantly upregulated in the early infection
stage, and their expression peaked at 24 h post inocu-
lation (hpi), while the expression of CcNox2 began to
increase significantly at 48 hpi (Fig. 1A).

To determine whether these three NOXs are required
for C. chrysosperma virulence, deletion mutant strains
(ACcnox1, ACcnox2, and ACcnoxr) and complemented
strains (ACcnoxI-C, ACcnox2-C, and ACcnoxr-C)
were generated, respectively (Fig. S1B-D). We then
examined the pathogenicity of the strains on poplar
branches by inoculation with mycelial plugs of CN-1,
deletion mutants, and supplemented strains. Com-
pared with CN-1, the deletion of each NOX led to a sig-
nificant decrease in virulence. The mutants ACcnox1,
ACcnox2, ACcnoxr produced lesions with limited sizes
on the branches, while CN-1 produced typical can-
ker symptom at 4 dpi (Fig. 1B-C). These results sug-
gest that NOXs play important roles in virulence of C.
chrysosperma.

CcNox1 and CcNoxR are involved in mycelial growth,
conidiation, and resistance to oxidative stress

Compared with that of CN-1, mycelial growth of the
ACcnoxl strain was slightly increased on PDA plates,
while that of the ACcnoxr strain significantly decreased,
and there was no significant difference in the growth
of the ACcnox2 strain (Fig. 2A-B). Moreover, conidi-
ation was completely abolished in the ACcnoxI and
ACcnoxr strains but not in the ACcnox2 strain (Fig. 2C).
These results demonstrated that CcNoxl and CcNoxR
are important for hyphal growth and conidiation in C.
chrysosperma.

To determine whether these NOXs respond to oxida-
tive stress, we performed a sensitivity assay with the
mutants under oxidative conditions. After the addition
of 7.5 mM hydrogen peroxide (H,O,), the hyphal inhibi-
tion rate of the mutants was significantly lower than that
of CN-1 (Fig. 2D-E). We further examined the expression
levels of CcNox1, CcNox2, and CcNoxR in CN-1 under
the treatment of oxidative stress and found that expres-
sion levels of CcNox1, CcNox2, and CcNoxR were signifi-
cantly downregulated (Fig. 2F).
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Fig. 1 Indispensable role of NADPH oxidases in virulence of Cytospora chrysosperma. A The relative expression levels of CcNox1, CcNox2, and CcNoxR
during C. chrysosperma infection was quantified at 0, 12, 24, and 48 h post inoculation (hpi), and the expression was normalized to that of the CcActT
gene. B Virulence of NOX mutants on poplar twigs. Agar plugs without fungal mycelia were used as a mock treatment. Disease symptoms were
photographed 4 days post inoculation (dpi). C The average lesion sizes on twigs at 4 dpi. The bars indicate the standard deviations of the means

of 25 individual poplar twigs. The experiment consisted of three biological replicates. The data are presented as the means +SDs and asterisks

represent significant differences (**p <0.01)

Deletion of either CcNox1 or CcNoxR results in increased
endogenous ROS levels and high expression of CcNox2
To evaluate the ROS levels in the hyphae of the NOX
mutants, NBT staining showed that the ACcnox2 mutant
produced formazan precipitates similar to CN-1, while
the ACcnox! and ACcnoxr mutants produced more
superoxide anions than CN-1 (Fig. 3A). After the addi-
tion of DPI, a known NOX inhibitor, CN-1 and NOXs’
mutants did not produce superoxide (Fig. 3A). Further-
more, the fluorescence intensity of DCFH-DA in the
ACcnoxI and ACcnoxr strains was higher than that in
CN-1, while the DCFH-DA fluorescence intensity in the
ACcnox?2 strain was comparable to CN-1 (Fig. 3A-B).

To further explore ROS production by NOXs, we
detected H,0O, content in the NOX mutants. Compared

with CN-1, the H,O, content in the ACcnoxIl and
ACcnoxr strains increased, while that in the ACcnox2
strain remained unchanged (Fig. 3C). We also examined
the enzymatic activities of CAT and SOD and the expres-
sion of Catl and Sodl genes in mycelium. Compared
with the CN-1 and complementary strains, the ACcnox1
and ACcnoxr strains showed significantly lower SOD
enzyme activities and CcSodl expression (Fig. 3D). In
addition, CAT activity as well as the expression of CcCat1
in the mycelium of ACcnoxl and ACcnoxr strains were
also reduced (Fig. 3E). Our results suggest that deletion
of CcNox1 and CcNoxR affects superoxide and superox-
ide dismutase activities.

Given the phenotypic similarity between ACcnoxl
and ACcnoxr and their differences from ACcnox2, we
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Fig. 2 Vegetative growth, conidiation, and resistance to oxidative stress of the ACcnox1, ACcnox2, and ACcnoxr strains. A Colony morphology

of CN-1, NOXs mutant, and complemented strains after they had grown on PDA media for 3 days at 25 °C. B Diameters of the colonies of the strains
on PDA media. C Observations of the pycnidia at 35 dpi on PDA. D Growth phenotype on PDA media supplemented with or without H,0,

for 3 days at 25 °C. E Statistical analysis on the inhibition rate of all strains under H,O, stress. F Expression levels of CcNox1, CcNox2, and CcNoxR

in CN-1 in the presence or absence of hydrogen peroxide. The experiment consisted of three biological replicates. The data are presented

as the means +SDs and asterisks represent significant differences (**p <0.01, *p <0.05)

hypothesized that there is a compensatory mechanism in
which the functions of ROS are exerted by CcNoxI and
CcNoxR under normal conditions and that the deletion of
either CcNox1 or CcNoxR causes an increase in CcNox2
expression. We measured the CcNox2 expression levels in
the ACcnoxI and ACcnoxr mutants. As predicted, these
values were 7.4-fold and 3.6-fold greater than those in CN-1
(Fig. 3F). Additionally, we generated a strain overexpressing

(See figure on next page.)

CcNox2 (OE-Ccnox2) (Fig. S1E), and found that the ROS
level in the mycelia of the OE-Ccrnox2 strain significantly
increased (Fig. 4C-E). We also detected the activities of
CAT and SOD in the mycelia of the overexpressing strain.
Compared with CN-1, the SOD and CAT activity in the
OE-Ccnox2 strain was significantly decreased (Fig. 4F-
Q). In addition, we observed that the OE-Ccnox2 strain
was completely unable to produce conidia and exhibited

Fig. 3 Deletion of either CcNoxT or CcNoxR increased ROS accumulation. A The hyphae of all strains were immersed in NBT staining solution

for 2 h in the presence or absence of 20 uM DPI before observation under a light microscope. The fluorescent probe DCFH-DA was used

to stain the mycelia, and the accumulation of reactive oxygen species was observed under a universal fluorescence microscope. Bar: 20 um.

B Fluorescence intensity analysis of DCFH-DA-stained mycelium using ImageJ software. C Quantification of intracellular H,O, production. Mycelia
were cultured in PDB for 2 days and then ground with liquid nitrogen to extract H,O, for determination. D Determination of SOD enzyme activity
and the expression of CcSod1 in the different strains. E Determination of catalase activity and the expression of CcCatT in the different strains.

F The relative expression level of CcNox2 in the CcNoxT or CcNoxR strain. Error bars represent the standard deviations based on three independent
replicates. The experiment consisted of three biological replicates. The data are presented as the means + SDs and asterisks represent significant

differences (**p<0.01, *p <0.05)
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Fig. 3 (Seelegend on previous page.)

significantly reduced virulence (Fig. 4A-B), which is similar
to the ACcnox1 and ACcnoxr strains. These results suggest
that CcNox1 and CcNoxR play major roles in cellular ROS
production in C. chrysosperma.

Deletion of either CcNox1 or CcNoxR leads to Ca2* influx
and disrupted redox homeostasis

ROS generation by NOXs in fungi can be converted to
hydroxyl radicals (-OH), mediating Ca’>" endocytosis in
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the presence of transition metals such as Cu?" or Fe?"
(Zhao et al. 2016). Therefore, we examined the free cal-
cium content in the mycelia and found that ACcnoxI,
ACcnoxr, and OE-Ccnox2 had established a high Ca®*
gradient, and the application of hydroxyl radicals(-OH),
produced by a mixture of 2 mM H,O,, 0.5 mM Cu*,
and 0.5 mM ascorbate, further increased the calcium ion
concentration in all strains (Fig. 5A-C). Next, we tested
the sensitivity of all strains to high concentrations of
Ca®" (with Na™ as a control). The results showed that
ACcnoxl1, ACcnoxr and OE-Ccnox2 strains significantly
showed reduced growth after the addition of 750 mM
CaCl, to PDA compared with CN-1, whereas there was
no significant difference in the growth of these strains
after the addition of 750 mM NacCl (Fig. 5D-E).

When the ROS level exceeds the endogenous anti-
oxidant capacity, disruption of the normal redox state
in the cellular environment can result, inducing oxida-
tive stress in cells. To determine whether oxidative stress
occurred in the NOXs’ mutants with increased levels of
ROS, we measured indicators related to oxidative stress:
(1) The ratio of GSH/GSSG reflect the state of intracel-
lular redox balance in the reduced (GSH) and oxidized
(GSSQG) state. The treatment of oxidative stress can lead
to a decrease in GSH/GSSG levels. (2) MDA (Malondil-
dehyde), an oxidative product whose levels can reflect
the impact of oxidative stress on lipid peroxidation. The
results showed that the ratios of GSH/GSSG were 0.26-
fold, 0.28-fold, and 0.29-fold greater and the MDA con-
tents were 12.75-fold, 14.25-fold, and 9.75-fold greater in
the ACcnox1, ACcnoxr, and OE-Ccnox2 strains than that
in CN-1, respectively (Fig. 5F-G). These data suggest that
CcNox1 and CcNoxR are mainly involved in maintaining
Ca?" and redox homeostasis.

CcNox1 and CcNoxR are required for mitochondrial
structure integrity

Severe oxidative stress may result in damage to the mito-
chondria, which results in excessive production of ROS.
Therefore, we evaluated the morphology, distribution,
and membrane potential of the mitochondria and its
ultrastructure was observed using transmission electron

(See figure on next page.)
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microscopy (TEM). Compared to those in CN-1, the
mitochondria in the ACcnox1, ACcnoxr, and OE-Ccnox2
strains were significantly swollen (Fig. 6A). Subsequently,
Mito-Tracker Green was used to observe mitochondrial
localization using TEM. Mitochondria at the tip of the
mycelium had aggregated in the ACcnox1, ACcnoxr, and
OE-Ccnox2 strains, which is consistent with the locali-
zation of ROS (Fig. 6B). Then, we used TMRE, a fluo-
rescent probe that indicates mitochondrial membrane
potential, to measure the mitochondrial membrane
potential. Compared with CN-1, the membrane poten-
tials of the ACcnox1 and ACcnoxr strains decreased sig-
nificantly (Fig. 6C). These findings suggest that CcNox1
and CcNoxR are critical for maintaining mitochondrial
integrity.

CcNox1 and CcNoxR are involved in OA biosynthesis
During early infection stages, C. chrysosperma produced
OA to promote the pathogenesis (Wang and Wang 2020).
Due to the mitochondrial abnormalities of the ACcnox1
and ACcnoxr strain, we next examined the ability of
each strain to produce acids using acid—base indica-
tors (bromophenol blue and methyl red). Notably, OA
production was significantly reduced in the ACcnoxl,
ACcnoxr, and OE-Ccnox2 strains (Fig. 7A). Next, the
OA levels in the NOXs” mutants and CN-1 were deter-
mined at 5 dpi on poplar branches. The OA contents in
the ACcnox1, ACcnoxr, and OE-Ccnox2 strains were only
approximately one-quarter of that in CN-1, while the
OA content in the supplemented strain was comparable
to CN-1 (Fig. 7B). We further measured relative expres-
sion levels of OA synthesis-related gene (CcOah) in all
strains by qRT-PCR and showed that the expression level
of CcOah was significantly decreased in the ACcnoxI,
ACcnoxr, and OE-Ccnox2 strains (Fig. 7C). Further-
more, exogenous addition of CA and OA to the mutants
restored the virulence defects of the ACcnox1, ACcnoxr,
and OE-Ccnox2 (Fig. 7D, E).

Since reduced OA production leads to the strongly
localized production of ROS in poplar leaves (Wang
and Wang 2020), the results showed that ROS produc-
tion clearly increased around the infection site of the

Fig. 4 Overexpression of CcNox2 phenocopied the ACcnox1 and ACcnoxr strains. A Spore production by the OE-Ccnox2 and CN-1 strains.

B Virulence of OE-Ccnox2 and CN-1 strains on poplar twigs. Agar plugs without fungal mycelia were used as a mock treatment. Disease symptoms
were photographed at 4 dpi. C The hyphae of all strains were immersed in NBT staining solution for 2 h in the presence or absence of 20 uM DPI
before observation under a light microscope (DM2500, Leica). The fluorescent probe DCFH-DA was used to stain the mycelia, and the accumulation
of reactive oxygen species was observed under a universal fluorescence microscope. Bar: 20 um. D Fluorescence intensity analysis

of DCFH-DA-stained mycelium using ImageJ software. E Quantification of intracellular H,O, production. Mycelia were cultured in PDB for 2 days
and then ground with liquid nitrogen to extract H,O, for determination. F Determination of SOD activity. G Determination of catalase activity. Error
bars represent the standard deviations based on three independent replicates. The data are presented as the means+ SDs and asterisks represent

significant differences (**p <0.01)
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ACcnoxl, ACcnoxr, and OE-Ccnox2 strains (Fig. 7F).
Subsequently, we quantified the expression levels of
defense-related genes (NPRI, NPR2.3, MPK3, and
MPK®6) in poplar after inoculation with the strains. The
results showed significant increases of these defense-
related genes when inoculated with the NOXs’ mutants
compared with CN-1 (Fig. 7G). The results suggest that
NOXs are involved in the outcome of C. chrysosperma-
poplar interactions.

Discussion

Compared with detailed information on interactions
between pathogen and crops, little is known about
woody plant-pathogen interaction. Poplar canker fungus
C. chrysosperma is a typical forest pathogen and the pop-
lar canker is one of the most destructive forest diseases
and is hard to control. Underlying mechanism of poplar-
C. chrysosperma interaction will facilitate disease control
of poplar canker and forest pathology. In this study, we
focused on how ROS was generated by NOXs and ROS
was involved in pathogenesis of C. chrysosperma.

The ROS generated by the NOX family serve as sign-
aling molecules that regulate hyphal differentiation and
sexual reproduction processes in various fungi. Here, we
report the convergent and distinct roles of three NOXs in
mycelial growth and conidiation in C. chrysosperma. The
ACcnoxl mutant exhibited increased mycelial growth,
while the ACcnoxr strain showed reduced growth,
and the ACcnox2 strain was comparable to CN-1. The
impacts of NOXs on mycelial growth vary across differ-
ent fungi. For instance, in Curvularia lunata and Peni-
cillium expansum, NOXs negatively regulate mycelial
growth (Wang et al. 2020; Zhang et al. 2021). Further-
more, we observed that the ACcnox1 and ACcnoxr strain
could not produce conidia, indicating that CcNox1 and
CcNoxR are required for the asexual reproduction. On
the contrary, increased spore formation was observed in
the AAanoxA and AAanoxB strains of Alternaria alter-
nate (Yang and Chung 2013). These results suggest that
NOXs have various functions in filamentous fungi.

NOXs play essential roles in the resistance of fungi to
adverse environments. They can promote the cellular

(See figure on next page.)
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differentiation, growth, and survival of fungi by produc-
ing ROS and enhancing resistance to oxidative stress
(Ewald et al. 2017). The ACcnoxl1, ACcnox2, and ACcnoxr
mutants exhibited reduced sensitivity to H,O,. Similar
findings have been documented in P expansum and A.
alternata, where AnoxA/B and AnoxB displayed varying
sensitivities to oxidative stress (Yang and Chung 2013;
Zhang et al. 2021). However, unlike P expansum and A.
alternata, C. chrysosperma NOXs may not play a role in
cell wall integrity.

Generally, the loss of NOX typically results in a reduc-
tion in ROS levels (Kim et al. 2011; Wang et al. 2020;
Yang and Chung 2012; Morita et al. 2012; Liu et al.
2022). However, in C. chrysosperma, we observed an
increase in ROS in the ACcnox1 or ACcnoxr mutants,
which is a phenomenon also noted in Magnaporthe ory-
zae and Podospora anserina (Ryder et al. 2013; Malagnac
et al. 2004). When CcNox1 is deleted, the expression of
CcNoxR is slightly decreased, when CcNoxR is deleted,
the expression of CcNox1 is unaffected. Interestingly, our
findings showed significantly upregulated expression of
CcNox2 in the ACcnoxI or ACcnoxr mutants. Further-
more, the phenotype of the OE-Ccnox2 strain indicated
the compensatory mechanism between CcNox1/CcNoxR
and CcNox2, demonstrating that CcNoxI, CcNoxR, and
CcNox2 have different roles in regulating ROS in C.
chrysosperma. When the functions of CcNox1 or CcNoxR
are disrupted, the production of ROS is continued via
CcNox2, although this may cause ROS levels to exceed
normal requirements. Unfortunately, we were unable
to obtain a NoxI/Nox2 double-knockout mutant for
validation.

Exogenous oxidative stress caused by hydrogen perox-
ide or tert-butyl hydrogen peroxide induces the release
of Ca’t in yeast and then mediates the cytotoxic effects
of stressors (Popa et al. 2010). In the fungus Ganoderma
lucidum, ROS activate calcium channels and cause Ca®*
to flow inward. The number of mycelial branches and lev-
els of metabolites were also related to the content of Ca*"
(Mu et al. 2013). In Verticillium dahliae, the ROS content
affects the content of Ca?" in the mycelia, which in turn
affects the formation of invasive nails (Zhao et al. 2016).

Fig.5 Deletion of either CcNoxT or CcNoxR led to an increase in Ca* influx and the disruption of redox homeostasis. A The content of free calcium
jons (Ca®*) in different strains was detected using the fluorescent indicator Fluo-4 AM Fluorescence. Under untreated conditions, ACcnox1, ACcnoxr
and OE-Ccnox? strains exhibited higher fluorescence intensity. The fluorescence intensity of all strains was further enhanced by the introduction

of hydroxyl radicals (OH) produced by a mixture of 2 mM H,0,, 0.5 mM Cu?* and 0.5 mM ascorbic acid. B Fluorescence intensity analysis of Fluo-4
AM-stained mycelium using ImageJ software. Significance analysis was performed for each strain in the control group. C The Ca.?* content

was quantified using a calcium ion detection kit in the presence and absence of -OH treatment. Significance analysis was performed for each
strain in the control group. D In total, 750 mM CaCl, was added to PDA for 3 days of culture to observe the morphology of all the strains. E Mycelia
inhibition rates. F Measurement of glutathione (GSH) and oxidized glutathione (GSSG) contents. G Determination of MDA content. Error bars
represent the standard deviations based on three independent replicates. The experiment consisted of three biological replicates. The data are
presented as the means +SDs and asterisks represent significant differences (**p <0.01)
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Fig. 6 CcNox1 and CcNoxR are critical for mitochondrial integrity. A Mito-Tracker Green, a mitochondrial probe that emits green fluorescence,
was used to stain the mitochondria in mycelial cells, which were then observed using a universal fluorescence microscope. B After culturing

the mycelium in PDB for 3 days, it was fixed with 2.5% malondialdehyde for 24 h. The mitochondria were observed using transmission electron
microscopy. C The mitochondrial membrane potential was measured using TMRE, a tangerine cationic fluorescence probe that can penetrate
the cell membrane. The change in the mitochondrial membrane potential was determined by measuring the intensity of the fluorescence signal
with a fluorescence microplate analyzer. The experiment consisted of three biological replicates. The data are presented as the means +SDs

and asterisks represent significant differences (**p <0.01)

In C. chrysosperma, ROS can activate calcium chan-
nels on the plasma membrane and promote the influx of
Ca®", thus affecting the Ca*" content. These results show
that ROS regulate the Ca®* pathway.

When the ROS level exceeds the endogenous antioxi-
dant defense capacity, the normal redox state in the cel-
lular environment can be disrupted, causing oxidative
damage to the cells (Sharma et al. 2012). A feedforward
regulatory relationship between mitochondria and NOX

implies that excessive activation of NOX may increase
mitochondrial ROS production, inducing oxidative stress
and ultimately causing damage to the mitochondria
(Dikalov 2011). However, there have been no reports of
this phenomenon in fungi. Since the ratio of GSH/ GSSG
reflect the intracellular redox statu (Nuhu et al. 2020)
and MDA was used to reflect the cellular lipid peroxida-
tion level (Shen et al. 2020). Here, ACcnox1 and ACcnoxr
mutants showed a significant increase in GSH/GSSG
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ratio and MDA content, indicating that the mutants were
under severe oxidative stress. Furthermore, severe oxi-
dative stress causes oxidative damage to the mitochon-
dria (Zhang et al. 2023), we showed clear mitochondrial
abnormalities including mitochondrial swelling and
membrane potential decrease, indicating a correlation
between the elevated ROS levels and mitochondrial oxi-
dative damage in the ACcnox1 and ACcnoxr mutants.

Disrupting  mitochondrial function can affect
the normal synthesis of downstream metabolic
pathways(Martinez-Reyes et al. 2016), previous studies
showed that C. chrysosperma requires acidic substances
(such as OA) to promote infection (Wang and Wang
2020). This phenomenon was also observed for S. scleroti-
orum, which is also a necrotrophic fungal pathogen (Rana
et al. 2022). In S. sclerotiorum, silencing SsNox1 leads to a
decrease in OA synthesis (Kim et al. 2011). Therefore, we
investigated the impact of NOXs deficiency on acid pro-
duction and found that in plants infected with ACcnox1,
ACcnoxr, and OE-Ccnox2, OA production is affected and
the production of ROS is promoted, which may partly
explain reduced virulence. We also determined whether
this effect on OA synthesis is caused by strong oxida-
tive stress in the mutant. H,O, is a typical oxidant that
can induce oxidative stress in the body. Therefore, we
detected the OA content in fungi growing in the water
of poplar branches treated with H,O, to simulate the
change in OA content under oxidative stress. The results
showed that the OA content was negatively correlated
with H,O, concentration, consistent with the increase
in ROS and OA content observed in ACcnox1, ACcnoxr,
and OE-Ccnox2. Whether other factors associated with
ROS production actually affect OA biosynthesis and the
specifics of the effect need to be further investigated.

We found that CcNox2 had a different expression pat-
tern from CcNoxI and CcNoxR and the deletion of
CcNox2 showed significant differences in iron ion uptake
and sensitivity (Fig. S2A-C). Subsequent results showed
that CcNox2 affected the expression of iron carrier-
related genes and reduced iron carrier synthesis (Fig.
S2D-F), indicating that CcNox2 seems to play a role in
virulence by regulating iron uptake by C. chrysosperma,

(See figure on next page.)
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which requires further research. Since OA is an impor-
tant virulence factor, especially early infection stage, we
believe that CcNox1 and CcNoxR have important roles
in this process, and, given the importance of CcNox2
in counteracting high iron concentrations, we investi-
gate whether Nox1 and Nox2 play different roles at dif-
ferent stages of infection. We attempted to observe the
morphology of the mutants at different stages of infec-
tion. Unfortunately, due to the specificity of the poplar
branches infested with C. chrysosperma and the lack of
technical means, we did not observe any differences in
mycelial morphology and secretion during the different
stages of infection.

Conclusion

In summary, our studies identified the roles of NADPH
oxidases in maintaining redox homeostasis, secondary
metabolite production, and pathogenicity. In particular,
we identified their role in maintaining fungal mitochon-
drial integrity for the first time (Fig. 8), providing new
insights into the role of NADPH oxidases in filamentous
fungi. In the future, fungicides targeting NADPH oxidase
may offer potential avenues for controlling poplar canker
disease.

Materials and methods

Strains and culture conditions

The C. chrysosperma wild-type strain CN-1 was isolated
from Populus alba var. pyramidalis in Gansu Province,
China. CN-1 and its derived mutants were inoculated in
PDA media at 25 °C. PDB medium was mainly used for
shaking hyphal cultures.

Generation of targted deletion mutants, complementation
and overexpression strains

The genes CcNox1, CcNox2, and CcNoxR were disrupted
using the split marker method (Goswami 2012), respec-
tively. The recombinant fragment was then introduced
into CN-1 protoplasts via PEG-mediated genetic trans-
formation, with the hygromycin cassette replacing the
target gene. The transformants grew on PDA media sup-
plemented with 35 pg/ml hygromycin. Mutants were

Fig. 7 CcNox1 and CcNoxR are involved in oxalic acid biosynthesis. A Plate acid-base indicator experiment. A representative color change

was observed on different plates supplemented with methyl red and bromophenol blue. B Oxalic acid production in potato dextrose broth (PDB).
Each strain was cultured for 3 days, and the resulting liquid culture was analyzed for oxalate accumulation. C Expression level of the oxalate synthase
gene CcOah. D The development of diseased spots on poplar branches. OA and CA were used to treat the branches before vaccination. Each

strain was inoculated with an agar plug with a diameter of 5 mm; sterile water served as a control. Photos were taken at 3 days after vaccination.

E Quantitative analysis of lesion areas. F Scalded poplar leaves were inoculated with fungal strains, and after 24 h of inoculation, the detached

leaves were stained with 0.01% 3,3'-diaminobenzidine (DAB) for ROS detection and decolorized with 95% alcohol. The blue arrow indicates the ROS
activated by the strain. G Expression of defense genes (NPR1, NPR2.3, MPK3, and MPK®6) in poplar trees. RNA of the poplar branches was extracted

at 24 hpi for gRT-PCR analysis. The experiment consisted of three biological replicates. The data are presented as the means + SDs and asterisks

represent significant differences (**p <0.01, *p <0.05)
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Fig. 8 A working model of NOXs for pathogenesis in Cytospora chrysosperma. Under normal circumstances, two NOX enzymes (NOX1 and NOX2)
may play different roles. NOX1 and NOXR play a role in the production of reactive oxygen species, while NOX2 plays an iron redox role. When NOX1
or NOXR is disrupted, it will induce overexpression of NOX2, produce excessive reactive oxygen species, and cause cells to be in a state of oxidative
stress. When NOX1 or NOXR is disrupted, it will induce overexpression of NOX2, produce excessive reactive oxygen species, and cause cells to be
in a state of oxidative stress. Severe oxidative stress, on the one hand, leads to lipid peroxidation, on the other hand, leads to mitochondrial
abnormalities, such as mitochondrial swelling, membrane potential decline, and more mitochondrial reactive oxygen species. The abnormality

of mitochondria not only disrupts the normal progress of the tricarboxylic acid cycle, leading to a decrease in oxalic acid synthesis, but also causes

attenuated virulence

screened by PCR validation of the transformants with
internal and external primers (Table S1).

To obtain complements, the entire coding region plus
about 2000 bp putative promoter region was amplified
via PCR as complementary DNA fragments. These frag-
ments, along with geneticin cassette, were subsequently
introduced into protoplasts of the corresponding mutant
simultaneously.

To obtain an overexpression strain expressing Nox2,
the Trpc promoter was fused to the entire Nox2 coding
region using overlapping PCR, and the DNA fragments
with geneticin cassettes were introduced into protoplasts
of the ACcnox2 strain or CN-1. The transformants were
subsequently grown and screened on PDA media supple-
mented with 75 pg/ml geneticin, after which the comple-
mented and overexpression strains were verified via PCR.

Virulence analysis

The branches and leaves of 1-year-old poplar branches
from the nursery of Beijing Forestry University were
used for the virulence assay. The branches were cut into
20 cm sections and washed with distilled water, then two

ends of each branch were sealed with paraffin to prevent
water loss. Each twig segment was firstly scalded, and a
mycelial block 5 mm in diameter was obtained from the
edge of the active colony by using a punch. This mycelial
block was then inoculated onto the wound, wrapped, and
secured with film to maintain freshness. The inoculated
branches were placed in trays, sprayed daily with sterile
water to maintain humidity, and incubated at 25°C in a
day/night cycle. Upon onset, the lesion area was meas-
ured and photographed. At least 25 poplar branches were
treated with each strain each experiment.

For exogenous application of OA or citric acid (CA),
an aqueous solution of OA (100 pg/ml) or CA (100 pg/
ml) was added dropwise to the scalded area of branches
and leaves. Subsequently, the pretreated twigs and leaves
were inoculated with mycelial plugs as described above.

Detection of ROS levels

For superoxide detection, aspirate 0.5 ml of melted PDA
medium onto a sterilized slide to make a uniform layer,
wait for it to cool down and then inoculate the strain
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onto the slide medium, then put the slide into a petri dish
and incubate it at 25 °C for 1-2 days in an incubator. The
hyphae of all strains were immersed in 0.05% nitro blue
tetrazolium (NBT) staining solution for 2 h in the pres-
ence or absence of 20 mM diphenyleneiodonium (DPI)
and protect it from light. At the end of the reaction, rins-
ing with anhydrous ethanol was performed to termi-
nate the reaction process. Under a light microscope, we
observed ROS accumulation within the mycelium.

Assays on activities of superoxide dismutase (SOD)

and catalase (CAT)

For the fluorescence assay, mycelia were inoculated
on sterile glass slides for 1-2 days, stained with 10 uM
dichlorodihydrofluorescein diacetate (DCFH-DA) for 40
min and rinsed 3 times with phosphate buffer for ROS
observation. A universal fluorescence microscope (Olym-
pus BX61, Japan) was used to detect fluorescence. As a
control, samples were preincubated with 20 mM DPI
(Sigma, D2926) for 20 min. To determine the H,O, levels,
SOD activity, and CAT activity, the mycelia were incu-
bated in PDB for 3 days and assayed using a kit according
to the manufacturer’s instructions (Solarbio, China).

Localization and determination of free cytoplasmic Ca%*
To evaluate the role of ROS in cytoplasmic Ca*" accumu-
lation, OH™ was generated by adding a mixture of 2 mM
H,0,, 0.5 mM Cu®*, and 0.5 mM ascorbic acid to the
mycelia for 30 min after Fluo-4 AM loading (Zhao et al.
2016). A universal fluorescence microscope (Olympus
BX61, Japan) was used to detect fluorescence. The con-
centration of Ca®* in the mycelium was measured using a
calcium colorimetric assay kit (Beyotime, S1063S).

Determination of glutathione/glutathione disulphide
(GSH/GSSG) ratio and malondialdehyde (MDA) contents
The mycelium was shaken in PDB for 3-5 days, filtered,
dried, and ground with liquid nitrogen. The contents
of GSH, GSSG and MDA were determined using GSH/
GSSG and MDA assay kits (Beyotime, S0053). All analy-
ses were repeated three times with three replicates each
experiment.

Mitochondrial ultrastructure observation

Mito-Tracker Green was used to examine the distribu-
tion of mitochondria. Mito-Tracker Green working solu-
tion was added dropwise to the hyphae. The hyphae were
then incubated at 37 °C for 30 min, washed three times
with PBS and observed under a universal fluorescence
microscope (Olympus BX61, Japan).
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To visualize the mitochondrial structure, the myce-
lia were cultured in PDB for 3 days and subsequently
fixed with 2.5% glutaraldehyde for 24 h. After slicing and
processing the cells, the mitochondria were observed
using a transmission electron microscope. Additionally,
the Mitochondrial Membrane Potential Assay Kit with
TMRE (Tetramethyl rhodamine ethyl ester, Beyotime,
C2001S) was utilized to determine the mitochondrial
membrane potential.

Extracellular acid secretion and intracellular OA assays

To detect the secretion of acidic substances, different pH
indicators (2 mg/ml methyl red and 1 mg/ml bromophe-
nol blue) were added to the water agar media, and then
mycelium block-inoculated branches were placed in con-
tact with the media. The concentration of OA was deter-
mined according to the instructions in the oxalic acid
content assay kit (Solarbio, BC4365). Briefly, after five
days of incubation at 25 °C with shaking at 150 rpm, the
mycelia were filtered and dried, and a 0.1 g hyphal sample
was weighed for subsequent experiments.

Leaf reactive oxygen burst assay

To determine ROS levels in leaves, the poplar leaves were
inoculated with mycelium blocks for 24 h, decolorized in
95% ethanol for 3 h, soaked in 1 mg/ml 3,3’-diaminoben-
zidine (DAB) (Sigma, RES2041D) staining solution for 12
h, and finally observed under an optical microscope.

Quantitative real-time PCR (qQRT-PCR) analysis

To analyze the transcript levels of NADPH oxidase genes
during infection, RNA samples were extracted from den-
dritic tissues inoculated with wild-type, mutant strains
at 0, 12, 24, and 48 h after inoculation (hpi). Each gene
assay was performed in biological triplicates, each with
three independent technical replicates. Total RNA was
isolated with RNA Easy Fast Plant Tissue Kit (TTANGEN,
DP452) following the manufacturer’s instructions. RNA
was reverse-transcribed using the Quant Script RT Kit
(TIANGEN, 4,992,784) for fluorescence-based quanti-
tative PCR experiments. qRT-PCR was performed with
Super Real Premix Plus (TTANGE, FP205) using an ABI
7500 real-time PCR system (Applied Biosystems, USA).
Each assay was performed in biological triplicate with
three independent technical replicates each. The relative
expression of genes was calculated by using the 2744¢T
method. All primers were listed in Table S1.

Iron carrier secretion assay

Iron carrier release from each strain was detected using
Chrome azurol S (CAS) detection solution. The CAS
assay solution changes from blue to orange when iron
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ions in the blue assay plate are seized by the microbial
secretion of ferritin. The specific operation is as follows:
CAS detection medium (1L: glucose 100g, peptone 20g,
magnesium sulfate heptahydrate 0.5g, calcium chloride
0.5g, add deionized water to volume to 800 ml, mag-
netic stirring to dissolve, autoclaved at 115 °C for 20 min,
cooled to 50-60 °C, to the base of the medium, slowly
add 60 ‘C preheated 100 ml of 10x CAS buffer and 100
ml 10x CAS detection solution were slowly added to the
medium base at 60 °C to form solid ligand base contain-
ing agar and liquid medium without agar, respectively;
Iron carrier release plate observation: inoculate the strain
to be tested in CAS medium plate, incubate at 25 °C for
5-7 days, observe whether there is an orange halo around
the colony.

Statistical analysis

All data are from at least three independent experiments
in which each treatment was performed in triplicate.
Quantitative data were normalized to 100% for com-
parison between different treatments. Significance was
assessed using SPSS Statistics 22 and Student’s t test. One
asterisk indicates a p value <0.05, and two asterisks indi-
cate a p value<0.01.
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