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Broad-spectrum chemicals block ROS detoxification

to prevent plant fungal invasion
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Plants produce reactive oxygen species
(ROS) to restrict pathogen invasion. Yang
et al. reveal a mechanism of ROS
detoxification employed by Botrytis
cinerea to facilitate fungal invasion. They
identify broad-spectrum compounds that
block ROS detoxification and provide a
class of potential fungicides to control a
wide range of plant diseases.
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SUMMARY

Plant diseases cause a huge impact on food security and are of global concern. While application of agro-
chemicals is a common approach in the control of plant diseases currently, growing drug resistance and
the impact of off-target effects of these compounds pose major challenges. The identification of pathoge-
nicity-related virulence mechanisms and development of new chemicals that target these processes are
urgently needed. One such virulence mechanism is the detoxification of reactive oxygen species (ROS)
generated by host plants upon attack by pathogens. The machinery of ROS detoxification might therefore
serve as a drug target for preventing plant diseases, but few anti-ROS-scavenging drugs have been devel-
oped. Here, we show that in the model system Botrytis cinerea secretion of the cytochrome c-peroxidase,
BcCcp1 removes plant-produced H,O, and promotes pathogen invasion. The peroxidase secretion is modu-
lated by a Tom1-like protein, BcTol1, through physical interaction. We show that BcTol1 is regulated at
different levels to enhance the secretion of BcCcp1 during the early infection stage. Inactivation of either
BcTol1 or BcCcp1 leads to dramatically reduced virulence of B. cinerea. We identify two BcTol1-targeting
small molecules that not only prevent B. cinerea invasion but also have effective activity against a wide range
of plant fungal pathogens without detectable effect on the hosts. These findings reveal a conserved mech-
anism of ROS detoxification in fungi and provide a class of potential fungicides to control diverse plant
diseases. The approach described here has wide implications for further drug discovery in related fields.

INTRODUCTION

Plant diseases due to the infection of plant pathogens cause
global threats to agricultural sustainability and food security.'*
Among all the disease management strategies implemented,
application of pesticides is the most common management
practice. Due to the limited number of efficient fungicides avail-
able and their frequent use, drug resistance has widely
occurred.>* Broad-spectrum agrochemicals with anti-fungal
properties have undesirable off-target effects, while site-spe-
cific inhibitors carry the risk of high resistance developing.®°
This trade-off has urged plant pathologists to obtain new and
better fungicide targets by identifying the pathways involved
in host colonization and immune evasion. Septin GTPases
and pyruvate kinase have been identified as novel targets,
and the corresponding inhibitors have been discovered.”"?
However, so far, only a limited number of potential drug targets
have been identified in plant fungal pathogens. Even for these
targets, few drugs have been developed and approved for
use. Therefore, identification of new targets for disease
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intervention and development of previously unused chemicals
are urgently needed.

Plants have evolved elaborate and sensitive protection sys-
tems to combat pathogens. Oxidative burst, arapid plant defense
reaction after pathogen attack, is a critical and effective compo-
nent of plant immunity.>'® Reactive oxygen species (ROS),
including superoxide and the precursor H,O,, not only result in
hypersensitive response (HR) and local cell death to block path-
ogen colonization but also act as signaling molecules to activate
the expression of defense-related genes.'" In order to infect suc-
cessfully, pathogens need to overcome oxidative burst by either
incapacitating ROS production'? or detoxifying ROS generated
by the host."® One key way of ROS detoxification is by enzymatic
mechanisms. Peroxidases (EC1.11.1.x), a group of evolutionarily
conserved enzymes that mediate electron transfer from H,O, and
organic peroxide to various electron acceptors, are workhorses
for the fungal antioxidant defense system, and play crucial roles
in virulence of plant fungal pathogens.’*"'” Several peroxidases
capable of breaking down H,O, have been identified in the
fungal pathogen Botrytis cinerea, and BcCcp1, a cytochrome
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c-peroxidase (Ccp) protein is involved in pathways contributing to
host specific pathogenicity of this pathogen.'®'® However, to
date, few anti-ROS detoxification drugs have been developed
to control plant fungal diseases.

To maintain the function of cellular organizations, proteins
must be correctly delivered to their target subcellular compart-
ments. Target of Myb 1 (Tom1) and Tom1-like (Tol) proteins,
widely distributed in eukaryotes but absent in Saccharomyces
cerevisiae, are evolutionarily ancient ubiquitin receptors that
function in compartment delivery. They contain two conserved
domains, an N-terminal VHS (Vps27/Hrs/STAM) domain and a
central GAT domain,?%?" which are both required for the binding
of ubiquitin. These proteins, acting together with or replacing the
endosomal sorting complex required for transport machinery,
are capable of recognizing and sorting of ubiquitinated cargoes.
In higher plants and mammalians, Tom1 and Tol proteins are
involved in a variety of physiological processes, which crosstalk
with their endosomal cargo sorting function.??~>° However, the
Tom1 family has not yet been characterized in filamentous fungi,
and its regulatory role in protein secretion and virulence of plant
fungal pathogens remain elusive.

B. cinerea is a necrotroph that causes gray mold during both
pre- and post-harvest, leading to huge crop losses.?® 2% Our pre-
vious proteomics studies identified BcTol1 (Bcin09g07000), a
Tom1-like protein in B. cinerea, as a putative modified protein
with acetylation on the lysine residue, 122, which is located in
the N-terminal VHS domain.”” In this study, we find that BcTol1
physically associates with the ubiquitinated BcCcp1, via its VHS
domain. The secretion of BcCcp1 is enhanced during the early
infection stage through upregulation of BcTol1 at the transcrip-
tional and translational level and decreased acetylation on
K122. By eliminating plant-produced H,O,, BcCcp1 contributes
to successful host invasion of B. cinerea. Removal of BcTol1 or
BcCcp1, or mutation of the ubiquitinated residue, K101, in
BcCcp1 dramatically impairs B. cinerea pathogenicity. Based
on the predicted structure of the VHS domain, we developed
two small chemicals that target BcTol1. Application of these mol-
ecules attenuates ROS detoxification, leading to effective inhibi-
tion of B. cinerea invasion. These chemicals are also effective
against several other important plant fungal pathogens with no
harm on the hosts, suggesting that they could work as broad-
spectrum drugs for crop protection.

RESULTS

BcTol1 is an acetylated protein
The putative lysine residue, 122, is located in the VHS domain of
BcTol1 (Figure S1A). To confirm acetylation of this site, we
mutated lysine 122 to glutamine (Q) and arginine (R) to mimic
acetylated and unacetylated lysine, respectively,®*>' and devel-
oped a specific antibody against acetylated K122 of BcTol1
(anti-K122ac). BcTol1-GFP, expressed under its native promoter
in the B05.10 strain, was pulled down with anti-GFP agarose
beads and its acetylation was determined using anti-K122ac.
Our results showed that mutation of K122 completely abolished
acetylation of BcTol1 (Figure S1B), indicating that K122 is indeed
acetylated in this protein.

Systematic analysis identified 57 putative Tom1-like proteins
containing both the VHS and GAT domains from 24 species
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that included 22 fungi, 1 metazoa, and 1 viridiplantae (Fig-
ure S1C). Similar to Homo sapiens and Arabidopsis, there are
several Tol proteins in a variety of fungi. Further alignment
showed that lysine at position corresponding to K122 was highly
conserved in 9 Tol1 homologous proteins from multiple patho-
genic fungi (Figure S1D), suggesting that modification of this res-
idue might play an important regulatory role in the virulence of
these plant pathogens.

BcTol1 deacetylation is a requirement for full virulence
of B. cinerea

To investigate whether BcTol1 is involved in regulating virulence
of B. cinerea, we assessed the expression level of BcTol7 during
the infection stage by quantitative real-time PCR and western
blotting. Both BcTol1 transcript and its protein product
increased dramatically during the early infection stage, reaching
the maximum at 24 h post-infection (hpi), and then decreased
thereafter (Figures 1A and 1B). In addition, BcTol1 maintained
high acetylation at 6 and 12 hpi and then decreased at 24 hpi
(Figure 1C). These differential expression patterns suggest that
BcTol1 and its acetylation status might play a role in pathoge-
nicity of B. cinerea.

To determine the virulence contribution of BcTol1, we gener-
ated BcTol1 knockout mutants (ABcTol1) and genetic comple-
mentation strains (ABcTol1-C) (Figure S2A) and mutated K122
to Q or R under its native promoter in the ABcTol1 strain (Fig-
ure S2B). Pathogenicity tests on mung bean leaves showed
that either inactivation of BcToll or replacement of K122
with glutamine impaired virulence of B. cinerea, while the
ABcTol1-C and the arginine mutants behaved very similarly to
the wild-type (WT) strains (Figure 1D). Similar virulence defects
of the ABcTol1 and the ABcTol1X'229 mutant strains were also
observed on tomato fruits (Figure S2C). The reduced virulence
was not due to decreased growth rate, as ABcTol1 only grew
slightly slower than B05.10, and acetylation of BcTol1 had no
obvious effect on its growth (Figure S2D). These results indicate
that BcTol1 and its deacetylation are indispensable for full viru-
lence of B. cinerea.

To explore the possible contribution of BcTol1 to ROS detox-
ification, B05.10 and the corresponding mutants were grown on
potato dextrose agar (PDA) plates containing 20 mM H,0O..
Compared with other strains, both the ABcToll and the
BcTol1K222 mutants exhibited hypersensitivity to H,O» (Fig-
ure 1E). The role of BcTol1 in ROS detoxification was further
confirmed by the diaminbezidin (DAB) staining assay. The accu-
mulation of H>O, in mung bean leaves inoculated with the
ABcTolt and BcTol1X'22Q mutants was ~4-fold higher than
those infected with the strains B05.10, ABcTol1-C, and
BcTol1K'22R (Figure 1F). Based on these results, we propose
that BcTol1-dependent pathogenicity of B. cinerea is tightly
associated with ROS detoxification.

BcTol1 associates with and modulates the secretion of a
peroxidase, BcCcp1

To assess the ubiquitin binding property of BcTol1, a Y2H assay
was performed. As expected, direct interaction between BcTol1
and ubiquitin was observed (Figure 2A), indicating a role of
BcTol1 in recognition and further sorting of ubiquitinated
cargoes. Mutation of K122 to Q or deletion of the VHS domain
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Figure 1. Contribution of BcTol1 to virulence and ROS detoxification of B. cinerea

(A) Relative level of BcTol1 transcript during the infection stage. The expression levels were normalized to that of the B. cinerea Actin gene.

(B) Amount of BcTol1 during the infection stage. Total protein was extracted from mung bean leaves inoculated with the BcTol1-GFP strain driven by the native
promoter at the indicated times and probed with anti-GFP antibody. B. cinerea Actin gene was used as the loading control. The amount of BcTol1 at 6 hpi was
setas 1.

(C) Acetylation of BcTol1 during the infection stage. BcTol1-GFP pulled down from the indicated samples was probed with anti-K122ac and anti-GFP antibodies.
The amount of acetylated BcTol1 at 6 hpi was set as 1.

(D) Virulence of B05.10 and BcTol1 mutant strains on mung bean leaves. Photographs were taken 4 days after inoculation, and the diameter of disease lesions
was measured for 30 infected leaves from 3 replicates of each strain.

(E) Sensitivity of B05.10 and BcTol1 mutant strains to H,O,. Photographs were taken 36 h after incubation on PDA medium with or without 20 mM H,O,, and the
rate of inhibition of mycelial growth was measured for 3 plates of each strain.

(F) DAB staining shows ROS accumulation in mung bean leaves after infection by B05.10 and BcTol1 mutant strains. DAB staining was performed 24 h after
inoculation, and the relative density was measured for 10 infected leaves of each strain.

See also Figures S1 and S2.

dramatically decreased the association of BcTol1 with ubiquitin,  the ubiquitinated sites of BcCcp1 in the cells, we purified the
whereas the R mutant binds as tightly to ubiquitin as the WT  BcCcp1-GFP fusion protein from B05.10 and identified lysine
form. To identify its ubiquitinated cargoes, we performed coim- 101 as a site of modification by mass spectrometry (Figure S3C).
munoprecipitation (colP) using the BcTol1-GFP transformant To further prove K101 is ubiquitinated, we developed a specific
followed by LC-MS/MS and identified 357 candidate binding antibody against ubiquitinated K101 of BcCcp1 (anti-K101ubq).
partners (Data S1). Since BcTol1 contributes to H,O, tolerance, As shown in Figure S3D, mutation of K101, but not H131,
one putative cytochrome c-peroxidase named BcCcp1 (Fig- completely abolished ubiquitination of BcCcp1, confirming
ure S3A) was selected for further analysis. Using a previously K101 ubiquitination of BcCcpl1 in vivo. BcTol1-GFP and
described method, '®*? we found that His-tagged BcCcp1 puri- BcCcp1-FLAG fusion constructs were co-introduced into
fied from Escherichia coli indeed had peroxidase activity, while  B05.10 protoplasts, and positive transformants were selected.
mutation of H131, the putative catalytic site to leucine, led to BcCcp1 was detected in the proteins that eluted from anti-
significantly reduced activity of this enzyme (Figure S3B). GFP beads using the anti-FLAG antibody, suggesting that

Y2H assays showed that there was no physical interaction be-  BcTol1 interacts with BcCcp1. Either change of K122 to gluta-
tween BcCcp1 and BcTol1, while fusion with ubiquitin (Ubg-  mine or removal of the VHS domain impaired the interaction of
BcCcp1) facilitated binding of BcCcp1 to BcTol1. To determine  BcTol1 with BcCep1, while BcTol1%122R behaved very similarly

3888 Current Biology 32, 3886-3897, September 26, 2022
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Figure 2. Association of BcTol1 with BcCcp1 and secretion of BcCcp1
(A) Binding of ubiquitin to WT and mutant BcTol1 proteins in yeast cells. The coding sequences of the corresponding proteins were fused with the GAL4-AD or BD
domain as indicated. Serial dilutions from cell suspensions of a single yeast colony were shown to represent the strength of interaction. Images were taken 3 days

after incubation.
(B) Association of WT and mutant BcTol1 proteins with BcCcp1 in vivo.
(C) Association of BcTol1 with WT and mutant BcCcp1 proteins in vivo.

For (B) and (C), colP assays were performed as described in the STAR Methods. Proteins pulled down with GFP-Trap beads were probed with anti-GFP, anti-
FLAG, and anti-K101ubq antibodies (bottom). Input proteins were shown by western blotting with anti-GFP and anti-FLAG antibodies (top).

(D) Secretion of BcCcp1in B05.10 and BcTol1/BcCcp1 mutant strains. Conidia of the indicated strains were inoculated into 1/10 YEPD medium in the presence of
2-week-old tomato seedlings. 24 h after inoculation, total proteins were extracted from culture supernatant and probed with anti-mCherry antibody. The amount
of secreted BcCcp1-mCherry in B05.10 was set as 1. Silver staining shows protein loading to each lane.

See also Figure S3 and Data S1.

to the WT protein (Figures 2A and 2B). Not unexpectedly, muta-
tion of K101 to alanine (A) had little effect on the activity of
BcCcp1 (Figure S3B) but completely disrupted its association
with BcTol1 (Figure 2C). Note that BcCcp1 was detected as a
ladder-like smear in the colP assays, and immunoblot with
anti-K101ubg confirmed polyubiquitination of this protein
(Figures 2B and 2C).

Some peroxidases could be secreted by plant pathogens.®*
To test secretion of this protein, a recombinant BcCcp1-
mCherry fusion protein was expressed under its native promoter
in the B05.10 strain, with mCherry serving as a control. Using a
method of determining protein secretion in B. cinerea,®* we
found that only BcCcp1-mCherry, but not mCherry, was de-
tected in the culture supernatant induced by tomato leaves

Current Biology 32, 3886-3897, September 26, 2022 3889
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Figure 3. Contribution of BcCcp1 to ROS detoxification and virulence of B. cinerea

(A) Sensitivity of B05.10 and BcCcp1-mutant strains to H,O..

(B) DAB staining shows ROS accumulation in mung bean leaves after infection by B05.10 and BcCcp1 mutant strains.

(C) Virulence of B05.10 and BcCcp1 mutant strains on mung bean leaves.
(D) Relative level of BcCcp1 transcript during the infection stage.
For (A)-(D), the experiments were carried out as in Figure 1.

(E) Amount of secreted BcCcp1 during the infection stage. Total proteins extracted from the culture supernatant after inoculation for the indicated times were
probed with anti-mCherry antibody. The amount of BcCcp1 at 12 hpi was set as 1. Silver staining shows protein loading to each lane.

See also Figures S3 and S4.

(Figure S3E), indicating that BcCcp1 is able to be secreted by
B. cinerea. Due to impaired association, compared with the
WT and the K122R mutant strains, BcCcp1 secreted from the
ABcTol1, AVHS, and K122Q mutants was reduced by ~80%.
Substitution alanine for K101, which disrupts the association of
BcCcp1 with BcTol1, dramatically decreased the amount of
BcCcp1 in the supernatant (Figure 2D). In contrast, the H131L-
mutant protein, which is enzymatically inactive (Figure S3B), re-
tains the binding activity of BcTol1 (Figure 2C), such that its
secretion equals that of the WT protein (Figure 2D). Collectively,
these data indicate, first, that BcTol1 modulates the secretion of
BcCcp1 through direct interaction, and second, that this associ-
ation is negatively regulated by K122 acetylation of BcCcp1.

BcCcp1 contributes to ROS detoxification and virulence
of B. cinerea

To explore its role in ROS detoxification, we generated the
BcCcp1 deletion mutants (ABcCcp1) and genetic complementa-
tion strains (ABcCcp1-C) and mutated K101 to A (BcCcp1K1014)
and H131 to L (BcCep1H13™Y), respectively, under its native pro-
moter in the ABcCcp1 strain (Figure S3F). Inactivation of BcCcp1
had no effect on the vegetative growth but led to increased

3890 Current Biology 32, 3886-3897, September 26, 2022

sensitivity to H.0,, and complementation with BcCcpl
(ABcCcp1-C) completely restored this phenotype. The
BcCep1®1t and BcCep1K'®' mutants, which exhibited
impaired enzymatic activity or secretion of this protein, were
also more sensitive to H,O, (Figure 3A). In addition, compared
with the WT and the complement strains, >4-fold higher accumu-
lation of H,O, was observed after inoculation with the mutants
ABcCcp1, BcCep1¥'%'A and BcCep 113 (Figure 3B). In support
of these observations, injection of the WT BcCcp1-His6, but not
the H131L mutant, into Nicotiana benthamiana leaves reduced
H-O, accumulation (Figure S4A) and cell death (Figure S4B)
caused by BAX and, as a result, enhanced the infection of
Phytophthora capsici, a biotrophic plant pathogen (Figure S4C).
To investigate whether ROS detoxification by BcCcp1 contrib-
utes to B. cinerea infection, a pathogenicity assay was carried
out on mung bean leaves (Figure 3C). Among all the tested
strains, ABcCcp1, BcCcp1¥'°'A and BcCcp1™'®'t caused
smaller lesions than B05.10 and the complement strain. Quanti-
tative real-time PCR and western blot analyses showed that the
transcript of BcCcp1 (Figure 3D) was dramatically elevated, and
the protein product (Figure 3E) was highly accumulated in the su-
pernatant at 24 hpi and then decreased at 36 hpi, which was
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similar to the expression pattern of BcTo11. These results sug-
gest that B. cinerea secretes BcCcp1, which is modulated by
BcTo11, to promote its infection through detoxification of ROS
at the early infection stage.

Acetylation of BcTol1 by BcRtt109

To further examine the relation between acetylation of K122 and
BcTol1 activity, we sought to identify the enzymes responsible
for acetylation of this protein. Although B. cinerea contains mul-
tiple genes that may encode the putative acetyltranferase,*® we
initially focused on BcRtt109, a putative BcTol1 interacting pro-
tein identified in the colP assay (Data S1). Rtt109 was defined as
a histone acetyltransferase required for proper H3K56 acetyla-
tion in a previous study.*® Our confocal microscopy and subcel-
lular fractionation analyses revealed that although BcRtt109 was
mainly localized in the nucleus, a small amount of this enzyme
was also present in the cytosol (Figures 4A and 4B). ColP assay
proved the interaction between BcTol1 and BcRtt109 in vivo
(Figure 4C). Accordingly, we determined the acetylation of
BcToll in BcRtt109 deletion and overexpression strains.
Removal of BcRtt109 dramatically decreased acetylation of
BcToll (Figure 4D), while overexpression of this enzyme
increased acetylation of WT BcTol1 more than 2-fold, without
obvious effect on the K122Q mutant protein (Figure 4E). To
determine whether BcRtt109 can directly modify BcTol1, WT
and mutant BcTol1-His6 proteins purified from bacterial cells
were incubated with purified BcRtt109-GST or GST in the pres-
ence of acetyl-CoA. As shown in Figure 4F, purified BcRtt109-
GST, but not GST itself, acetylates WT BcTol1 effectively
in vitro, whereas it displays low activity against the K122Q
mutant BcTol1 protein. Consistent with the acetylation level of
BcTol1, the BcRtt109 transcript and its protein product also
decreased during the invasion process (Figures 4G and 4H).
These data indicate that BcRtt109 is an enzyme that catalyzes
K122 acetylation of BcTol1.

The amount of B¢cRtt109 reaches the maximum at 6 hpi, indi-
cating that this enzyme is biologically important for B. cinerea. As
expected, inactivation of BcRtt109 led to not only retarded
growth but also dramatically decreased virulence of B. cinerea.
As a negative regulator of BcTol1, overexpression of BcRtt109
slightly increased the growth rate but impaired the virulence of
B. cinerea (Figures S5A and S5B). These results indicate that
B. cinerea must tightly regulate the level of BcRtt109 to ensure
its development and pathogenicity.

BcTol1 is a new drug target

Tight control of BcCcp1 secretion by BcTol1 enables it to be a
promising target of fungicides. Through screening against the
sub-database of ChemDiv, we identified 2 chemicals, 5664-
0417 and 6623-1943, that putatively target the VHS domain of
BcTol1 (Figure S6A). According to the interaction mode, 5664-
0417 forms hydrophobic interaction with K76, R83, D120, and
K122, and 6623-1943 forms hydrogen bond interaction with
D120 and hydrophobic interaction with K76, R83, and K122 of
BcTol1 (Figure 5A). Surface plasmon resonance (SPR) analysis
showed that both 5664-0417 and 6623-1943 could bind the
WT BcTol1 purified from E. coli cells, with the Kp values calcu-
lated by TraceDrawer of 4.22¢™'° and 7.15¢™° mol/L, respec-
tively (Figure 5B). However, after simultaneous mutation of the
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interacting residues (K76, R83, and D120 to A; K122 to Q),
binding of these chemicals to the mutant proteins of BcTol1
is >14-fold weaker than binding to the WT protein (Figure 5C).
Re-docking using the full structure further confirmed that 5664-
0417 and 6623-1943 associate with K76, R83, D120, and
K122, but not other regions of BcTol1 (Figure SEB). These results
indicate that the two chemicals specifically target BcTol1.

We therefore examined whether these molecules can serve as
anti-fungal chemicals to control B. cinerea infection. We found
that application of 10 uM of these chemicals at the same time
with B. cinerea spore inoculation resulted in up to 81% reduction
of the disease lesions (Figure 5D). Application of 5664-0417 and
6623-1943 also prevents B. cinerea invasion of tomato fruits
(Figure S6C). As shown in Figures 5E-5G, treatment with 5664-
0417 or 6623-1943 completely disrupted the interaction of
BcTol1 and BcCcp1 and, as a consequence, largely abolished
BcCcp1 secretion and led to impaired antioxidant capacity of
B. cinerea. Further dose gradient experiments ranging from 1
to 15 uM showed that treatment with 5.87 uM 5664-0417 or
5.08 uM 6623-1943 could reduce disease lesions by 50%
(ECsp) (Figure 5H). No synergistic effect was observed when mix-
ing the two chemicals in equal amounts to a final concentration
of 10 uM (Figures 5D-5H), further supporting the notion that
they share the same target. Moreover, application of 100 uM of
these two chemicals on mung bean caused no visible growth
defect (Figure S6D). Collectively, these results indicate that
chemicals targeting BcTol1 to inhibit ROS detoxification are
potentially effective fungicides to control gray mold.

Chemicals are effective against a broad spectrum of
fungal pathogens

The chemical interacting residues of BcTol1 are conserved
among multiple pathogenic fungi (Figure S1D), suggesting that
the identified compounds might be effective in preventing inva-
sion of these pathogens. To this end, three pathogenic fungi,
Magnaporthe oryzae, Fusarium graminearum, and Fusarium
oxysporum, were selected for further validation. As shown in Fig-
ure S6E, application of 5664-0417 and 6623-1943 at the same
time with inoculation significantly decreased the severity of rice
blast disease caused by M. oryzae, reducing the lesion length
by 65% and 70%, respectively. Application of these chemicals
at the same time with inoculation was also able to notably reduce
the lesion size or disease index caused by F. graminearum and
F. oxysporum on wheat coleoptiles and tomato seedlings,
respectively (Figures S6F and S6G). Importantly, treatment with
100 puM of these small molecules had no obvious effect on rice,
wheat, and tomato seedlings (Figures S6H-S6J). As oxidative
stress tolerance is critical for pathogenicity of these fungi, '®°"-%
our results strongly suggest that chemicals blocking ROS detox-
ification could be effective fungicides to control crop diseases.

DISCUSSION

The studies presented here identify new chemicals that prevent
infection by plant pathogenic fungi by blocking ROS detoxifica-
tion. Specifically, we found that (1) BcTol1 is regulated at
different levels to enhance its activity during the early infection
stage of B. cinerea; (2) BcTol1 associates with ubiquitinated
BcCcp1 through its VHS domain and modulates the secretion
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Figure 4. Acetylation of BcTol1 by BcRtt109

(A) Fluorescence microscopy analysis of BcRtt109-GFP localization. Scale bars, 25 um.

(B) Subcellular fractionation of BcRtt109-GFP transformants in B. cinerea. Nuclear and cytoplasmic proteins were separately extracted, and BcRtt109-GFP was
detected with anti-GFP antibody. The fractionation controls were histone H3 (nucleus) and tubulin (cytosol). The amount of total BcRtt109 was set at 1.

(C) Association of BcTol1 with BcRtt109 in vivo. BcTol1 fused with FLAG and BcRtt109 fused with GFP were cotransformed into B. cinerea. Proteins pulled down
with GFP-Trap beads were probed with anti-FLAG and anti-GFP antibodies.

(D) The K122 acetylation (top) and amount (bottom) of BcTol1-GFP and BcTol1X'222-GFP in B05.10 and ABcRtt109 strains.

(E) The K122 acetylation (top) and amount (bottom) of BcTol1-GFP and BcTol1X'222-GFP in B05.10 and BcRtt109 overexpression strains.

For (D) and (E), proteins pulled down with GFP-Trap beads were probed with anti-K122ac, anti-GFP, and anti-FLAG antibodies. The amount of acetylated WT
BcTol1 in B05.10 was set at 1.

(F) BcRtt109 directly acetylates BcTol1 in vitro. Purified BcTol1-His6 or BeTol1X1229-His6 (10 pg) was incubated with 10 pg of purified BcRtt109-GST or GST in the
presence of 0.2 mM acetyl-CoA and then analyzed by immunoblotting using anti-K122ac or anti-His antibody. The amount of acetylated BcTol1 without addition
of BcRtt109-GST or GST was set at 1.

(G) Relative level of BcRtt109 transcript during the infection stage.

(H) Amount of BcRtt109 during the infection stage. B. cinerea Actin gene was used as the loading control. The amount of BcRtt109 at 6 hpi was set as 1.

See also Figure S5.

of this peroxidase; (3) secreted BcCcp1 eliminates plant-pro- in other biological processes, these findings support a model
duced H,0, to promote B. cinerea infection; (4) inactivation of in which BcTol1 regulates pathogenicity of B. cinerea mainly
BcTol1 or BcCcp1 intervenes in ROS scavenging and impairs  through modulating BcCcp1 secretion-dependent ROS detoxifi-
virulence of B. cinerea; (5) two small molecules targeting the cation (Figure 6). Therefore, BcTol1 can serve as a new drug
VHS domain of BcTol1 block the secretion of BcCcp1, ultimately  target. The identification of chemicals inhibiting peroxidase
leading to effective prevention of B. cinerea invasion; and (6) the  secretion that consequently prevents ROS-scavenging-medi-
chemicals display effectiveness against a broad spectrum of ated plant infection therefore offers an effective strategy for con-
plant fungal pathogens. Although BcTol1 may also be involved  trolling fungal diseases.
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Figure 5. Inhibitor effect of BcTol1 targeting chemicals on B. cinerea invasion and ROS detoxification

(A) Molecular docking model of 5664-0417, 6623-1943, and BcTol1.

(B) SPR analysis of 5664-0417 and 6623-1943 binding to WT BcTol1.

(C) SPR analysis of 5664-0417 and 6623-1943 binding to mutant BcTol1 proteins.

(D) Virulence of B. cinerea on mung bean leaves with or without the application of 5664-0417 and 6623-1943. The chemicals were mixed with conidia suspension
to a final concentration of 10 pM, and inoculation was then performed.

(E) Association of BcTol1 with BcCcp1 in vivo with or without the application of 5664-0417 and 6623-1943. After treatment with DMSO or 10 uM 5664-0417, 6623-
1943, or their mixture (1:1) for 3 h, total proteins were extracted from the mycelia of BcTol1-GFP and BcCcp1-FLAG carrying strain. ColP and western blot
analyses were then performed as in Figure 2.

(F) Secretion of BcCcp1 with or without the application of 5664-0417 and 6623-1943. Total proteins were extracted from culture supernatant after inoculation for
24 hinthe presence of DMSO or 10 uM 5664-0417, 6623-1943, or their mixture (1:1) and probed with anti-mCherry antibody as in Figure 2. The amount of BcCcp1
treated with DMSO was set as 1. Silver staining shows protein loading to each lane.

(G) DAB staining shows ROS accumulation in mung bean leaves after infection by B05.10 with or without the application of 5664-0417 and 6623-1943.

(H) ECsq values of 5664-0417, 6623-1943, and their mixture (1:1) for disease lesions of B. cinerea.

See also Figure S6.
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Figure 6. A model for the role of BcTol1 in BcCcp1-mediated ROS
detoxification and pathogenicity of B. cinerea

During the early infection stage, B. cinerea downregulates BcRtt109 to reduce
BcTol1 acetylation, enabling its association with ubiquitinated BcCcp1,
thereby increasing the secretion of this enzyme. Secreted BcCcp1 eliminates
plant-produced H,O,, leading to invasion of B. cinerea. Disruption of the
interaction of BcTol1 with BcCcp1 by either inhibitors or acetylation of BcTol1
by BcRtt109 blocks BcCcp1 secretion, preventing ROS detoxification, and as
a consequence, B. cinerea fails to infect the host plant.

See also Figure S6.

Tom1 family proteins are major components of the protein traf-
ficking system. Therefore, cells must elaborately control their ac-
tivities to ensure correct delivery of functionally important protein
molecules. In mammalian cells, the expression of Tom1 is signif-
icantly induced by oncogenic MYB1.% Arabidopsis Tol6 is ubig-
uitinated in planta, and this modification affects the regulation of
cargo sorting via spatiotemporal control of subcellular Tol distri-
bution.?® Our results indicate not only that BcTol1 is upregulated
at transcriptional and translational levels, but its acetylation,
catalyzed by the lysine acetyltransferase BcRtt109, decreases
during the early infection stage of B. cinerea (Figures 1A-1C).
The dual regulation of BcTol1 ultimately leads to enhanced activ-
ity of BcTol1 and thus secretion of BcCcp1 and consequently
promotes infection of the pathogen. All these findings indicate
that cells employ a variety of mechanisms to carefully control
the amount, activity, specificity, and cellular localization of
Tom1 family proteins. This complex regulatory system serves
as a salient example of how eukaryotes can control their devel-
opment through regulating the action of a cargo sorting protein.

The production of ROS is a ubiquitous defense response in
plants, and pathogens would have evolved numerous mecha-
nisms to counteract this deleterious effect. One key approach is
enzymatic ROS scavenging through the secretion of antioxidant
enzymes.“® Ccp, which efficiently couples H,0, to the one-elec-
tron oxidation of two ferrocytochrome ¢ molecules, is capable

3894 Current Biology 32, 3886-3897, September 26, 2022

Current Biology

of inactivating ROS in the host.*" However, until now, the function

of Ccp in plant pathogens has been poorly characterized. In this
research, we found that secretion of BcCcp1 by B. cinerea during
the early infection stage reduces H,O, accumulation by >80% in
plants and thus facilitates pathogen invasion (Figure 3B). In sup-
port of our observations, two Ccp genes of M. oryzae were upre-
gulated at 78 hpi and deletion of one of them, MoCcp1, led to
decreased pathogenicity on rice.'® Therefore, ROS detoxification
is likely critical for the pathogenicity of not only biotrophs, but also
necrotrophic pathogens, and inhibitors of this process might be
used as fungicides for controlling of plant diseases.

Currently, the main method of plant disease control is applica-
tion of agrochemicals.” For the currently used fungicides, their
targets are all essential housekeeping genes. For example, the
fungicides benzimidazole, demethylation inhibitors, succinate
dehydrogenase inhibitors, and quinone outside inhibitors target
B-tubulin assembly, ergosterol biosynthesis, succinate dehydro-
genase, and cytochrome b, respectively.’>~*° Due to the global
concern“® of drug resistance and off-target effects, fungicides
targeting pathogenicity-specific genes are urgently required in
disease control. In this study, we have illustrated that two small
molecules targeting BcTol1 are effective inhibitors of ROS
detoxification (Figure 5). These chemicals are effective against
plant fungal pathogens without an obvious side effect on the
host plants (Figures 5 and S6). Importantly, the chemical inter-
acting residues are absent in mammalian Tom1 and Tol proteins
(Figure S1D), suggesting that these small molecules are safe for
humans. The compounds could thus be employed as broad-
spectrum drugs targeting a conserved mechanism in which
ROS detoxification requires Tom1/Tols-dependent secretion of
antioxidant enzymes as in many fungal pathogens. The
approach of identifying BcTol1 inhibitors has wide implications
for further fungicide discovery.

The potential resistance risk of the new fungicides is still high,
including 5664-0417 and 6623-1943 developed in this study.
Meanwhile, the time from finding a suitable target gene to com-
mercial products is quite long, with many difficulties likely to be
involved.*” Site-specific fungicides are important for the immedi-
ate problems faced in efforts to protect, but they are not a sustain-
able solution unless integrated into a program of management in
administration including genetic and cultural control.*5
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFP antibody Abcam Cat# ab183734; RRID:AB_2732027
anti-mCherry antibody Abcam Cat# ab183628; RRID:AB_2650480
anti-Flag antibody Sigma Cat# F1804; RRID:AB_262044
anti-K122ac antibody This paper N/A

anti-K101ubqg antibody This paper N/A

anti-Hisg antibody TransGen Biotech HT501-01

anti-GST antibody ABclonal Technology AEO001

anti-H3 antibody Abcam Cat# ab1791; RRID:AB_302613
anti-tubulin antibody PTM Biolabs PTM-1011

Bacterial and virus strains

Escherichia coli BL21 (DE3) Invitrogen C600003

E. coli DH50. Invitrogen 18265017

Biological samples

Mung bean tissue (Vigna radiata) N/A N/A

Tomato tissue (Lycopersicon esculentum) N/A N/A

Wheat tissue (Triticum aestivum L.) N/A N/A

Rice tissue (Oryza sativa L.) N/A N/A

Tobacoo tissue (Nicotiana benthamiana) N/A N/A

Chemicals, peptides, and recombinant proteins

anti-GFP agarose KT Health KTSM1301

Hygromycin B Thermo Fisher Scientific 10687010

G418 Solarbio 1G0010

DAPI Solarbio C0065

Proteinase inhibitor cocktail Roche 5892791001

Critical commercial assays

Pro Ligation-Free Cloning Kit ABM E086

Nuclear Protein Extraction Kit Solarbio R0050

All-In-One RT MasterMix ABM G492

SYBR Premix Ex Taq Takara RR420

Experimental models: Organisms/strains

Botrytis cinerea N/A B05.10

Magnaporthe oryzae N/A Guy11

Fusarium graminearum N/A PH-1

Fusarium oxysporum f. sp. Lycopersici N/A Fo4287

ABcTol1 This study ABcTol1

ABcTol1-C This study ABcTol1; BcTol1

BcTol1K122Q This study ABcTol1; BcTol14722Q
BcTol1K122R This study ABcTol1; BeTol1K722R
BcTol1-GFP/BcCcp1-Flag This study BcTol1-gfp; olic:BcCcp1-flag
BcTol1K222.GFP/BcCep1-Flag This study BcTol1X22 gfp: olic:BcCep1-flag
BcTol1%122R_GFP / BcCcep1-Flag This study BcTol1%"22R_gfp: olic:BcCep1-flag
BcTol14VHS_.GFP/BcCop1-Flag This study BcTol14YH5-gfp; olic:BcCcp1-flag
BcTol1-GFP/BcCep1K10'A-Flag This study BcTol1-gfp; olic:BcCcp 119" flag
BcTol1-GFP/BcCep1H3 ' -Flag This study BcTol1-gfp; olic:BcCep 1'% -flag
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ABcCcp1 This study ABcCcp1

ABcCcp1-C This study ABcCcp1; BcCcp1
BcCcp1H131t This study ABcCcp1; BcCep1H3™t
BcCcp1K101A This study ABcCcp1; BcCep1K707A
BcCcp1-mCherry This study ABcCcp1; BcCcp1-mCherry
ABCRtt109 This study ABCRtt109

OE-BcRtt109 This study olic:BcRtt109-flag
BcRtt109-GFP This study ABCRtt109; BcRtt109- gfp
BcTol1-Flag/BcRtt109-GFP This study olic:BcTol1-flag; BcRitt109-gfp
ABCcRtt109/BcTol1-GFP This study ABCRtt109; BeTol1-gfp
ABCRtt109/BcTol1K122-GFP This study ABCRtt109; BcTol1X7229- gfp
OE-BcRtt109/BcTol1-GFP This study olic:BcRtt109-flag; BcTol1-gfp
OE-BcRtt109/BcTol1 X122 GFP This study olic:BcRtt109-flag; BcTol 157222 gfp
Oligonucleotides

Primers Table S1 N/A

Recombinant DNA

pBS-neo Yang et al.*® N/A

pNAN-OGG Schumacher”’ N/A

pNAB-OCT Schumacher®’ N/A

phz126-olicP This paper N/A

pGBKT7 Clontech 630489

pPGADT7 Clontech K1612-1

pET-28a(+) Sangon Biotech B540183

pGEX-4T-2 GE Healthcare 27-4581-01
BcTol1-5’-HPH-3’ N/A ABcToll

BcTol1-pBS-neo pBS-neo ABcTol1-C

BcTol1X222 pBS-neo pBS-neo BcTol1K122Q
BcTol14122R_pBS-neo pBS-neo BcTol1K122R

BcTol1-GFP pNAN-OGG BcTol1-GFP

BcCcp1-Flag phz126-olicP-Flag BcCcp1-Flag
BcTol1K122Q.GFp pNAN-OGG BcTol1K122A.GFp
BcTol1K22R_.GFP pNAN-OGG BcTol1K22R_.GFP
BcTol1AVHS.GFP pNAN-OGG BcTol14VHS_.GFP

BcCcp1X10A_Flag
BcCep1®'--Flag
BcCcp1-5’-HPH-3’
BcCcp1-pBS-neo
BcCcp1131--pBS-neo
BcCcp1X'°"ApBS-neo
BcCcp1-mCherry
BcRtt109-5’-HPH-3’
BcRtt109-Flag
BcRtt109-GFP
BcTol1-Flag

phz126-olicP-Flag
phz126-olicP-Flag
N/A

pBS-neo
pBS-neo
pBS-neo
pNAB-OCT

N/A
phz126-olicP-Flag
pNAN-OGG
phz126-olicP-Flag

BcCop1K101A-Flag
BcCept H131L,
ABcCcp1
ABcCcp1-C

BcCep1 H131L
1 K101A

-Flag

BcCcp
BcCcp1-mCherry
ABCRtt109
OE-BcRtt109
BcRtt109-GFP
BcTol1-Flag

Software and algorithms

ImageJ
MEGA7
The SAS System for windows V8

National Institutes of Health

MEGA Software
SAS Institute

https://imagej.nih.gov/ij/
https://www.megasoftware.net/
N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MODELLER 9.11 Sali®® N/A

Protein Preparation Wizard 2015 Sastry et al.>® https://www.schrodinger.com/
Protein-Preparation-Wizard/

Excel 2010 Microsoft https://products.offifice.com/en-us/excel

PowerPoint 2010 Microsoft https://products.offifice.com/en-us/powerpoint

Other

OpenSPRTM Nicoya Lifesciences N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wenxing
Liang (wliang1@qgau.edu.cn).

Materials availability
Strains, antibodies and reagents used in this study will be made available upon request without any restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The standard reference strain B05.10 of B. cinerea Pers. Fr. [Botrytis fuckeliana (de Bary) Whetzel] was isolated from Vitis vinifera.>* All
B. cinerea strains used in this study were grown on potato dextrose agar (PDA). Growth assays were conducted under 20 mM H,0,,
and the percentage of mycelial radial growth inhibition (RGI) was measured after 3 days of incubation on PDA as previously
described.*°

METHOD DETAILS

Construction of gene deletion, complementation, site-directed mutagenesis, and GFP, Flag and mCherry fusion
vectors

The gene deletion vectors were constructed using a double-joint PCR approach for each target gene.*® The 5’ and 3’ flanking se-
quences of the target gene and hygromycin resistance gene cassette (HPH) were amplified with the primer pairs listed in
Table S1. The resulting PCR products for each gene were transformed into B05.10 using protoplast formation and transformation
of B. cinerea.*®

To construct the complementation vector, the plasmid pBS-neo was used in this study.’® The full-length target gene, including the
promoter and terminator regions, was amplified from genomic DNA of the wild-type strain B05.10 and cloned between the Notl and
Sacl sites of pBS-neo to generate the complementation plasmid. Fusion PCR was employed to construct B. cinerea BcTol11229-
pBS-neo and BcTol1%122R_pBS-neo, and the resulting vectors were transformed into ABcTol1.® The primers used in this study are
listed in Table S1. All the BcCcp1 mutants were constructed in a similar manner.

To construct the BcTol1-GFP/BcRtt109-GFP fusion cassette with its native promoter, the full-length target gene, including the pro-
moter of BcTol1/BcRtt109, was amplified using the BcTol1-GFP-F/R or BcRtt109-GFP-F/R primers and assembled with Notl-di-
gested pNAN-OGG®" by the yeast gap repair approach. The BcCcp1-mCherry cassette was constructed using a similar strategy
with Notl-digested pNAB-OCT.*"

For site-directed mutagenesis of BcTol1, the BcTol1K1222 or BcTol1K'22R gene with the native promoter region was
generated by fusion PCR using the primers BcTol1-K122R -F/R or BcTol1-K122Q-F/R and cloned into the pNAN-OGG plasmid.
Then, the constructs were transformed into protoplasts of ABcTol1 after sequencing. Site-directed mutants of BcCcp1 were
constructed in pNAB-OCT using a similar method. Then, the constructs were transformed into protoplasts of ABcCcp1 after
sequencing.

To overexpress the 3xFlag fusion proteins, namely, BcTol1-Flag, BcCcp1-Flag, BcRtt109-Flag, the enhanced olic promoter
was amplified from the pNAN-OGG plasmid using the olic-F/R primers, cloned into the Xhol-digested phz126 vector to construct
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phz126-olicP-Flag vector by the yeast gap repair approach. Then the target gene using the BcTol1-Flag-F/R, BcCcp1-Flag-F/R, or
BcRtt109-Flag-F/R primers and cloned into the Xhol-digested phz126-olicP-Flag vector.

RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

The expression levels of the target genes were tested by gRT-PCR using the 2722 method.°” Conidial suspensions (diluted in infec-
tion buffer: 6.7 mM KH,PO,, 6.7 mM glucose, 0.02% Tween-20; 10° conidia/ml) were dropped on mung bean leaves. After 4 days of
incubation, the conidia and mycelia of the strains, including plant tissue, were harvested after 0, 6, 12, 24 and 36 h of incubation. RNA
extraction, reverse transcription and qRT-PCR were performed using a protocol described previously.>® RNA was extracted and
reverse transcribed using All-In-One RT MasterMix (ABM). gPCR was performed using SYBR Premix Ex Taqg (Takara). The actin
gene was amplified as a reference. Three biological replicates were used for each sample.

Yeast two-hybrid assays

All the coding sequences of each target gene were amplified from the cDNA of B05.10 with the primer pairs listed in Table S1 and
inserted into pGBKT7 and pGADT?7 (Clontech). The resulting plasmids were cotransformed in pairs into S. cerevisiae strain Y2h-gold
following the LiAc/SS-DNA/PEG transformation protocol.®* The transformants were incubated at 30°C for 3 days on synthetic
defined (SD) medium lacking Leu and Trp and then transferred to SD medium lacking His, Leu, Ade and Trp.

Co-immunoprecipitation (Co-IP) assays

The GFP, mCherry and 3 xFlag fusion constructs were transformed in pairs or singly into B05.10 cells. Transformants expressing the
fusion constructs were verified by PCR and Western blot assays. For Co-IP assays, mycelia of the strains were collected and ground
in liquid nitrogen, and the powder was resuspended in lysis buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-
40) with 2 mM PMSF and proteinase inhibitor cocktail (Roche). The supernatant lysates were then incubated with anti-GFP agarose
(KT Health) at 4°C for 2 h with gently shaking. Finally, the resulted proteins eluted were detected with anti-Flag (Abcam) and anti-GFP
antibodies.

Mass spectrometry analysis

Mycelia of the BcTol1-GFP and BcCcp1-mCherry carrying B05.10 strains were collected and ground in liquid nitrogen. The immu-
noprecipitation procedure was carried out as described in Co-IP assays. After IP, BcTol1-GFP or BcCcp1-mCherry pulled down was
digested with trypsin and analyzed by mass spectrometry in PTM Biolabs (Hangzhou, China) as described.®°

Generation of anti-K122ac-BcTol1 and anti-K101ubq-BcCcp1 antibodies

The antibody for BcTol1 K122 with site-specific acetylation was generated by using a BcTol1 acetylated peptide (FTRNIDAK(ac)
FVQTVKC) conjugated to KLH as an antigen in rabbits by HUABIO (Hangzhou, China). The antibody for BcCcp1 K101 with site-spe-
cific ubiquitination was generated by using a BcCcp1 ubiquitinated peptide (KFDDYQK(ub)VYNEIA) conjugated to KLH as an antigen
in rabbits by PTM Biolabs (Hangzhou, China). The specificity of the antibodies was tested by immunoblot analysis.

Western blot analysis

For detection of acetylated BcTol1, mycelia of all strains, namely, the BcTol1-GFP-expressing B05.10, ABcRtt109, and OE-BcRtt109
strains, were collected, ground in liquid nitrogen and resuspended in lysis buffer (10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5 mM
EDTA, 0.5% NP-40) with 2 mM PMSF and proteinase inhibitor cocktail (Roche). The resulting supernatant was incubated with
anti-GFP agarose (KT Health) at 4°C for 4 h with gentle shaking.®® The eluted proteins were probed with an anti-GFP antibody
(Abcam) and anti-K122ac-BcTol1 to detect the levels of BcTol1-GFP and its acetylation, respectively.

For secreted BcCcp1-mCherry detection, a total of 10° conidia were harvested from 10-day-old PDA cultures of WT::BcCcp1-
mCherry, ABcTol1:BcCop1-mCherry, BcTol1%22%:BcCep1-mCherry, BeTol1K22R::BcCep1-mCherry, WT::BcCep1X'°"A-mCherry
and WT::BcCcp1"13'--mCherry. All conidia were incubated in 1/10 YEPD (0.2% peptone, 0.1% yeast extract, and 0.2% glucose)
medium with tomato seedlings at 25°C for 6, 12, 24 and 36 h in a shaker. Then, the liquid cultures were harvested, and cold acetone
was added at a final concentration of 80%. The mixtures were centrifuged at 12,000x g for 20 min at 4°C after incubation at -20°C
overnight to separate the secreted protein. The total secreted proteins were dissolved in 1 X Gibco phosphate-buffered saline (PBS)
and then boiled with protein loading buffer for 10 min. Then, the BcCcp1-mCherry level was determined with anti-mCherry antibody
(Abcam).

Peroxidase activity measurement

The coding sequence of BcCcp 1 was amplified from the cDNA of B. cinerea and cloned into pET-28a(+). BcCcp1-Hisg, BcCep1101A-
Hise and BcCep113'-Hisgs were expressed in E. coli BL21 (DE3) cells. Bacterially expressed recombinant BcCcp1-Hisg proteins was
purified and diluted in PBS to a final concentration of 1, 2, 4, or 10 ng/ml. Twenty microliters of protein solution was added in a 100 pl
reaction mixture [50 mM sodium acetate buffer (pH 5.0) and 20 mM ABTS (Sigma)]. Absorbance was evaluated at a 420 nm wave-
length using a spectrophotometer after 5 min of incubation at 25°C."®*? The experiments were repeated three times.
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Plant cultivation conditions

Tomato, tobacco and mung bean seedlings used for pathogenicity analysis were grown in a growth chamber at 25 °C with 75% rela-
tive humidity and a 16-h light /8-h darkness photoperiod. Seeds of the wheat were placed on wet pledges and grown in a growth
chamber at 25 °C with a 16-h light /8-h darkness photoperiod and 100% humidity for 2-3 days. Seeds of the rice were first soaked
in water at room temperature for 2 days, and then 37 °C for 1 day before sowed. The rice seedlings were grown in a growth chamber
at 25 °C with 75% relative humidity and a 16-h light /8-h darkness photoperiod.

Pathogenicity and infection-related morphogenesis assays

The pathogenicity test of B. cinerea was performed with mung bean leaves with 10 pl of conidial suspension (diluted in infection
buffer: 6.7 mM KH,PO,, 6.7 mM glucose, 0.02% Tween-20; 10° conidia/ml). After 4 days of incubation, the lesion diameters were
measured. The experiments were repeated three times.

For the pathogenicity test of M. oryzae, conidia of Guy11 were collected with sterile distilled water containing 0.1% Tween-20 and
adjusted to a concentration of 10° conidia/ml. Rice leaf segments were cut off from 2-week-old rice and placed on water-soaked
paper in a tray. Ten microliters of conidial suspension was dropped on the leaf segments. To maintain high humidity, the trays
were covered with plastic film and incubated at 25°C for 4 days.

For the pathogenicity test of F. graminearum, conidia of PH-1 were harvested and adjusted to a concentration of 10° conidia/ml and
dropped on coleoptiles with the tip removed (3-day-old wheat seedlings), followed by incubation at 25°C and 95% humidity for three
days before examination.

For the pathogenicity test of F. oxysporum f. sp. lycopersici strain 4287, 2-week-old tomato seedlings were used for root dip infec-
tion for 10 min in conidial suspension (10° conidia/ml). The infected plants were kept in a plant growth chamber at 25°C and 90%
relative humidity for another 3 weeks before examination. The severity of disease symptoms was recorded and scored according
to values ranging from 1 to 5 as described previously.®°

For DAB staining, after the mung bean leaves were co-incubated with 10 ul of conidial suspension for 24 h, the leaves were
immersed in a 1 mg/ml solution of DAB in buffer (pH = 3.8) and incubated at room temperature for 8 h in the dark. Then, the leaves
were bleached with 95% ethanol until the samples became colorless.®’

ROS detoxification of BcCcp1 in Nicotiana benthamiana

Bacterially expressed recombinant BcCcp1-Hisg or BcCop1H13'-Hisg was purified and diluted in PBS to a final concentration of
200 pg/ml, mixed with pTRV2-BAX, and co-infiltrated into N. benthamiana leaves. Cell death caused by co-infiltration of BAX and
BcCcp1 was evaluated 3 days post injection, and DAB staining was performed at 36 hpi. To evaluate the function of BcCcp1 in bio-
trophic plant pathogen infection, 200 pg/ml BcCcp1-Hisg or BcCep1™'31-Hisg was infiltrated into N. benthamiana before P. capsici
was inoculated.

Fluorescence microscopy

Conidia of B. cinerea expressing BcRtt109-GFP were harvested and inoculated at a concentration of 1x 107 conidia/mL in YEPD me-
dium at 25°C with shaking at 150 rpm for 1 day. The mycelia were collected, washed with PBS (pH 7.4) and stained with 1 pg/mL DAPI
(Sigma) at room temperature in darkness for 5 min. Fluorescence microscopy was performed using an EVOS M5000 microscope
(Invitrogen).

Subcellular fractionation analysis

The mycelia of BcRtt109-GFP were harvested and ground in liquid nitrogen. The nuclear and cytosolic proteins of BcRtt109-GFP
were extracted using a Nuclear Protein Extraction Kit (Solarbio) according to the manufacturer’s instructions. The resulting proteins
were separated by SDS-PAGE and detected using anti-GFP (Abcam), anti-H3 (Abcam), and anti-tubulin (PTM Biolabs) antibodies.

Lysine acetylation reaction assay in vitro

The coding sequences of BcTol1 and BcRtt109 were amplified from cDNA and cloned in pET-28a and pGEX-4T-2, respectively. GST,
BcRtt109-GST, and BcTol1-Hisg were expressed in E. coli BL21 (DES3) cells. Recombinant proteins were purified as described pre-
viously.?® Ten micrograms of BcRtt109-GST and 10 pg of BcTol1-Hisg were incubated with the acetyl group donor acetyl-CoA
(0.2 mM) in a buffer containing 50 mM Tris-HCI (pH 8.0), 10% glycerol, 1 mM dithiothreitol, and 1 mM sodium butyrate and incubated
for 1 h at 37°C. Ten micrograms of GST and 10 pg of His-BcTol1 were also incubated as a negative control. Then, 4x SDS-PAGE
loading buffer was added, and the mixture was boiled for 10 min to stop the reaction. The resulting proteins were separated by
SDS-PAGE and analyzed by Western blotting using anti-Hise (Beyotime) and anti-K122ac antibodies.

Molecular docking analysis

The 3D structure of BcVHS was constructed by MODELLER 9.11.%2 The human STAM1 VHS domain (PDB: 3LDZ)°* was selected as a
template for homology modeling (protein sequence similarity = 36.30%). Preparation of the free protein structure was carried out us-
ing the Protein Preparation Wizard>® (Schrédinger, LLC, New York, NY). The ChemDiv subdatabase was used for virtual screening
and contained 46369 compounds. The compounds were prepared by the LigPrep module (Schroédinger, LLC, New York, NY), where
the protonated states were predicted at pH 7.0 = 2.0. The Glide module in Schrédinger was utilized to conduct the docking
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procedure. A protein grid box with a size of 8x8x8 A% was created by centering on residues K76, Y80 and K122 using the Receptor
grid generation module. The cutoff value for the partial atomic charge was set to 0.15, and the scaling factor for van der Waals radii
was set to 0.8. The screening was conducted through three different precision modes of Glide, including high-throughput virtual
screening (HTVS), standard precision (SP) and extra precision (XP). The top 35%, 30% and 20% of compounds in each round of
docking were taken into the next mode based on the ranking of the Glide scores. All the calculation parameters in this process
came from the default setting.

Surface plasmon resonance (SPR) analysis

The coding sequences of BcTol1 were amplified from the cDNA of B. cinerea and cloned into pET-28a. The recombinant proteins
were purified as described previously.®® WT and mutant BcTol1-Hisg proteins were fixed on the NTA sensor chip by capture coupling.
The 5664-0417 or 6623-1943 solution at different concentrations (1, 5, 10, 20, 50 nM) was diluted in running buffer (10 mM PBS
(pH 7.4), 150 mM NacCl) with an equal volume of 1% DMSO and then injected sequentially into the chamber. The interaction of
the recombinant proteins with the fixed 5664-0417 or 6623-1943 was detected by OpenSPRTM (Nicoya Lifesciences, Waterloo,
Canada) at 25°C according to the instructions of the manufacturer. The flow rate was set to 20 pl/s, both the binding time and disso-
ciation time were 250 s, and hydrochloric acid (pH 2.0) was used to regenerate the chips. A one-to-one diffusion-corrected model
was fitted to the wavelength shifts corresponding to different drug concentrations. The data were retrieved and analyzed with
TraceDrawer.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data were analyzed by using a one-way ANOVA, with LSD’s correction for multiple comparisons where appropriate. The presence

of different letters above the mean values of three replicates indicates a significant difference between different samples (p < 0.05,
ANOVA).
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