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Abstract

Mycotoxin deoxynivalenol (DON) produced by the Fusarium graminearum complex is highly
toxic to animal and human health. During DON synthesis, the endoplasmic reticulum (ER)
of F. graminearum is intensively reorganized, from thin reticular structure to thickened
spherical and crescent structure, which was referred to as “DON toxisome”. However, the
underlying mechanism of how the ER is reorganized into toxisome remains unknown. In this
study, we discovered that overproduction of ER-localized DON biosynthetic enzyme Tri4 or
Tri1, or intrinsic ER-resident membrane proteins FgHmr1 and FgCnx was sulfficient to
induce toxisome-shaped structure (TSS) formation under non-toxin-inducing conditions.
Moreover, heterologous overexpression of Tri1 and Tri4 proteins in non-DON-producing
fungi F. oxysporumf. sp. lycopersici and F. fujikuroi also led to TSS formation. In addition,
we found that the high osmolarity glycerol (HOG), but not the unfolded protein response
(UPR) signaling pathway was involved in the assembly of ER into TSS. By using toxisome
as a biomarker, we screened and identified a novel chemical which exhibited high inhibitory
activity against toxisome formation and DON biosynthesis, and inhibited Fusarium growth
species-specifically. Taken together, this study demonstrated that the essence of ER
remodeling into toxisome structure is a response to the overproduction of ER-localized DON
biosynthetic enzymes, providing a novel pathway for management of mycotoxin
contamination.

Author summary

The mycotoxin deoxynivalenol (DON) produced by the Fusarium graminearum complex
is the most frequently detected mycotoxin in cereal grains worldwide. DON is synthesized
in the compartmentalized organelle named “DON toxisome” that is highly remodeled,
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organized smooth endoplasmic reticulum (OSER). In this study, we demonstrated that
ER remodeling into toxisome structure in F. graminearum is a response to overproduction
of ER-localized DON biosynthetic enzymes, including Tril and Tri4. We further found
that the HOG signaling pathway is important for the toxisome-shaped structure assembly.
Moreover, using the Tril-GFP labeled toxisome as a biomarker, we identified a novel
small chemical exhibiting high inhibitory activity on toxisome assembly and DON biosyn-
thesis. Our study elucidates the intrinsic mechanism of ER remodeling into toxisomes
upon DON induction, and blocking the ER remodeling would provide a new avenue for
management of FHB and mycotoxin contamination.

Introduction

Fusarium graminearum is an aggressive fungal pathogen causing Fusarium head blight (FHB),
which is an economically devastating disease of cereal crops especially wheat [1,2]. Due to
global warming and changes in cultural practices, FHB has frequently reached epidemic levels
in wheat-growing regions worldwide during the past 20 years, resulting in enormous yield
losses across millions of hectares [3,4,5]. In addition to severe yield and economic losses, F.
graminearum produces various mycotoxins during infection of wheat, such as trichothecenes
(including deoxynivalenol (DON) and its acetylated derivatives) and zearalenone, thus raising
food safety risks and posing a great threat to human and animal health [4]. Among these
mycotoxins, DON is the most frequently detected mycotoxin in cereal grains all over the
world, with an average incidence rate more than 50% [4]. DON inhibits eukaryotic protein
synthesis by binding to the ribosome and may cause emesis, diarrhea, anorexia and immune-
dysregulation [6,7]. Consequently, many countries have set maximum permissible levels for
DON in cereals and cereal products to protect consumers from mycotoxicosis [8,9]. In addi-
tion, DON is a key virulence factor that promotes F. graminearum infection on wheat plants
[10]. Therefore, understanding the biosynthesis and regulation of DON in F. graminearum is
critical for combatting FHB and mycotoxin contamination.

Trichothecenes are a large family of toxic sesquiterpenoid secondary metabolites (SMs)
produced by certain species of Fusarium and other fungal genera [11]. Trichothecenes pro-
duced by F. graminearum include DON, nivalenol (NIV), and acetylated derivatives
15-ADON and 3-ADON [4]. The trichothecene biosynthetic gene (TRI) cluster is one of the
most studied SM gene clusters in fungi. In F. graminearum, the biosynthesis of trichothecene
involves 15 TRI genes, which are located on three different chromosomes in F. graminearum: a
12-gene core TRI cluster on chromosome 2, two genes at the TRII-TRI16 locus on chromo-
some 1, and the single-gene TRI101 locus on chromosome 3 [4,12,13]. Trichothecene biosyn-
thesis begins with the cyclization of the primary metabolite farnesyl pyrophosphate, which is
catalyzed by the trichodiene synthase Tri5, resulting in the product trichodiene (TDN). TDN
is subsequently oxidized by cytochrome P450 monooxygenase Tri4 to yield isotrichotriol. Fur-
ther reactions sequentially catalyzed by Tril101, Trill and Tri3 convert isotrichotriol to calo-
nectrin, which is hydroxylated by cytochrome P450 monooxygenase Tril to generate
7,8-dihydroxycalonectrin (7,8-DHC). The following transformations convert 7,8-DHC to
3-ADON or 15-ADON, which is deacetylated by Tri8, leading to the formation of DON
[4,12,14]. In addition to genes encoding trichothecene biosynthetic enzymes, the F. grami-
nearum TRI cluster also encodes a predicted major facilitator superfamily (MFS) transporter
Tril2, and two cluster-specific transcription regulators Tri6 and Tril0 [15,16,17]. Because
trichothecene is a secondary metabolite, the TRI cluster genes are not expressed in toxin non-
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inducing conditions, while their expressions are highly induced during incubation in toxin-
inducing medium or during infection on plants [4].

Enzymes for fungal secondary metabolite (SM) synthesis are often compartmentalized at
conserved subcellular sites, which plays important roles in precursor channeling, concentra-
tion of biosynthetic components, sequestering and trafficking pathway intermediates and
products, and promoting pathway efficiency [14,18]. In Aspergillus, aflatoxin biosynthetic
enzymes Nor-1, Ver-1 and Vbs initially reside in cytoplasm and then relocate to motile vesicles
termed aflatoxisomes for aflatoxin biosynthesis [19,20,21]. In Penicillium chrysogenum, the
biosynthesis site of penicillin shifts from cytoplasm to the peroxisome for the formation of
final product [22]. In A. fumigatus and A. nidulans, melanin biosynthetic enzymes involved in
the early steps are recruited to endosomes to facilitate melanogenesis, while late melanin
enzymes accumulate in the cell wall [23]. Recent studies have suggested that subcellular
compartmentalization also occurs during DON biosynthesis in F. graminearum [24,25].
Menke and colleagues first observed that under DON-inducing conditions, two cytochrome
P-450 oxygenases (Tri4 and Tril) responsible for catalyzing early and late steps in trichothe-
cene biosynthesis in F. graminearum were co-localized to ~ 3 um spherical organelles called
“toxisomes”, which were presumed to be the site of trichothecene assembly [26]. Later, it was
discovered that toxisomes are highly remodeled, organized smooth endoplasmic reticulum
(OSER) with pronounced expansion at perinuclear- and peripheral positions [24]. Interest-
ingly, under non-DON-inducing conditions, the native perinuclear and peripheral ER in F.
graminearum appeared reticulate and thin as determined by ER marker proteins GFP-HDEL,
Hmr1-GFP and Sec22-GFP, while the ER was remodeled to highly thickened spherical, cres-
cent and ovoid toxisomes upon DON induction, indicating a striking remodeling of the ER
structure under toxin inducing conditions [24]. The remodeling of ER (e.g. toxisome forma-
tion) appears to be critical for trichothecene production since inhibition of toxisome forma-
tion by the fungicide phenamacril, which targets the motor protein myosin I, leads to
significant reduction in DON accumulation [25]. However, the molecular mechanism of how
the ER is reorganized into toxisomes remains elusive.

The objective of this study was to explore the underlying mechanism of toxisome formation
under DON-inducing conditions. Our results showed that overproduction of ER-localized SM
enzymes Tri4 or Tril, or intrinsic ER-resident membrane proteins FgHmrl and FgCnx was
sufficient to induce toxisome-shaped structure (TSS) formation, even under non-toxin-induc-
ing conditions. Interestingly, heterologous overexpression of Tril and Tri4 proteins in tricho-
thecene non-production fungi F. oxysporum £. sp. lycopersici and F. fujikuroi also leads to TSS
formation. In addition, the UPR signaling pathway appears to be unnecessary for the remodel-
ing of ER into TSS, whereas the HOG signaling pathway is important for the TSS assembly.
Importantly, using the Tril-GFP labeled toxisome as a biomarker, we identified a novel com-
pound ZJU212 with high inhibitory activity on toxisome assembly and DON biosynthesis,
providing new ways for management of DON contamination and FHB.

Results

Overexpressed Tri proteins induce toxisome-shaped structure formation
under toxin non-inducing conditions

In F. graminearum, the expression of trichodiene (Tri4) and calonectrin oxygenase (Tril)
enzymes that catalyze early and late steps of the trichothecene biosynthetic pathway is highly
upregulated in trichothecene biosynthesis inducing (TBI) medium [4]. Both enzymes co-local-
ized to DON toxisomes when F. graminearum was cultured in TBI medium for 48 h, when
accumulation of Tril and Tri4 proteins reached peak levels [25]. However, at 20-24 h of
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incubation in TBI medium, expression of Tril and Tri4 protein was low, and Tril-GFP or
Tri4-GFP was observed as faint reticulate GFP pattern of the ER and no toxisome structures
were observed [24]. Based on these observations, we hypothesized that remodeling of the ER
into DON toxisome structure correlates with the overexpression of Tril and Tri4 proteins. To
test this, Tri4-GFP and Tril-GFP constructs with a strong constitutive promoter (the gpda
promoter from Aspergillus nidulans) were generated and transformed into ATri4 and ATril
mutants, respectively. The corresponding GFP fusion constructs with the native promoter
(np) were used as controls. To visualize the ER structure, the ER marker RFP-HDEL expres-
sion vector was also constructed and transformed into the ATri4 and ATril strains. As shown
in Fig 1A and 1B (left panels), Tri4- and Tril-GFP driven by native promoters displayed no
fluorescence signals in the DON non-inducing medium YEPD (yeast extract peptone dex-
trose) after 48 hours of incubation, while the ER labeled by RFP-HDEL showed a thin reticular
structure. Whereas Tri4- and Tril-GFP were highly induced and localized at the thickened
spherical and crescent structures (toxisomes) in the TBI medium after incubation for 48
hours, and the toxisomes co-localized with the RFP-HDEL labelled ER (Fig 1A and 1B left pan-
els). When Tri4- and Tril-GFP were driven under the gpda promoter, the two proteins dis-
played toxisome localizations even in the YEPD medium after 48 h growth and localized to the
remodeled ER (Fig 1A and 1B right panel). In the TBI medium, Tri4- and Tril-GFP under the
gpda promoter were similarly localized to toxisomes (Fig 1A and 1B right panel). Western
blotting assay further showed that expression of the Tri4- or Tril-GFP proteins driven by the
native promoter strains in TBI medium was similar to those by the gpda promoter strains in

ri4::np-Tri4- i - ri4::gpda-Tri4- i -
A ATri4 Tri4-GFP::RFP-HDEL ATri4::gpda-Tri4-GFP::RFP-HDEL o
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Fig 1. Overproduction of Tri4 and Tril induced toxisome-shaped structure (TSS) formation under DON non-inducing conditions. (A-B)
Localization of Tri4-GFP (A) and Tril-GFP (B) under native promoter (left panels) and gpda promoter (right panels) in YEPD medium or TBI medium.
RFP-HDEL is used as the ER marker. Images of each strain were taken after incubation at 28°C for 48 h. DIC indicates differential interference contrast.
Bar = 10 um. (C-D) The protein abundance of Tri4-GFP (C) and Tril-GFP (D) isolated from the same set of samples used in A and B was determined by
western blot assay with the anti-GFP antibody. The protein abundance of H3 of each sample served as a loading control. The intensities of the western
blot bands were quantified using the Image ] software, and numbers below the bands represent relative intensity of GFP normalized to H3. Native and
gpda represent Tri proteins that are expressed under native and gpda promoters, respectively.

https://doi.org/10.1371/journal.ppat.1011913.g001
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YEPD medium (Fig 1C and 1D). Due to the ability of strains expressed under gpda promoter
to form toxisome structure in YEPD, we next examined the DON production of these strains
under DON non-inducing (YEPD) and inducing (TBI) conditions by LC-MS. Results showed
that although overexpression of Tri4- and Tril-GFP under gpda promoter induced the ER
remodeling into spherical and crescent structures in YEPD medium (Fig 1A and 1B), the two
strain ATri4::gpda-Tri4-GFP::RFP-HDEL and ATril::gpda-Tril-GFP::RFP-HDEL did not
produce any DON toxin in YEPD medium, while produced DON normally in TBI (S1 Fig).
Therefore, these Tri protein overexpression-induced spherical and crescent structures formed
in non-inducing medium were not a functional “toxisome” with the ability for DON produc-
tion, and thus were designated as “toxisome-shaped structure” (TSS). In addition, we also
assessed the formation of TSS in another two commonly used nutrient-rich liquid media for F.
graminearum growth, namely complete medium (CM) and potato dextrose broth (PDB). TSS
was also observed in the strain ATri4::gpda-Tri4-GFP and ATril::gpda-Tril-GFP (under gpda
promoter) after 48 h of incubation in CM and PDB media (S2 Fig), suggesting that formation
of TSS is not related to the medium, but resulted from overexpression of Tri proteins. These
results indicate that overproduction of Tri4 or Tril protein is sufficient for induction of ER
remodeling to form TSS under DON non-inducing conditions.

The transmembrane domain of Tri4 is essential for Tri4-marked TSS
formation

Tri4 and Tril are cytochrome P450 monooxygenases, each with a p450 catalytic domain at
their C-terminus (Fig 2A). As predicted by InterPro [27], both Tri4 and Tril contain a putative
short transmembrane domain (TMD) at their N-terminus (Fig 2A). To determine the role of
TMD and p450 catalytic domains in toxisome-shaped structure formation, two truncated Tri4
constructs: the Tri4*™P-GFP fusion construct (a truncated Tri4 lacking 13-35 aa fused with
GFP) and Tri4*P**°-GFP fusion construct (a truncated Tri4 lacking 47-520 aa fused with GFP)
under native promoter were generated and transformed into ATri4, respectively. The comple-
mented strain ATri4::Tri4-GFP with full-length Tri4 was used as positive control. After 48
hours of incubation in TBI medium, the full-length Tri4-GFP was localized to the toxisomes,
while the truncated Tri4*™"P-GFP protein was detected as diffuse fluorescent signals in the
cytoplasm without any toxisome localization (Fig 2B). Interestingly, in the dual-labelled strain
ATri4:Tri4*™P_GFP::Tril-RFP under native promoter, although the transmembrane-deleted
Trid4*"™P_GFP protein was still localized dispersedly in the cytoplasm outside of toxisome,
Tril-RFP was localized to the toxisome-shaped structures (TSS) after 48 h incubation in TBI
(S3 Fig), indicating that the transmembrane domain of Tri4 only affects the TSS labelled by
Tri4, but not other protein like Tril-induced TSS. The Tri4“?**°-GFP was partially localized to
TSS, with some GFP signals simultaneously observed in cytoplasm (Fig 2B). However, the
number of Tri4-marked TSS formed in the ATri4:Tri4“P**°-GFP strain decreased significantly
as compared with the ATri4::Tri4-GFP strain (Fig 2B and 2C). These results indicate that the
transmembrane domain of Tri4 is essential for Tri4-marked TSS formation while the p450 cat-
alytic domain is partially required for Tri4-marked TSS formation. Consistent with TSS forma-
tion labelled by Tri4, the ATri4::Tri4*™P-GFP strain was nearly unable to produce DON (Fig
2D), indicating that localization of Tri4 to the toxisome is critical for DON production.

Overexpression of ER-resident proteins FgHmr1 and FgCnx is able to
induce ER remodeling under toxin non-inducing conditions

It has been reported that a few dozen ER resident enzymes can induce ER hypertrophy and
reorganization when expressed at elevated levels [24]. Given that overexpression of ER-
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Fig 2. An essential role of the transmembrane domain of Tri4 in the formation of Tri4-marked TSS. (A) Domain architecture of Tri4 and Tril. The
number at the bottom indicates the deduced amino acid positions of corresponding domains. (B) The TSS formation patterns in truncated Tri4 proteins.
Each strain was grown in TBI medium for 48 h. Bar = 10 um. (C) The average number of toxisome-shaped structures in an examination field of

135 um x 135 um. (D) DON production of the truncated Tri4 complemented strains. After growth in TBI for 7 d, each strain was determined for DON
production. Data represent the mean = s.d. from three independent experiments. Different letters indicate a significant difference (P < 0.05) based on one-
way ANOVA followed by Tukey’s multiple comparison test.

https://doi.org/10.1371/journal.ppat.1011913.g002

localized oxygenases Tri4 and Tril induced ER remodeling (Fig 1), we speculated whether
overexpression of other ER-resident proteins would have similar effect. To test this, two ER-
resident proteins FgHmr1 and FgCnx were selected for further investigation. Hmrl
(HMG-CoA reductase, a key enzyme in the isoprenoid biosynthetic pathway) and Cnx (cal-
nexin, molecular chaperone of the ER) are two highly conserved integral membrane protein of
ER in eukaryotes [28,29], and have been frequently used as ER markers in fungi and animals
[30,31,32]. Different from Tri4 and Tril, which are expressed only under specific induction
conditions (such as TBI medium), Hmrl and Cnx are constitutive expressed ER proteins. To
determine effect of overproduction of these two proteins on ER remodeling, FgHmr1 and
FgCnx were tagged with GFP at their C-terminal in situ to generate the strains np-
FgHmr1-GFP and np-FgCnx-GFP driven by their native promoter (np), in which the np was
further replaced with gpda strong promoter, yielding the overexpression strains gpda-
FgHmr1-GFP and gpda-FgCnx-GFP. After incubation for 48 h in YEPD medium, fluorescent
signal of FgHmr1-GFP or FgCnx-GFP under np was faint and observed at thin spherical
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Fig 3. Overexpression of ER-resident proteins FgHmr1 and FgCnx triggers the ER remodeling into TSS. (A-B)
Localization of FgHmr1-GFP (A) and FgCnx-GFP (B) under native promoter (upper panels) and gpda promoter
(lower panels) in YEPD. Each strain was grown in YEPD medium at 28°C for 48 h. Bar = 10 um. (C-D) The protein
abundance of FgHmr1-GFP (C) and FgCnx-GFP (D) under native and gpda promoters was determined by western
blot assay using the anti-GFP antibody. The protein H3 was used as a reference. The intensities of the western blot
bands were quantified using the Image J software, and numbers below the bands represent relative intensity of GFP
normalized to H3.

https://doi.org/10.1371/journal.ppat.1011913.9003

(presumably perinuclear) and reticulate peripheral structures (Fig 3A and 3B, upper panel);
while GFP fluorescent signals in the gpda-FgHmr1-GFP and gpda-FgCnx-GFP strains were
significantly higher with thickened spherical and crescent structures (Fig 3A and 3B, lower
panel), indicating a dramatic remodeling in ER structure. Western blotting assay further con-
firmed that the amount of FgCnx-GFP protein increased about 7 folds under the strong gpda
promoter as compared to that under the np (Fig 3D). Consistently, the FgHmr1-GFP protein
also increased significantly under the gpda promoter (Fig 3C). Interestingly, overexpression of
another ER-localized membrane protein 14-o-demethylase FgCyp51A [33] in F. graminearum
by the gpda promoter failed to induce ER remodeling into TSS (S4 Fig). Together, these results
revealed that remodeling of ER into TSS can also be directly triggered by overproduction of
certain ER-resident proteins in F. graminearum.

ER remodeling in other fungi that do not produce DON

To further verify that formation of TSS in F. graminearum is triggered by overproduction of
the DON biosynthetic enzymes, we preformed heterologous expression of Tril and Tri4 pro-
teins in other filamentous fungi that do not produce DON. The Tri4-GFP or Tril-GFP fusion
construct under the strong gpda promoter identical to Fig 1 was transformed into Fusarium
oxysporum f. sp. lycopersici (Fol) (causal agents of wilt disease of tomato) and Fusarium fuji-
kuroi (Ff) (causal agents of bakanae of rice), respectively. It should be noted that these two
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Fol::gpda-Tri4-GFP Ff::gpda-Tri4-GFP Fol::gpda-Tri1-GFP Ff.:gpda-Tri1-GFP

np-FolHmr1-GFP

np-FfHmMr1-GFP

Fig 4. Remodeling of the ER in other fungi that do not produce DON. (A-B) Heterologous overexpression of Tri4-GFP (A) and
Tril-GFP (B) in F. oxysporum f. sp. lycopersici (Fol) (left panels) and F. fujikuroi (Ff) (right panels) induced the formation of TSS. Each
strain was incubated in YEPD at 28°C for 48 h. Bar = 10 um. (C) Localization of ER-resident protein Hmr1 under its native promoter in
Fol (upper panel) and Ff (lower panel). Each strain was incubated in YEPD medium at 28°C for 48 h. Bar = 10 pm. (D) Upon
overexpression of the endogenous Hmr1 in Fol (upper panel) and Ff (lower panel) by gpda promoter, the ER was reorganized into TSS.
Images of each strain were taken after incubation in YEPD medium at 28°C for 48 h. Bar = 10 um.

https://doi.org/10.1371/journal.ppat.1011913.9004

phytopathogenic fungi don’t contain the DON biosynthetic gene cluster in their genomes.
Results showed that both Tri4-GFP and Tril-GFP were observed to be localized on the TSS in
Fol and Ff (Fig 4A and 4B), indicating that high-level heterologous expression of the DON bio-
synthesis enzymes Tril or Tri4 in Fol and Ff is sufficient for induction of the ER remodeling to
form TSS.
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This observation also promoted us to ask whether homologous overproduction of ER-resi-
dent proteins in these two fungi would result in ER remodeling as well. To test this, endoge-
nous ER-localized proteins FolHmr] in Fol and FfHmr1 in Ff were fused with GFP at their C-
terminals in situ to generate the strains np-FolHmr1-GFP and np-FfHmr1-GFP under their
native promoters (np). Concurrently, the overexpression strains gpda-FolHmr1-GFP and
gpda-FfHmr1-GFP, in which FolHmr1 and FfHmr1 were driven by the gpda promoter were
also generated. When Hmr1-GFP was expressed under the np, both np-FolHmr1-GFP and
np-FfHmr1-GFP displayed faint signals and localized at a thin perinuclear and reticulate
peripheral ER (Fig 4C). Upon overexpression of Hmr1-GFP driven by the gpda promoter,
thicker spheres and crescent ER structures were observed in both gpda-FolHmr1-GFP and
gpda-FfHmr1-GFP strains (Fig 4D). These results demonstrated that homologous overproduc-
tion of the endogenous ER-resident protein Hmrl in Fol and Ff can induce ER remodeling to
form TSS.

Regulation of the Tri4-marked TSS formation by the positive regulators in
TRI cluster

Next, we attempted to explore the regulators for TSS formation. We first focused on the effect
of the TRI cluster on the formation of toxisome since many fungal secondary metabolite (SM)
biosynthesis gene clusters generally possess a self-regulation role. The TRI cluster contains 15
TRI genes, which are located at three different loci on different chromosomes in F. grami-
nearum. Among them, the TRI16 is only functional in F. sporotrichioides which produces T-2
toxin (a type of trichothecenes), while in F. graminearum the TRI16 homologue is nonfunc-
tional due to multiple insertions and deletions in its coding region [12]. Thus the remaining 13
TRI genes were knocked out individually in the np-Tri4-GFP/RFP-HDEL dual labeled strain
to determine the function of TRI cluster on toxisome-shaped structure formation. Since TRI
gene cluster hardly expressed under normal nutrient-rich medium, TSS formation in mycelia
of these TRI gene deletion mutants harboring the tagged Tri4-GFP/RFP-HDEL was examined
after incubation of each strain in TBI medium. All the TRI gene deletion mutants except for
TRI6 and TRI10 produced typical TSS, and the Tri4-GFP labeled TSS co-localized with
RFP-HDEL labeled ER (Fig 5A). In the ATri6 and ATril0 mutants, the Tri4-GFP fluorescent
signals decreased dramatically and no typical TSS were observed in the mycelia, while the
RFP-HDEL labeled ER was also faint (Fig 5A). Both TRI6 and TRI10 have been identified as
positive regulatory genes in the TRI cluster for regulating the expression of trichothecene bio-
synthetic enzyme-encoding genes [15]. Consistently, the amounts of Tri4-GFP protein in
ATri6 and Atril0 mutants were significantly reduced or undetectable as compared with that in
the wild-type strain after 48 h induction in TBI medium (Fig 5B). Whereas, except for TRI6
and TRI10, the protein levels of Tri4-GFP in the remaining TRI gene deletion mutants were
similar to or slightly higher than that in the wild-type strain (Fig 5B). These results indicate
that in the TRI cluster, TRI6 and TRI10 are essential for the Tri4-marked TSS formation,
which may result from the significantly decreased amount of Tri4 protein in these two gene
deletion mutants.

The UPR signaling pathway is not involved in TSS formation in F.
graminearum

During formation of toxisome in TBI medium, F. graminearum cells are subjected to many
stress conditions, such as nutrient deprivation, acidic pH, reactive oxygen species (ROS),
which are potential inducers provoking ER stress [34,35]. In addition, ER-localized Tri pro-
teins (Tri4 and Tril) were highly induced during DON induction [4,25], which might also
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Fig 5. Regulation of the Tri4-marked TSS formation by the TRI cluster. (A) The effect of gene deletion in the TRI cluster on the formation of TSS
under DON inducing conditions. The wild-type strain and TRI gene deletion mutants were grown in TBI medium at 28°C for 48 h. RFP-HDEL is used
as the ER marker. Bar = 10 um. (B) Accumulation of Tri4-GFP proteins in TRI gene deletion mutants was determined by western blot with the anti-GFP
antibody (left panel). The protein abundance of H3 in each sample served as a loading control. The relative intensity of Tri4-GFP in each strain was
shown in right panel, and was calculated by determining the intensity of Tri4-GFP band normalized to the intensity of H3 band. The relative intensity of
the wild-type strain PH-1 was normalized to 1. Data represent the mean =+ s.d. from three independent experiments.

https://doi.org/10.1371/journal.ppat.1011913.g005

result in ER stress. To mitigate ER stress, eukaryotic cells activate a signal transduction path-
way called the UPR, which maintains ER homeostasis by regulating the expression of numer-
ous genes encoding ER chaperones, folding enzymes and other proteins [34]. In
Saccharomyces cerevisiae, the UPR pathway is composed of the kinase Irel and the bZIP tran-
scription factor Hacl. Upon ER stress, Irel is activated and then removes the unconventional
intron of the HACI mRNA via its endoribonuclease domain in a spliceosome-independent
manner. Spliced HACI mRNA is subsequently translated to produce an active Hacl protein to
upregulate expression of UPR target genes [34]. To determine whether the UPR signaling
pathway contributes to F. graminearum toxisome formation, we first tried to knock out the
homologue of Irel (FGRAMPH1_01G18735) and Hacl (FGRAMPH1_01G11295) in F. grami-
nearum. However, this attempt failed after screening over 100 ectopic transformants from at
least three independent transformation experiments, indicating that these two genes are likely
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to be essential in F. graminearum due to high homologous recombination efficiency in this
fungus [36,37].

F. graminearum HACI was predicted to contain a 20-nt non-canonical intron spliced by
Irel [38], with a conserved Irel cleavage motif CNG’CNGN at the 5’ and 3’ boundary of the
intron (Fig 6A, upper panel). To further investigate whether the UPR pathway regulates toxi-
some formation, we checked the FgHACI mRNA splicing pattern under DON inducing (TBI
medium) and non-inducing (YEPD medium) conditions with RT-PCR. The YEPD medium
supplemented with dithiothreitol (DTT), an ER stress agent, was used as a positive control.
Under normal nutrient conditions (YEPD), two bands: one unspliced (FgHAC! Y) and the
other spliced (FgHAC! %), were detected (Fig 6A, lower panel), indicating that even without an
ER-stressing stimulus, the UPR pathway was partially activated. Upon ER stress (YEPD
+DTT), the splicing of FgHACI was triggered intensively, indicating a significant activation of
the UPR signaling pathway under DTT treatment (Fig 6A, lower panel). DNA sequencing of
the two bands confirmed that the 20-nt non-canonical intron (Fig 6A, upper panel) was
excised in the spliced band. Unexpectedly, the splicing band patterns of FgHACI in TBI condi-
tions during the time course of 0-60 hours were similar to that in YEPD medium (Fig 6A,
lower panel). Therefore, it is reasonable to speculate that the UPR signaling pathway is not fur-
ther activated under DON inducing condition as comparison to that under the DON non-
inducing condition.

Given that the ER stress inducer DTT is able to intensively activate the UPR pathway in F.
graminearum (Fig 6A), we wondered whether the ER would be reorganized with DTT treat-
ment, a condition inducing the UPR pathway. Using the ER marker GFP-HDEL, we found
that DTT treatment induced globular aggregation structures linked with the perinuclear- and
peripheral ER, which was more apparent with prolong treatment time (Fig 6B). However, this
ER remodeling mediated by DTT was clearly distinct from TSS, with strongly thickened spher-
ical and crescent structures around nuclear (Figs 1A, 1B, 3A and 3B). These results suggest
that the UPR signaling pathway is not required for the toxisome formation in F. graminearum.

The HOG signaling pathway is important for TSS formation

To further identify potential signal pathways that are involved in TSS formation, we focused
on the three major mitogen-activated protein kinase (MAPK) signal transduction pathways:
the cell wall integrity (CWI) signaling pathway, the high osmolarity glycerol (HOG) pathway,
and the penetration pathway, which have all been reported to regulate F. graminearum DON
production and expression of the TRI genes [4]. Three central components of these pathways:
FgGpmkl (MAPK of the penetration pathway), FgMgvl (MAPK of the CWI pathway), and
FgHogl (MAPK of the HOG pathway) were thus knocked out in the strain PH-1::gpda-
Tril-GFP. We used this strain due to that the expression of Tril-GFP protein was driven by
the gpda promoter, which could maintain at a relatively stable level to avoid the effect of dis-
ruption of these kinases on the expression of TRII1-GFP gene. Results showed that the
FgGpmklI and FgMgv1 deletion mutants produced normal TSS as the wild-type strain in
YEPD medium, whereas the FgHog1 deletion mutant failed to form the typical toxisome-
shaped structures (Fig 6C), suggesting that the HOG signaling pathway is required for the ER
remodeling into TSS.

To further verify that the HOG pathway is involved in TSS formation, we examined the
phosphorylation pattern of FgHog1 (a marker for the activation of the HOG pathway) under
DON inducing conditions. During the time course of DON induction in TBI medium, phos-
phorylation level of FgHog1 continuously increased between 12-48 hours, reached peak level
at 48 h, and then decreased at 60 h (Fig 6D). This trend of phosphorylation of FgHogl during
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Fig 6. The HOG, but not the UPR signaling pathway, is involved in TSS assembly in F. graminearum. (A) The FgHACI
mRNA splicing pattern in TBI and YEPD medium. DNA sequence alignment of the spliced and unspliced FgHACI (upper
panel). The 20 bp non-canonical intron is indicated with lowercase blue letters (upper panel). The FgHACI mRNA splicing
pattern was analyzed by RT-PCR using the total RNA of PH-1 after incubation for the indicated times in TBI and YEPD
medium (lower panel). PH-1 cultured in YEPD for 12 h and then treated with the ER stress agent DTT (10 mM) for 2 h was
used as the positive control. Unspliced and spliced FgHACI transcripts yielded 211 and 191-bp products, respectively. The
transcripts of FgACTIN gene (FGRAMPH1_01G24551) served as the loading control. (B) DTT induces an aggregation of ER
membrane. The strain PH-1::GFP-HDEL was used to visualize the ER and cultured in YEPD medium for 12 h followed by
treatment with DTT for the indicated times. Bar = 10 um. (C) The FgHogl deletion mutant failed to induce the TSS
formation under DON non-inducing conditions (YEPD medium). Images of each strain were taken after incubation in
YEPD at 28°C for 48 h. Bar = 10 um. (D) Time course analysis of the phosphorylation of FgHog1 in TBI. After growing in
TBI medium at 28°C for the indicated times, mycelia of PH-1 were harvested for protein extraction in western blot analysis.
FgHogl and phosphorylated FgHog1 were detected using anti-Hogl antibody and Anti-phospho-p38 antibody, respectively.

https://doi.org/10.1371/journal.ppat.1011913.9006

DON induction highly correlated with the formation of toxisome structure, which also
reached its peak at 48 h under DON inducing conditions [25]. These results indicate that the
HOG pathway is involved in regulating toxisome formation during DON induction in F.
graminearum.
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A novel chemical ZJU212 blocks toxisome formation and DON
biosynthesis

Given that toxisomes are critical for DON biosynthesis, we are interested in screening com-
pounds that could restrain toxisome formation, thereby inhibiting DON production. By using
the "toxisome formation inhibitor screening" assay (see Materials and Methods), active com-
pounds that effectively restrict toxisome formation were screened. Briefly, the reporter strain
ATril:np-Tril-GFP was cultured in 24-wells plates supplemented with TBI medium for 24 h.
Subsequently, individual tested compound was added to each well, incubated for another 24 h,
and then fluorescent signal was measured. A total of 70 derivatives of phenamacril, a commer-
cial fungicide which has been showed to target the myosin I of F. graminearum and subse-
quently inhibited toxisome formation [25], were designed and tested for their activity against
toxisome formation. After two rounds of screening, a novel phenamacril derivative ZJU212
(S5 Fig), with a chemical name of Ethyl (Z)-3-amino-2-cyano-3-(4-(1,2,2-trimethylhydrazinyl)
phenyl) acrylate was found to be very effective against mycelial growth and toxisome forma-
tion (Fig 7A and 7B). As shown in Fig 7B, under DON inducing conditions, no Tril-GFP fluo-
rescent signals and toxisomes were observed in the mycelia treated with 1.0 or 0.5 ug/ml
ZJU212 or phenamacril, while intense fluorescence signals and typical toxisomes were mea-
sured in non-treated and carbendazim-treated (another commercial fungicide) mycelia. When
0.25 pug/ml of phenamacril and ZJU212 was used, intense fluorescence signals and toxisome
structures like the non-treatment control were observed in phenamacril-treated mycelia, while
Tril-GFP signals decreased noticeably and only faint ER structures was observed in ZJU212-
treated mycelia (Fig 7B). Correspondingly, DON production of F. graminearum wild-type
strain treated with 1.0 pg/ml phenamacril and ZJU212 decreased dramatically, while treatment
with 1.0 ug/ml carbendazim even stimulated DON biosynthesis (Fig 7C). However, the inhibi-
tory activity of ZJU212 against DON synthesis is significantly higher than that of phenamacril
at a concentration of 0.5 or 0.25 pg/ml (Fig 7C). These results indicate that ZJU212 can inhibit
toxisome formation and DON biosynthesis more effectively than that of phenamacril.

Since treatment with Z]JU212 and phenamacril under DON inducing conditions resulted in
significantly reduced Tril-GFP protein (Fig 7B), we still could not deduce whether these two com-
pounds interfere with toxisome formation via the processes of ER remodeling or Tri gene tran-
scription. To address this, the ATril::gpda-Tril-GFP strain was selected for further investigation.
As shown in Fig 7D, no typical toxisome-shaped structures could be observed after treatment
with ZJU212 and phenamacril at the concentration of 1.0 ug/ml, and Tril-GFP signals were dif-
fused in the cytoplasm. In contrast, 1.0 ug/ml carbendazim treatment was unable to block TSS for-
mation (Fig 7D). However, when 0.5 ug/ml phenamacril and ZJU212 were used, typical TSS were
observed in the mycelia treated with phenamacril, whereas ZJU212 still completely inhibited TSS
formation (Fig 7D) although both phenamacril and ZJU212 at 0.25 pg/ml could not block the TSS
formation (Fig 7D). These results indicate that the novel compound ZJU212 is more effective in
blocking the remodeling of ER into TSS than that of phenamacril.

Discussion

Many fungal SM biosynthetic pathways are compartmentalized to organelles to promote the
efficiency of SM biosynthesis and serve as a self-protection system against self-toxicity of the
SMs [4,14]. In the mycotoxin-producing fungus F. graminearum, the DON biosynthetic
enzymes Tril and Tri4 are delivered to the specific cellular compartment named DON toxi-
some, which is a thickened spherical organelle derived from reorganized perinuclear and
peripheral ER during DON sythesis [24]. In this study, we further demonstrated that the
essence of toxisome-shaped structure (TSS) formation in F. graminearum is a response to the
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Fig 7. The novel compound ZJU212 effectively blocks the ER remodeling into TSS and subsequent DON biosynthesis. (A) Inhibition of each
compound at the indicated concentration against mycelial growth of F. graminearum on PDA. DMSO was used as a control. Photos were taken after 2
days of incubation at 25°C on PDA amended without or with relevant compounds. (B) Toxisome formation in the mycelia of ATril::np-Tril-GFP
(under native promoter) treated with each antifungal compound at indicated concentrations. After growth in TBI for 24 h, ATril::np-Tril-GFP was
treated with antifungal compounds at indicated concentrations for another 24 h before examination. Bar = 10 um. (C) DON production was assayed
for the wild-type PH-1 grown in TBI supplemented with each antifungal compound at indicated concentrations. DON was extracted from mycelia of
each strain cultured in TBI for 7 days and each compound was added after incubation of PH-1 in TBI medium for 24 h. Data represent the mean + s.d.
from three independent experiments. Statistical differences were analyzed by two-sided, unpaired Student’s #-test (ns: not significant, *P < 0.05,

**P < 0.01, ****P < 0.0001). (D) TSS formation in the mycelia of ATril::gpda-Tril-GFP (under gpda promoter) treated with each antifungal
compound at indicated concentrations. After growth in YEPD medium for 12 h, ATril::gpda-Tril-GFP was treated with antifungal compounds at
indicated concentrations for another 36 h before examination. Bar = 10 um.

https://doi.org/10.1371/journal.ppat.1011913.g007
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overproduction of ER-localized DON biosynthetic enzymes, including Tril and Tri4 as well as
other ER-localized proteins (such as FgHmr1 and FgCnx). Overexpression of these proteins
could lead ER to be reorganized into TSS even under DON non-inducing conditions (such as
YEPD, CM and PDB medium) (S2 Fig). In addition, heterologous overexpression of Tril- or
Tri4-GFP in non-DON-producing fungi F. oxysporum £. sp. lycopersici and F. fujikuroi also led
to TSS formation under DON non-inducing conditions (Fig 4A and 4B). Furthermore, homol-
ogous overproduction of the endogenous ER-resident protein Hmrl in these two fungi dra-
matically remodeled the ER morphology from thin reticular structure to TSS (Fig 4C and 4D).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011913  January 2, 2024 14/25


https://doi.org/10.1371/journal.ppat.1011913.g007
https://doi.org/10.1371/journal.ppat.1011913

PLOS PATHOGENS

Overexpression of Tri enzymes triggers DON toxisome-shaped structure formation

These results strongly suggest that overproduction of ER-localized proteins could trigger the
remodeling of ER into TSS in both DON producing and non-producing fungi.

It has been demonstrated that toxisome structure is an organized smooth ER (OSER) [24],
which is a drastic remodeling in ER morphology resulting from smooth ER proliferations [39].
Previous studies have reported various OSER structures in yeast [40-42], mammalian [39,43-
45], and plant cells [46,47], that can be induced by overexpression of some resident ER trans-
membrane proteins including HMG-CoA reductase (HMGR) [42,46,48], Sec61 [39], and cyto-
chromes P450 or b5 [39,41,49]. In Arabidopsis thaliana and Nicotiana benthamiana, the OSER
structure induced by HMGR-GFP overexpression appeared with hypertrophied aggregates
near the nucleus as observed by confocal microscopy [46], which is different from OSER struc-
tures induced by HMGR in yeast [42] and in Fusarium. The latter was shown to be as thick-
ened spherical, crescent and ovoid structures at perinuclear and peripheral positions (Figs 3A
and 4D). Moreover, animal cells [39,50] and plant cells [46] can additionally exhibit a structure
of OSER with cubic or hexagonal symmetry sinusoidal arrays, which have not been observed
in yeast and in F. graminearum [24]. Thus, although OSER formation is likely a conserved
response to elevated levels of specific ER-resident proteins among eukaryotes, the morphology
of the ER remodeling related to OSER varies dramatically among different types of cells. Inter-
estingly, it was previously noticed that not all ER-resident membrane proteins can induce
OSER structure formation, even when expressed at high levels. For example, overexpression of
the ER-localized stearoyl-CoA 9-desaturase Olel in yeast [42], the ER membrane protein
Climp63 in HEK293 cells [51], or ER-localized protein P450 1A1 in the human embryonic kid-
ney cell line 293 [49], could not cause ER remodeling into OSER structure. Similarly, in our
study, overexpression of the ER-localized membrane protein FgCyp51A in F. graminearum
failed to induce the OSER structure formation, although protein levels of FgCyp51A (indicated
by GFP fluorescence intensity) have increased greatly compared to those under native pro-
moter (54 Fig). Therefore, only certain particular ER resident proteins can induce OSER mor-
phogenesis, which is worth further investigation.

The expression level of the OSER-triggering proteins (e.g. some ER-localized proteins) is a
key factor to induce native ER reorganization into OSER, as low quantities of these proteins
failed to consistently produce OSER [52]. When cytochrome b5 in COS-7 cells was highly
expressed, it induced OSER structures, but at lower expression, the ER network was not dis-
turbed [39]. Consistently, in our study, we found that endogenous ER membrane proteins
FgHmrl- and FgCnx-GFP driven by their native promoters (np) were expressed with low pro-
tein levels and localized to thin reticulate ER, while overexpression of these proteins by gpda
promoter led ER to be remodeled into TSS (Fig 3). The amount of FgCnx-GFP protein
increased about 7 folds under the strong gpda promoter as compared to that under the np (Fig
3D), whereas the protein level of FgHmr1-GFP increased for more times since compared with
the gpda-FgHmr1-GFP, the np-FgHmr1-GFP band was almost undetectable (Fig 3C). Previ-
ous work showed that the protein level of Hmgr1 (ortholog of Fusarium FgHmrl) in A. thali-
ana elevated for 3 folds was sufficient for inducing OSER morphogenesis [46]. The
compactin-resistant Chinese hamster cell exhibited extensive OSER structure, and expression
of Hmgrl1 in this cell line has been increased by 500-fold relative to the normal level [53].
Snapp et al. found that the OSER-inducing ER protein Sec61y in COS-7 cells was accumulated
three to nine times higher protein levels relative to the cells that had no OSER structures [39].
However, to date, there is not a universal standard to determine that to what extent is the over-
expression level of a particular ER protein needed for inducing OSER structure formation.

To date, mechanisms of how cells regulate the biogenesis of OSER-related ER remodeling
are largely unknown. In this study, we investigated possible pathways that are involved in regu-
lation of TSS formation, and found that the UPR signaling pathway mediated by Irel-Hacl is
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not responsible for TSS formation in F. graminearum. In line with our results, the UPR path-
way in S. cerevisiae did not contribute to karmellae (an OSER structure) triggered by the over-
expression of ER-resident protein HMGR [54]. Moreover, the yeast Irel deletion mutant
could assemble normal karmellaes that were structurally identical to those of wild-type cells
[54]. Consistently, OSER structures induced by overproduction of another ER-resident protein
cytochrome P450 were similar in both the wild-type and IREI-deletion strains of yeast [55].
These results suggest that the Irel-Hacl-mediated UPR pathway may be not involved in OSER
biogenesis in yeast and F. graminearum, likely the same case in other fungal species.

It is worth mentioning that deletion of the central kinase FgHog1 of HOG pathway resulted
in defect of TSS formation in F. graminearum (Fig 6C). Previous studies have suggested that
OSER formation is accompanied by an increase of membrane lipid components [49,56-57],
and disruption of phospholipid biosynthesis gene affects the formation of HMGR-induced
OSER structures in S. cerevisiae [42]. Therefore, it is rational to speculate that there might be a
great demand for biosynthesis of membrane lipid components, such as phospholipids and
ergosterol during toxisome formation in F. graminearum. A recent study in our lab established
that the HOG pathway positively regulates the transcription of genes in ergosterol biosynthesis
pathway through phosphorylating (activating) a novel transcription factor FgSR, which
directly binds to the promoters of a set of ergosterol biosynthesis genes [58]. Therefore, ergos-
terol biosynthesis regulated by the FgHog1-FgSR cascade might provide an important lipid
stock for toxisome formation in F. graminearum. Consistent with this hypothesis, although
FgSR can be deleted in the wild-type strain, we failed to obtain a FgSR deletion mutant in the
Tril-overexpression strain PH-1::gpda-Tril-GFP in this study, implying the importance of
FgHogl-FgSR cascade in ER remodeling. Collectively, these results suggest that the HOG sig-
naling pathway is required for the Tril-overexpression regulated TSS formation likely owing
to its ability to regulate sterol synthesis in F. graminearum.

Due to lack of highly resistant wheat cultivars, application of fungicides is still an effective
strategy for management of FHB and DON contamination on wheat. However, several studies
have reported that some commercial fungicides at sub-lethal concentrations, such as epoxyco-
nazole, propiconazole, tebuconazole, and fluquinconazole, could stimulate DON biosynthesis,
although their applications were able to reduce disease significantly [59,60]. In current study,
we found that Tri4-marked toxisome structures were abolished by disrupting the transmem-
brane domain of Tri4 (Fig 2B), and the strain ATri4:Tri4*™P-GFP containing the catalytic
domain alone was almost unable to produce DON (Fig 2D), further supporting the critical role
of the toxisome for DON biosynthesis. Since mycotoxin DON is a key virulence factor for F.
graminearum infection on wheat tissue, toxisome would be a potential biomarker for screen-
ing antifungal compounds against FHB and DON biosynthesis. In a previous study, we found
that the myosin I of F. graminearum (FgMyol) plays critical roles in DON toxisome formation
and DON biosynthesis via interacting with Tril, and inhibition of myosin I by the small mole-
cule phenamacril led to marked reduction in DON biosynthesis [25]. Using toxisome labeled
with Tril-GFP as a biomarker, we discovered that the novel compound ZJU212 exhibited
much higher activity against toxisome formation and DON biosynthesis than that of phena-
macril (Fig 7B-7D). Similar to phenamacril, ZJU212 has a low or even no activity against
mycelial growth of other fungal species including Botrytis cinerea, Magnaporthe oryzae and S.
cerevisiae (S6 Fig). In addition, ZJU212 did not affect wheat seed germination and the growth
of wheat seedlings even at a high concentration (10 pg/mL) (S7 Fig), indicating this compound
is quite safe for many other eukaryotes. Furthermore, although the inhibitory activity of
ZJU212 against F. graminearum is similar to that of phenamacril, the inhibitory activity of
ZJU212 against other Fusarium genus fungi including F. oxysporum f. sp. lycopersici, F. verticil-
lioides, and F. fujikuroi is significantly better than that of phenamacril (S6 Fig). Thus, this
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novel compound ZJU212 may have a high potential to be developed as a fungicide for the
management of Fusarium disease and DON contamination.

In conclusion, the ER remodeling into toxisome structure plays an important role in F. gra-
minearum DON biosynthesis, and the essence of ER remodeling into toxisome upon DON
induction is a response to the overproduction of ER-localized DON biosynthetic enzymes.
Therefore, blocking the ER remodeling would provide a new avenue for fungicide develop-
ment for the management of FHB and DON contamination.

Materials and methods
Fungal strains and growth conditions

The F. graminearum wild-type strain PH-1 (NRRL 31084) was used as a parental strain for
transformation experiments. The wild-type strain of F. oxysporum £. sp. lycopersici (Fol) was
isolated from tomato plants affected by wilt disease in Hunan province, China, and F. fujikuroi
wild-type strain was isolated from a rice seedling suffering from rice bakanae disease in Jiangsu
province, China. The wild-type strains and resultant transgenic strains were cultrured on PDA
(200 g potato, 20 g glucose, 10 g agar and 1 L water) at 25°C for mycelial growth. The carboxy-
methyl cellulose (CMC) liquid medium (1 g NH,NO;, 1 g KH,POs3, 0.5 g MgSO,-7H,0, 1 g
yeast extract, 15 g CMC and 1 L water) was used for fungal conidiation. Fungal strains were
grown on YEPD liquid medium (10 g peptone, 3 g yeast extract, 20 g D-glucose and 1 L water,
pH 7.0) for harvesting vegetative hyphae. For trichothecene induction, each strain was grown
in liquid TBI medium (30g sucrose, 1g KH,PO,, 0.5g MgSO,. 7 H,0, 0.5g KCI, 0.01g FeSO,. 7
H,O0, 1.47g putrescine hydrochloride, trace elements and 1 L water, pH 4.5) [61].

Construction of gene deletion mutants

Targeted gene deletion was generated using the double-joint (D]) PCR method [62]. First, the
5’ and 3’ flanking regions of the target gene were amplified from genomic DNA of the wild
type using primers listed in S1 Table. The flanking fragments were then fused with the hygro-
mycin-resistance gene cassette (HPH) with overlapping PCR, and the resulting fusion frag-
ment was transformed into the parental strain to replace the open reading frame (ORF) of the
targeted gene by homologous recombination (S8 Fig showes an example of generating the
TRII deletion cassette). The transformation of F. graminearum strains was carried out via
polyethyleneglycol (PEG) mediated protoplast transformation method, as described previously
[63,64]. F. graminearum protoplasts were isolated by treating fresh mycelia with 30 mg drise-
lase (D9515, Sigma, St.Louis, MO), 200 mg lysozyme (RM1027, RYON, Shanghai, China), and
200 mg cellulose (RM1030, RYON, Shanghai, China) in 10 ml 0.7 M NaCl, and then incubated
at 30°C with agitation (85 rpm) for 4 h. Putative targeted gene deletion mutants were identified
by PCR (S8 Fig) with primer pairs listed in S1 Table. Hygromycin B was added to a final con-
centration of 100 pg ml™ for hygromycin resistant transformant selection.

Generation of fluorescence-labeled strains

To construct the Tri4-GFP fusion cassette under native promoter, the open reading frame
(ORF) of Tri4 (without the stop codon) together with its native promoter region was amplified
with primers listed in S1 Table. The resulting PCR products were co-transformed with Xhol-
digested pYF11 [65] into the yeast strain XK1-25. Subsequently, the Tri4-GFP fusion vector
was recovered from yeast transformants and then transferred into E. coli strain DH5o. for
amplification. The final Tri4-GFP fusion construct was verified by sequencing to obtain the
correctly conjugated expression vector. Tril-GFP, Tri4*"™P-GFP and Tri4*P**°-GFP fusion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011913  January 2, 2024 17/25


https://doi.org/10.1371/journal.ppat.1011913

PLOS PATHOGENS

Overexpression of Tri enzymes triggers DON toxisome-shaped structure formation

cassettes driven by their native promoters were constructed using the same strategy. To con-
struct the Tri4-GFP and Tril-GFP fusion cassettes under the strong constitutive gpda pro-
moter [66,67], the ORF of Tri4 or Tril (without the stop codon) was amplified and then fused
with the gpda promoter with overlapping PCR. The resulting gpda-Tri4 or gpda-Tril fusion
fragment was co-transformed with Xhol-digested pYF11 into the yeast strain XK1-25 to
obtain gpda-Tri4-GFP or gpda-Tril-GFP fusion vector and subsequently transferred into
DH5a for amplification. The primer pairs used for vector construction are listed in S1 Table.

To create the RFP-HDEL construct, the overlapping PCR-based method was adopted.
Briefly, the RP27 promoter in pYF11, ER targeting signal peptide sequence from F. grami-
nearum BiP protein (gene locus FGSG_09471, 1-33 aa in N-terminus), RFP sequence ending
with HDEL ER retention signal (CACGACGAGTTG), and nourseothricin-resistance gene
cassette (NAT1) were amplified and fused with overlapping PCR to generate the
RP27-BiP-RFP-HDEL-NAT]1 fusion fragment. The resulting fusion fragment was transformed
into the wild-type strain PH-1 for ectopic insertion into the genome. Nourseothricin resistant
transformants were isolated with PDA supplemented with 50 pg ml™" nourseothricin.

Since FgHmr1 (HMG-CoA reductase) is essential in F. graminearum, the FgHmr1-GFP
fusion cassette under the native promoter was constructed using a knock-in strategy as
described previously [26] to avoid transferring extra FgHmrl1 copy into the F. graminearum
strain. In brief, the upstream and downstream regions (up and down) flanking the FgHmr1
stop codon, the GFP sequence, and geneticin (G418) resistance cassette were amplified and
fused with overlapping PCR to generate the up-GFP-G418-down fragment. The resulting
fusion fragment was transformed into the wild-type strain PH-1 to replace the stop codon of
FgHmr1 by homologous recombination (S9A Fig). Geneticin resistant transformants were
selected with geneticin at a final concentration of 100 ug ml™". The resultant strain np-
FgHmr1-GFP was identified by PCR (S9B Fig). The np-FgCnx-GFP, np-FolHmr1-GFP and
np-FfHmr1-GFP strains driven by native promoters were constructed using the same strategy.
To construct the FgHmr1-GFP fusion cassette under the gpda promoter, the hygromycin-
resistance gene cassette (HPH) and the gpda promoter were amplified and fused with overlap-
ping PCR to generate the HPH-gpda fragment. The 5" and 3’ flanking regions (up and down)
of the native promoter of FgHmr1 were amplified and then fused to the HPH-gpda fragment
(S9C Fig). The resulting up-HPH-gpda-down fragment was transformed into the strain np-
FgHmr1-GFP to replace the native promoter of FgHmr1 and generate the gpda-FgHmr1-GFP
strain (S9C Fig). The gpda-FgCnx-GFP, gpda-FolHmr1-GFP and gpda-FfHmr1-GFP strains
driven by the gpda promoter were constructed using the same strategy. All strains were veri-
fied by PCR assay (S9D Fig) with relevant primers listed in S1 Table.

Microscopic observations for toxisome formation

To observe the toxisome formation pattern in various fluorescence-labeled strains in Figs 1-7,
250 pl of conidial suspension (10° conidia/ml) of each strain was inoculated into 25 ml TBI or
YEPD liquid medium and incubated at 28°C for 48 h in a shaker (150 rpm) in total darkness.
Fluorescent signals in the mycelia were observed under a Zeiss LSM880 confocal microscopy
(Gottingen, Niedersachsen, Germany). The laser excitation wavelength was set at 488 nm for
GFP (green fluorescence) and at 561 nm for RFP (red fluorescence). ZeissZEN 2012 software
was used for image generation and analysis.

Western blotting assay

To obtain fresh mycelia for protein extraction, 250 pl of conidial suspension (10° conidia ml™")
of each strain was inoculated into 25 ml TBI or YEPD liquid medium and incubated at 28°C
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with agitation (150 rpm) in the dark for 48 h. Mycelia from each strain were then harvested,
washed with deionized water and ground into fine powder in liquid nitrogen. Approximately
100 mg of fine ground mycelia were suspended with 1 ml protein lysis buffer (50 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1:100 v/v protease inhibitor
cocktail [Sangon Biotech, Shanghai, China]). After homogenization with a vortex shaker, the
lysate was centrifuged at 15000 x g for 20 min at 4°C. Then, 100 pl of supernatant was mixed
with 25 pl of 5 x loading buffer and boiled for 5 min. The resulting proteins were separated by
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to Immobilon-Ptransfer membrane (Millipore, Billerica, MA, USA). GFP-tagged proteins
were detected with monoclonal anti-GFP (ab32146, Abcam, Cambridge, UK, 1:10000 dilution)
antibody. Samples were also detected with monoclonal anti-histone H3 antibody (M1306-4,
HuaAn Biotechnology, Hangzhou, China, 1:10000 dilution) as a reference. Total protein of
FgHogl was detected with the anti-Hog1 antibody (sc-165,978, Santa Cruz, CA, USA; 1:2000
dilution), and the phosphorylated FgHogl was detected with the anti-phospho-p38 antibody
(#9211, Cell Signalling Technology, Boston, MA, USA; 1:2000 dilution) [58]. The experiments
were repeated three times.

DON production assay

To determine DON production of each strain in TBI medium in Figs 2 and 7, 100 pl of conid-
ial suspension (10° conidia ml™") of each strain was inoculated into 25 ml TBI medium and
incubated at 28°C for 7 days in a shaker (150 rpm) in the dark. DON production of each strain
in TBI medium was quantified by using a competitive ELISA based DON detection plate kit
Wis008 (Wise Science, Zhenjiang, China) according to the manufacturer’s instructions. The
experiment was repeated three times.

To quantify DON production of each strain in YEPD and TBI medium in S1 Fig, 100 pul of
conidial suspension (10° conidia ml™") of each strain was inoculated into 25 ml YEPD or TBI
medium and incubated at 28°C for 7 days in a shaker (150 rpm) in the dark. The cell-free
supernatant was filtered and passed through a SampliQ Amino (NH2) solid phase extraction
column (Agilent Technologies), and 4 ml of the purified extract were evaporated to dryness
under a nitrogen stream. The residue was dissolved in 1 ml methanol:water (40:60, v/v), fol-
lowed by centrifugation at 10,000 rpm and subsequently analyzed by LC-MS. The experiment
was conducted three times.

RNA extraction and RT-PCR

Total RNA was isolated from fresh mycelia of each fungal sample with the TRIzol reagent
(TaKaRa Biotechnology Co., Dalian, China) following the manufacturer’s instructions. For each
sample, 1 pg of total RNA was reverse transcribed into first-strand cDNA using a HiScript II Q
RT SuperMix kit (R223-01, Vazyme Biotech Co., Nanjing, China) according to the manufactur-
er’s instructions. To confirm the splicing pattern of FgHACI mRNA under the UPR and DON
inducing conditions, reverse transcription PCR (RT-PCR) reaction was performed using

2 x Taq Master Mix (P112-01, Vazyme Biotech Co., Nanjing, China), using primers specific
listed in S1 Table. The PCR reaction was set at 94°C for 5 min, followed by 32 cycles of 94°C for
30s,55°C for 30 s, and 72°C for 12 s. The gene FgACTIN (FGRAMPH1_01G24551) was used
as an internal control. The experiment was performed for three biological replications.

Toxisome formation inhibitor screening assay

The strain ATril:np-Tril-GFP, in which Tril-GFP was expressed under its native promoter
in the ATril background, was used as the fluorescent reporter strain for screening assay. The
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TBI medium supplemented with conidia of the reporter strain (10* conidia/ml at a final con-
centration) was added into the 24-well plate (2 ml/well). After static incubation at 28°C for 24
h, each compound to be tested (at 0.5 pg/ml) was added into a well and repeated for three
wells. The solvent DMSO with the same volume was used as the non-treatment control. After
incubation for another 24 h, the fluorescent intensity in each well was scanned with the Varios-
kan Flash Multimode Reader (Thermo Scientific, MA, USA) for the first round screening. The
wells with lower fluorescent signals compared with that of the control treatment were further
observed by a Zeiss LSM880 confocal microscopy (Gottingen, Niedersachsen, Germany) to
confirm the inhibitory activity against toxisome formation. A total of 70 antifungal com-
pounds were tested. The experiment was repeated three times.

Supporting information

S1 Fig. DON production of strains with native and gpda promoters in YEPD medium or
TBI medium. Strains ATri4::np-Tri4-GFP::RFP-HDEL, ATri4::gpda-Tri4-GFP::RFP-HDEL,
ATril:np-Tril-GFP:RFP-HDEL and ATril::gpda-Tril-GFP::RFP-HDEL in Fig 1 were incu-
bated in YEPD or TBI medium for 7 d and determined for DON production by LC-MS. Data
represent the mean + s.d. from three independent experiments.

(TIF)

S2 Fig. Formation of TSS in CM and PDB media. Toxisome-shaped structures were formed
in the mycelia of strains ATri4::gpda-Tri4-GFP (A) and ATril::gpda-Tril-GFP (B) after 48 h
incubation at 28°C in CM and PDB liquid media. Bar = 10 um.

(TIF)

$3 Fig. Localization of Tri4*™P-GFP and Tril-RFP in the dual-labelled strain ATri4::
Tri4*™P_GFP::Tril-RFP. The dual-labelled strain was grown in TBI medium at 28°C for 48
h before observation. Bar = 10 pm.

(TIF)

$4 Fig. Overexpression of the ER-resident protein FgCyp51A failed to trigger the ER
remodeling into toxisome-shaped structure. Localization of FgCyp51A-GFP under native
promoter (upper panels) and gpda promoter (lower panels) in the non-inducing YEPD
medium. Each strain was grown in YEPD medium at 28°C for 48 h. Bar = 10 pm.

(TIF)

S5 Fig. Chemical structure of the novel antifungl compound ZJU212. Chemical structures
of the fungicide phenamacril (A) and its derivative Z]JU212 (B).
(TIF)

S6 Fig. Antifungal activity of ZJU212 and phenamacril against different fungi. Fusarium
graminearum, Fusarium oxysporum {. sp. lycopersici, Fusarium verticillioides, Fusarium fuji-
kuroi, Botrytis cinerea, Magnaporthe oryzae, and Saccharomyces cerevisiae were inoculated on
PDA plates supplemented with various concentrations of ZJU212 and phenamacril as indi-
cated. The inoculated plates were incubated at 25°C and imaged when mycelia on the control
plate extended to the edge of plates. S. cerevisiae was grown on the YPDA plate amended with
different concentrations of ZJU212 and phenamacril, and incubated at 30°C for 3 days before
imaging. DMSO was used as a negative control.

(TIF)

S7 Fig. Toxicity of ZJU212 to wheat seedlings and seed germination. (A) The effects of
ZJU212 on wheat seedings. Wheat seeds were soaked in H,O supplemented with ZJU212 at a
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final concentration of 1, 5, and 10 pg/mL at 25°C for 24 h, then incubated for 7 days and pho-
tographed. The solvent DMSO was used as a non-treatment control. (B) The effects of ZJU212
on wheat seed germination. Wheat seeds were soaked in H,O supplemented with Z]JU212 at
the indicated concentration at 25°C for 24 h, and after another 3 days incubation, the seed ger-
mination percentage of each treatment was measured.

(TIF)

S8 Fig. Schematic representation of gene disruption and validation of the transformants.
(A) Schematic representation of the TRII disruption strategy (left panel) and PCR assays for
identification of TRII gene deletion mutant (right panel). Binding positions of PCR primers
(arrows indicated) used for the construction of TRII deletion mutant are illustrated (left
panel). Correct deletion was confirmed in two independent ATril transformants (#1-2) by
PCR assay (right panel) using the primer pairs Tril-id-F/Tril-id-R indicated in left panel.
Strain #2 was used for further studies. (B) Validation of TRI cluster gene deletion mutants in
the parental strain PH-1:np-Tri4-GFP::RFP-HDEL by PCR assays. Correct deletion was con-
firmed in two or three independent deletion transformants by PCR assay using the primer
pairs listed in S1 Table.

(TIF)

S9 Fig. Scheme of constructs to generate Hmr1-GFP or Cnx-GFP fluorescence strains
driven by native or gpda promoters. (A) Schematic representation of the knock-in strategy to
generate the strain np-FgHmr1-GFP (expressing FgHmr1-GFP under the native promoter).
By homologous recombination between flanking regions upstream (UP) and downstream
(DOWN) of the stop codon of FgHMR1 and homologous flanks of the UP-GFP-G418-DOWN
construct, the stop codon is replaced by the GFP-G418 fusion fragment of the construct. The
strains np-FgCnx-GFP, np-FolHmr1-GFP and np-FfHmr1-GFP driven by native promoters
were constructed using the same strategy. (B) Identification of the correct transformants that
expess FgHmr1-GFP under native promoter by using PCR primers as indicated in (A)
(arrows). The strains np-FgCnx-GFP, np-FolHmr1-GFP and np-FfHmr1-GFP were also iden-
tified with primers listed in S1 Table. (C) Schematic representation of the strategy to generate
the strain gpda-FgHmr1-GFP (expressing FgHmr1-GFP under the gpda promoter). By homol-
ogous recombination between the 5" and 3’ flanking regions (UP and DOWN) of the native
promoter of FgHmr1 in the strain np-FgHmr1-GFP and homologous flanks of the UP-HPH-
gpda-DOWN construct, the native promoter is replaced by the HPH-gpda fusion fragment.
The strains gpda-FgCnx-GFP, gpda-FolHmr1-GFP and gpda-FfHmr1-GFP driven by gpda
promoters were constructed using the same strategy. (D) Identification of the correct transfor-
mants that expessing FgHmr1-GFP under gpda promoter by using PCR primers as indicated
in (C) (arrows). The strains gpda-FgCnx-GFP, gpda-FolHmr1-GFP and gpda-FfHmr1-GFP
were also identified with primers listed in S1 Table.

(TIF)

S1 Table. A list of primers used in this study.
(DOC)

S1 Data. All numerical values used to generate graphs and histograms. Excel spreadsheet
containing the underlying numerical data for Figs panels 2C, 2D, 5B, 7C, S1A, S1B and S7B.
(XLS)
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