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« Isolating and sequencing the genome
of F. oxysporum from potato tubers
with dry rot symptoms.

« SA efficiently arrests hyphal growth,
sporular production and
pathogenicity of F. oxysporum.

« SA inhibits the activity of FOTORC1
via activating FoSNF1 in F. oxysporum.

« Transgenic potato plants with
interference of FOTOR1 and FoSAH1
genes prevent the occurrence of
Fusarium wilt.

« Providing insights SA into controlling
various fungal diseases by targeting
the SNF1-TORC1 pathway of
pathogens.
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ABSTRACT

Introduction: Biofungicides with low toxicity and high efficiency are a global priority for sustainable agri-
cultural development. Phytohormone salicylic acid (SA) is an ancient medicine against various diseases in
humans and activates the immune system in plants, but little is known of its function as a biofungicide.
Objectives: Here, Fusarium oxysporum, the causal agent of devastating Fusarium wilt and immunode-
pressed patients, was used as a model system to explore whether SA can enter the pathogen cells and
suppress key targets of the pathogen.

Methods: Oxford Nanopore MinIlON sequencing and high-throughput chromosome conformation capture
(Hi-C) sequencing were used to analyzed the genome of F. oxysporum. In addition, RNA-seq, qRT-PCR, and
western blotting were conducted to detect gene and protein expression levels.
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Results: We isolated and sequenced the genome of F. oxysporum from potato dry rot, and the F. oxysporum
included 12 chromosomes and 52.3 Mb genomic length. Pharmacological assays showed that exogenous

application of SA can efficiently arrest hyphal growth, spore production, and pathogenicity of F. oxyspo-
rum, whereas endogenous salicylate hydroxylases significantly detoxify SA. The synergistic growth inhi-
bition of F. oxysporum was observed when SA was combined with rapamycin. Kinase assays showed that
SA inhibits FOTOR complex 1 (FOTORC1) by activating FoSNF1 in vivo. Transgenic potato plants with the
interference of FOTOR1 and FoSAH1 genes inhibited the invasive growth of hyphae and significantly pre-
vented the occurrence of Fusarium wilt.

Conclusion: This study revealed the underlying mechanisms of SA against F. oxysporum and provided
insights into SA in controlling various fungal diseases by targeting the SNF1-TORC1 pathway of

pathogens.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The use of chemical fungicides has substantially increased in
the past few decades. Chemical fungicides are necessary to control
fungal diseases in agricultural crops. However, health risks, food
safety hazards, and water and soil pollution resulting from chem-
ical fungicide residues are a global challenge [1,2]. Infants and chil-
dren are particularly vulnerable to chemical fungicide residues.
The bioaccumulation of chemical residues can be magnified
through the food chain and quickly reaches a harmful level in
the human body. Biofungicides with low toxicity and high effi-
ciency are required for food safety, human health and sustainable
development.

Phytohormone salicylic acid (SA) is an ancient medicine made
from willow bark. It has been used against fever, pain, and inflam-
mation since ancient Egypt [3]. SA can activate adenosine
monophosphate-activated protein kinase (AMPK), an important
regulator of cell growth and metabolism [4,5]. Activated AMPK
directly phosphorylates RAPTOR at the conserved serine residue
(Ser792) and inhibits TORC1 activity in animals and humans [6].
In plants, SA plays a vital role in activating plant disease resistance
systems, including pattern-triggered immunity, effector-triggered
immunity, and systemic acquired resistance [7,8]. In addition, pre-
vious studies have shown that SA enhances antifungal activity by
inhibiting hyphal growth and spore germination in Fusarium oxys-
porum, Magnaporthe grisea, and Penicillium expansum [9-12]. How-
ever, molecular mechanism of SA function as a biofungicide
targeting plant pathogens is unclear.

Fusarium wilt, caused by Fusarium oxysporum, is one of the most
devastating plant diseases worldwide [13,14]. Due to the soil-
borne and vascular plant colonization feature of F. oxysporum, a
high dosage of chemical fungicides with high toxicity is required
to control Fusarium wilt. More than 100 plants, for example,
banana, potato, cotton, and tomato, are severely affected by this
pathogen [15-17], globally resulting in tremendous economic
losses. However, limited progress has been made in finding effec-
tive biofungicides for controlling Fusarium wilt disease.

Target of rapamycin (TOR) is an evolutionarily conserved
Ser/Thr protein kinase in eukaryotes. The TOR signaling pathway
regulates cell growth, metabolism, and proliferation in response
to nutrients, energy, and stresses [18-20]. Rapamycin (RAP) is a
macrolide immunosuppressant produced by Streptomyces hygro-
scopicus. It can mimic nutrient limitations to arrest cell growth
and proliferation. RAP specifically interacts with FKBP12 to prevent
TOR from associating with its scaffold protein RAPTOR (regulatory
associate protein of TOR) [21,22], which hinders TOR protein activ-
ity and results in irreversibly arresting the G1 phase of the cell
cycle [23].

Potato is a primary staple food worldwide, but potato Fusarium
wilt and dry rot diseases caused by F. oxysporum are global

challenges for potato production. In this study, the potato |/
F. oxysporum system was employed as a model system to reveal
new functions of SA against vascular fungal diseases. We isolated
and identified the pathogenic fungus F. oxysporum from potato
tubers with dry rot symptoms, and further inoculation assays
showed that the pathogen could infect a wider range of crops.
Genome sequencing and chromosome assembly showed that the
F. oxysporum contained 12 chromosomes and 52.3 Mb genomic
length. We found that the phytohormone SA inhibited FOTORC1
signaling by activating FoOSNF1 (FOAMPKa) and then phosphorylat-
ing FORAPTOR, resulting in arrested mycelial growth, spore pro-
duction, and virulence of F. oxysporum. However, endogenous
salicylate hydroxylase (FOSAH1) significantly attenuated the toxic-
ity of exogenous SA. Additionally, the synergistic growth inhibition
of F. oxysporum was generated when SA was combined with RAP.
Transgenic plants with FOTOR1 and FoSAH1 RNA interference sig-
nificantly prevented the occurrence of Fusarium wilt. Our results
demonstrated that SA could function as a novel biofungicide to
control fungal diseases such as Fusarium wilt by targeting the
FoSNF1-FoTORC1 signaling pathway.

Material and methods
Fungal strains and culture conditions

The wild-type (WT) strain (Fo-4) was isolated from Chongging
local potato with dry rot symptoms. Fusarium oxysporum f. sp.
lycopersici (Fol) strain comes from BeNa Culture Collection (BNCC,
Beijing, China; BNCC114534) in this study. The Fo-4 strain, deletion
mutant strains, and complementary strains were routinely cul-
tured on potato dextrose agar (PDA) at 27 °C. To extract genomic
DNA and RNA of F. oxysporum, hyphae were incubated in potato
dextrose broth (PDB) for four days at 27 °C with shaking (Incubator
shaker, MQT-60R, China) at 160 rpm.

Genome sequencing and assembly

DNA of Fo-4 strain was isolated by CTAB method. Libraries were
built using the Ligation Sequencing Kit 1D (SQK-LSK108) from
Oxford Nanopore. MinION sequencing was performed following
the manufacturer’s standard protocol and sequenced to achieve
approximately 170X sequencing coverage. wtdbg2 software was
used to assemble the reads after error correction [24]. The genomic
assembly completeness of polished contigs was evaluated by
BUSCO v2.0 [25].

Hi-C sequencing

According to the Hi-C procedure, nuclear DNA from the myce-
lium of Fo-4 was cross-linked and then cut with a restriction
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enzyme. Illumina sequencing (150 bp paired-end) was performed
on a HiSeq with ~100X coverage. After reads filtering, we
obtained 12.57 million wvalid interaction pairs for the
chromosome-level assembly of Fo-4. The contigs within the
assemblies were separately broken into fragments with a length
of 50 Kb and were then clustered by LACHESIS software [26].
Thirty-three contigs with total lengths of 51.7 Mb were anchored
and oriented to 12 chromosome-level groups. The mitochondrial
DNA was assembled from Illumina sequencing reads using GRAbB
software [27].

Construction of vectors for gene deletion and complementation

The primers used to amplify the flanking sequences or CDS of
each gene were listed in Table S9. Constructs for gene deletion
and complementation of Fo-4 were carried out as described
previously [28]. Transgenic F. oxysporum was produced by
Agrobacterium-mediated genetic transformation. The
Agrobacterium tumefaciens strain AGL-1 containing deletion or
complementation vectors was grown at 28 °C in LB liquid medium
until the ODggg reached 0.8. The culture was diluted to ODggg = 0.25
in the induction medium contains 200 pM acetosyringone and
cultured for 6 h at 28 °C, 180 rpm on a shaker (Incubator shaker,
MQT-60R, China). Mixing with an equal volume of the conidial sus-
pension of F. oxysporum (107 conidia mL™"). Then, 300 pL of the
mixture was placed onto nitrocellulose filters (pore size,
0.45 pm; diameter, 80 mm) on co-cultivation medium for 48 h.
The filters subsequently were transferred to selective medium con-
taining antibiotic and cefotaxime. After seven days, selected trans-
formants were transferred to fresh PDA medium with antibiotic.

Yeast two-hybrid assay

To construct plasmids for yeast two-hybrid analyses, the coding
sequences of genes were amplified from the cDNA of Fo-4. The genes
were inserted into pGBKT7 and pGADT7 vectors (Clontech, CA, USA).
The pairs of yeast two-hybrid plasmids were co-transformed into
Saccharomyces cerevisiae strain Y2HGold following the PEG/LiAc
transformation protocol (Clontech, Cat. No. 630489). Transformants
were grown at 28 °C for five days on a synthetic medium lacking Leu
and Trp, and then colonies were transferred to synthetic medium
lacking His, Leu, Ade and Trp supplemented with 40 pg/mL X-a-
Gal and 200 ng/mL Aureobasidin A.

Western blotting analysis

For western blotting of Fo-4, hyphae were treated with different
concentrations of SA and total protein extracts were prepared with
RIPA lysis buffer. Primary antibodies were used: rabbit anti-
phospho-AMPKa T172 (#2535; Cell signaling technology), mouse
anti-AMPKa  (MCA2672GA; BIO-RAD), rabbit anti-phospho-
RAPTOR S792 (#2083; Cell signaling technology), rabbit
anti-RAPTOR (#2280; Cell signaling technology), rabbit anti-
phospho-S6 ribosomal protein S235/236 (#2211; Cell signaling
technology), rabbit anti-RPS6 (ab40820; Abcam), and mouse anti-
yeast B-actin (AT0014; CMCTAG). The integrated optical density val-
ues of the indicated bands were quantified using the software
Image-Pro Plus.

Expression profiling sequencing and analysis

Hyphae of Fo-4 were grown for four days in PDB medium at
27 °C with shaking at 160 rpm, and then treated with 5 mM SA
and DMSO (as a control) for 12 h, respectively. Total RNA of Fo-4
mycelium was isolated using the RNAprep Pure Fungi Kit (TIAN-
GEN, Beijing, China). For each treatment, three independent biolog-
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ical replicates were performed. An Illumina Hiseq 2000 platform
was used to sequence the cDNA library. The clean reads were
mapped to the reference F. oxysporum genome by using TopHat2
software. Cuffdiff was used to identify differentially expressed
genes (DEGs). Gene ontology (GO) enrichment (corrected P
value < 0.05) of the differentially expressed genes was performed
by using GOseq software. The enrichment of DEGs in Kyoto Ency-
clopedia of Genes and Genomes pathways (corrected P value < 0.05)
was obtained by KOBAS software [29].

Quantitative real-time PCR

Total RNA of Fo-4 mycelium was isolated using the RNAprep
Pure Fungi Kit (TIANGEN, Beijing, China). cDNA was synthesized
from total RNA using the TransScript® Reverse Transcriptase
(TransGen, Beijing, China). Relative transcript levels were tested
by the CFX96 real-time PCR system (BIO-RAD, USA). Relative tran-
script level of target gene was calculated by 224, Real-time pri-
mers were presented in Table S9. The F. oxysporum translation
elongation factor 1 alpha (FoEF1a) and Actin1 (FOACT1) genes were
used as internal control. The data represents the mean + SD of
three independent experiments.

Combination index (Cl) value measurement

Combination index (CI) values were used to quantitatively mea-
sure the interaction between SA and RAP. The degree of reagent
interaction is based on synergism (CI < 1), additive effect (CI = 1),
or antagonism (CI greater than 1) [30]. Hyphae of Fo-4 were incu-
bated on PDA medium including different concentrations of SA,
RAP, and combinations of SA and RAP for six days at 27 °C. Colony
diameter was measured to calculate growth inhibition. Experi-
ments were repeated three times. Affected fraction (Fa) repre-
sented the percentage of colony diameter affected by drug and
was calculated by (1-T/C) x 100%. C: colony diameter of control,
T: colony diameter of drug-treatment.

Pathogen inoculation assay

Pathogen inoculation was performed by point-inoculated on the
surface of potato leaves and tubers with conidia of Fo-4 (107 coni-
dia mL™!) as described previously [31]. Inoculated leaves and
tubers were cultured on moist filter paper at 27 °C in a long day-
light condition for four days. At least ten leaves and tubers of each
line were treated every time. The experiment was repeated three
times.

Statistical analyses

Two-tailed Student’s t-tests and two-way ANOVA were per-
formed using the IBM SPSS statistics software to investigate the
statistical differences between control and other samples. Different
letters represented significant differences between treatments
(Tukey, p < 0.05) in the two-way ANOVA. Significant differences
between control and other samples were indicated by one
(*P < 0.05) or two (**P < 0.01) asterisks in the two-tailed Student’s
t-tests.

Data availability

The RNA-seq and genome data have been deposited in the NCBI
Sequence Read Archive under accession numbers PRJNA730676
and PRJNA730382, respectively. The ITS sequences of Fo-2 and
Fo-4 have been deposited in the NCBI GenBank accession numbers
MZ208819 and MZ223468, respectively. Other relevant data are
available in supplemental materials.
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Results
Genome sequencing and assembly of F. oxysporum

Fusarium oxysporum, one of the most destructive fungal patho-
gens resulting in Fusarium wilt and dry rot in potato, was used as a
model system to test whether SA can directly inhibit its growth.
Two F. oxysporum (Fo) strains were isolated and identified from
potato tubers with dry rot symptoms (Fig. S1a). Severe potato
Fusarium dry rot infections were observed in Fo-2 and Fo-4 strains
when inoculated on potato tubers, indicating that Fo-2 and Fo-4
strains are the causal agents of potato Fusarium dry rot (Fig. S1b).
The DNA sequencing results of internal transcribed spacer (ITS)
showed that Fo-2 and Fo-4 strains belong to the F. oxysporum, close
to Fusarium oxysporum f. sp. tuberosi and Fusarium oxysporum f. sp.
lycopersici (Fol) forma specialis (Fig. S1c). Because Fo-2 and Fo-4
strains showed highly consistent growth patterns and genetic fea-
tures, the Fo-4 strain was selected for subsequent research. To test
whether F. oxysporum can infect other crops, Fo-4 and Fol strains
were point-inoculated onto the surface of several economically
crops. Interestingly, Fo-4 rather than Fol was observed to infect
many economically crops ranging from citrus, Chinese yam,
tomato, grape, banana, pachyrhizus to cucumber (Fig. S2), indicat-
ing that Fo-4 does not show forma specialis as the most of patholog-
ical F. oxysporum species [16].

To advance the understanding of Fo-4 and other F. oxysporum
species, we sequenced the whole genome of Fo-4 using the Nano-
pore sequencing platform. A total of ~8.9 Gb clean reads were
obtained with a sequencing depth of 170x, and the total genome
length was assembled to 52.3 Mb (Table S1). The genome encodes
17,406 genes, and the GC content of the genome is 47.28%. In con-
trast with the high content of repetitive sequences in the Fol (4287)
genome, approximately 6.37% of the entire Fo-4 genome was iden-
tified as repeat sequences, including many retro-elements, short
and long interspersed nuclear elements, and DNA transposons.

Chromosome level ordering of the scaffolds was achieved by
high-throughput chromosome conformation capture (Hi-C). A Hi-
C heatmap indicated that the assembled genome of Fo-4 had 12
chromosomes and a mitochondrial chromosome, and 51.7 Mb
genomic sequences were mapped to these chromosomes
(Fig. S3). Eleven conserved chromosomes were identified through
synteny analysis of orthologous genes between Fo-4 and Fol
(4287). However, chromosome 11 and contig00016 did not show
clear synteny with the Fol (4287) chromosomes (Fig. 1). Further-
more, chromosome 11 and contigD0016 contain many repetitive
sequences, suggesting that chromosome 11 and contig00016 have
greater variability in the Fo-4 strain.

Exogenous SA significantly inhibits the mycelial growth and
pathogenicity of F. oxysporum

To examine the effects of SA on the growth of F. oxysporum, Fo-4
was treated with different concentrations of SA. Hymexazol fungi-
cide, widely used for Fusarium wilt control, was used as a positive
control. The growth inhibition of F. oxysporum positively correlated
with SA dose, and the ICsq (half-maximal inhibitory concentration)
value of SA was 5 mM (Fig. 2a and c). The hyphal growth of F. oxys-
porum was completely inhibited when the concentration of SA
reached 10 mM, which was similar to hymexazol fungicide at
5 uL mL~! (Fig. 2a). To examine whether the defective phenotype
of hyphal growth can be restored by removing SA and hymexazol
from the PDA medium, the SA- and hymexazol-treated F. oxyspo-
rum hyphae were transferred to PDA medium plates and grown
for four days (Fig. S4). The results showed that 15 mM SA- and
10 uL mL~! hymexazol-treated F. oxysporum hyphae could not be
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rescued on the drug free PDA medium, indicating that SA can func-
tion as a biofungicide to cause cell death in F. oxysporum. Next, the
ability of SA to damage the ultrastructure of F. oxysporum was
investigated. The scanning electron microscope (SEM) results
showed distorted and swollen hyphae and shorter hyphal septa
of F. oxysporum caused by SA treatment (Fig. 2b). This result sug-
gested that SA induced hyphal cell death in F. oxysporum, causing
the deficient growth phenotypes. Notably, the spore production
of F. oxysporum was also significantly decreased in a SA dose-
dependent manner (Fig. 2d). These observations demonstrated that
SA could mimic chemical fungicides to cause cell death of F.
oxysporum.

To test the pathogenicity of F. oxysporum treated with SA in
potato, spores were mixed with different concentrations of SA
and then point-inoculated on the surface of potato leaves and
tubers. As expected, SA inhibited Fusarium wilt lesions caused by
F. oxysporum in a dose-dependent manner, reducing the fungal bio-
mass, shrinking the necrosis symptoms, and slowing down yellow-
ness and wilting (Fig. 2e-g). These results indicated that SA
inhibited the hyphal growth and pathogenicity of F. oxysporum.

SA affects various biological processes in F. oxysporum

To further elucidate the function of SA on vegetative growth and
cell metabolism of F. oxysporum, RNA-seq was performed in F. oxys-
porum with DMSO and SA treatment (Fig. 3a). A total of 5762 dif-
ferentially expressed genes (DEGs) were found between DMSO
control and SA treatment, of which 2801 DEGs were downregu-
lated and 2961 DEGs were upregulated (Fig. 3b and c). Gene ontol-
ogy (GO) enrichment analysis was performed to identify the
biological functions of the DEGs found between SA and DMSO. A
total of 368 upregulated GO terms and 285 downregulated GO
terms were enriched in the RNA-seq data (Table S2). Among these
GO terms, peptide metabolic process, cellular amide metabolic
process, and peptide biosynthetic process were the most signifi-
cant enrichment (Fig. 3d). Pathway enrichment analysis showed
that SA affects multiple metabolic pathways, including carbon
metabolism, ribosome, and biosynthesis of secondary metabolites
(Fig. 3e). The most significant enrichment pathway was the biosyn-
thesis of secondary metabolites. There were 230 DEGs in the
biosynthesis of secondary metabolites, most of which were signif-
icantly upregulated (Table S3). Furthermore, these DEGs mainly
regulated the biosynthesis of type II polyketide backbone and
products, polyketides and nonribosomal peptides, and
nonribosomal peptide structures in the biosynthesis of secondary
metabolites (Fig. S5).

Next, we analyzed the effect of SA on the pathogenicity-related
genes of F. oxysporum. Through analysis of gene expression profile
data, we found 24 DEGs associated with mitogen-activated protein
kinase (MAPK) signaling pathway, including 19 downregulated
genes and 5 upregulated genes (Fig. S6 and Table S4). Previous
studies showed that MAPK signaling pathway had important func-
tions in hyphal infection, appressorium formation, cell wall integ-
rity, stress response, and virulence of phytopathogenic fungi [32].
The MAPKs Fmk1 and Hog1 have been shown to control invasive
growth and pathogenicity in F. oxysporum [33,34]. Transcriptome
data showed that the transcription levels of Fmk1 (FOXG_08140)
and Hogl (FOXG_06318) were downregulated 0.57- and 0.48-fold
in SA-treated hyphae, respectively (Table S4). In addition, cell wall
degrading enzymes (CWDEs) produced by phytopathogenic fungi
were proved to be virulence factors involved in fungal infection
processes [35,36]. CWDEs, including cellulases, xylanases and
pectinases, were changed under SA treatment in the RNA-seq data
(Table S5). Notably, most of the differentially expressed CWDE
genes were significantly downregulated. The transcriptome results
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Fig. 1. Comparison of chromosomes between the Fo-4 genome assembly and Fol (4287). a The Fo-4 genome assembly, b Gene density, ¢ Repeat sequence density, and d
Candidate effector genes. Calculated in 50 kb windows. e Indicates nucmer alignments with the Fol (4287) reference genome. Eleven conserved chromosomes were identified
through synteny between Fo-4 and Fol (4287), whereas chromosome 11 and contig00016 show reduced synteny.

supported our previous observations in which SA inhibited the
hyphal growth and pathogenicity of F. oxysporum.

FoSAH1 significantly attenuates the SA sensitivity of F. oxysporum

SA is catalyzed by salicylate hydroxylase to generate biologi-
cally inactive catechol, resulting in a deficiency in SA accumulation
and thus enabling the evasion of host plant defenses in phy-
topathogenic bacteria and fungi [37,38]. Because the ICso of SA
for F. oxysporum is much higher than that of chemical fungicide,
we hypothesized that SA may be detoxified by salicylate hydroxy-
lase in F. oxysporum. Sixteen putative salicylate hydroxylase (SAH)
genes were found in the F. oxysporum genome using Pseudomonas
putida NahG (salicylate hydroxylase) amino acid sequence as a ref-
erence, and FoSAH1 (FOXG_09708) shared the highest similarity
with PpNahG. Therefore, FOSAH1 was selected for further study.
The overall amino acid sequence identity was 36% between
PpNahG and FoSAH1 proteins. Sequence analysis results showed
that FoOSAH1 was evolutionarily conserved. The FAD and NADH
binding domain and substrate active site of FOSAH1 were identified
and highly conserved across various organisms (Fig. 4a). Analysis

of transcriptome data showed that the transcription level of
FoSAH1 was upregulated 10.15-fold in SA-treated hyphae. To fur-
ther confirm the function of FoSAH1, FoSAH1 deletion mutants
(AFosah1) were created (Fig. S7). The AFosah1 mutant was more
sensitive to SA than Fo and the complementary strain (Fig. 4b).
The ICsq value of SA decreased to 1 mM in the AFosahl mutant.
Importantly, overexpression of FOSAH1 strain displayed resistance
to SA (Fig. 4c), and the transcription and protein levels of FOSAH1
were significantly increased when hyphae were exposed to SA
treatment (Fig. 4d and f), indicating that FoSAH1 protein
contributes to the detoxification of SA. The subcellular localization
showed that FoOSAH1 was localized in the cytoplasm (Fig. 4e). Con-
sidering that F. oxysporum is an endophytic pathogen with 16
homologs of SAHs, they may play major roles in detoxifying SA

to survive during long-term co-evolution between host and
pathogens.

SA and RAP synergistically inhibit hyphal growth in F. oxysporum.

The growth retardation and deficiency of F. oxysporum resulting
from SA treatment show similar features of target of rapamycin
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Fusarium wilt lesions caused by F. oxysporum. Spores of Fo-4 mixing with different concentrations of SA were point-inoculated on the surface of potato leaves and tubers for
4 days. Potato leaves and tubers inoculated with water were used as a mock. Bar = 1 cm. f Lesion diameter of potato leaves and tubers as described in e. g Fungal biomass of
Fo-4 as described in e. The data represents the mean # SD of n = 3 independent experiments. Different letters represent significant differences between treatments (Tukey,
p < 0.05).
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(TOR) pathway mutants [18]. It is well-known that TOR, evolution-
arily conserved in all eukaryotes, acts as a master regulator of cell
growth and proliferation [21,39,40]. Rapamycin (RAP) is a well-
known TOR specific inhibitor, which negatively regulates TOR
kinase activity. To assess the effect of RAP on TOR inhibition in F.
oxysporum, we first assayed the sensitivity of the Fo-4 strain to
RAP (Fig. S8a). Growth inhibition of F. oxysporum was positively
correlated with concentrations of RAP, and the ICsy value of RAP
was 0.1 pM. The pairwise combination of SA and RAP displayed
more obvious growth inhibition than that treated with SA or RAP
alone (Fig. S8b-d), and the ICsqy value of single drug (SA: 1 mM,;
RAP: 10 nM) was drastically reduced when F. oxysporum was
treated with SA and RAP combination, implying that potential
synergistic effects can be generated by combining SA with RAP.

The computer-simulated Fa-CI curve was then assessed using the
CompuSyn software. A synergistic effect (CI < 1) was observed
when hyphae were treated with the combinations of SA + RAP
(Fig. S8e), indicating that the combination of SA + RAP had a strong
synergism. These results suggested that SA and RAP could inhibit
hyphal growth by simultaneously targeting the TOR signaling
pathway in F. oxysporum.

SA activates FoSNF1 to inhibit FOTORC1 signaling through FORAPTOR
phosphorylation

Previous reports have shown that phosphorylation of RAPTOR
by AMPK is required for the inhibition of TORC1 in animals and
humans [5,6,41]. To dissect the possible mechanism between SA
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described in e. B-actin was used as an internal control.

and the TOR signaling pathway, we created FoSNF1 (also known as
AMPKa) deletion mutants (Asnf1), an upstream kinase of TORC1
[6]. Pharmacological assays showed that FoSNF1 deletion mutants
were insensitive to SA compared with that of Fo (Fig. 5a), implying
that FOSNF1 may be a key target of SA. Next, we assessed whether
SA could activate FoSNF1. Sequences analysis found the conserva-
tion within the activation loops of FoSNF1, SpAMPKoS*P? and
HsAMPKa [42] (Fig. 5b), the anti-Thr172 phospho-AMPKo anti-

body was thus used to recognize phosphorylated FoSNF1 at
Thr223. SA increased the phosphorylation of FoSNF1 at Thr223,
which reflected in FoSNF1 activity (Fig. 5¢ and d). Furthermore,
FoSNF1 interacted with FORAPTOR in yeast two-hybrid assay
(Fig. 5e), and phosphorylation of FoRAPTOR was markedly
increased in hyphae treated with SA (Fig. 5f). These results
indicated that SA mediated the phosphorylation of FORAPTOR by
activating FoSNF1.
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p < 0.05).

RAPTOR is known to recruit substrates to TOR kinase and is
required for the regulation of TORC1 activity [43]. RAPTOR phos-
phorylation inhibits TORC1 activity [6,44]. In order to verify
whether phosphorylated FoRAPTOR inhibits the activity of
FoTORC1, we detected the phosphorylation of RPS6 (ribosomal
protein S6) at Ser 235/236, which is the output of TOR signaling
and is essential for protein synthesis and cell cycle progression
[45]. As expected, the phosphorylation level of FORPS6 at Ser
235/236 was decreased in hyphae with SA treatment (Fig. 5g),
which indicated a decrease in TORC1 activity. These results sug-
gested that SA exerts an inhibitory effect on TORC1 signaling by
activating FoSNF1 in F. oxysporum.

Suppression of FOTOR1 protein activity in vivo and in vitro can block
the occurrence of Fusarium wilt in potatoes

We next tested the pathogenicity of F. oxysporum under FOTOR1
inhibition in potato. Spores were mixed with different concentra-
tions of RAP and then point-inoculated on the surface of potato
leaves and tubers. Consistently, RAP inhibited Fusarium wilt lesions

10

caused by F. oxysporum in a dose-dependent manner as described
in SA, which reflected less biomass of the fungus, smaller necrosis
symptoms, and slower yellowing and wilting (Fig. 6a-c). To further
confirm that FOTOR1 (FOXG_02818) interference can inhibit the
mycelial growth and pathogenicity of F. oxysporum, we synthesized
siRNAs that specifically targeted the FoTOR1 gene in vitro
(Table S6). All siRNAs of FOTOR1 significantly inhibited the mycelial
growth of F. oxysporum (Fig. 6d and e). Furthermore, the FOTOR1
mRNA level of F. oxysporum decreased in response to FoTOR1 siR-
NAs treatment (Fig. 6f and Fig. S9b). These results suggested that
FoTOR1 is a key target for the control of Fusarium wilt in potatoes.

Next, transgenic FOTOR1 and FoSAH1 RNA interference (RNAi)
potato plants were generated using agrobacterium-mediated
transformation approach. Independent transgenic RNAi potato
plants that carry FoTOR1-RI, FoSAH1-RI, and FoTOR1 + FoSAH1-RI
fragments were obtained (Table S7). Phenotypic analyses showed
that all transgenic potato plants were indistinguishable from
wild-type plants. Most of the transgenic potato plants were resis-
tant to Fusarium wilt (Table S7). The transgenic FoTOR1-RI potato
plants significantly inhibited mycelial growth and reduced the
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pathogenicity of F. oxysporum, which conferred resistance against
Fusarium wilt on potato leaves and tubers (Fig. 6g and h). Further-
more, the TORT mRNA level of F. oxysporum was significantly
decreased after incubation with transgenic FoTORI-RI potato
plants (Fig. 6i and Fig. S9c). Consistent with FoTOR1 interference,
FoSAH1-RI plants were resistant to F. oxysporum, and
FoTOR1 + FoSAH1-RI plants displayed a smaller lesion size than
FoTOR1-RI or FoSAH1-RI plants alone (Fig. 7a). The expression levels
of FoSAH1 and FoTOR1 genes were significantly decreased in the
FoTOR1 + FoSAH1-RI plants (Fig. 7b and Fig. S9d). Additionally,
transgenic FOTOR1/FoSAH1-RI RNAi potato plants plus exogenous
SA significantly reduced the pathogenicity of F. oxysporum
compared with that of FOTOR1/FoSAH1-RI RNAi potato plants or
exogenous SA treatment alone (Fig. 7c and Fig. S10). These results
suggested that suppression of FOTOR1 protein activity or reduction
of FOTOR1 and FoSAH1 mRNA levels by RNAi could inhibit mycelial
growth and decrease the pathogenicity of F. oxysporum in potato
plants.

Discussion

Fusarium wilt is a major phytopathogenic disease affecting
more than 100 economically important crops, such as potato,
tomato, banana, cotton and melon, and many horticultural crops
[15,16,46]. Fusarium oxysporum is the major shared pathogen in
various Fusarium wilt diseases and is ranked fifth in a survey of
the Top 10 fungal plant pathogens [47]. Forma specialis of F. oxyspo-
rum typically has a narrow host range among species, but a few
forma specialis show an extended host range among genera [48].
Expanding the host range by horizontal chromosome transfer
between different forma specialis of F. oxysporum makes the patho-
gen more deadly [16,48]. In this study, Fo-4 displayed much
broader host ranges among families from Solanaceae, Vitaceae,
Musaceae, Cucurbitaceae to Dioscoreaceae than other forma specialis
of F. oxysporum. As far as we know, Fo-4 is the most infectious
pathogenic F. oxysporum. To explore the underlying reasons why
Fo-4 had the broader host ranges, we sequenced the Fo-4 genome.
The results showed that Fo-4 had 12 chromosomes, of which chro-
mosome 11 included the most repetitive sequences and many
pathogenic secreted proteins. However, whether the chromosome
11 is a pathogenicity chromosome that infects more hosts requires
further study.

Due to the lack of varieties resistant to Fusarium wilt and effi-
cient biofungicides, the control of this disease largely depends on
high dosage and high frequency of chemical fungicide applications.
However, these chemical fungicides face increasing challenges,
including limited efficacy, environmental contamination, and drug
resistance development. Thus, effective, safe, and eco-friendly bio-
logical fungicides are urgently needed to replace the chemical
fungicides in the agricultural industry and sustainable develop-
ment. Development of these new biofungicides would promote
environmental protection, sustainability, and improve human
health. However, so far, few useful biological fungicides have been
developed against Fusarium wilt [17]. In this study, we discovered
that SA, which was induced by stresses and natively produced by
plants [49,50], can directly inhibit F. oxysporum cells and signifi-
cantly prevent the occurrence of potato Fusarium wilt. Importantly,
we found that SA showed potent inhibitory activity against F. oxys-
porum by targeting the FoTOR signaling pathway. TOR is a key
lethal gene with a large molecular weight (280 KD) and multiple
functional domains [20,51]. TOR signaling operates as a master
input/output node that mediates various upstream signal cascades
for modulating cell growth, development, proliferation, and death
in all examined eukaryotic organisms [40,52,53]. We further found
that FOSNF1 can mediate SA to inhibit the activity of FOTORC1 by
phosphorylating FORAPTOR. Thus, the FoOSNF1-FoTORC1 signaling
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cascade is an ideal target for high-throughput screening of poten-
tial biofungicides such as SA against Fusarium wilt. Besides, the
RNA-seq data showed that SA affects multiple metabolic pathways,
especially in the MAPK cascade and CWDEs, indicating that SA tar-
gets multiple signaling pathways in F. oxysporum. These observa-
tions provide new insights into that SA is not only a defensive
weapon, but also an offensive weapon against fungal pathogens.

Fusarium oxysporum is a hemibiotrophic and endophytic patho-
gen feeding on plant cells [54]. In our results, SA can be used as an
offensive weapon to damage F. oxysporum cells. To successfully col-
onize and survive in plant cells, F. oxysporum must spatiotempo-
rally deploy and evolve strong SAHs to degrade SA in plants.
More than 16 SAHs were found in F. oxysporum, which was higher
than that of other phytopathogenic fungi (Table S8). Diverse and
rapid evolution of FoSAHs during long-term co-evolution between
host and the pathogen may be the reason why F. oxysporum can
successfully infect over 100 plants. Transgenic Arabidopsis with
the bacterium Pseudomonas putida salicylate hydroxylase gene
can decompose SA, leading to lower resistance to pathogens [37],
indicating that salicylate hydroxylase has functions in plants. It is
possible that the engineered plants with enough siRNAs of FoSAHs
may significantly block the invasion and colonization of F. oxyspo-
rum in the vascular part of plants.

We therefore propose a model to highlight the role of exoge-
nous SA in regulating hyphal growth and pathogenicity via the
FoSNF1-FoTORC1 signaling pathway in F. oxysporum (Fig. 7d). Phy-
tohormone SA, produced by plants, inhibits the activity of FOTORC1
by phosphorylating FoSNF1, resulting in the arrest of growth and
reduction of pathogenicity of F. oxysporum, whereas the endoge-
nous salicylate hydroxylases (FoSAHs) attenuate the toxicity of
SA by detoxifying SA. The mycelial growth, cell viability, and viru-
lence of F. oxysporum were synergistically inhibited when SA was
combined with TOR inhibitors such as rapamycin and siRNAs of
FoTOR1. Thus, a efficient FOTOR signaling inhibition system was
established for controlling F. oxysporum. Especially, SA and siRNAs
of FOTOR1 and FoSAH1 genes can be engineered and produced by
plants [55,56]. Considering that TOR is a lethal gene in various
eukaryotic pathogens from plants to animals and humans, the syn-
ergistic effects generated by SA and TOR inhibitors may contribute
to therapies for various fungal diseases from plants to animals and
humans. Hopefully, F. oxysporum pathogen can be successfully con-
trolled by applying SA and siRNAs of FOTOR1 and FoSAH1 genes in
crops in the future. Crop cultivars sustainably resistant to Fusarium
wilt may be generated by inducing and enhancing SA and siRNAs of
FoTOR1 and FoSAH1 genes in crops.
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