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Putrescine, spermidine, and spermine are the most common natural polyamines.
Polyamines are ubiquitous organic cations of low molecular weight and have been
well characterized for the cell function and development processes of organisms.
However, the physiological functions of polyamines remain largely obscure in plant
pathogenic fungi. Fusarium graminearum causes Fusarium head blight (FHB) and
leads to devastating yield losses and quality reduction by producing various kinds
of mycotoxins. Herein, we genetically analyzed the gene function of the polyamine
biosynthesis pathway and evaluated the role of the endogenous polyamines in the
growth, development, and virulence of F. graminearum. Our results found that deletion of
spermidine biosynthesis gene FgSPE3 caused serious growth defects, reduced asexual
and sexual reproduction, and increased sensitivity to various stresses. More importantly,
1Fgspe3 exhibited significantly decreased mycotoxin deoxynivalenol (DON) production
and weak virulence in host plants. Additionally, the growth and virulence defects of
1Fgspe3 could be rescued by exogenous application of 5 mM spermidine. Furthermore,
RNA-seq displayed that FgSpe3 participated in many essential biological pathways
including DNA, RNA, and ribosome synthetic process. To our knowledge, these results
indicate that spermidine is essential for growth, development, DON production, and
virulence in Fusarium species, which provides a potential target to control FHB.

Keywords: Fusarium graminearum, polyamine biosynthesis, spermidine, DON (deoxynivalenol), virulence

INTRODUCTION

Polyamines (PAs) are ubiquitous polycations found in both eukaryotic and prokaryotic organisms.
The most common polyamines widely found in all organisms are putrescine (Put), spermidine
(Spd), and spermine (Spm) (Igarashi and Kashiwagi, 2019). The Put is produced by ornithine
decarboxylase 1 (SPE1) from the amino-acid L-ornithine. The synthesis of Spd and Spm is
mainly catalyzed by spermidine synthase (SPE3) and spermine synthase (SPE4), respectively. Both
reactions require the previous decarboxylation of S-adenosylmethionine (SAM) which is catalyzed
by S-adenosylmethionine decarboxylase (SPE2). SAM donates the aminopropyl group for the
conversion of Put into Spd, and subsequently of Spd into Spm (Vanrell et al., 2013).

Polyamine biosynthesis (Spe) genes have been cloned and sequenced in Saccharomyces
cerevisiae. The SPE1, SPE2, and SPE3 genes are important for growth in a polyamine-free
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medium (Cohn et al., 1980; Balasundaram et al., 1991; Hamasaki-
Katagiri et al., 1997). The SPE4 gene was also identified,
and it was found that Spm played a minor role in growth
in S. cerevisiae (Hamasaki-Katagiri et al., 1998). However,
ornithine decarboxylase 1 was lost in the model plant Arabidopsis
thaliana (Hanfrey et al., 2001). Therefore, plants take an
alternative pathway to produce Put. Arginine serves as a
precursor, first forming agmatine by arginine decarboxylase
(ADC), and then converts to N-carbamoylputrescine through
agmatine iminohydrolase. Subsequently, N-carbamoylputrescine
amidohydrolase catalyzes and generates Put (Hanfrey et al.,
2001). In A. thaliana, two genes, ADC1 and ADC2, have
been identified as regulating ADC synthesis. AdoMetDC1 and
AdoMetDC2 are recognized to catalyze SAM production. Spd
is synthesized by two genes (SPDS1 and SPDS2), ACL5 and
SPMS are essential for Spm synthesis (Hanzawa et al., 2000,
2002; Hummel et al., 2004). ADC1 and ADC2 have redundant
functions in the responses to plant stress in Arabidopsis. The
adc1 and adc2 double mutants lead to reduce Put accumulation
and then reduce freezing tolerance (Lou et al., 2020). The
spermidine synthase genes play an important role in embryonic
development in A. thaliana (Imai et al., 2004b). Consistent with
S. cerevisiae, the gene encoding spermine synthase is also not
essential for the survival of A. thaliana (Imai et al., 2004a). In
general, the role of polyamine in S. cerevisiae and A. thaliana has
not been identified and characterized to any significant extent.
Other organisms such as bacteria and actinobacteria may produce
polyamines as well (Bashan et al., 2004; Kumar et al., 2019).
The polyamines-produced organisms have important roles in
increasing yield, and biomass and reducing abiotic stress effects
(El-Tarabily et al., 2020, 2021; Mathew et al., 2020). In filamentous
fungi Aspergillus flavus, the results showed that inactivation
of SPE3 clearly reduced conidiation, aflatoxin production, and
virulence on maize seed (Majumdar et al., 2018). Recently, Rocha
et al. (2020) illustrated that Spm was essential for development
and pathogenicity during the early stages of infection in
Magnaporthe oryzae. However, the functions of the genes in the
polyamine biosynthesis pathway in Fusarium graminearum have
not been demonstrated. Therefore, further elucidation of the
mechanisms underlying polyamine biosynthesis is imperative for
the development of novel strategies to manage F. graminearum-
caused diseases.

Polyamines are required for many fundamental processes
of nucleic acid synthesis, the stabilization of RNA, DNA, and
protein structure (Igarashi and Kashiwagi, 2000). Put and Spd are
predominant polyamines that are often found in fungi, while Spm
is absent from some fungal genera (Valdés-Santiago et al., 2012).
Polyamine depletion causes a serious growth defect in some
organisms, whereas excess polyamines in cells show cytotoxicity,
indicating an exact regulation of polyamine metabolism is a
necessity for cellular processes (Casero et al., 2018). Additionally,
polyamines have been identified to regulate various biological
processes, including vegetative growth, spore germination, and
stress tolerance and virulence of plant and animal fungal
pathogens (Ruiz-Herrera, 1994; Khurana et al., 1996).

Fusarium head blight (FHB), also known as head scab
disease is caused by F. graminearum, and is a destructive fungal

disease of cereal grains worldwide (Dean et al., 2012; Chen
et al., 2019). In addition to substantial yield losses, mycotoxin
contamination, such as deoxynivalenol (DON), nivalenol, and
zearalenone (ZEN), exerts an adverse threat to the health
of humans and animals (Chen et al., 2019). DON (also
known as vomitoxin) is one of the most commonly occurring
trichothecenes in cereals and cereal-derived food products. This
can result in feed refusal, immune dysregulation, teratogenicity,
and reproductive defects in mammals (Pestka, 2010; Lee and
Ryu, 2017). Meanwhile, DON, as a vital virulence factor, plays
a vital role in the pathogenic process. It is very important to
explore the mechanism of DON synthesis for the control of
FHB. DON production was affected by several environmental
factors including carbon, nitrogen, pH, and light (Chen et al.,
2019). Recently, using a large-scale nutrient profiling, Gardiner
et al. (2009a, 2010) revealed that exogenous Put can significantly
increase DON production and further testified that Put produced
by plants might play a role in inducing DON biosynthesis during
the F. graminearum infection process. However, the molecular
mechanisms in fungi linking the endogenesis polyamine
biosynthetic pathway to DON production and pathogenicity are
not clear in F. graminearum. In this study, four genes (FgSPE1,
FgSPE2, FgSPE3, and FgSPE4) which were involved in the
polyamine biosynthetic pathway, were identified and genetically
analyzed in F. graminearum. Further, our study evaluated the
function of polyamines, and demonstrated that spermidine
was important for hyphal growth, conidial production, DON
biosynthesis, environmental stress response, and virulence in this
important phytopathogenic fungus.

MATERIALS AND METHODS

Fungal Strains and Growth Assays
The wild-type strain PH-1 (NRRL 31084) was chosen as parental
strain for generating all deletion mutants (Cuomo et al., 2007). All
strains were cultured on complete medium (CM), potato dextrose
agar (PDA), minimal medium (MM), and yeast extract peptone
dextrose (YEPD) medium at 25◦C to assay growth rate.

Generation of Gene Deletion and
Complementation Strains
The gene deletion mutants were constructed by double-joint
PCR method, the primer pairs which were used to amplify
the upstream and downstream sequence of the targeted gene
are shown in Supplementary Table 1. The resulting products
were then transformed into the protoplasts of wild-type PH-
1 as described previously (Tang et al., 2020). To complement
the 1Fgspe3, the Fgspe3-GFP cassette (GFP, green fluorescent
protein) was constructed, a Fgspe3 fragment which included
the promoter and gene fragment (without stop codon) was
amplified from wild-type genomic DNA with specific primers
listed in Supplementary Table 1. The resulting complementation
fragments and Xho1 digested pYF11 vector were co-transformed
into yeast XK1-25. The recombined FgSPE3-GFP fusion vector
was transformed into Escherichia coli for amplification and
then transformed into the 1Fgspe3 mutant, and the generating
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transformant was named as the 1Fgspe3-C. By means of the
same methods, the FgSPE1-GFP, FgSPE2-GFP, and FgSPE4-
GFP recombinant plasmids were transformed into the mutants,
respectively, and generated the 1Fgspe1-C, 1Fgspe2-C, and
1Fgspe4-C complementation strains.

Conidiation, Perithecium Formation
Assays
For conidia production, fresh mycelial plugs of each tested
strain were inoculated in liquid carboxymethyl cellulose (CMC)
medium (0.1% CMC, 2 mM MgSO4, 4 mM NH4NO3,
10 mM KH2PO4, and 1 L water). The 50-mL flasks were
cultured in a shaker (180 rpm) for 4 days at 25◦C. The
number of conidia for each strain in the medium was
counted using a hemacytometer (Sigma-Aldrich, United States).
The conidial morphology was observed by Calcofluor White
(CFW) staining and photographed with a confocal microscope
(Gottingen, Niedersachsen, Germany). Perithecium production
was inoculated on carrot agar medium (CA) with a 12 h/12 h
light/dark cycle at 25◦C.

Stress Sensitivity Tests
To determine the growth rate under different stress conditions
for deletion mutants, fresh mycelia plugs (5 mm in diameter) of
each strain were inoculated on PDA medium containing various
stress compounds described in the figure legends. Exogenous
NO3

−, NH4
+, Put, Spd, and Spm (Sigma-Aldrich, United States)

at 5 mM were separately added into minimum medium minus
nitrogen (MM-N) medium to evaluate the growth of the 1Fgspe
mutants. MM-N medium which did not include any nitrogen
source served as a control.

Pathogenicity and Deoxynivalenol
Production Assay
Conidia were collected from a CMC medium and adjusted to
105 conidia/mL with sterile water. A 10-µL conidial suspension
was inoculated into a spikelet of a 6-week-old flowering wheat
head. For each strain, 15 replicates were injected into spikelets
for analysis. The infected spikelet was characterized 15 days
after inoculation. To further analyze the pathogenicity of
the 1Fgspe mutants in detail, a fresh mycelia plug of wild-
type and mutants was placed on fresh corn silks. Then in
5 days after incubation at 25◦C, the extent of discoloration
was recorded. For wheat leaf infection assays, the 4-week-
old fresh leaves were inoculated with mycelial plugs at 25◦C.
Pictures were taken 6 days after inoculation. For wheat coleoptile
infection assays, 3-day-old seedlings of wheat were used.
Conidial suspension was injected and recorded symptoms 7 days
after inoculation. For each strain, there were 15 replicates in
each experiment.

For detection of DON production, 1Fgspe3 strain was grown
in liquid trichothecene biosynthesis induction (TBI) medium at
28◦C for 1 week in the dark. The supernatant was harvested
by three layers of filter paper and then quantified by a
liquid chromatography tandem–mass spectrometry (LC-MS/MS)
system (Tang et al., 2018).

Quantitative Real-Time PCR
The wild-type and 1Fgspe3 were cultured into TBI medium for
2 days at 28◦C. The mycelia of each strain were harvested, and
then total RNA was isolated using the TaKaRa RNAiso Extraction
Kit, and then used RevertAid H Minus First Strand cDNA
Synthesis Kit to synthesize cDNA (Fermentas Life Sciences,
Burlington, ON, Canada). The transcriptional levels of TRI1,
TRI5, and TRI6 of PH-1 were determined by quantitative
reverse transcription-polymerase chain reaction (RT-qPCR)
using the method previously described (Liu et al., 2019). ACTIN
(FGSG_07335) gene was served as a control. The primers were
listed in Supplementary Table 1.

Confocal Microscopy Observation
The conidia of deletion mutant were stained by 0.1 mg/mL CFW
for 30 s and observed with a fluorescent microscope (Gottingen,
Niedersachsen, Germany). Hyphal branching patterns were
examined with a Nikon microscope.

RNA-Seq Analysis
For deep transcriptome sequencing, 2-day-old mycelia of wild-
type and 1Fgspe3 strain were harvested from liquid YEPD
shaken at 180 rpm, washed three times, and ground in liquid
nitrogen. For each strain, there are three biological replicates
independently. Total RNA was isolated, and cDNA libraries were
constructed by NEBNext R© UltraTM Directional RNA Library
Prep Kit (New England Biolabs, Ipswich, MA, United States)
using the manufacturer’s instructions. The cDNA libraries were
sequenced by an Illumina Hiseq Novaseq platform with paired-
end reads (150 bp) by Novogene Corporation (Beijing, China).
Reads were mapped to the genome of F. graminearum PH-1
strain. DESeq R package was used for differential expression
gene analysis by Novogene Corporation (Beijing, China). Genes
with log2 Fold change > 1 or < −1 and P-value < 0.05 were
divided into differentially expressed. Raw data of the RNA-
seq experiments generated in this article were deposited in
the National Center for Biotechnology Information under the
accession number PRJNA7598421.

Statistical Analysis
Graphs were plotted by GraphPad Prism 7.0 (GraphPad Software,
San Diego, CA, United States). The statistical experiments were
evaluated using SPSS Statistics 21.0 software. Statistical analysis
was performed one-way ANOVA and Fisher’s LSD test (P < 0.05).

RESULTS

Identification of Polyamine Biosynthesis
Pathway Genes in Fusarium
graminearum
Combined with the other fungi, plants, and animals, we
firstly inferred the pathway of polyamine biosynthesis
in F. graminearum (Supplementary Figure 1). Further,

1https://www.ncbi.nlm.nih.gov/sra/
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using the S. cerevisiae polyamine biosynthesis (Spe) protein
sequence to query F. graminearum genome, the heterologous
genes involved in polyamine biosynthesis which included
FGSG_05903 (designated as Fgspe1), FGSG_09035 (designated as
Fgspe2), FGSG_13725 (designated as Fgspe3), and FGSG_09525
(designated as Fgspe4) were revealed in this fungus. To further
confirm the Spe protein evolution relationships within the
organism, phylogenetic analysis of the Spe protein sequence
was performed and indicated that the Spes protein was highly
conserved in fungi. Interestingly, most Spe homologs were
notably clustered into one distinct subclade (Figure 1A).
Meanwhile, the InterPro database and tools for protein domain
analysis indicated that FgSpes protein harbored conserved
domains that are unique to Spe proteins (Figure 1B). In general,
The domain characteristic and the phylogenetic tree indicated
Spe homologs proteins were conserved and might have similar
biological functions in other fungi.

Spermidine Is Important for Hyphal
Growth
Polyamines play an essential role to maintain normal
growth and development in a living organism

(Igarashi and Kashiwagi, 2019). To further study the function of
polyamine biosynthesis gene in F. graminearum, we constructed
deletion mutants, 1Fgspe1, 1Fgspe2, 1Fgspe3, and 1Fgspe4,
using homologous recombination strategy by replacing open
reading frame (ORF) of FgSPE gene with hygromycin B
phosphotransferase (hph) gene cassette. Transformants in each
mutant showed consistent phenotypes on the same conditions.
To verify that the phenotypic defects in mutants were due
to gene deletion, we constructed the complemented vector
for each mutant and generated the 1Fgspe1-C, 1Fgspe2-C,
1Fgspe3-C, and 1Fgspe4-C complemented strains. As shown
in Figures 2A,B, the loss of Fgspe1 resulted in significantly
reduced growth in CM medium and MM medium that were
polyamine-free mediums. However, the 1Fgspe1 exhibited
similar mycelial growth rates compared with the wild-type
strain in PDA and YEPD medium that may be included by trace
amounts of polyamines. The 1Fgspe2 and 1Fgspe3 mutants
showed obviously hyphal growth defects on PDA, CM, MM,
and YEPD medium. Moreover, 1Fgspe2 and 1Fgspe3 also
showed a reduction in aerial hyphae. However, 1Fgspe4 showed
no obvious phenotypic defects. It might indicate that Fgspe4
encoding spermine synthase was not important for the growth

FIGURE 1 | Identification of the Fgspe proteins in F. graminearum. (A) Phylogenetic analysis of SPEs from F. graminearum, S. cerevisiae, and other filamentous fungi.
Protein sequences of Fgspe1–4 paralogues were aligned by CLUSTALW, and a neighbor-joining tree was constructed by MEGA 7.0. The names of all proteins are
shown in the figure. (B) Schematic drawing of Fgspe superfamily proteins members in F. graminearum. Conserved domains are indicated in the figure.
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FIGURE 2 | Phenotypes of the 1Fgspe mutants in vegetative growth. (A) Colony morphology of wild-type PH-1, the 1Fgspe mutants and complemented strains
cultured on PDA, CM, MM, and YEPD medium for 3 days at 25◦C. (B) Statistical analysis of hyphal growth rate of wild-type PH-1 and the mutants. The diameter
was measured after culturing at 25◦C for 3 days. Columns listed with the same letter indicates no obviously difference with the least significant difference (LSD) test
at P = 0.05. (C) The patterns of hyphal branching and tip growth for wild-type and 1Fgspe mutants inoculated in PDB liquid medium for 24 h. Bar, 50 µm.
(D) Statistical analysis of biomass of wild-type, the 1Fgspe mutants, and complemented strains for 2 days in YEPD medium.
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of F. graminearum (Figures 2A,B). Subsequently, microscopic
observation exhibited that the hyphal morphology of 1Fgspe2
and 1Fgspe3 mutants were highly branched and misshapen
(Figure 2C). The dry weight biomass of 1Fgspe2 and 1Fgspe3
were significantly reduced compared to wild-type in YEPD
medium for 2 days (Figure 2D). As shown in Supplementary
Figure 1, Fgspe2 and Fgspe3 are essential for Spd synthesis.
Therefore, our result indicates that the endogenous Spd is vital
for the hyphal growth of F. graminearum.

Polyamines Restore the Defective
Phenotypes of 1Fgspe Mutants
As shown in Figure 3, wild-type PH-1 showed as seriously
growth defective in the MM-N medium in which was not
included any nitrogen source. To further confirm the function
of the polyamine in F. graminearum therefore, we firstly testified
the growth rate of wild-type PH-1 in MM-N medium by
exogenous supplemented polyamine, NO3

− and NH4
+ served

as the control. In Figure 3, the phenotypic defects of wild-type
PH-1 in MM-N medium showed better recovery by exogenous
supplementation of Spd in comparison with Put and Spm,
indicating that Spd exhibits a more important role for the growth
of F. graminearum. The 1Fgspe1, 1Fgspe2, and 1Fgspe3 mutants
showed the seriously defective growth in CM, MM, and MM-
N mediums that were free of polyamines (Figures 2A, 3). Put,

Spd, and Spm are the downstream metabolites of ornithine
decarboxylase (Vanrell et al., 2013). To explore the defective
phenotypes of 1Fgspe mutants and whether they could be
recovered by the addition of exogenous polyamines, the 1Fgspe
mutants were grown on MM-N medium supplemented with Put,
Spd, and Spm at 5 mM concentration, respectively. NO3

− and
NH4

+ served as the control. The results showed that NO3
− and

NH4
+ were not conducive for growth restoration of 1Fgspe1,

1Fgspe2, and 1Fgspe3 mutants. When Put was added to MM-
N medium, defects in hyphal growth of 1Fgspe1 mutant were
restored (Figure 3). When exogenous Spd was added to an MM-
N medium, the vegetative growth of the 1Fgspe2 and 1Fgspe3
could be fully rescued. In general, our data further indicates that
the Spd plays a vital role in hyphal growth in this fungus.

Spermidine Is Essential for Asexual and
Sexual Reproduction
Sexual and asexual reproduction play a vital role in the
infection cycle of F. graminearum. Subsequently, the conidial and
perithecia production of 1Fgspe mutants was observed. Firstly,
to rule out the effect of growth defects on asexual and sexual
reproduction, the growth of 1Fgspe mutants was determined. As
shown in Figures 4A,B, the 1Fgspe mutants and complementary
strains showed a consistent phenotype in conidiation (CMC)
and sexual reproduction (CA) in this medium in comparison

FIGURE 3 | Polyamines restores the growth defection of 1Fgspe mutants. Colony morphology of PH-1, deletion mutants, and complementation mutants in MM-N
medium supplemented with different nitrogen sources at 5 mM. Photos were recorded at 25◦C after 3 days.
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FIGURE 4 | Spermidine is important for asexual and sexual reproduction. (A) Colony morphology of PH-1, deletion mutants, and complementation mutants on CMC
and CA agar medium. (B) The growth rate of mutants after 3 days were analyzed. Columns listed with the same letter are not significantly different at P = 0.05.
(C) The number of conidia produced by each strain in CMC medium for 4 days. (D) Conidial morphology of wild-type and 1Fgspe mutants strains. The septa were
stained by Calcofluor White and photographed by a fluorescence microscope. Bar, 50 µm. (E) Typical perithecia (upper panel), asci, and ascospores (bottom panel)
formed by PH-1 and 1Fgspe mutants on CA. Photographs were recorded after incubation for 3 weeks. Bar, 200 µm.

with the PDA medium (Figure 2A). Hence, we further observed
the conidial and perithecia production of 1Fgspe mutants in
CMC and CA medium. Compared to wild-type, our result
indicated that the 1Fgspe2 and 1Fgspe3 exhibited an obvious
reduction in conidiation after incubation for 4 days in CMC
medium (Figure 4C). To further observe conidial morphology,
the conidia of all mutants were stained by CFW dye. The conidial
morphology was recorded with a fluorescence microscope. The
conidia size of 1Fgspe2 and 1Fgspe3 was shorter in comparison
with wild-type (Figure 4D). Moreover, the 1Fgspe2 and 1Fgspe3
showed dramatic reduction in perithecia formation on the CA
agar medium in comparison with wild-type (Figure 4E). Thus,
our results indicate that endogenous Spd is critical for the asexual
and sexual reproduction of F. graminearum.

Spermidine Regulates Environmental
Stress Tolerance
A previous study conducted by Yamaguchi et al. (2007) has
indicated that polyamine is important to the response to various

environmental stresses. Therefore, we detected the sensitivities
of the 1Fgspe mutants to different environmental stress agents,
including sodium dodecyl sulfate (SDS), Congo Red, H2O2,
and temperature. The sensitivity assays indicated that the
1Fgspe2 and 1Fgspe3 showed significantly increased sensitivity
to various stresses compared to the wild-type. Moreover, the
1Fgspe2 and 1Fgspe3 mutants could not grow at the high
temperature and oxidative stress generated by 30◦C and H2O2,
respectively. 1Fgspe1 shows weakly increased sensitivity to
environmental stress in Figure 5A. However, 1Fgspe4 showed
a similar susceptibility in the wild-type toward the above stress
(Figures 5A,B). The complementation strains exhibited the
same sensitivities as wild-type under various stress conditions.
Aurofusarin of Fusarium fungi played an important role
in responding to environment adaptation (Xu et al., 2019).
Therefore, we observed the aurofusarin production of 1Fgspe
mutants and found that 1Fgspe2 and 1Fgspe3 mutants showed
increased yellow pigments on PDA medium (Supplementary
Figure 2). In general, our results indicate that Spd shows a vital
role in the response to abiotic and biotic stresses.
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FIGURE 5 | 1Fgspe2 and 1Fgspe3 mutants have increased sensitivities to environmental stresses. (A) Sensitivity assay of deletion mutants to 0.02% SDS, 0.2 g/L
Congo Red, 0.02% H2O2, and different temperatures. (B) The mycelial growth inhibition rate of each strain was examined after 3 days on PDA. Columns listed with
the same letter are not significantly different at P = 0.05.

Spermidine Is Required for the Virulence
of Fusarium graminearum
To further investigate the function of polyamine in this
pathogenic progress, the virulence of the 1Fgspe mutants

was evaluated in flowering wheat heads, the leaves of wheat
seedlings, corn silk, and wheat coleoptiles. Notably, the wild-type,
1Fgspe1, 1Fgspe4, and complemented strains could develop on
the injected spikelets and quickly spread to the neighboring
wheat head, causing discoloration symptoms 2 weeks after
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FIGURE 6 | 1Fgspe2 and 1Fgspe3 mutants have attenuated virulence in plant. (A) Pathogenicity of all tested strains on flowering wheat heads. Wheat heads were
photographed at 15 days post-inoculation using a conidial suspension. The injection sites were denoted as black dots. (B) The 1Fgspe2 and 1Fgspe3 mutants also
showed significantly reduced virulence on corn silks. Corn silks were inoculated with fresh mycelial plug of each strain and were determined after 5 days
post-inoculation at 25◦C. (C) Disease symptoms infected by the tested strains on young wheat leaves. The images were photographed at 6 days. (D) Pathogenicity
of the wild-type, mutants, and complementation strains to wheat coleoptiles for 7 days.

inoculation. However, the 1Fgspe2 and 1Fgspe3 mutants were
not capable of penetrating the spikelet (Figure 6A). Additionally,
the 1Fgspe2 and 1Fgspe3 demonstrated attenuated virulence on
seedling leaves, corn silk, and wheat coleoptiles (Figures 6B–D).
To demonstrate that Spd is the main cause of the reduction
in virulence of 1Fgspe3, furthermore, we testified whether
exogenous Spd supplement assay could rescue the virulence
defects of 1Fgspe2 and 1Fgspe3. Our result showed that the
addition of exogenous Spd can indeed rescue the virulence defects
of the 1Fgspe2 and 1Fgspe3 mutants in planta (Figure 7).
These results demonstrate that Spd is important for virulence in
F. graminearum.

Spermidine Regulates Deoxynivalenol
Biosynthesis
As DON is proposed as a vital virulence factor and assists the
fungus spread during F. graminearum infection process (Seong
et al., 2009), we guessed that the reduced pathogenicity of
1Fgspe2 and 1Fgspe3 was also partly due to a reduction in
DON production. Therefore, the transcriptional levels of TRI
genes which are essential for DON synthesis in the 1Fgspe2 and
1Fgspe3 were detected by RT-qPCR assay after incubation for
2 days in liquid TBI medium. These results indicated that the
expression levels of TRI6, TRI5, and TRI1 genes were significantly

down-regulated in the 1Fgspe2 and 1Fgspe3 compared with
wild-type (Figure 8A). Furthermore, the DON synthesis of
1Fgspe2 and 1Fgspe3 mutants showed a dramatic reduction
after incubation for 7 days in a TBI medium (Figure 8B). These
results suggest that 1Fgspe2 and 1Fgspe3 are essential for DON
biosynthesis in F. graminearum.

FIGURE 7 | Exogenous addition of spermidine restores virulence of 1Fgspe2
and 1Fgspe3 mutants in plant. Disease symptom on wheat seedling leaves
inoculated with the 1Fgspe2 and 1Fgspe3 mutants which are treated with or
without Spd at the final concentration of 5 mM.

Frontiers in Microbiology | www.frontiersin.org 9 November 2021 | Volume 12 | Article 765398

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-765398 November 15, 2021 Time: 13:56 # 10

Tang et al. Spermidine Regulates Virulence

FIGURE 8 | Effects of 1Fgspe2 and 1Fgspe3 mutants on DON biosynthesis. (A) Relative expression levels of TRI1, TRI5, and TRI6 in the wild-type PH-1 and
1Fgspe3 in TBI medium for 2 days. The ACTIN gene was served as an internal control. (B) DON contents of the wild-type PH-1 and 1Fgspe3 strains after in TBI
medium 7 days of incubation. Columns listed with the same letter are not significantly different at P = 0.05.

Transcriptional Profiling Analysis of
1Fgspe3
To further explore the function of Spd, we performed RNA-
seq to wild-type and 1Fgspe3 strain in YEPD medium. For
each strain, we plotted three biological replicates. For most
genes, the replicates produced similar FPKM values, and
all points fall near a line with a slope of 1 (Supplementary
Figure 3). Transcriptome analysis revealed that 6,957 genes
were differentially expressed in the 1Fgspe3 compared with
the wild-type, including 3,331 up-regulated and 3,626 down-
regulated genes (Figure 9A). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed to identify the function
of the differentially expressed genes (DEGs). GO enrichment
analysis identified that genes that are significantly expressed
in the 1Fgspe3 mutant were mainly involved in biological
processes such as organonitrogen compound biosynthetic,
peptide metabolic and translation; cellular components
such as ribosome, intracellular ribonucleoprotein complex,
cytoplasm, and mitochondrion; and molecular functions
such as structural constituents of ribosomes, and RNA and
ATP binding (Figure 9B). Furthermore, KEGG enrichment
analysis showed a list of the top 20 regulated pathways in
1Fgspe3, including ribosome, DNA replication, oxidative
phosphorylation, RNA polymerase, and the citrate cycle (TCA
cycle) (Figure 9C). Then, we tested transcriptional expression
patterns of nine representative DEGs by qRT-PCR, and
the trends in gene expression profiles from qRT-PCR were
positively correlated with the transcriptomic data, indicating
that expression levels based on RNA-seq data were believable
(Figure 9D). Taken together, these results indicate that Fgspe3
might modulate the essential cellular process involved in
ribosomes, DNA replication, and carbon metabolism in
F. graminearum.

DISCUSSION

As an important class of metabolites, the polyamines are found
distributed in almost all organisms and participate in multiple
biological processes, including gene expression regulation,
translation, stress resistance, autophagy, and pathogenesis
(Miller-Fleming et al., 2015; El-Tarabily et al., 2020, 2021; Mathew
et al., 2020). In the current study, our data generated from
knocking out Fgspe3 agree with previous publications. Majumdar
et al. (2018) have reported that Spd is essential for growth,
development, the production of aflatoxins, and pathogenesis in
A. flavus. Consequently, difluoromethylarginine (DFMA) and
L-α-difluoromethylornithine (DFMO) inhibitors of ODC and
ADC, respectively, can significantly decrease the fungal growth
and virulence (Gamarnik et al., 1994). In F. graminearum, DFMO
could inhibit growth and DON production in vitro. Additionally,
some polyamine transport inhibitors were also shown to be
effective against F. graminearum activity (Crespo-Sempere et al.,
2015). In this study, the genes of polyamines biosynthetic
pathway have been identified in F. graminearum. The data
presented in this study are in line with earlier reports on the
role of polyamines in A. flavus and demonstrate that polyamines
are important for growth, development, and stress resistance
in F. graminearum. Importantly, the metabolic pathways of
polyamines are different in plants and fungi. Thus, targeted
and precision-regulated polyamines biosynthetic pathway might
represent a novel therapeutic strategy to control plant and animal
diseases caused by some phytopathogenic fungi (Valdés-Santiago
et al., 2012; Amano et al., 2015).

The current study also shows that supplementation of external
Spd can extend the lifespan of a range of species, including
yeast, flies, and mice. It has been reported that Spd may
be an anti-aging vitamin for humans, and deterioration from
aging may be associated with a reduction in endogenous Spd
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FIGURE 9 | Transcriptomic analyses between 1Fgspe3 and the wild-type PH-1. (A) Volcano plot analysis of differentially expressed genes (DEGs) of 1Fgspe3. The
x-axis shows the log2fold-change in RNA expression between PH-1 and 1Fgspe3, while the y-axis indicates the –log10 of the adjusted P-value for each RNA, The
P-values were adjusted using Benjamini–Hochberg multiple testing. The red dots and green dots represent upregulated and downregulated DEGs. (B) Gene
Ontology (GO) term enrichment analysis of DEGs of 1Fgspe3. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs of
1Fgspe3. (D) Expression levels of selected genes were detected by RT-qPCR to PH-1 and 1Fgspe3 mutant strains in YEPD medium for 48 h. Results are shown
relative to PH-1 and are normalized to the housekeeping gene ACTIN. Columns listed with the same letter are not significantly different at P = 0.05.
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(Madeo et al., 2018, 2019). In many cases, polyamines are most
closely associated with stress tolerance (El-Tarabily et al., 2020,
2021; Mathew et al., 2020). The accumulation of endogenous
polyamines is crucial for organisms in response to external
stress (Shen et al., 2000). Because of the polycationic nature,
polyamines may also stabilize the membranes by interacting
with membrane phospholipids under stress conditions (Roberts
et al., 1986). Polyamines can also enhance stress tolerance that
may be due to regulating nutrient balance and production of
reactive oxygen species (ROS) through sophisticated signaling
systems (Gong et al., 2014). In this study, the 1Fgspe3 mutant was
hypersensitive to H2O2 and high temperature. It might indicate
that the strong antioxidant capability of polyamines results in the
scavenging of ROS on oxidative stress conditions (Minocha et al.,
2014). In this study, the 1Fgspe3 mutant showed significantly
increased sensitivity to the tested environmental stress compared
with wild-type. These results indicate that the polyamine of
F. graminearum, especially Spd, plays a crucial role in responding
to environmental stresses.

In transcription analysis, genes with log2 Fold change > 1
or < −1 and adjusted P-value < 0.05 as the cutoff criterion
were selected for subsequent analysis. Our results FgSPE3
participated in many important biological processes such as
peptide metabolic, organonitrogen compound biosynthetic,
and translation; cellular components such as intracellular
ribonucleoprotein complex, intracellular non-membrane-
bounded organelle, cytoplasm, and mitochondrion; and
molecular function such as structural constituent of ribosome,
RNA and ATP binding. In agreement with a previous study
(Igarashi and Kashiwagi, 2000), Polyamines are positively
charged molecules and thus can interact with intracellular
anionic macromolecules, such as DNA, RNA, chromatin,
proteins, eukaryotic translation initiation factor 5A (eIF5A),
and phospholipids. Thereby they might potentially affect the
outcome of several downstream cellular processes, including
subsequent changes in the chromatin structure that can affect
gene transcription and eIF5A hypusine modification can regulate
the protein translation (Watanabe et al., 1991; Rocha and
Wilson, 2019). A growing number of studies have indicated that
polyamines play a critical role in the methylation and acetylation
of histones, RNA, and DNA, and chromatin remodeling
(Phadwal et al., 2018; Tamari et al., 2018). Together, these
results further testify to our finding that Spd plays vital roles
in hyphal growth and development in F. graminearum. Further
characterization of the functions of those genes of polyamine
biosynthetic pathway will help to better understand the roles of
polyamines in this fungus.

In the rice blast fungus M. oryzae, spermine metabolism was
identified to be associated with infection-related morphogenesis
via redox buffering of the ER underpinning appressorial
adhesion and rice cell invasion (Rocha et al., 2020). Another
role of polyamines was also characterized in FHB caused
by F. graminearum (Gardiner et al., 2010). Interestingly, the
production of DON is significantly induced by several plant
metabolites including Put, ornithine, and arginine which are
the main natural precursors of polyamines synthesis (Gardiner
et al., 2009a). However, the Fgspe4, encoding spermine synthase,
showed no obvious defective phenotypes including growth,

development, and pathogenesis. These results show that the
functions of polyamine vary dramatically among fungal species.
We found, in this study, that 1Fgspe2 and 1Fgspe3 mutants
were non-pathogenic. The DON production level of 1Fgspe2
and 1Fgspe3 mutants were significantly reduced in comparison
with wild-type. DON is indispensable for the pathogen to extend
from infected head to healthy head (Gardiner et al., 2009b).
It may be indicated the endogenous spermidine is critical for
infection of F. graminearum. Additionally, the slower growth of
the 1Fgspe2 and 1Fgspe3 mutants may be partially responsible
for the reduced virulence in plants. Whether the reduction in
pathogenicity in 1Fgspe2 and 1Fgspe3 mutants during infection
is due to the decrease in Spd or possible alteration in relative
DON content or both, will require further investigation. Overall
the results suggest polyamine biosynthesis process is an attractive
target to control FHB and reduce DON contamination.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, PRJNA759842.

AUTHOR CONTRIBUTIONS

GT, ZM, and WL: conceptualization, data analysis, and writing
the manuscript. GT, HX, and JL: experiments. All authors have
read and agreed to the published version of the manuscript.

FUNDING

The research was supported by the Science and Technology
Project of Zhejiang Province (2018C02G2011110), National
Natural Science Foundation of China (31930088), China
Agriculture Research System of MOF and MARAC
(CARS-3-1-29), and Agricultural Science and Technology
Innovation Program (ASTIP) of the Chinese Academy of
Agricultural Sciences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
765398/full#supplementary-material

Supplementary Figure 1 | Polyamines biosynthetic pathway.

Supplementary Figure 2 | Comparisons of pigment biosynthesis of wild-type
and 1Fgspe mutants generated in this study. Photos were recorded after each
strain was grown for 7 days on a PDA medium.

Supplementary Figure 3 | Global transcriptional analysis. (A) Biological
replicates are highly correlated. Boxplot represents FPKM distributions of different
samples. The y-axis is log2 (FPKM + 1). (B) Gene expression levels are displayed
at different FPKM levels. The x-axis indicates log2 (FPKM + 1), and the y axis
shows the density of the gene.

Frontiers in Microbiology | www.frontiersin.org 12 November 2021 | Volume 12 | Article 765398

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2021.765398/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.765398/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-765398 November 15, 2021 Time: 13:56 # 13

Tang et al. Spermidine Regulates Virulence

REFERENCES
Amano, Y., Namatame, I., Tateishi, Y., Honboh, K., Tanabe, E., Niimi, T., et al.

(2015). Structural insights into the novel inhibition mechanism of Trypanosoma
cruzi spermidine synthase. Acta Crystallogr. D Biol. Crystallogr. 71, 1879–1889.
doi: 10.1107/S1399004715013048

Balasundaram, D., Tabor, C. W., and Tabor, H. (1991). Spermidine or spermine is
essential for the aerobic growth of Saccharomyces cerevisiae. Proc. Natl. Acad.
Sci. U.S.A. 88, 5872–5876. doi: 10.1073/pnas.88.13.5872

Bashan, Y., Holguin, G., and de-Bashan, L. E. (2004). Azospirillum-plant
relationships: physiological, molecular, agricultural, and environmental
advances (1997-2003). Can. J. Microbiol. 50, 521–577. doi: 10.1139/w04-035

Casero, R. A. Jr., Murray Stewart, T., and Pegg, A. E. (2018). Polyamine metabolism
and cancer: treatments, challenges and opportunities. Nat. Rev. Cancer 18,
681–695. doi: 10.1038/s41568-018-0050-3

Chen, Y., Kistler, H. C., and Ma, Z. H. (2019). Fusarium graminearum
trichothecene mycotoxins: biosynthesis, regulation, and management. Annu.
Rev. Phytopathol. 57, 15–39. doi: 10.1146/annurev-phyto-082718-100318

Cohn, M. S., Tabor, C. W., and Tabor, H. (1980). Regulatory mutations affecting
ornithine decarboxylase activity in Saccharomyces cerevisiae. J. Bacteriol. 142,
791–799. doi: 10.1128/jb.142.3.791-799.1980

Crespo-Sempere, A., Estiarte, N., Marín, S., Sanchis, V., and Ramos, A. J. (2015).
Targeting Fusarium graminearum control via polyamine enzyme inhibitors and
polyamine analogs. Food Microbiol. 49, 95–103. doi: 10.1016/j.fm.2015.01.020

Cuomo, C. A., Güldener, U., Xu, J. R., Trail, F., Turgeon, B. G., Di Pietro, A., et al.
(2007). The Fusarium graminearum genome reveals a link between localized
polymorphism and pathogen specialization. Science 317, 1400–1402. doi: 10.
1126/science.1143708

Dean, R., Van Kan, J. A., Pretorius, Z. A., Hammond-Kosack, K. E., Di Pietro,
A., Spanu, P. D., et al. (2012). The Top 10 fungal pathogens in molecular
plant pathology. Mol. Plant Pathol. 13, 414–430. doi: 10.1111/j.1364-3703.2011.
00783.x

El-Tarabily, K. A., ElBaghdady, K. Z., AlKhajeh, A. S., Ayyash, M. M., Aljneibi, R. S.,
El-Keblawy, A., et al. (2020). Polyamine-producing actinobacteria enhance
biomass production and seed yield in Salicornia bigelovii. Biol. Fertil. Soils 56,
499–519. doi: 10.1007/s00374-020-01450-3

El-Tarabily, K. A., Ramadan, G. A., Elbadawi, A. A., Hassan, A. H., Tariq, S., Ghazal,
E. W., et al. (2021). The marine endophytic polyamine-producing Streptomyces
mutabilis UAE1 isolated from extreme niches in the Arabian Gulf promotes
the performance of mangrove (Avicennia marina) seedlings under greenhouse
conditions. Front. Mar. Sci. 13:710200.

Gamarnik, A., Frydman, R. B., and Barreto, D. (1994). Prevention of infection
of soybean seeds by colletotrichum truncatum by polyamine biosynthesis
inhibitors. Phytopathology 84, 1445–1448. doi: 10.1094/phyto-84-1445

Gardiner, D. M., Kazan, K., and Manners, J. M. (2009a). Nutrient profiling reveals
potent inducers of trichothecene biosynthesis in Fusarium graminearum.
Fungal. Genet. Biol. 46, 604–613. doi: 10.1016/j.fgb.2009.04.004

Gardiner, D. M., Kazan, K., and Manners, J. M. (2009b). Novel genes of Fusarium
graminearum that negatively regulate deoxynivalenol production and virulence.
Mol. Plant Microbe Interact. 22, 1588–1600. doi: 10.1094/MPMI-22-12-1588

Gardiner, D. M., Kazan, K., Praud, S., Torney, F. J., Rusu, A., and Manners,
J. M. (2010). Early activation of wheat polyamine biosynthesis during Fusarium
head blight implicates putrescine as an inducer of trichothecene mycotoxin
production. BMC Plant Biol. 10:289. doi: 10.1186/1471-2229-10-289

Gong, B., Li, X., Bloszies, S., Wen, D., Sun, S., Wei, M., et al. (2014). Sodic
alkaline stress mitigation by interaction of nitric oxide and polyamines involves
antioxidants and physiological strategies in Solanum lycopersicum. Free Radic.
Biol. Med. 71, 36–48. doi: 10.1016/j.freeradbiomed.2014.02.018

Hamasaki-Katagiri, N., Katagiri, Y., Tabor, C. W., and Tabor, H. (1998). Spermine is
not essential for growth of Saccharomyces cerevisiae: identification of the SPE4
gene (spermine synthase) and characterization of a spe4 deletion mutant. Gene
210, 195–201. doi: 10.1016/s0378-1119(98)00027-4

Hamasaki-Katagiri, N., Tabor, C. W., and Tabor, H. (1997). Spermidine
biosynthesis in Saccharomyces cerevisae: polyamine requirement of a null
mutant of the SPE3 gene (spermidine synthase). Gene 187, 35–43. doi: 10.1016/
s0378-1119(96)00660-9

Hanfrey, C., Sommer, S., Mayer, M. J., Burtin, D., and Michael, A. J. (2001).
Arabidopsis polyamine biosynthesis: absence of ornithine decarboxylase and

the mechanism of arginine decarboxylase activity. Plant J. 27, 551–560. doi:
10.1046/j.1365-313x.2001.01100.x

Hanzawa, Y., Imai, A., Michael, A. J., Komeda, Y., and Takahashi, T. (2002).
Characterization of the spermidine synthase-related gene family in Arabidopsis
thaliana. FEBS Lett. 527, 176–180. doi: 10.1016/s0014-5793(02)03217-9

Hanzawa, Y., Takahashi, T., Michael, A. J., Burtin, D., Long, D., Pineiro, M., et al.
(2000). ACAULIS5, an Arabidopsis gene required for stem elongation, encodes
a spermine synthase. EMBO J. 19, 4248–4256. doi: 10.1093/emboj/19.16.4248

Hummel, I., Gouesbet, G., El Amrani, A., Aïnouche, A., and Couée, I.
(2004). Characterization of the two arginine decarboxylase (polyamine
biosynthesis) paralogues of the endemic subantarctic cruciferous species
Pringlea antiscorbutica and analysis of their differential expression during
development and response to environmental stress. Gene 342, 199–209. doi:
10.1016/j.gene.2004.08.024

Igarashi, K., and Kashiwagi, K. (2000). Polyamines: mysterious modulators of
cellular functions. Biochem. Biophys. Res. Commun. 271, 559–564. doi: 10.1006/
bbrc.2000.2601

Igarashi, K., and Kashiwagi, K. (2019). The functional role of polyamines in
eukaryotic cells. Int. J. Biochem. Cell Biol. 107, 104–115. doi: 10.1016/j.biocel.
2018.12.012

Imai, A., Matsuyama, T., Hanzawa, Y., Akiyama, T., Tamaoki, M., Saji, H., et al.
(2004b). Spermidine synthase genes are essential for survival of Arabidopsis.
Plant Physiol. 135, 1565–1573. doi: 10.1104/pp.104.041699

Imai, A., Akiyama, T., Kato, T., Sato, S., Tabata, S., Yamamoto, K. T., et al. (2004a).
Spermine is not essential for survival of Arabidopsis. FEBS Lett. 556, 148–152.
doi: 10.1016/s0014-5793(03)01395-4

Khurana, N., Saxena, R. K., Gupta, R., and Rajam, M. V. (1996). Polyamines as
modulators of microcycle conidiation in Aspergillus flavus. Microbiology 142(Pt
3), 517–523. doi: 10.1099/13500872-142-3-517

Kumar, A., Patel, J. S., Meena, V. S., and Ramteke, P. W. (2019). Plant
growth-promoting rhizobacteria: strategies to improve abiotic stresses under
sustainable agriculture. J. Plant Nutr. 42, 11–12.

Lee, H. J., and Ryu, D. (2017). Worldwide occurrence of mycotoxins in cereals and
cereal-derived food products: public health perspectives of their co-occurrence.
J. Agric. Food Chem. 65, 7034–7051. doi: 10.1021/acs.jafc.6b04847

Liu, N., Yun, Y. Z., Yin, Y. N., Hahn, M., and Ma, Z. H. (2019). Lipid droplet
biogenesis regulated by the FgNem1/Spo7-FgPah1 phosphatase cascade plays
critical roles in fungal development and virulence in Fusarium graminearum.
New Phytol. 223, 412–429. doi: 10.1111/nph.15748

Lou, Y. R., Ahmed, S., Yan, J., Adio, A. M., Powell, H. M., Morris, P. F., et al.
(2020). Arabidopsis ADC1 functions as an N(δ) -acetylornithine decarboxylase.
J. Integr. Plant Biol. 62, 601–613. doi: 10.1111/jipb.12821

Madeo, F., Bauer, M. A., Carmona-Gutierrez, D., and Kroemer, G. (2019).
Spermidine: a physiological autophagy inducer acting as an anti-aging vitamin
in humans? Autophagy 15, 165–168. doi: 10.1080/15548627.2018.1530929

Madeo, F., Eisenberg, T., Pietrocola, F., and Kroemer, G. (2018). Spermidine in
health and disease. Science 359:eaan2788. doi: 10.1126/science.aan2788

Majumdar, R., Lebar, M., Mack, B., Minocha, R., Minocha, S., Carter-Wientjes,
C., et al. (2018). The Aspergillus flavus spermidine synthase (spds) gene, is
required for normal development, aflatoxin production, and pathogenesis
during infection of maize kernels. Front. Plant Sci. 9:317. doi: 10.3389/fpls.2018.
00317

Mathew, B. T., Torky, Y., Amin, A., Mourad, A. I., Ayyash, M. M., El-Keblawy,
A., et al. (2020). Halotolerant marine rhizosphere-competent actinobacteria
promote salicornia bigelovii growth and seed production using seawater
irrigation. Front. Microbiol. 11:552. doi: 10.3389/fmicb.2020.00552

Miller-Fleming, L., Olin-Sandoval, V., Campbell, K., and Ralser, M. (2015).
Remaining mysteries of molecular biology: the role of polyamines in the cell.
J. Mol. Biol. 427, 3389–3406. doi: 10.1016/j.jmb.2015.06.020

Minocha, R., Majumdar, R., and Minocha, S. C. (2014). Polyamines and abiotic
stress in plants: a complex relationship. Front. Plant Sci. 5:175.

Pestka, J. J. (2010). Deoxynivalenol: mechanisms of action, human exposure, and
toxicological relevance. Arch. Toxicol. 84, 663–679. doi: 10.1007/s00204-010-
0579-8

Phadwal, K., Kurian, D., Salamat, M. K. F., MacRae, V. E., Diack, A. B., and
Manson, J. C. (2018). Spermine increases acetylation of tubulins and facilitates
autophagic degradation of prion aggregates. Sci. Rep. 8:10004. doi: 10.1038/
s41598-018-28296-y

Frontiers in Microbiology | www.frontiersin.org 13 November 2021 | Volume 12 | Article 765398

https://doi.org/10.1107/S1399004715013048
https://doi.org/10.1073/pnas.88.13.5872
https://doi.org/10.1139/w04-035
https://doi.org/10.1038/s41568-018-0050-3
https://doi.org/10.1146/annurev-phyto-082718-100318
https://doi.org/10.1128/jb.142.3.791-799.1980
https://doi.org/10.1016/j.fm.2015.01.020
https://doi.org/10.1126/science.1143708
https://doi.org/10.1126/science.1143708
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1007/s00374-020-01450-3
https://doi.org/10.1094/phyto-84-1445
https://doi.org/10.1016/j.fgb.2009.04.004
https://doi.org/10.1094/MPMI-22-12-1588
https://doi.org/10.1186/1471-2229-10-289
https://doi.org/10.1016/j.freeradbiomed.2014.02.018
https://doi.org/10.1016/s0378-1119(98)00027-4
https://doi.org/10.1016/s0378-1119(96)00660-9
https://doi.org/10.1016/s0378-1119(96)00660-9
https://doi.org/10.1046/j.1365-313x.2001.01100.x
https://doi.org/10.1046/j.1365-313x.2001.01100.x
https://doi.org/10.1016/s0014-5793(02)03217-9
https://doi.org/10.1093/emboj/19.16.4248
https://doi.org/10.1016/j.gene.2004.08.024
https://doi.org/10.1016/j.gene.2004.08.024
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1016/j.biocel.2018.12.012
https://doi.org/10.1016/j.biocel.2018.12.012
https://doi.org/10.1104/pp.104.041699
https://doi.org/10.1016/s0014-5793(03)01395-4
https://doi.org/10.1099/13500872-142-3-517
https://doi.org/10.1021/acs.jafc.6b04847
https://doi.org/10.1111/nph.15748
https://doi.org/10.1111/jipb.12821
https://doi.org/10.1080/15548627.2018.1530929
https://doi.org/10.1126/science.aan2788
https://doi.org/10.3389/fpls.2018.00317
https://doi.org/10.3389/fpls.2018.00317
https://doi.org/10.3389/fmicb.2020.00552
https://doi.org/10.1016/j.jmb.2015.06.020
https://doi.org/10.1007/s00204-010-0579-8
https://doi.org/10.1007/s00204-010-0579-8
https://doi.org/10.1038/s41598-018-28296-y
https://doi.org/10.1038/s41598-018-28296-y
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-765398 November 15, 2021 Time: 13:56 # 14

Tang et al. Spermidine Regulates Virulence

Roberts, D. R., Dumbroff, E. B., and Thompson, J. E. (1986). Exogenous polyamines
alter membrane fluidity in bean leaves - a basis for potential misinterpretation
of their true physiological role. Planta 167, 395–401. doi: 10.1007/BF00391345

Rocha, R. O., and Wilson, R. A. (2019). Essential, deadly, enigmatic: polyamine
metabolism and roles in fungal cells. Fungal Biol. Rev. 33, 47–57. doi: 10.1016/
j.fbr.2018.07.003

Rocha, R. O., Elowsky, C., Pham, N. T. T., and Wilson, R. A. (2020). Spermine-
mediated tight sealing of the Magnaporthe oryzae appressorial pore-rice leaf
surface interface. Nat. Microbiol. 5, 1472–1480. doi: 10.1038/s41564-020-0
786-x

Ruiz-Herrera, J. (1994). Polyamines, DNA methylation, and fungal
differentiation. Crit. Rev. Microbiol. 20, 143–150. doi: 10.3109/1040841940911
3553

Seong, K. Y., Pasquali, M., Zhou, X., Song, J., Hilburn, K., McCormick, S., et al.
(2009). Global gene regulation by Fusarium transcription factors Tri6 and
Tri10 reveals adaptations for toxin biosynthesis. Mol. Microbiol. 72, 354–367.
doi: 10.1111/j.1365-2958.2009.06649.x

Shen, W., Nada, K., and Tachibana, S. (2000). Involvement of polyamines in the
chilling tolerance of cucumber cultivars. Plant Physiol. 124, 431–439. doi:
10.1104/pp.124.1.431

Tamari, K., Konno, M., Asai, A., Koseki, J., Hayashi, K., Kawamoto, K., et al.
(2018). Polyamine flux suppresses histone lysine demethylases and enhances
ID1 expression in cancer stem cells. Cell Death Discov. 4:104. doi: 10.1038/
s41420-018-0117-7

Tang, G. F., Chen, A. H., Dawood, D. H., Liang, J. T., Chen, Y., and Ma,
Z. H. (2020). Capping proteins regulate fungal development, DON-toxisome
formation and virulence in Fusarium graminearum. Mol. Plant Pathol. 21,
173–187. doi: 10.1111/mpp.12887

Tang, G. F., Chen, Y., Xu, J.-R., Kistler, H. C., and Ma, Z. H. (2018). The
fungal myosin I is essential for Fusarium toxisome formation. PLoS Pathog.
14:e1006827. doi: 10.1371/journal.ppat.1006827

Valdés-Santiago, L., Cervantes-Chávez, J. A., León-Ramírez, C. G., and Ruiz-
Herrera, J. (2012). Polyamine metabolism in fungi with emphasis on
phytopathogenic species. J. Amino Acids 2012:837932. doi: 10.1155/2012/
837932

Vanrell, M. C., Cueto, J. A., Barclay, J. J., Carrillo, C., Colombo, M. I., Gottlieb, R. A.,
et al. (2013). Polyamine depletion inhibits the autophagic response modulating
Trypanosoma cruzi infectivity. Autophagy 9, 1080–1093. doi: 10.4161/auto.
24709

Watanabe, S., Kusama-Eguchi, K., Kobayashi, H., and Igarashi, K. (1991).
Estimation of polyamine binding to macromolecules and ATP in bovine
lymphocytes and rat liver. J. Biol. Chem. 266, 20803–20809. doi: 10.1016/s0021-
9258(18)54780-3

Xu, Y., Vinas, M., Alsarrag, A., Su, L., Pfohl, K., Rohlfs, M., et al. (2019). Bis-
naphthopyrone pigments protect filamentous ascomycetes from a wide range
of predators. Nat. Commun. 10:3579. doi: 10.1038/s41467-019-11377-5

Yamaguchi, K., Takahashi, Y., Berberich, T., Imai, A., Takahashi, T., and Michael,
A. J. (2007). A protective role for the polyamine spermine against drought stress
in Arabidopsis. Biochem. Biophys. Res. Commun. 352, 486–490. doi: 10.1016/j.
bbrc.2006.11.041

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a shared affiliation all of the authors
at the time of review.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tang, Xia, Liang, Ma and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 November 2021 | Volume 12 | Article 765398

https://doi.org/10.1007/BF00391345
https://doi.org/10.1016/j.fbr.2018.07.003
https://doi.org/10.1016/j.fbr.2018.07.003
https://doi.org/10.1038/s41564-020-0786-x
https://doi.org/10.1038/s41564-020-0786-x
https://doi.org/10.3109/10408419409113553
https://doi.org/10.3109/10408419409113553
https://doi.org/10.1111/j.1365-2958.2009.06649.x
https://doi.org/10.1104/pp.124.1.431
https://doi.org/10.1104/pp.124.1.431
https://doi.org/10.1038/s41420-018-0117-7
https://doi.org/10.1038/s41420-018-0117-7
https://doi.org/10.1111/mpp.12887
https://doi.org/10.1371/journal.ppat.1006827
https://doi.org/10.1155/2012/837932
https://doi.org/10.1155/2012/837932
https://doi.org/10.4161/auto.24709
https://doi.org/10.4161/auto.24709
https://doi.org/10.1016/s0021-9258(18)54780-3
https://doi.org/10.1016/s0021-9258(18)54780-3
https://doi.org/10.1038/s41467-019-11377-5
https://doi.org/10.1016/j.bbrc.2006.11.041
https://doi.org/10.1016/j.bbrc.2006.11.041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Spermidine Is Critical for Growth, Development, Environmental Adaptation, and Virulence in Fusarium graminearum
	Introduction
	Materials and Methods
	Fungal Strains and Growth Assays
	Generation of Gene Deletion and Complementation Strains
	Conidiation, Perithecium Formation Assays
	Stress Sensitivity Tests
	Pathogenicity and Deoxynivalenol Production Assay
	Quantitative Real-Time PCR
	Confocal Microscopy Observation
	RNA-Seq Analysis
	Statistical Analysis

	Results
	Identification of Polyamine Biosynthesis Pathway Genes in Fusarium graminearum
	Spermidine Is Important for Hyphal Growth
	Polyamines Restore the Defective Phenotypes of Fgspe Mutants
	Spermidine Is Essential for Asexual and Sexual Reproduction
	Spermidine Regulates Environmental Stress Tolerance
	Spermidine Is Required for the Virulence of Fusarium graminearum
	Spermidine Regulates Deoxynivalenol Biosynthesis
	Transcriptional Profiling Analysis of ΔFgspe3

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


