Ren et al. Phytopathology Research (2024) 6:24
https://doi.org/10.1186/542483-024-00243-y

RESEARCH

Overexpression of wheat spermidine

Phytopathology Research

Open Access

®

Check for
updates

synthase gene enhances wheat resistance

to Fusarium head blight

Jingyi Ren', Chengliang Li', Qi Xiu", Ming Xu"" and Huiquan Liu'"

Abstract

Polyamines, such as putrescine, spermidine, and spermine, are crucial for plant defense against both abiotic and biotic
stresses. Putrescine is also known as a significant inducer of deoxynivalenol (DON) production in Fusarium gramine-
arum, the primary causal agent of Fusarium head blight (FHB). However, the impact of other polyamines on DON
production and whether modifying polyamine biosynthesis could improve wheat resistance to FHB are currently
unknown. In this study, we demonstrate that key precursor components of putrescine synthesis, including arginine,
ornithine, and agmatine, can induce DON production, albeit to a lesser extent than putrescine in trichothecene
biosynthesis-inducing (TBI) culture under the same total nitrogen conditions. Intriguingly, spermidine and sper-
mine, downstream products of putrescine in the polyamine biosynthesis pathway, do not induce DON production
under the same conditions. Additionally, externally applying either spermidine or spermine to wheat heads signifi-
cantly reduces the diseased spikelet number caused by F. graminearum. Furthermore, our results show that overex-
pression of the wheat spermidine synthase (SPDS) gene TaSPDS-7D1 significantly enhances the spermidine content
and wheat resistance to FHB. In addition, the TaSPDS-7D1-overexpressing line OE3 exhibited a 1000-grain weight
and plant height increase compared to the wild type. Our findings reveal that overexpression of the spermidine syn-
thase gene can enhance wheat resistance to FHB without compromising wheat yield.
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Background

Polyamines are small organic amine molecules found in
almost all living organisms. The primary polyamine spe-
cies consist of putrescine, spermidine, and spermine,
with the latter two also referred to as higher polyamines
(Pal and Janda 2017; Gerlin et al. 2021). The biosynthe-
sis pathway of polyamines has been well documented,
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involving the participation of several key enzymes.
Briefly, putrescine is synthesized through the decarboxy-
lation of ornithine, catalyzed by the enzyme ornithine
decarboxylase (ODC), or indirectly synthesized by the
decarboxylation of arginine via agmatine, catalyzed by
the enzyme arginine decarboxylase (ADC). Spermidine
and spermine are synthesized by sequentially adding
aminopropyl moieties to the putrescine skeleton through
enzymatic reactions, which are catalyzed by spermidine
synthase (SPDS) and spermine synthase (SPMS), respec-
tively. Decarboxylated S-adenosylmethionine (dcSAM),
which is used for the addition of the aminopropyl moiety,
is synthesized by S-adenosylmethionine decarboxylase
(SAMDC) (Michael 2016; Pal and Janda 2017).
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Due to their amine functions, polyamines possess a
polycationic nature at physiological pH. Thus, they can
stabilize or destabilize anionic macromolecules or nega-
tively charged ions. The chemical property of polyam-
ines as pleiotropic molecules allows them to contribute
to a wide range of molecular and biochemical processes.
In plants, polyamines contribute to diverse pathways
involved in cell proliferation, plant development, abiotic
and biotic stress responses (Moschou et al. 2012; Ger-
lin et al. 2021). In Arabidopsis (Arabidopsis thaliana),
SPDS genes are required for spermidine biosynthesis and
essential for plant survival as the spdsi-1 spds2-1 double
mutant are embryo lethal (Imai et al. 2004). In tobacco,
silencing of spermidine synthase gene SPDS resulted
in decreased spermidine levels and a slightly increased
putrescine, leading to smaller size of flowers, decreased
pollen viability, and a reduced and delayed seed germina-
tion, but the RNAI transgenic plant showed increased tol-
erance to salinity and drought conditions (Choubey and
Rajam 2018). Several studies have highlighted the role of
polyamines in plant immune responses to pathogens. In
Arabidopsis, the expression of ADC2, a key enzyme in
putrescine biosynthesis, was induced by Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000) infection. The
adc2 knock-out mutant was defective in putrescine bio-
synthesis and was more susceptible to pathogen infec-
tion (Kim et al. 2013). Overexpression of the Arabidopsis
spermine synthase gene AtSPMS led to enhanced sper-
mine levels and exhibited increased resistance to Pseu-
domonas viridiflava as compared with the wild-type
plant (Gonzalez et al. 2011). Recent transcriptomics and
metabolomics analyses of the interaction between Asper-
gillus flavus and both resistant/susceptible maize lines
revealed resistant lines accumulated higher amounts of
spermidine and spermine compared to the susceptible
line at the earliest time after inoculation, indicating that
higher polyamine content in maize genotypes may confer
higher resistance to A. flavus and reduce aflatoxin pro-
duction (Majumdar et al. 2019).

Fusarium head blight (FHB), caused by the Fusarium
graminearum species complex, is a destructive fungal
disease that affects wheat and barley crops globally. FHB
not only causes substantial yield losses in crops but also
leads to grain contamination with various mycotoxins,
particularly deoxynivalenol (DON) (Xia et al. 2020). In
mammals, DON exerts its effects by binding to the ribo-
some, leading to the inhibition of protein synthesis, then
causing emetic effects, anorexia, immune dysregulation,
as well as growth and reproductive inhibition, and terato-
genic effects (Pestka 2010). To minimize human and ani-
mal exposure to DON, maximum permissible levels for
DON in cereals and their products have been established
in many countries (Ji et al. 2014; Bianchini et al. 2015).
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Besides, DON is also an important virulence factor for F
graminearum. The TRI5 gene, which is essential for DON
biosynthesis, is expressed in infection cushions during
the early stages of infection (Boenisch and Schifer 2011).
Deletion of the TRI5 gene abolishes DON production.
Although the #ri5 mutant can cause the initial infection,
it is trapped in the infected floret and fails to spread via
the rachis node (Jansen et al. 2005).

Several factors that may induce the production of
DON by E graminearum have been proposed, including
hydrogen peroxide, carbon and nitrogen sources, and
acidic pH (Chen et al. 2019). In particular, in a screen of
large-scale nutrient profiling, the most potent inducers of
DON production in vitro by F. graminearum are revealed
as metabolites of the plant polyamine biosynthetic path-
way, such as arginine, ornithine, agmatine, citrulline, and
putrescine (Gardiner et al. 2009). The core polyamine
biosynthetic pathway is activated at the early stage during
E graminearum infection on wheat and putrescine accu-
mulation occurs before toxin production by the pathogen
(Gardiner et al. 2010). It is hypothesized that the path-
ogen may absorb putrescine and related amino acids as
signals for DON production during infection (Gardiner
et al. 2009, 2010). In the presence of putrescine, the
transcription factor FgAreA facilitates the enrichment
of histone H2B monoubiquitination (H2B ub1l) and his-
tone 3 lysine 4 di- and trimethylations (H3K4 me2/3) on
trichothecene biosynthesis genes to induce their expres-
sion (Ma et al. 2021). However, whether manipulation
of wheat polyamine biosynthetic pathways to increase
the conversion of putrescine to higher polyamines could
reduce DON induction and enhance wheat resistance
against FHB is largely unknown.

In this study, we showed that, in addition to putrescine,
arginine, ornithine, and agmatine, the primary precursor
components of putrescine synthesis, can induce DON
production. Conversely, spermidine and spermine, which
are downstream products of putrescine in the polyamine
biosynthesis pathway, do not induce DON production.
Notably, the external application of both spermidine and
spermine to wheat heads significantly reduces the dis-
eased spikelet number caused by E graminearum. We
performed overexpression of the spermidine synthase
(SPDS) gene TuSPDS-7D1 in wheat to reduce DON pro-
duction and enhance wheat resistance to FHB by decreas-
ing the content of putrescine and increasing the content
of spermidine and spermine. The TaSPDS-7D1-overex-
pressing wheat lines exhibited significantly enhanced
resistance to FHB without compromising wheat yield.
However, the same level of DON was accumulated in the
inoculated spikelet of TaSPDS-7D1-overexpressing wheat
lines as in the wild type. Analysis of polyamine contents
revealed a simultaneous enhancement of putrescine and
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spermidine in the wheat heads of TuSPDS-7D1-overex-
pressing lines infected by E graminearum. Our findings
demonstrate that overexpression of the spermidine syn-
thase gene can indeed enhance wheat resistance to FHB.

Results

Putrescine and its precursors stimulate DON production,
while spermidine and spermine inhibit F. graminearum
infection

We investigated the impact of polyamine synthesis
pathway components (Fig. la) — including arginine,
ornithine, agmatine, putrescine, spermidine, and sper-
mine — on DON production using trichothecene bio-
synthesis-inducing (TBI) medium, with each serving
as the sole nitrogen source while maintaining a consist-
ent total nitrogen level (Fig. 1b). As depicted in Fig. 1b,
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putrescine’s synthesis precursors (arginine, ornithine,
and agmatine) significantly stimulated DON production.
Conversely, putrescine’s downstream products (sper-
midine and spermine) did not induce DON production.
The precursor components induced a relatively lower
level of DON production compared to putrescine. Nota-
bly, the concentration of DON induced by putrescine in
the TBI medium exceeded 10,000 ug/g dry-weight tissue
(Fig. 1b). These findings indicate that putrescine is the
most effective polyamine for inducing DON production.

We further assayed the role of putrescine, sper-
midine, and spermine in E graminearum infec-
tion by spraying them on wheat heads along with E
graminearum inoculation. As shown in Fig. 1c, d, the
exogenous spray of either spermidine or spermine
notably decreased the diseased spikelet number, while
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Fig.1 Functional analysis of polyamines in F. graminearum infection and Deoxynivalenol (DON) production on wheat. a Schematic diagram

of putrescine, spermidine, and spermine biosynthesis in plants. SPDS and SPMS are responsible for the transfer of aminopropy! groups

to spermidine and spermine, respectively. ADC, arginine decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase; dc-SAM,
decarboxylated S-adenosylmethionine; ADC, ornithine decarboxylase. b DON production in trichothecene biosynthesis-inducing (TBI) medium
with glutamine (GIn), arginine (Arg), ornithine (Orn), agmatine (AGM), putrescine (Put), spermidine (Spd), and spermine (Spm) as the sole

nitrogen source. DW, Dry weight. The error bar represents standard errors (SEs) from three independent replicates (n = 3). Different letters indicate
significant differences based on ANOVA analysis followed by Duncan’s multiple range test (P=0.05). c Representative images of polyamine-treated
wheat head with £. graminearum inoculation. d Diseased spikelet number of polyamine-treated and F. graminearum infected wheat. @ DON

levels of polyamine-treated and F. graminearum infected wheat. The error bar indicates standard errors of the means (n varies for each column
and is shown in each case directly on the graphs). P-values are from the Student’s t-tests
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putrescine did not. The result indicates that spermi-
dine and spermine, but not putrescine, enhance FHB
resistance in wheat. However, exogenous addition of
putrescine, spermidine, and spermine had no effect on
DON production (Fig. le).

Identification and expression analysis of wheat SPDS genes
Given that SPDS and SPMS facilitate the conversion of
putrescine to spermidine and spermine (Fig. la), it may
be feasible to overexpress the wheat SPDS/SPMS genes
to reduce putrescine levels while increasing spermidine
and spermine levels. The SPDS/SPMS enzyme possesses a
Spermine_synth domain. Genes encoding SPDS/SPMS in
Arabidopsis (A. thaliana) (Hanzawa et al. 2002), rice (Oryza
sativa) (Tao et al. 2018), tomato (Solanum lycopersicum)
(Upadhyay et al. 2021), maize (Zea mays) (https://plants.
ensembl.org/), tobacco (Nicotiana benthamiana) (Choubey
and Rajam 2018), figleaf gourd (Cucurbita ficifolia) (Kasu-
kabe et al. 2004), pepper (Capsicum annuum) (Zhang et al.
2023), and datura (Datura stramonium) (Franceschetti et al.
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2004) were used as a query against wheat (Triticum. aes-
tivum) genome (Additional file 1: Table S1). In the wheat
genome, we obtained six sequences related to TaSPDS and
six related to TaSPMS. Phylogenetic analysis revealed that
a gene duplication event in the wheat ancestor resulted in
the emergence of two SPDS paralogs (each occurring in the
three subgenomes), while the six TaSPMS sequences origi-
nated from an ancestral duplication event, at least in the
last common ancestor of the grass family (Fig. 2a). Given
that overexpression of OsSPMSI in rice resulted in no sig-
nificant difference in spermine content between the wild-
type and overexpressing plants (Tao et al. 2018), we focused
on investigating the roles of TaSPDS in wheat. We named
TraesCS7A02G265200, TraesCS7B02G163300, and TraesC-
S7D02G265900 as TaSPDS-7A1, TuSPDS-7B1, and TaSPDS-
7D1, respectively. Additionally, TraesCS7A02G265300,
TraesCS7B02G163500, and TraesCS7D02G266000 were
named TaSPDS-7A2, TaSPDS-7B2, and TaSPDS-7D2,
respectively (Additional file 2: Fig. S1).
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Fig. 2 Phylogenetic analysis of SPDS/SPMS members in wheat and gene expression pattern of TaSPDS during F. graminearum infection. a
Phylogenetic tree of SPDS/SPMS proteins from wheat (Triticum aestivum), Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), tomato (Solanum
lycopersicum), maize (Zea mays), tobacco (Nicotiana benthamiana), figleaf gourd (Cucurbita ficifolia), pepper (Capsicum annuum), and datura (Datura
stramonium). The phylogenetic tree was constructed using the neighbor-joining method with 1000 bootstrap repetitions with the MEGA 11.0.9
software. b The TPM (transcripts per million) values of 6 TaSPDS genes from RNA-seq data of F. graminearum inoculated wheat. ¢ Gene structure,

RNA-seq read coverage of TaSPDS-7D1
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Based on our previous RNA-seq data of the wheat-E
graminearum interaction (Jiang et al. 2019), the tran-
scriptional level of TaSPDS-7D1 was slightly elevated at
24 h post inoculation (hpi), followed by a reduction at 48
hpi and 72 hpi (Fig. 2b). Given that 7aSPDS-7D1 exhib-
ited the highest expression level in wheat both before and
after E graminearum infection, it was chosen for further
functional analysis in this study. 7aSPDS-7D1 consists of
two exons and encodes 324 amino acids. The genomic
and ¢cDNA sequences are 1067 and 975 bp in length,
respectively (Fig. 2c).

Overexpression of TaSPDS-7D1 in wheat confers resistance
to FHB

The overexpression (OE) construct of TaSPDS-7D1 was
generated under the control of the maize ubiquitin pro-
moter, which was then transformed into the spring wheat
cultivar Fielder. After conducting a PCR test with primers
6E-check-F/6E-check-R for the presence of the transgene,
20 positive transgene lines of the first generation (T)
were identified. T, generation of four transgenic lines
(OE1, OE3, OE15, and OE21) were chosen for further
analysis. According to the segregation analysis based on
PCR with primers 6E-check-F/6E-check-R in all the plants
investigated, lines OE3 and OE21 were identified as likely
homozygous, while lines OE1 and OE15 were verified to
be heterozygous (Table 1). We selected the T, genera-
tion of OE3 and OE21 for further analysis. PCR analysis
revealed the presence of a band of the expected size in
both transgenic lines (Fig. 3a), indicating the successful
insertion of the TaSPDS-7D1-overexpressing construct
into the wheat genome. The relative expression level of
TaSPDS-7D1 was significantly increased in OE3 and
OE21 lines as compared to the wild-type plant, indicating
a stable overexpression of TaSPDS-7D1 in the transgenic
lines. The means of TaSPDS-7D1 relative expression levels
were 17.84 in OE3 and 9.81 in OE21 as compared with the
wild type (Fig. 3b), respectively. Western blotting analysis
showed that the TaSPDS-7D1-HA fusion proteins were
accumulated in the OE3 and OE21 lines (Fig. 3¢).

Table 1 Segregation analysis of the T, generation of four selected
transgenic lines

Number of Plants
Containing the Transgene

Transgenic Line Zygosity

Wild type 0/10 Negative control
OE1 7/10 Heterozygous

OE3 10/10 Likely homozygous
OE15 7/10 Heterozygous
OE21 10/10 Likely homozygous
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To investigate the potential functions of TaSPDS-
7D1 in wheat defense against F graminearum, OE3,
OE21, and wild-type plants were inoculated with
the E graminearum wild-type strain PH-1. The two
TaSPDS-7D1-overexpressing wheat lines, OE3 and
OE21, displayed significantly enhanced resistance to
FHB (Fig. 3d). The average diseased spikelet number
of the wild-type was 9.0, while those of the two trans-
genic lines were 6.8 and 6.5 in OE3 and OE21, respec-
tively (Fig. 3e). But compared with the wild-type wheat,
the two TaSPDS-7D1-overexpressing lines produced the
same level of DON in the inoculated spikelet (Fig. 3f).
These results indicate that overexpression of TaSPDS-
7D1 improved wheat resistance to FHB, but had limited
effect on reducing DON accumulation.

Overexpression of TaSPDS-7D1 do not compromise wheat
yield

Several agronomic traits were compared between the
wild-type plants and OE lines. At the maturity stage, the
two OE lines were significantly taller than the wild type
(Fig. 4a, d). Compared with the wild type, the plant height
of the OE lines increased by 7.7% and 10.8% in OE3 and
OE21, respectively. Whereas there was no significant
difference in tiller number (Fig. 4c) and spike length
(Fig. 4e), the 1000-grain weight increased by 10.2% in the
OE3 line compared with the wild type (Fig. 4b, f). The
difference between the two TaSPDS-7D1-overexpressing
lines may be attributed to variations in the expression
levels since OE3 exhibited a 1.8-fold higher than that of
OE21.

Overexpression of TaSPDS-7D1 leads to increased synthesis
of both spermidine and putrescine

To investigate the resistance mechanism, we assayed the
level of spermidine, spermine, and putrescine in the OE3
transgenic line in the spikelet and rachis tissues inocu-
lated with E graminearum. As expected, overexpression
of TaSPDS-7D1 significantly enhanced the spermidine
content in both spikelets and rachises as compared to
the wild-type plants (Fig. 5a). The increased level was
even higher after F graminearum infection. Spermi-
dine content in the rachis of OE line was increased more
than twofold as compared with that of the wild-type
plant (Fig. 5a). These results suggest that TaSPDS-7D1
functions as a SPDS and promotes the accumulation of
spermidine in wheat heads that inhibit E graminearum
infection.

While the putrescine content showed a significant
increase in both the spikelets and rachises of the OE3
line after E graminearum infection compared to the wild
type (Fig. 5b), there were no significant changes in the
spermine content (Fig. 5¢c). These findings suggest that
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Fig. 3 Overexpression of TaSPDS-7D1 in wheat confers resistance to FHB. a PCR detection of the wild type (WT) and TaSPDS-7D1-overexpressing
lines (OE3 and OE21). M, DL2000 DNA marker. b Relative expression levels of TaSPDS-7D1 in WT and TaSPDS-7D1-overexpressing lines. The error

bar indicates standard deviation (SD) from three independent replicates (n=3). ¢ Western blot of the WT and TaSPDS-7D1-overexpressing lines using
an anti-HA antibody. d Representative images of the WT and TaSPDS-7D1-overexpressing lines with £. graminearum inoculation. e Diseased spikelet
number of the WT and TaSPDS-7D1-overexpressing lines with £. graminearum inoculation. f DON levels of WT and TaSPDS-7D1-overexpressing

lines. The error bar indicates standard errors of the means (n varies for each column and is shown in each case directly on the graphs). P-values are

from the Student’s t-tests

the polyamine biosynthesis pathway underwent positive
feedback, and the increased levels of spermidine led to
an increase in the levels of its synthetic precursor, putres-
cine. These observations help explain why the overex-
pression of TaSPDS-7D1 enhances resistance to FHB but
has a limited effect on reducing DON production.

Discussion

The host stress metabolite putrescine is one of the most
potent DON-inducing factors in culture. Compared to
other metabolites in the polyamine biosynthesis pathway,
putrescine induces the highest DON level in TBI cul-
ture while maintaining a consistent total nitrogen level.
Exogenously sprayed both spermidine and spermine on
wheat head along with E graminearum inoculation sig-
nificantly reduced the diseased spikelet number, indicat-
ing that spermidine and spermine positively contribute
to FHB resistance of wheat. According to phylogenetic
analyses, wheat 7aSPDS genes had been identified and
named. Expression pattern analysis of TaSPDS genes
using RNA-seq data showed that the transcript level of

TaSPDS-7D1 was slightly elevated at 24 hpi, and then
reduced at 48 hpi and 72 hpi. We investigated the impact
of overexpression of TaSPDS-7D1 on FHB resistance in
wheat and regulation of the abundance of polyamines.
Our results showed that overexpression of TaSPDS-7D1
significantly enhances wheat resistance to FHB, although
TaSPDS-7D1-overexpressing wheat lines accumulate the
same level of DON as the wild type. It may be because of
a simultaneous increase of spermidine and putrescine in
the wheat head after F graminearum inoculation. Moreo-
ver, The TuSPDS-7D1-overexpressing line OE3 exhibited
a 1000-grain weight and plant height increase compared
to the wild type. These findings declare a positive effect of
the spermidine synthase gene on enhance wheat resist-
ance to FHB without compromising wheat yield.

During FHB development, the level of putrescine
increases at the same time as DON production and with
a significant increase in the transcription levels of wheat
putrescine biosynthesis genes, suggesting that putrescine
may play a role in promoting DON production (Gardiner
et al. 2010; Ma et al. 2021). However, F graminearum
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Fig. 4 Overexpression of TaSPDS-7D1 affects plant architecture and 1000-grain weight. a Plant architecture of WT and TaSPDS-7D1-overexpressing
lines at the mature stage. b Grain shape of WT and TaSPDS-7D1-overexpressing lines. ¢ Tiller number, d Plant height, e Spike length, f 1000-grain
weight of the WT and TaSPDS-7D1-overexpressing lines. The error bar indicates standard errors of the means (n varies for each column and is shown

in each case directly on the graphs). P-values are from the Student’s t-tests

putrescine synthesis gene FgODC is not upregulated
during infection on wheat, suggesting unessential role
of endogenous putrescine synthesis on DON produc-
tion during F graminearum infection (Ma et al. 2021). In
this study, while maintaining a consistent total nitrogen
level, putrescine induced the higher DON level than its
precursors in TBI culture. Exogenously application of
putrescine had no effect on the diseased spikelet num-
ber. On the contrary, spermidine and spermine did not
induce DON production, and exogenously application of
these two higher polyamines on wheat head significantly
reduced the diseased spikelet number, which gives sup-
port to the consequence that higher polyamines in the
host contribute to FHB resistance.

It is well acknowledged that polyamines contribute to
plant resistance against fungal pathogens by multiple
functions (KoC 2015; Takahashi 2016; Gonzalez et al.
2021). Polyamines have a crucial impact on regulating
the production of hydrogen peroxide (H,O,), which is
recognized as the primary reactive oxygen species (ROS)
in plants. Polyamines participate in enhancing H,O,
levels through their catabolism by amine oxidases (Ger-
lin et al. 2021). Generally, putrescine can be oxidized by
diamine oxidases (DAO), spermidine and spermine can

be oxidized by polyamine oxidases (PAO), these reac-
tions release H,O, (Moschou et al. 2012; Gerlin et al.
2021). In A. thaliana, exogenously applied spermine
induces the accumulation of H,O,, primming resist-
ance against necrotrophic fungus Botrytis cinerea (Janse
van Rensburg et al. 2021). The increase in H,O, may
also be involved in signaling for phytoalexin production
(Handa et al. 2018; Gonzalez et al. 2021), and in the ini-
tiation of the well-documented hypersensitive response
(HR) (Zeiss et al. 2021). In rice, exogenously application
of spermidine induces resistance marker genes OsPR1b
and PBZ]I expression, as well as phytoalexin biosynthesis
genes CSP4 and NOMT, leading to increased resistance
against rice blast fungus Magnaporthe oryzae (Moselhy
et al. 2016). In addition to their free forms, plant poly-
amines can also occur as conjugated forms. Conjugation
of amines to hydroxycinnamic acids (HCAs) generates
HCA amides (HCAAs), which are considered as part of
the polyamine storage pool. HCAAs have been classified
as phytoalexins and their accumulation in infected tis-
sues served as biomarkers of pathogen infection (Zeiss
etal. 2021).

Interestingly, the TaSPDS-7D1 OE line OE3 exhib-
ited an increase of 1000-grain weight and plant height
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Fig. 5 Overexpression of TaSPDS-7D1 affects polyamine synthesis. Contents of a spermidine, b putrescine, and ¢ spermine in the WT
and TaSPDS-7D1-overexpressing lines with (Infect) or without (Mock) £ graminearum inoculation. FW, Fresh weight. The error bar indicates standard
errors from three independent experiments (n=3). P-values are from the Student’s t-tests

compared to the wild-type, indicating a positive role
of TaSPDS in the regulation of wheat growth. It was
reported that exogenous spermidine can effectively regu-
late carbohydrate metabolism in cucumber leaves (Chen
et al. 2011). Foliar spray treatment with putrescine and
spermine on wheat increases the concentration of solu-
ble, insoluble, and total sugars concentrations of leaves
(Ebeed et al. 2017). Such an increase triggered a surge in
the flow of sugars into the grains, leading to a significant
increase in the grain weight (Kaur-Sawhney et al. 1982).

The previous study has suggested that polyamines are
notably involved in the grain filling of wheat (Liu et al.
2013). It is reported that a high spermidine level in grain
is one of the reasons why superior grain has a higher
grain filling rate than inferior grain (Yang et al. 2008).
Luo and colleagues reported that exogenous spermi-
dine significantly increased grain filling (Luo et al. 2019).
Therefore, the increase in spermidine content may con-
tribute to the enhanced 1000-grain weight of TaSPDS-
7D1-overexpressing line OE3.
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In this study, overexpression of 7TaSPDS-7D1 sig-
nificantly enhanced the spermidine content but did not
affect putrescine and spermine content in the unin-
fected stage. After E graminearum infection, TaSPDS-
7D1-overexpressing line showed a significant increase of
spermidine and putrescine in the spikelets and rachises
compared to the wild type. These findings suggest that
the polyamine biosynthesis pathway undergoes positive
feedback, and the increased levels of spermidine led to
an increase in the levels of its synthetic precursor, putres-
cine. These observations help explain why the overex-
pression of 7aSPDS-7D1 enhances resistance to FHB
but has a limited effect on reducing DON production.
Overexpression of SPDS genes from figleaf gourd (Cucur-
bita ficifolia), pepper (Capsicum annuum), and datura
(Datura stramonium) in Arabidopsis or tobacco has also
been conducted. Overexpression of figleaf gourd SPDS
gene increased the spermidine content (1.3- to twofold),
and slightly increased putrescine content (Kasukabe et al.
2004). The transgenic Arabidopsis showed enhanced
tolerance to multiple stresses such as freezing, drought,
and paraquat toxicity (Kasukabe et al. 2004). Overexpres-
sion of pepper (C. annuum L.) SPDS gene in Arabidopsis
resulted in higher spermidine content, and cold tolerance
(Zhang et al. 2023). Overexpression of the datura sper-
midine synthase gene in tobacco results in an increas-
ing activity of SPDS, which elevated the spermidine
content, but made no difference to spermine and total
polyamine level. The resulting transgenic tobacco plants
displayed no observable phenotypic alterations (Franc-
eschetti et al. 2004). In rice, overexpression of OsSPMSI
led to a decreased level of spermidine and accumulation
of putrescine, but there was no significant difference in
spermine content between the wild-type and OsSPMSI-
overexpressing plants (Tao et al. 2018). Therefore, poly-
amine levels are not only determined by the expression
of SPDS/SPMS or activities of SPDS/SPMS but are also
affected by global regulation mechanisms.

Although overexpression of TaSPDS-7D1 increases
wheat resistance to FHB, it has limited function in reduc-
ing DON production on wheat. Since the external appli-
cation of putrescine did not lead to an increase in DON
production (Fig. 1le), a possible explanation for the lack
of impact of TaSPDS-7D1 overexpression on DON pro-
duction is that the putrescine levels in wild-type wheat
during infection might already be adequate to induce
high levels of DON. The heightened putrescine content
in TaSPDS-7D1 overexpression lines may not further
stimulate DON production. Therefore, other approaches
need to be explored to generate FHB resistance wheat or
reduce FHB severity based on reducing DON accumula-
tion. Transgenic wheat plants silenced for or mutation
in ODC and/or ADC may result in significantly reduced
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putrescine levels in wheat heads, as it may reduce DON
accumulation. However, since polyamines play important
roles in many biological processes, it may be difficult to
generate such kind of low-polyamine content transgenic
wheat without affecting main agronomic traits. There-
fore, suppressing the polyamine ingestion pathway by E
graminearum would be an effective way. Crespo-Sempere
and colleagues studied the effect of polyamine biosyn-
thesis inhibitor DFMO (D, L-a-difluoromethylornithine)
and polyamine transport inhibitors on growth, DON
production, and F. graminearum infection. They found
that DFMO can reduce growth and DON production
but exogenous putrescine recovers its effects in culture,
suggesting an ingestion event of pathogens from out-
side (Crespo-Sempere et al. 2015). Meanwhile, poly-
amine transport inhibitors suppress E graminearum
growth and DON contamination in planta. Therefore,
high-affinity and specific polyamine transport inhibi-
tors could be developed into target-specific fungicides
for controlling FHB. In addition, reducing host polyam-
ine export by silencing or editing putrescine transporter
genes may reduce apoplastic putrescine levels and DON
accumulation.

Conclusion

In summary, the present study showed that while main-
taining the same amount of total nitrogen in TBI culture,
putrescine is the most potent inducer of DON compared
to other metabolites in the polyamine biosynthesis path-
way. Exogenously application of higher polyamines on
wheat head significantly reduced the diseased spike-
let number. TaSPDS-7D1-overexpressing line confers
a higher spermidine level and elevated resistance to F
graminearum infection than the wild-type wheat. How-
ever, there was no significant difference in DON accu-
mulation. The 7TaSPDS-7D1-overexpressing line OE3
exhibited higher 1000-grain weight and plant height
compared to the wild type. Our results showed that over-
expression of the spermidine synthase gene enhances
wheat resistance to FHB without compromising wheat
yield.

Methods

Plant and fungal materials and treatments

Wheat (T aestivum L.) cultivar Fielder was obtained
from the State Key Laboratory for Crop Stress Resistance
and High-Efficiency Production (Yangling, Shaanxi). All
wheat plants were grown in the greenhouse at a relative
humidity of 65%, 40,000 Lux with a 16 h light/8 h dark
photoperiod, and a temperature of 22°C during the day
and then 16°C during the night. Their agronomic traits
were recorded and plants were harvested subsequently.
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The E graminearum wild-type strain PH-1 was cultured
on potato dextrose agar (PDA) plates at 25°C.

Sequence identification and generation of transgenic
wheat

The 972-bp full-length coding sequence (CDS) of TaSPDS-
7D1 was cloned into the pANIC-6E plasmid under the
control of the maize ubiquitin promoter using the Gate-
way system (Invitrogen, USA). Then, the construct was
transformed into Agrobacterium strain EHA105. The
TaSPDS-7D1-overexpressing wheat lines were gener-
ated in the State Key Laboratory for Crop Stress Resist-
ance and High-Efficiency Production (Yangling, Shaanxi)
using Agrobacterium-mediated transformation (Ishida
et al. 2015) and screened using 10 mg/L glufosinate-
ammonium. The 6E-Check-F/6E-Check-R were used for
certifying the presence of the pANIC-6E in the trans-
genic plants. Real-time quantitative PCR (qRT-PCR) was
employed to detect the expression levels, 7uSPDS-7D1
gene expression levels are normalized to that of TaEF-1a
(Schoonbeek et al. 2015). All primers used in this study
are listed in Additional file 1: Table S2. The presence of
TaSPDS-7D1-HA fusion protein was detected by western
blot analysis with the anti-HA (1:3000 dilution, AE008,
ABclonal, USA) antibodies.

F. graminearum inoculation and deoxynivalenol
production assay

The wheat heads at the anthesis stage were inoculated
with 10 pL of 2x10° spores/mL conidium suspen-
sions at the fifth spikelet from the top. Inoculated wheat
heads were moisturized for 36 h with plastic bags (Ren
et al. 2022). For spraying application of exogenous poly-
amines, 5 mM of putrescine, spermidine, and spermine
were sprayed on the wheat head three times separately
along with and every two days after F graminearum
inoculation. The number of diseased spikelets per head
was examined 14 days post inoculation (dpi). DON pro-
duction in the inoculated spikelets sampled at 14 dpi
was assayed by gas chromatography-mass spectrometry
(GCMS-QP2010) system with AOC-20i autoinjector
(Shimadzu Co. Japan). TBI medium was used for in vitro
induction of DON. 5 mM Glutamine, 2.5 mM arginine,
5 mM ornithine, 2.5 mM agmatine, 5 mM putrescine,
3.33 mM spermidine, and 2.5 mM spermine were used as
the sole nitrogen source. A 20 pL aliquot of F gramine-
arum conidial suspension (1x10%/mL) was mixed with
1.98 mL TBI in 24-well polypropylene plates and incu-
bated in the dark without shaking at 28°C for 7 days.

Polyamines measurement
For polyamines measurement, the inoculation method
was the same as introduced before (Ren et al. 2022), the
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only difference is conidium suspensions of F gramine-
arum were injected into all of the florets on the wheat
head during anthesis, while sterile distilled water was
inoculated in the same manner as the control. The spike-
lets and rachises were collected 5 dpi. Polyamines were
estimated using high-performance liquid chromatogra-
phy (HPLC) as described by Flores and Galston (Flores
and Galston 1982) with minor modifications. HPLC anal-
ysis was performed using a Shimadzu LC-20AD HPLC
instrument (Shimadzu Co. Japan). The sample (5 pL) was
injected and chromatographed on a WondaSil C18 col-
umn (150 mmXx3.0 mm, 5 um) using an auto-injector
with 60% methanol at a flow rate of 0.7 mL/min. Fluo-
rescence was detected at 230 nm. Chromatographic data
were analyzed using the Chromatopac system.
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ADC Arginine decarboxylase

AGM Agmatine

Arg Arginine

cDNA Complementary DNA

CDS Coding sequence
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dcSAM Decarboxylated S-adenosylmethionine
DFMO D, L-a-difluoromethylornithine

DON Deoxynivalenol

DPI Days post inoculation

Fg Fusarium graminearum
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HCAs Hydroxycinnamic acids
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Oomn Ornithine
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gRT-PCR  Quantitative real-time PCR
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