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Abstract: Vicia species are of great value in ecological restoration, soil improvement, and
the development of a forage resource. In 2024, a novel pod disease affecting four-seeded
vetches (Vicia tetrasperma) emerged in Rongchang District, China, leading to severe yield
loss. After obtaining the main pathogenic strain, FVS1, through the tissue isolation method,
which was verified according to Koch's postulates, and by combining morphological charac-
teristics with multigene phylogenetic analysis, FVS1 was identified as Fusarium proliferatum.
The biological properties indicated that the most suitable culture medium of the fungus
was oatmeal agar (OA), with the optimum growth temperature 25 °C and the lethal tem-
perature being 35 °C. FVS1 exhibited insensitivity within a pH range of 7 to 9, as well
as high adaptability to variations in light duration. To elucidate the physiological and
biochemical changes in four-seeded vetches in response to FVS1 infection, non-targeted
metabolomics analysis identified 379 differential metabolites, mainly comprising organic
acids and derivatives, lipids and lipid-like molecules, and phenylpropanoids and polyke-
tides. The results demonstrated that F. proliferatum primarily induced the disease by influ-
encing alterations in the secondary metabolites associated with amino acid metabolism,
lipid metabolism, and flavonoid biosynthesis. Four-seeded vetches improved tolerance
to the fungus by accumulating histidine, aspartic acid, arginosuccinate, ethanolamine,
glycerophosphocholine, naringenin, and catechin. Trichoderma harzianum (M3) had the best
control effectiveness, and the inhibition rate was 60.68%. This study, for the first time,
revealed that F. proliferatum caused a pod disease in four-seeded vetches. We analyzed
the mechanism of plant-pathogen interaction and screened potential biocontrol strains,
providing a theoretical basis for regional disease management.

Keywords: Vicia tetrasperma; Fusarium proliferatum; biological characteristics; biological
control; metabolomics analysis

1. Introduction

The genus Fusarium is one of the most significant plant pathogenic fungal genera
globally over 330 species [1]. In addition, this genus exhibits significant ecological diversity,
with its members functioning as saprophytic fungi, endophytic fungi, and plant pathogens,
depending on the environmental context [2]. Fusarium species are known to produce
mycotoxins, including fumonisins, zearalenone, and fusaproliferin [3]. These mycotoxins
not only severely imperil food safety but also result in serious health hazards to animals
and humans [4]. Recently, in the realm of global agricultural production, diseases attributed
to the Fusarium genus are notably prevalent and significantly detrimental. In Fujian, China,
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Fusarium proliferatum has been proven to trigger fruit rot in peaches (Prunus persica L.),
leading to severe losses in the local peach growing industry [5]. Postharvest fruit rot in
the thin-skinned banana “Lady Finger” caused by Fusarium sacchari has been reported in
Italy [6]. Wang et al. discovered that Fusarium meridionale caused stalk rot in perennial
ryegrass (Lolium perenne) [7].

The four-seeded vetch (Vicia tetrasperma) is an annual herbaceous plant belonging to
the Vicia genus in the Fabaceae family [8]. It is widely distributed across various regions
in the Americas, Africa, and Asia [8]. Plants of the Vicia genus can be used as forages,
green manures, and ornamental plants, which are drought- and cold-tolerant [9-11]. The
four-seeded vetch, a member of the Vicia genus, holds significant research value. Currently,
both domestic and international studies on the four-seeded vetch primarily concentrate on
species classification, genome sequencing, and germplasm development; however, gaps
remain in the exploration of the occurrence and management of diseases in four-seeded
vetches, as well as the physiological and biochemical characteristics of the pathogenic
fungi [12-16]. In 2024, we found a disease that specifically infected the pods of four-seeded
vetches, exhibiting an incidence rate of 92%. The early symptoms of the disease included the
emergence of small brown lesions, accompanied by mycelial proliferation. Subsequently,
the lesions gradually expanded, and the surface of the pods was covered with a large
amount of mycelium, ultimately leading to wilting (Figure 1).

Figure 1. Infected plants in the field.

To investigate the causes of the disease and to develop effective control strategies, we
employed tissue isolation and the pin prick method of inoculation to-verify the pathogenic-
ity of the pathogenic fungus in accordance with Koch’s postulates. We compared the
morphological characteristics of the pathogen and conducted multigene phylogenetic
analysis to clarify its classification status and further explore its biological characteristics.
Potential biocontrol strains were screened; then, non-targeted metabolomics techniques, as
well as liquid chromatography-tandem mass spectrometry (LS-MS/MS), were integrated
to decipher the interactions between the pathogenic fungus and plants. This study provides
a theoretical basis for the effective control of diseases affecting four-seeded vetches and
serves as an important reference for understanding the relationship between four-seeded
vetches and the pathogen.
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2. Results
2.1. Isolation and Pathogenicity Determination of the Pathogenic Fungus

The isolation of pathogens from the pods of four-seeded vetches presenting typical
symptoms, combined with morphological characterization and multigene phylogenetic
analysis, revealed that the isolation rate of F. proliferatum reached 95%. A representa-
tive strain, FVS1, was selected and inoculated onto punctured healthy pods to test for
pathogenicity. The experimental results showed that the FVS1 isolates were potently
pathogenic, and the typical symptoms could be observed on detached pods and intact
plants two days later (Figure 2), with an incidence rate of 100%. The pathogenic fun-
gus re-isolated from the diseased pods exhibited the same morphological characteristics
as FVS1.

Figure 2. Symptoms of the pods of four-seeded vetches inoculated with FVS1 and healthy controls:
(a—c) FVS1 was inoculated back onto the detached pods; (d—f) healthy, detached pods; (g) FVS1 was
inoculated back to the four-seeded vetch plant; (h) healthy four-seeded vetch plant; (i, k,m) FVS1 was
inoculated back to the pods on intact plant; (j,1,n) healthy pods on intact plant.

2.2. Morphological Identification

The pathogenic fungus, incubated at 28 °C for 7 d on potato dextrose agar (PDA),
formed colonies with raised surfaces and smooth edges; the aerial hyphae were white,
downy, and dense. The back of the matrix was initially pink, gradually turning purplish
red (Figure 3a,b). Microscopic observation showed that the microconidia were transparent,
ovoid, or oblong (6-15 um x 2-3 pum); and the macroconidia were transparent, sickle-
shaped, or linear, with 1-2 septa (10-32 pm x 3-5 um) (Figure 3c—e). The conidiophores
were straight or curved (Figure 3f,g), and the mycelia were dendritic (Figure 3h,i). The mor-
phological characteristics of FVS1 were similar to those of F. proliferatum [17,18]. According
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to the colony culture, spore, and mycelium characteristics, along with color and size, the
test strain was identified as F. proliferatum.

Figure 3. The morphology of FVS1 grown on potato dextrose agar (PDA): (a,b) the front and back
morphology of FVS1 cultured for 7 d; (c—e) microconidia and macroconidia; (f,g) conidiophores and
conidia; (h,i) mycelia. Gauge = 10 pM.

2.3. Phylogenetic Tree Analysis

To identify the obtained strains, all sequences were analyzed using BLAST 1.4.0 to
retrieve homologous sequences with high similarity (Table 1). The ITS, ACT, BT, and EF
gene sequences of the test strain were deposited in the National Center for Biotechnol-
ogy Information (NCBI), yielding accession numbers PQ772089, PQ788618, PQ788617,
and PQ788619. Phylogenetic analysis was performed using MEGA11 with BT and EF
gene sequences. The resulting tree (Figure 4) based on a multilocus dataset showed that
FE. proliferatum and FVS1 clustered on the same branch, which was supported by bootstrap
values of 99%. According to these findings, it was confirmed that FVS1 was F. proliferatum.

Table 1. Details of the strains used for phylogenetic analysis.

Accession

GenBank Accession Numbers 4

Species Number 123 Locality Substrate TUB2 TEF1
F. proliferatum - Malaysia Hylocereus polyrhizus JX868893 JX868976
FE. proliferatum NRRL 66417 USA Vitis vinifera MH398182 KX656215
E. proliferatum NRRL 66451 USA V. vinifera MH398240 KX656221
F. anthophilum CBS 136.95 Netherlands Amaryllis MW402257 MW402058
F. fujikuroi CBS 240.64 Japan Oryza sativa MW402315 MW402117
FE. verticillioides CBS 139.40 Italy Phyllocactus hybridus MW402263 MW402064
F. concentricum CBS 453.97 Guatemala Musa sapientum MN534123 MN533998
F. ananatum CMW 28599 South Africa Ananas comosus MW402358 MW402157
F. globosum CBS 120992 South Africa Maize kernels MW402198 MW401998
F. madaense CBS 146651 Nigeria Sorghum MW402295 MW402096
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Table 1. Cont.

GenBank Accession Numbers 4

Species N’?lclflf:;?g,3 Locality Substrate TUB2 TEF1
E. sterilihyposum NRRL 53991 Brazil Mangifera indica GU737305 GU737413
F. sacchari CBS 183.32 - Saccharum officinarum MW402302 MW402104
F. nygamai CBS 120995 Australia Sorghum root MW402199 MW401999
E. tupiense NRRL 53996 Brazil Mangifera indica DQ445782 DQ452860
F. lactis CBS 420.97 USA Ficus carica MN534078 MN534015
FE.pseudonygamai CBS 416.97 Nigeria Pennisetum typhoides MN534064 MN534030

1 CBS = Culture Collection of the Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands;
2 CMW = Culture Collection at the FABI, University of Pretoria, South Africa; 3 NRRL = Agricultural Research
Service Culture Collection, USA; 4 TUB2 = beta-tubulin; TEF1 = translation elongation factor-lalpha gene.

Fusarium proliferatum JX868893 JX868976

FVS1 PQ788617 PQ788619
Fusarium proliferatum MH398240 KX656221

Fusarium proliferatum MH398182 KX656215
100

Fusarium globosum MW402198 MW401998

Fusarium fujikuroi MW402315 MW402117

93
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9 [ Fusarium tupiense DQ445782 DQ452860

Fusarium nygamai MW402199 MW401999

100 Fusarium lactis MN534078 MN534015
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Figure 4. A phylogenetic tree of FVSI, constructed via the neighbor-joining method, based on
p-distance and the analyses of multiple gene sequences (BT, EF).

2.4. Effect of Different Media on the Colony Growth of FVS1 Strain

There were significant differences in the colony diameters of FVS1 cultured on five
different media for 7 d (p < 0.05) (Figure 5a,e). The pathogenic fungus grew fastest when
incubated on oatmeal agar (OA), with an average colony diameter of 78.25 mm after
7 d. The slowest growth rate was observed when cultured on salt Czapek Dox agar
(SCDA), with the smallest mean colony diameter being 49.25 mm after 7 d. These data
indicated that FVS1 had the highest utilization efficiency on oats. The colony morphology
of the pathogenic fungus varied significantly. The colonies cultured on PDA were white,
and the mycelium was villous and relatively dense, but the middle layer was slightly
thinner, with a purple pigment being visible on the back of the matrix. Compared to FVS1
cultured on PDA, FVSI cultured on potato saccharose agar (PSA) did not produce pigment.
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When cultured on SCDA, the mycelium was loose and prostrate. The mycelium in the
middle part of the colony cultured on malt extract agar (MEA) was dense and villous,
while the outer part was loose and creeping. FVSI cultured on SCDA and MEA did
not produce pigment. The mycelium of FVS1 cultured on OA was the most dense and
villous, with purple pigment production. The strains produced spores in all five media
(Table 2), among which FVS1 cultured on PDA produced the highest number of spores
(7.5 x 10° conidia/mL). In addition, FVS1 had the smallest sporulation amounts when
cultured on SCDA (1.5 x 10° conidia/mL).

a PDA SCDA PSA OA MEA

C24hD/OKL  OhD/24hL 12 hD/12 hL d pH5

[

back

g 70
a a a

60
—~ 50
g mph=5
E 4 w24hD/0hL
Q =
§3] b b2 OhD/24hL ph=7
s = 12hD/12hL mph=9
T 20 mph=11

10

0

3d 7d

3d 7d

Figure 5. The morphological characteristics of FVS1 cultured for 7 d and the average colony diameter
cultured for 3 d and 7 d under different conditions: (a,e) different media; (b f) different temperature
conditions; (¢,g) different light durations; (d, h) different pH conditions. The same lowercase letters
mean that the difference is not significant (p > 0.05); different lowercase letters indicate significant
differences (p < 0.05).
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Table 2. The sporulation amounts of FVS1 under different conditions.

Item Treatments FVS1

PDA 6.865 + 0.107 @
SCDA 6.157 + 0.135 ¢
Different media PSA 6.734 + 0.079 @b
MEA 6.554 + 0.222 P
OA 6.769 + 0.096 2P

5 -

10 -
15 6.037 + 0.252 P
Different temperature (°C) 20 6.278 + 0.165 P
25 6.518 + 0.1652
30 6.458 4+ 0.135 2

35 -
0h/24 6.614 + 0.210 2
Different light durations (h) 24h/0 6.649 +£0.2402
12h/12 6.579 + 0.1652
5 6.950 + 0.068 2P
Different pH 7 7.070 + 0.0962

9 6.830 + 0.130

11 6.278 + 0.165 ¢

Note: The data in the table represent the number of spores after Ig conversion. The same lowercase letters mean
the difference is not significant (p > 0.05); different lowercase letters indicate significant differences (p < 0.05).

“_n

-” indicates that no spores are produced under these conditions.

2.5. Effect of Different Temperatures on the Colony Growth of FVS1 Strain

As shown in Figure 5bf, the colony diameter of FVS1 increased with the increase in
temperature under 25 °C, then decreased with the increase above 25 °C. FVS1 was viable
in the temperature range of 5-30 °C. When the temperature reached 35 °C, the colony
diameter did not change, and the pathogenic fungus died. The optimum temperature of
FVS1 was 25 °C, and the average colony diameter cultured for 7 d was 63.00 mm, which
was significantly larger than the other treatments. In addition, the colony morphology of
the pathogenic fungus changed. When cultured at 5-20 °C, the colony pigmentation was
less. When cultured at 25 °C, an abundant purplish-red pigment was produced. When
the temperature was 30 °C, the mycelium in the middle part of FVS1 was slightly thinner
and the production of pigment was reduced. In the temperature range of 5-35 °C, FVS1
sporulated only at 15 °C, 20 °C, 25 °C, and 30 °C after 7 days of incubation; it did not
produce spores at 5 °C and 35 °C (Table 2). The highest sporulation yield of FVS1 was
recorded at 25 °C, reaching 3.5 x 10° conidia/mL. Statistically, there was no significant
difference in sporulation between 25 °C and 30 °C (p > 0.05). Notably, the number of spores
increased with increasing temperature; then, the number declined with the decreasing
temperature, paralleling the changing colony diameter trend.

2.6. Effect of Different Photoperiod on the Colony Growth of FVS1 Strain

FVS1 could grow under three different light conditions (24 hD/0 hL, 0 hD/24 hL,
and 12 hD/12 hL), with no significant differences in colony diameter (Figure 5c,g). This
suggests that FVS1 is adaptable to varying photoperiods. However, distinct morphological
variations were observed among the treatments. Under continuous darkness (24 hD/0 hL),
the mycelium of FVS1 was generally dense, with slightly thinner central regions in the
colony. Additionally, the reverse side of the matrix displayed purple pigments that were
distributed radially. The mycelial growth was denser, the back of the plate was purplish
red, and the pigmentation was the most in complete light (0 hD/24 hL). Under the light
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condition of 12 hD/12 hL, the mycelium remained dense, and the back of the matrix
exhibited a ringed pattern, accompanied by purplish-red pigmentation. FVS1 was able to
produce spores under all three light conditions, and the differences were not significant
(Table 3).

Table 3. Sequences of the primers.

Gene! Primers Sequence (5'-3') References
TS ITS1 TCCGTAGGTGAACCTGCGG [19]
ITS4 TCCTCCGCTTATTGATATGC
ACT ACT512F ATGTGCAAGGCCGGTTTCGC [20]
ACT783R TACGAGTCCTTCTGGCCCAT
BT-2a GGTAACCAAATCGGTGCTGCTTTC [21]
Tub BT-2b ACCCTCAGTGTAGTGACCCTTGGC
Tef EF1-728F CATCGAGAAGTTCGAGAAGG [22,23]
¢ EF-2 GGARGTACCAGTSATCATGTT !

LITS = internal transcribed spacers and intervening 5.85 nrDNA; ACT = partial actin gene.

2.7. Effect of pH on the Colony Growth of FVS1 Strain

FVS1 could grow normally within the pH range of 5-11, signifying the strong adapt-
ability of this pathogenic fungus (Figure 5d,h). When the pH values were 7 and 9, the
colony margins were irregular, and the colony diameters were not significantly different but
were significantly larger than those at pH 5 or 11. When FVS1 was incubated on PDA plates
under pH 5, the edges of the colonies were neater compared to those at pH 7 or 9. When
the pH reached 11, the colony margins were the smoothest and the mycelium was the most
loose. FVS1 showed relative insensitivity to pH changes within the range of 7-9. Moreover,
although the growth rate of FVS1 was notably reduced, and the substrate pigmentation
underwent alterations at pH 5 or 11, the growth was not completely inhibited, confirming
its capacity to survive under acidic and alkaline conditions. When the pH value was 5,
FVS1 had a large amount of pigmentation. The pigment in the inner ring was purplish red,
the middle ring was pink, and the outer ring was yellow. A small amount of purplish-red
pigment could be observed on the back matrix at pH 7 and 9. The colonies were barely pig-
mented when the pH value was 11. FVS1 could sporulate in the tested pH range (Table 3),
with significant differences. The number of spores was the highest when the pH value was
7 (1.2 x 107 conidia/mL), while it was the lowest at pH11 (2 x 10° conidia/mL).

2.8. Metabolomic Profiling of Four-Seeded Vetch-FV'S1 Interactions

Metabolomics has been widely applied in studies of plant-pathogen interactions [24].
In this study, metabolomic tests were performed on diseased and healthy samples to ex-
plore the interactions between the four-seeded vetch and FVS1. The principal component
analysis (PCA) score map (Figure 6a) revealed that the PC1 and the PC2 explained 82.88%
and 5.44% of the variability, respectively, indicating that there were significant differences
in metabolites among different groups. An orthogonal partial least squares discriminant
analysis (OPLS-DA) model (Figure 6b) was established to illustrate the significant dif-
ference more intuitively between the control group (CK) and the disease group (B). The
OPLS-DA model had R?Y = 0.999 and a Q? value > 0.9, demonstrating the stability and
reliability of the model (Figure 6c). To screen differential metabolites, the thresholds were
set as VIP > 1.0, FC > 2, and p < 0.05. Through non-targeted metabolomics analysis, a total
of 748 different metabolites were identified. A total of 379 metabolites with significant
differences were selected, of which 200 metabolites were down-regulated and 179 metabo-
lites were up-regulated (Figure 6d). These differential metabolites were classified into



Plants 2025, 14, 1480

90f23

eight types, containing organic acids and derivatives, organoheterocyclic compounds, or-
ganic oxygen compounds, lipids and lipid-like molecules, benzenoids, organic nitrogen
compounds, phenylpropanoids, polyketides, and other components (Figure 6e). Using
MetaboAnalyst 6.0, and based on the KEGG database, metabolite pathway enrichment anal-
ysis was performed, and the bubble charts (Figure 6f) of the enriched KEGG pathways were
plotted. The results suggested significant alterations in alanine, aspartate and glutamate
metabolism, arginine biosynthesis, valine, leucine and isoleucine biosynthesis, histidine
metabolism, and (3-alanine metabolism. Heat maps (Figure 7a—c) were generated to visual-
ize the variation in each differential metabolite. The figure shows the change patterns of
three types of metabolites: organic acids and derivatives, lipids and lipid-like molecules,
and phenylpropanes and polyketides. Compared with the CK group, a total of 87 metabo-
lites were significantly up-regulated, and 74 were significantly down-regulated in the
diseased samples. In addition, other functionally critical compounds in the diseased pods
were significantly altered. For example, phenylacetaldehyde, carnitine, sinapyl alcohol,
and leucamine in the B group were all up-regulated compared with the CK group; whereas
vanillin, indole, isovanillic acid, and salicylic acid were significantly down-regulated.

After annotating the key metabolic pathways, a pathway map (Figure 7d) was con-
structed to elucidate the changes in metabolites in the diseased four-seeded vetches [25].
The main metabolic pathways involved lipid metabolism, tricarboxylic acid cycle (TCA
cycle), amino acid metabolism, and flavonoid biosynthesis. In the glycerophospholipid
metabolic pathway, acetaldehyde was transformed into ethanolamine (EA), and glyc-
erophosphocholine (GPC) and EA were significantly up-regulated, but choline (Cho) did
not accumulate. Acetaldehyde is converted into pyruvate, which is regenerated into
acetyl CoA and enters the TCA cycle. Metabolites of the TCA cycle include citric acid,
a-ketoglutaric acid, succinyl-CoA, fumaric acid, and oxaloacetic acid [26]. Among them,
a-ketoglutaric acid was significantly down-regulated. The identified metabolites related
to amino acid metabolism included aspartic acid, histidine, asparagine, glutamylglycine,
etc. Compared with the CK group, aspartic acid in the B group was significantly down-
regulated, histidine was significantly up-regulated, aspartic acid was significantly accu-
mulated, and arginosuccinate was produced and involved in the urea cycle. The metabo-
lites related to the urea cycle are ornithine, citrulline, arginosuccinate, and arginine [27].
Arginosuccinate was significantly up-regulated. On the one hand, this up-regulation stim-
ulated the urea cycle activity and convert organic nitrogen stored in plants to inorganic
nitrogen in response to pathogen stresses [28]; on the other hand, it increased the content of
fumaric acid, thereby stimulating the activity of the TCA cycle. The flavonoid biosynthesis
pathway exhibited a distinct response to pathogen stress, where cinnamic acid, kaempferol,
coumarin, and quercetin were significantly down-regulated, while catechin and naringenin
were significantly up-regulated.

2.9. Screening Results of Biocontrol Fungi

The results demonstrate that all four biocontrol strains of Trichoderma harzianum pre-
sented a good inhibitory effect on FVS1 (Appendix A, Figure Al). The inhibition rate
of strain M3 was the highest, reaching 60.68%. Compared with the control group, the
colony morphology of the pathogenic fungus changed. As shown in Appendix A and
Figure A2, the mycelia of FVS1 were wrinkled or expanded, twisted, and deformed, and
with increased branching.
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Figure 6. Metabolomics analysis of diseased and healthy pods of four-seeded vetches: (a) principal
component analysis (PCA) of diseased and healthy pods of four-seed vetches; (b) orthogonal partial
least squares discriminant analysis (OPLS-DA) of diseased and healthy pods of four-seed vetches;
(c) OPLS-DA permutation test diagram; (d) volcanic plots (the red graph shows significantly up-
regulated differential metabolites; the blue graph shows significantly down-regulated differential
metabolites; and the gray graph shows unimportant differential metabolites); (e) differential metabo-
lite classification 3D pie chart; (f) bubble chart. The x-axis represents pathway impacts, the y-axis
represents pathway enrichment, and the color of the circle from red to yellow indicates a smaller
p-value (p < 0.05). The size of the circle indicates the enrichment ratio.
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3. Discussion

3.1. The Disease of the Four-Seeded Vetch Caused by F. proliferatum Was First Reported

The four-seeded vetch holds significant potential economic value. It can improve

soil fertility and serves as both a forage grass and ornamental plant [29-31]. Therefore,

studying its disease management is of great importance. In this research, the dominant
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pathogenic fungus F. proliferatum was isolated from four-seeded vetches, and the pathogenic-
ity evaluation confirmed that F. proliferatum caused a serious disease in four-seeded vetches,
specifically only affecting their pods. We reported for the first time that the important
pathogen causing the pod disease of four-seeded vetches is F. proliferatum. F. proliferatum
was a phytopathogenic fungus with a broad host range, which has been reported to induce
severe disease in multiple plants. In Lucknow, India, the fungus was demonstrated to
cause mango malformation disease, affecting the growth of mango (Mangifera indica L.) and
causing 50-60% economic losses [32]. F. proliferatum was related to vascular wilt disease
in cowpeas (Vigna unguiculata) and fruit rot in muskmelons (Cucumis melo), strawberries
(Fragaria ananassa), and peaches [5,33-35]. F. proliferatum was the main pathogen causing
leaf spot disease. For instance, Li et al. found that F. proliferatum could trigger leaf spot in
tobacco (Nicotiana tabacum L.), resulting in a substantial decline in the yield [36]. Zhang
et al. proved that it could infect tea (Camellia sinensis [L.] O. Kuntze) plants and cause them
to display symptoms of leaf spot disease [37]. F. proliferatum has led to root rot in a variety
of crops, such as peanuts (Arachis hypogea) and oats (Avena sativa) [38,39]. Additionally, it
has caused Bakanae disease in Balikesir and Canakkale, leading to a significant reduction in
rice yield, and the typical symptoms included root rot [40]. Moreover, there are reports in
the literature on legumes infected by F. proliferatum, such as faba beans (Vicia faba), soybeans
(Glycine max), peas (Pisum sativum L.), and lentils (Lens culinaris L.), expressing symptoms
of root rot [41,42]. Notably, it has been pointed out that F. proliferatum has caused the rot
of soybean pods and seeds [43]. A similar phenomenon was observed on the pods of
four-seeded vetches in this study, suggesting that common pathogenic mechanisms might
exist in legumes. It is notable that the symptoms and severity of the disease caused by
FE. proliferatum on the four-seeded vetches are unique. For example, in mango, F. prolifer-
atum mainly affects floral organs, while in four-seeded vetches, it specifically targets the
pods. These differences are likely attributed to the distinct physiological characteristics and
defense mechanisms of different hosts [44].

3.2. Control Strategy of the Pod Disease Based on Biological Characteristics of F. proliferatum

It is well known that suitable environmental conditions critically promote pathogenic
fungal growth and disease progression in plants [45]. Carbon and nitrogen sources, tem-
perature, light duration, and pH are key environmental factors. In this study, F. proliferatum
was the primary pathogen that infected the pods of four-seed vetches. The optimum growth
occurred on OA medium, while the growth rate was the slowest when the pathogen was
cultured on SCDA. F. proliferatum exhibited the ability to grow within the tested tempera-
ture range, with an optimum temperature of 25 °C, which was consistent with the results
reported by Zamir K. Punja [46]. In April 2024, when we first detected the pod disease of
four-seeded vetches, the local temperature (20-30 °C) largely coincided with the appropri-
ate growth range for F. proliferatum, indicating that the novel disease is likely to emerge
in spring. When the temperature reached 35 °C, the pathogen died, which provided the
physical control strategy of the disease. Under the three light conditions set in this study,
light slightly stimulated the growth of F. proliferatum, yet there was no significant difference
in the growth rate, which was similar to the findings reported by Francesca Fanell et al. [47].
In our research, it was found that the growth rate and sporulation amounts of F. proliferatum
significantly decreased when the pH value was 11.

3.3. Substance Regulation and Resistance Mechanism of Four-Seeded Vetches Under Stress

Metabolomics is essential for researchers in comprehending the physiological status
of plants, the function of secondary metabolites, and the processes in response to biotic and
abiotic stresses [48]. Bao et al. utilized non-targeted metabolomics techniques to analyze
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the alterations in metabolites within mulberry fruit (Morus atropurpurea) infected with
Ciboria shiraiana [49]. Amino acids are involved in the synthesis of various primary and
secondary metabolites [50]. They contribute to the growth and development of plants,
enhance their resistance to stress, and increase overall yield [50]. In this study, over
30 metabolites related to amino acid metabolism were identified in the pods of diseased
four-seeded vetches, including alanine, aspartate and glutamate metabolism, arginine
biosynthesis, valine, leucine and isoleucine biosynthesis, histidine metabolism, and f3-
alanine metabolism. The results show that histidine and aspartic acid were significantly
up-regulated, while asparagine was significantly down-regulated. Previously, Ji et al.
demonstrated that increased histidine in plants could enhance the activity of antioxidant
enzymes and up-regulate the expression of many stress-related genes so as to protect
plants against salt stress [51]. Thus, the accumulation of histidine in four-seeded vetches
is a manifestation of increased stress tolerance. Aspartic acid, as a crucial nitrogen donor,
can enhance plant photosynthesis and strengthen the antioxidant defense system [52].
Down-regulation of the expression of asparagine, a form of nitrogen storage and transport,
severely blocks the nitrogen metabolism network of plants [53]. When a plant experiences
nitrogen deficiency, the decomposition of asparagine is intensified, and the expression of
asparagine may not be high even if the aspartic acid is sufficient [54]. It is known that
aspartic acid is catalyzed by asparagine synthetase (AS) to synthesize asparagine, and
asparaginase (ASNase) hydrolyzes asparagine into aspartic acid and ammonia [55,56].
Therefore, if the up-regulation of aspartic acid is correlated with the down-regulation
of asparagine, it is likely attributed to a decline in the content of AS and an increase in
the content of ASNase in diseased plants, which may be one of the disease resistance
mechanisms in four-seeded vetches.

Lipids constitute critical components of plant cell membranes and cell walls [57]. In
the glycerophospholipid metabolic pathway, our results suggested that GPC and EA were
significantly up-regulated, with the content of Cho having decreased. Both GPC and EA
can be hydrolyzed to Cho and are related to the formation of plant cell membranes [58-61].
EA also has a defensive effect [62]. The up-regulation of GPC and EA predicted an increase
in Cho content, but the results of this study indicated a decrease in the global level of
Cho. According to Zhang et al. [63], it is speculated that under environmental stress, a
large amount of Cho can be converted into glycine betaine (GB), a protective osmolyte.
Meanwhile, to maintain membrane stability, the phosphatidylethanolamine synthesis
pathway was enhanced, leading to an elevated expression of EA [57,64]. In summary,
four-seeded vetches change the components of cell membrane by regulating the levels
of GPC, EA, and Cho so as to meet the needs of osmoprotection and maintain normal
physiological functions.

Flavonoids are pivotal secondary metabolites in plants [65]. As signal molecules,
flavonoids possess potent antioxidant and antibacterial properties [65]. In this study,
36 differential metabolites of flavonoids were found, with 9 substances being significantly
up-regulated, and 27 being significantly down-regulated. Among the up-regulated dif-
ferential metabolites, naringin improves the resistance response in plants by interfering
with the adsorption and colonization process of pathogenic fungi, regulating the antioxi-
dant defense system and promoting synthesis of endogenous flavonoid [66,67]. Catechins
have been widely proved to improve the survival of plants by scavenging reactive oxygen
species and modulating redox capacity of cells [68-70]. Among the significantly down-
regulated metabolites, cinnamic acid serves as an autotoxin. The study of Guo et al. showed
that cinnamic acid promoted the occurrence of faba bean Fusarium wilt [71]. It has been
pointed out that cinnamic acid secreted by the roots of peas significantly inhibits seed
germination and seedling growth [72]. Overall, the four-seeded vetch may enhance stress
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tolerance by significantly up-regulating naringenin and catechin, while also significantly
down-regulating cinnamic acid.

3.4. Exploring the Pathogenesis of the Pods Disease Based on Metabolomics

The findings showed that palmitic acid was significantly down-regulated in lipid
metabolism, while malonic acid was significantly up-regulated. In the flavonoid synthesis
pathway, kaempferol and quercetin were significantly down-regulated. Reduced palmitic
acid levels compromise the integrity of plant membranes, impede signal transduction, and
impair stress resistance ability in plants [73,74]. The up-regulation of malonic acid can
enhance the resistance of plants to some biotic and abiotic stresses [75,76]. However, as a
competitive inhibitor of succinic dehydrogenase, it also hinders the conversion of succinic
acid to fumaric acid, thereby disturbing the TCA cycle [77]. The decrease in palmitic acid
content and the increase in malonic acid content may be among the factors underpinning
the pathogenesis of pod disease in four-seeded vetches. Kaempferol, characterized by its
antioxidant and anti-inflammatory properties [78,79], when significantly down-regulated,
is likely to reduce the resistance of plants to stress. Quercetin exhibits antioxidant, anti-
inflammatory, and antibacterial activities, and its significant up-regulation facilities these
functions [80,81]. Luo et al. reported that quercetin inhibited the growth of bacteria
such as Bacillus subtilis and Staphylococcus aureus, as well as fungi such as Aspergillus
niger and Canidia albicans in okra (Abelmoschus esculentus L.) to enhance their resistance to
stress [82]. It is worth noting that quercetin also favors the colonization of diazotrophic
bacteria and mycorrhizal fungi and promotes the growth of root nodules [83,84]. Therefore,
the reduction in quercetin may destroy the symbiosis between four-seeded vetches and
rhizobia, consequently affecting the physiological process of plants. Thus, four-seeded
vetches may also regulate their antioxidant, disease resistance, or antibacterial capacity
by inhibiting the expression of kaempferol and quercetin, making it more sensitive to
environmental stress.

3.5. Analysis of Fumonisin B1 Accumulation and F. proliferatum Pathogenicity in
Four-Seeded Vetches

In particular, F. proliferatum is one of the main fungi capable of producing fumonisin B1
(FB1) [85]. FB1, as a mycotoxin reducing the disease resistance of plants, can be generated
in diverse crops such as rice (Oryza sativa) and sugarcane (Saccharum officinarum) [86-88].
An Italian study on maize (Zea mays) confirmed that the pathogenicity of the strain towards
plants might not be related to its ability to synthesize fumonisins [89]. This indicates that
the pathogenicity of F. proliferatum was influenced by multiple factors, such as the presence
or absence of certain virulence genes [90]. Metabolomics analysis in this study found that
FB1 accumulation in diseased plants was up-regulated. However, the up-regulation of
FB1 expression in diseased plants was not significant, which might weaken the credibility
of the pathogenicity evaluation, but the pathogenicity of F. proliferatum may not depend
on its ability to synthesize fumonisins. Thus, the results of the pathogenicity evaluation
are still reasonable. In view of the fact that FB1 has been proven to cause a variety of
animal diseases [91], exploring strategies to reduce the FB1 level in four-seed vetches in the
future may be one of the more effective methods of preventing and controlling its diseases,
improving the crop yield, and enhancing the feeding value.

The accumulation of FB1 in plants has complex effects on plant-pathogen interactions
and host resistance. The mechanisms of FB1 toxicity involve sphingolipid metabolism,
apoptosis, and oxidative stress [92,93]. FB1 can disrupt the normal physiological processes
of plants, such as by interfering with membrane integrity and signal transduction, thereby
weakening the resistance of hosts and facilitating the invasion and spread of pathogens [94].
Moreover, some defense responses of plants are also triggered by FB1, including the
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activation of the antioxidant system and the synthesis of defense-related metabolites [95].
At present, the toxicity mechanism of FB1 has not been fully clarified. In the future,
understanding these mechanisms is crucial for formulating effective strategies for managing
the pod disease of the four-seeded vetch induced by F. proliferatum, as well as for reducing
the impact of mycotoxin contamination on food safety and crop production.

4. Materials and Methods
4.1. Sample Collection and Strain Isolation

On 11 April 2024, the infected four-seeded vetches were observed and sampled in
a total of three four-seeded vetch growing areas, Rongchang District, Chongqing, China
(105°35" E, 29°24' N; 105°58' E, 29°40" N; 105°60’ E, 29°40’ N). The temperature range in the
region is from 20 to 30 °C, with high temperatures and rainy summers. According to the
field survey, the average incidence rate in all areas was as high as 92%. The infected pods
were collected and treated as follows: thoroughly washed with sterile water, sterilized in
75% ethanol for 30 s, washed with sterile water, then immersed in 1% sodium hypochlorite
for 3 min, followed by further washing with sterile water, then they were wiped dry. Finally,
the samples were placed on PDA plates and incubated at 28 °C for 7 d in the dark. After that,
the colonies were grouped according to the morphological characteristics and purified until
a single colony was obtained. The isolate was deposited in the Grassland Microbiology
Laboratory, College of Animal Science and Technology, Southwestern University. The
colony characteristics were recorded, and the morphological features of all isolates were
observed under a microscope (Chongqging UOP Photoelectric Technology Co., Chongqing,
China), with representative strains being selected for subsequent experiments.

4.2. Pathogenicity Test

The ex vivo experiment: Healthy pods were sterilized in 75% ethanol, punctured
with a sterile needle, and inoculated with the mycelia into the wounds. Subsequently, the
pods were placed in Petri dishes lined with filter paper and moistened with purified water.
Healthy pods that were picked but not inoculated with the pathogenic fungus were taken
as controls.

The in vivo experiment: The conidial suspension of the pathogenic fungus with a
concentration of 1 x 10° conidia/mL were prepared. Healthy four-seeded vetches with
consistent growth in the field were selected. A part of the pods was washed with sterile
water and pricked with a sterile needle then sprayed with 20 pL of conidial suspension.
Healthy plants sprayed with sterile water served as controls.

All samples were cultured at room temperature; then, the incidence was observed and
recorded. The pathogenic fungus was re-isolated from the diseased tissues and compared
with those obtained from the previous purification. The isolates which were confirmed to
fulfill Koch’s postulates were selected for further experiments.

4.3. Morphological and Molecular Identification of the FVS1 Strain

The fungal isolate was cultured on PDA; then, the morphology, color, and diameter of
the colony were recorded. By making water slides, the microscopic features of the fungus
were examined under a microscope, facilitating the identification of both the species and
genera of the strain.

According to the method described by the Fungi Genomic DNA Extraction Kit (Sobo-
lite Technologies Ltd., Beijing, China), the genomic DNA of the fungus was extracted. PCR
amplification was conducted using universal primers ITS, ACT, BT, and EF. The primer
sequences are presented in Table 3. The reaction system consisted of 0.5 uL of upstream
primers, 0.5 uL of downstream primers, 1 uL of DNA template, 12.5 L of 2 x PCR TagMas-
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ter Mix, and 10.5 pL of ultrapure water. The PCR amplification program was as follows:
pre-denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 30 s,
annealing at 54 °C for 30 s, extension at 72 °C for 90 s, and finally, extension at 72 °C for
10 min. The amplification products were sent to GENEWIZ (Suzhou, China) for sequencing.
The resulting sequences were uploaded to the NCBI database for BLAST similarity compar-
ison; sequences exhibiting high similarity were downloaded for phylogenetic analysis, and
a congruence test was performed prior to concatenating the loci. A phylogenetic tree was
constructed using the NJ method, and p-distance was implemented in MEGA11 software,
with 1000 bootstrap replications.

4.4. Growth of FVS1 Strain in Different Media

The utilization of carbon and nitrogen sources by fungi varied. In this study, five
different media were selected for experimentation. Under 24 h darkness (24 hD/0 hL),
the strain was inoculated on PDA, SCDA, PSA, MEA, and OA at 28 °C. After3dand 7 d
inoculation, the colony diameter was measured using the crisscross method [96], while
spore production in different media was assessed via the hematological counting plate
method [97]. Each treatment was repeated six times.

4.5. Growth of FVS1 Strain Under Different Temperature Conditions

The mycelia were inoculated onto PDA medium and cultured at 5 °C, 10 °C, 15 °C,
20°C,25°C, 30 °C, and 35 °C in darkness. After 3 d and 7 d, the colony diameter and spore
production were measured. Six replications were performed for each treatment.

4.6. Growth of FVS1 Strain Under Different Light Durations

The fungal strain was cultured on PDA at 28 °C, with photoperiods of continuous
darkness (24 hD/0 hL), continuous light (0 hD/24 hL), and 12 h of light and 12 h of
darkness (12 hD/12 hL). The light intensity was set to 2000 Ix. The colony diameter and
spore production were quantified after 3 and 7 d. Each treatment had six replicates.

4.7. Growth of FVS1 Strain Under Different pH Conditions

PDA plates with pH values adjusted to 5, 7, 9, and 11 were prepared, and mycelia
were inoculated onto the medium and incubated under full darkness at 28 °C. The colony
diameter and spore production were determined after 3 d and 7 d, with six replications
being set up for each group.

4.8. Analysis of Metabolites

Samples from diseased plants (B) and healthy plants (CK) were dried in a freeze dryer
(Beijing Songyuan Huaxing Co., Beijing, China) for 24 h and then grounded into powder
using a high-throughput tissue grinder (Ningbo Xinzhi Biotechnology Co., Ningbo, China)
at 50 Hz for 10 min. Next, 50 mg of the powder from each group was transferred to EP tubes.
Then, 0.6 mL of 70% methanol was added to each tube, and the samples were left to stand
at 4 °C for 12 h, followed by ultrasonication for 5 min under 25-40 KHz and centrifugation
at 10,000 r/min for 10 min. The supernatant was collected. Each group had six biological
replicates. To ensure data reliability, quality control (QC) samples were prepared by mixing
10 uL of samples from B group and CK group, while one QC sample was interspersed
in every six samples. LC-MS/MS analysis was carried out using ultra-high-performance
liquid chromatography (UHPLC) UltiMate 3000 (Dionex, Sunnyvale, CA, USA), following
the previous loading method used by the research group for metabolomics samples [98].



Plants 2025, 14, 1480

17 of 23

4.9. Screening of Biocontrol Fungi

Using the plate confrontation method [99], FVS1 was inoculated in the center of one
side of the PDA, while the center of the other side was inoculated with biocontrol fungi.
PDA plates inoculated only with FVS1 were used as the control group. The fungal strains
with high inhibitory activity, having been screened by the research group, were selected for
the experiment. The fungi used were Trichoderma harzianum-M1 (PV276763), T. harzianum-
M2 (PV2767634), T. harzianum-M3 (PV276992), and T. harzianum-MM (PV276991). Each
treatment was replicated six times. All plates were incubated at 28 °C in the dark. Af-
ter 3 d and 7 d, the colony diameter was measured, and the rate of growth inhibition
was calculated.

Rate of growth inhibition (%) = (colony diameter of control — colony diameter of
treatment)/colony diameter of control x 100% [100].

4.10. Statistical Analysis

The experimental data regarding the physiological characteristics of the pathogenic
fungus and the inhibition rate of biocontrol fungi were statistically analyzed via one-way
analysis of variance (ANOVA) using Excel 2021 and SPSS 30.0. A Student-Newman—
Keuls (S-N-K) post hoc test was applied, with statistical significance set at p < 0.05. For
metabolomics data, they were imported into Compound Discoverer 3.3 and matched
against the Mz Cloud and Mz Vault databases after peak detection, extraction, deconvo-
lution, normalization, and peak alignment. Principal component analysis (PCA) of all
samples was carried out on MetWare Cloud (https://cloud.metware.cn, accessed on 27
January 2025), a free online data analysis platform, to generate PCA score maps. Differential
metabolites were screened based on variable importance in terms of projection (VIP > 1)
and significance level (p < 0.05), and volcanic plots and heat maps were created. In order
to understand the position of various metabolites in the metabolic network and to iden-
tify the key metabolic pathways, the screened differential metabolites were analyzed by
means of MetaboAnalyst 6.0 (https:/ /www.metaboanalyst.ca/, accessed on 31 January
2025). Moreover, KEGG database was utilized to annotate metabolic pathways; then, the
pathways were mapped using PowerPoint 2021.

5. Conclusions

In this study, it is first confirmed that F. proliferatum is the main pathogen causing
pod disease in four-seed vetches. The growth of this fungus is affected by nutritional
conditions and the external environment, but it has strong environmental adaptability.
The metabolomics analysis revealed that F. proliferatum would reduce the stress resistance
of four-seed vetches, which might be achieved by significantly down-regulating palmitic
acid, kaempferol, and quercetin and up-regulating malonic acid. Furthermore, the four-
seeded vetch may resist the invasion of the pathogen by regulating lipid metabolism, amino
acid metabolism, and flavonoid biosynthesis, such as via the accumulation of histidine,
naringenin, and catechin in infected plants. T. harzianum showed strong inhibition of the
growth of F. proliferatum, and the most effective strain for control was M3. The results of
the identification, pathogenicity test, biological characterization, metabolomics analysis,
and biocontrol fungi screening of the pathogenic fungus on the four-seeded vetches not
only provide valuable information for further understanding the disease process but also
open new paths for its integrated control and for increasing crop yield.
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Figure A1. The morphological characteristics of four biocontrol strain-confronted cultures with FVS1
on PDA for3dand 7 d.
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Figure A2. This histogram shows the average colony diameter of different biocontrol strain-
confronted cultures with the FVS1 pathogen on PDA for 3 d and 7 d, and the line graph shows
the inhibition rate. The same lowercase letters mean the difference is not significant (p > 0.05);
different lowercase letters indicate significant differences (p < 0.05).

1.  Costa, M.M.; Sandoval-Denis, M.; Moreira, G.M.; Kandemir, H.; Kermode, A.; Buddie, A.G.; Ryan, M.].; Becker, Y.; Yurkov, A;
Maier, W.; et al. Known from Trees and the Tropics: New Insights into the Fusarium lateritium Species Complex. Stud. Mycol. 2024,
109, 403-450. [CrossRef] [PubMed]

Conti Taguali, S.; Riolo, M.; Dopazo, V.; Meca, G.; Cacciola, S.0. Characterization of Mycotoxins Produced by Two Fusarium

Species Responsible for Postharvest Rot of Banana Fruit. J. Plant Pathol. 2024, 106, 1785-1800. [CrossRef]


https://doi.org/10.3114/sim.2024.109.06
https://www.ncbi.nlm.nih.gov/pubmed/39717659
https://doi.org/10.1007/s42161-024-01751-8

Plants 2025, 14, 1480 19 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ceranié, A.; Svoboda, T.; Berthiller, F; Sulyok, M.; Samson, ].M.; Giildener, U.; Schuhmacher, R.; Adam, G. Identification and
Functional Characterization of the Gene Cluster Responsible for Fusaproliferin Biosynthesis in Fusarium proliferatum. Toxins 2021,
13, 468. [CrossRef]

Yilmaz, N.; Sandoval-Denis, M.; Lombard, L.; Visagie, C.M.; Wingfield, B.D.; Crous, P.W. Redefining Species Limits in the
Fusarium fujikuroi Species Complex. Persoonia 2021, 46, 129-162. [CrossRef]

Xie, S.H.; Zhang, C.; Chen, M.S.; Wei, Z.P; Jiang, Y.B.; Lin, X.; Zheng, Y.Q. Fusarium proliferatum: A New Pathogen Causing Fruit
Rot of Peach in Ningde, China. Plant Dis. 2018, 102, 1858. [CrossRef]

Riolo, M.; Aloi, F.; Faedda, R.; Cacciola, S.O.; Pane, A. First Report of Postharvest Fruit Rot Caused by Fusarium sacchari on Lady
Finger Banana in Italy. Plant Dis. 2020, 104, 2290. [CrossRef]

Wang, H.; Feng, D.; Chen, L.; Yang, J.; Wang, X.; Wang, ]. First Report of Fusarium meridionale Causing Stalk Rot of Ryegrass in
China. Plant Dis. 2022, 106, 1533. [CrossRef] [PubMed]

Santanna, C.V.; Bradtke, J.; Dorey, J.; Burnham, R.J. Vicia tetrasperma | CLIMBERS. Available online: https://climbers.Isa.umich.
edu/vicia-tetrasperma/ (accessed on 7 April 2025).

Lépez-Roman, M.L; De la Rosa, L.; Marcos-Prado, T.; Ramirez-Parra, E. Cross-Species Transferability of SSR Markers for
Analyzing Genetic Diversity of Different Vicia Species Collections. Agronomy 2024, 14, 326. [CrossRef]

Li, M.; Zhao, L.; Zhou, Q.; Fang, L.; Luo, D.; Liu, W,; Searle, L.R.; Liu, Z. Transcriptome and Coexpression Network Analyses
Provide In-Sights into the Molecular Mechanisms of Hydrogen Cyanide Synthesis during Seed Development in Common Vetch
(Vicia sativa L.). Int. J. Mol. Sci. 2022, 23, 2275. [CrossRef]

Guo, H. Evaluation of the Feeding Value of 8 Copies of Vetch Materials in Kunming Area. Master’s Thesis, Yunnan Agricultural
University, Kunming, China, 2023.

Miki¢, A. Presence of Vetches (Vicia spp.) in Agricultural and Wild Floras of Ancient Europe. Genet. Resour. Crop Evol. 2016, 63,
745-754. [CrossRef]

Han, S.; Sebastin, R.; Wang, X.; Lee, K.J.; Cho, G.-T.; Hyun, D.Y.; Chung, J.-W. Identification of Vicia Species Native to South Korea
Using Molecular and Morphological Characteristics. Front. Plant Sci. 2021, 12, 608599. [CrossRef]

Sun, W.-H.; Wu, F-E; Cong, L.; Jin, M.-Y.; Wang, X.-G. Assessment of Genetic Diversity and Population Structure of the Genus
Vicia (Vicia L.) Using Simple Sequence Repeat Markers. Grassl. Sci. 2022, 68, 205-213. [CrossRef]

van de Wouw, M.; Enneking, D.; Robertson, L.D.; Maxted, N. Vetches (Vicia L.). In Plant Genetic Resources of Legumes in the
Mediterranean; Maxted, N., Bennett, S.J., Eds.; Springer: Dordrecht, The Netherlands, 2001; pp. 134-158. [CrossRef]

Dong, R.; Shen, S.H.; Jahufer, M.Z.Z.; Dong, D.K,; Luo, D.; Zhou, Q.; Chai, X.T.; Luo, K.; Nan, Z.B.; Wang, Y.R.; et al. Effect of
Genotype and Environment on Agronomical Characters of Common Vetch (Vicia sativa L.). Genet. Resour. Crop Evol. 2019, 66,
1587-1599. [CrossRef]

Sun, S.; Lui, Q.; Han, L.; Ma, Q.; He, S.; Li, X.; Zhang, H.; Zhang, ].; Liu, X.; Wang, L. Identification and Characterization of
Fusarium proliferatum, a New Species of Fungi That Cause Fungal Keratitis. Sci. Rep. 2018, 8, 4859. [CrossRef] [PubMed]
Dedecan, O.; Talapov, T.; Demral, M.; Sarpkaya, K.; Ceyhan, D.I.; Can, C. Molecular and Pathogenic Characterization of Fusarium
oxysporum and Fusarium proliferatum Causing Basal Root Rot in Garlic in Turkey. Australas. Plant Dis. Notes 2022, 17, 37. [CrossRef]
Fathy, W.A; Techen, N.; Elsayed, KN.M.; Essawy, E.A.; Tawfik, E.; Alwutayd, K.M.; Abdelhameed, M.S.; Hammouda, O.; Ross,
S.A. Applying an Internal Transcribed Spacer as a Single Molecular Marker to Differentiate between Tetraselmis and Chlorella
Species. Front. Microbiol. 2023, 14, 1228869. [CrossRef]

Chen, G,; Sun, J.; Cui, J.; Wang, Y,; Ran, Y.; Gong, D.; Yang, Y.; Hu, M.; Li, M. Anthracnose Caused by Colletotrichum siamense on
Rambutan in China. Crop Prot. 2025, 191, 107141. [CrossRef]

Krulj, J.; Curtié, N.; Stan&ié, A.B.; Koji¢, J.; Pezo, L.; Tukuljac, L.P,; Solarov, M.B. Molecular Identification and Characterisation of
Aspergillus flavus Isolates Originating from Serbian Wheat Grains. Acta Aliment. 2020, 49, 382-389. [CrossRef]

Negi, N.; Krishna, R.; Meena, R K.; Pandey, A.; Bhandari, M.S.; Pandey, S. First Report of Lasiodiplodia iraniensis Causing Leaf Spot
Disease of Eucalyptus in India. Physiol. Mol. Plant Pathol. 2023, 127,102113. [CrossRef]

Sunani, S.K.; Debbarma, R.; Bashyal, B.M.; Raghu, S.; Jeevan, B. First Report of Fusarium proliferatum Associated with Pod Rot of
Winged Bean (Psophocarpus tetragonolobus (L.) DC.) in India. Crop Prot. 2025, 190, 107072. [CrossRef]

Castro-Moretti, ER.; Gentzel, LN.; Mackey, D.; Alonso, A.P. Metabolomics as an Emerging Tool for the Study of Plant-Pathogen
Interactions. Metabolites 2020, 10, 52. [CrossRef] [PubMed]

Zhang, C.; Ou, X.; Wang, ].; Wang, Z.; Du, W.; Zhao, J.; Han, Y. Antifungal Peptide P852 Controls Fusarium Wilt in Faba Bean
(Viciafaba L.) by Promoting Antioxidant Defense and Isoquinoline Alkaloid, Betaine, and Arginine Biosyntheses. Antioxidants
2022, 11, 1767. [CrossRef] [PubMed]

Zhang, Y.; Fernie, A.R. The Role of TCA Cycle Enzymes in Plants. Adv. Biol. 2023, 7, 2200238. [CrossRef] [PubMed]


https://doi.org/10.3390/toxins13070468
https://doi.org/10.3767/persoonia.2021.46.05
https://doi.org/10.1094/PDIS-01-18-0103-PDN
https://doi.org/10.1094/PDIS-01-20-0143-PDN
https://doi.org/10.1094/PDIS-11-21-2482-PDN
https://www.ncbi.nlm.nih.gov/pubmed/34978880
https://climbers.lsa.umich.edu/vicia-tetrasperma/
https://climbers.lsa.umich.edu/vicia-tetrasperma/
https://doi.org/10.3390/agronomy14020326
https://doi.org/10.3390/ijms23042275
https://doi.org/10.1007/s10722-016-0382-3
https://doi.org/10.3389/fpls.2021.608559
https://doi.org/10.1111/grs.12356
https://doi.org/10.1007/978-94-015-9823-1_8
https://doi.org/10.1007/s10722-019-00789-3
https://doi.org/10.1038/s41598-018-23255-z
https://www.ncbi.nlm.nih.gov/pubmed/29559666
https://doi.org/10.1007/s13314-022-00484-w
https://doi.org/10.3389/fmicb.2023.1228869
https://doi.org/10.1016/j.cropro.2025.107141
https://doi.org/10.1556/066.2020.49.4.3
https://doi.org/10.1016/j.pmpp.2023.102113
https://doi.org/10.1016/j.cropro.2024.107072
https://doi.org/10.3390/metabo10020052
https://www.ncbi.nlm.nih.gov/pubmed/32013104
https://doi.org/10.3390/antiox11091767
https://www.ncbi.nlm.nih.gov/pubmed/36139841
https://doi.org/10.1002/adbi.202200238
https://www.ncbi.nlm.nih.gov/pubmed/37341441

Plants 2025, 14, 1480 20 of 23

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ferrario, M.; Pastorelli, R.; Brunelli, L.; Liu, S.; Zanella do Amaral Campos, P.P.; Casoni, D.; Z'Graggen, W.].; Jakob, S.M. Persistent
Hyperammonia and Altered Concentrations of Urea Cycle Metabolites in a 5-Day Swine Experiment of Sepsis. Sci. Rep. 2021,
11, 18430. [CrossRef]

Wang, H.; Feng, X.; Zhang, Y.; Chen, G.; Sun, Y. Advance in study on the urea cycle related enzymes and metabolic products in
plant. J. Yunnan Agric. Univ. (Nat. Sci.) 2018, 33, 334-342.

Multari, S.; Stewart, D.; Russell, W.R. Potential of Fava Bean as Future Protein Supply to Partially Replace Meat Intake in the
Human Diet. Compr. Rev. Food Sci. Food Saf. 2015, 14, 511-522. [CrossRef]

Ibafiez, S.; Medina, M.I; Agostini, E. Vicia: A Green Bridge to Clean up Polluted Environments. Appl. Microbiol. Biotechnol. 2020,
104, 13-21. [CrossRef]

Huang, Y.F; Gao, X.L.; Nan, Z.B.; Zhang, Z.X. Potential Value of the Common Vetch (Vicia sativa L.) as an Animal Feedstuff: A
Review. |. Anim. Physiol. Anim. Nutr. 2017, 101, 807-823. [CrossRef]

Muthukumar, M.; Bajpai, A.; Soni, S.K.; Singh, S.K.; Bajpai, Y.; Kumar, S. Identifying the Causal Agent of Floral Malformation as
Fusarium Complex Using Metagenomic and Metabolomic Approaches. Physiol. Mol. Plant Pathol. 2025, 136, 102556. [CrossRef]
Farias, O.R.; Cruz, ] M.EL.; Veloso, J.S.; Duarte, I.G.; Barbosa, P.R.R.; Félix, M.R.E; Varanda, C.M.R.; Materatski, P.; Oliveira,
M.D.M.; Nascimento, L.C. Occurrence of Fusarium proliferatum Causing Vascular Wilt on Cowpea (Vigna unguiculata) in Brazil.
Plant Dis. 2022, 106, 1992. [CrossRef]

Yu, X.; Zhang, J.; Guo, L.; Yu, A,; Wang, X.; Xiang, W.; Zhao, J. First Report of Fusarium proliferatum Causing Fruit Rot on
Muskmelon (Cucumis melo) in China. Plant Dis. 2022, 106, 1305. [CrossRef] [PubMed]

Li, Z.; Yu, X,; Zhang, W.; Han, R.; Zhang, J.; Ma, Y.; Guo, L.; Wang, X.; Zhao, ].; Xiang, W. Identification, Characterization, and
Pathogenicity of Fungi Associated with Strawberry Fruit Rot in Shandong Province, China. Plant Dis. 2023, 107, 3773-3782.
[CrossRef]

Li, F; Yuan, G,; Liao, T.; Li, Q.; Lin, W. Leaf Spot of Tobacco Caused by Fusarium proliferatum. ]. Gen. Plant Pathol. 2017, 83, 264-267.
[CrossRef]

Zhang, X.; Yi, J.; Huo, D.; Cheng, S; Liu, B.; Xiong, G.; Jiang, J. First Report of Fusarium proliferatum Causing Leaf Spot on Tea
Plants in Jiangxi Province, China. Plant Dis. 2022, 107, 2220. [CrossRef]

Sun, W.; Lei, T.; Yuan, H.; Chen, S. Occurrence of Root Rot Caused by Fusarium fujikuroi and Fusarium proliferatum on Peanut in
China. Plant Dis. 2022, 107, 940. [CrossRef] [PubMed]

Chen, H.; Xue, L.H.; Li, C.]. First Report of Oat (Avena sativa) Root Rot Caused by Fusarium proliferatum in China. Plant Dis. 2020,
104, 993. [CrossRef]

Egerci, Y.; Kinay-Tekstir, P.; Uysal-Morca, A. First Report of Bakanae Disease Caused by Fusarium proliferatum on Rice in Turkey.
J. Plant Dis. Prot. 2021, 128, 577-582. [CrossRef]

Yu, H.; Hwang, S.-F; Strelkov, S.E. The Host Range of Fusarium proliferatum in Western Canada. Pathogens 2024, 13, 407. [CrossRef]
Ha, M.S.; Ryu, H.; Ju, H].; Choi, H.-W. Diversity and Pathogenic Characteristics of the Fusarium Species Isolated from Minor
Legumes in Korea. Sci. Rep. 2023, 13, 22516. [CrossRef]

Naeem, M.; Li, H.; Yan, L.; Raza, M.A; Gong, G.; Chen, H.; Yang, C.; Zhang, M.; Shang, J.; Liu, T.; et al. Characterization and
Pathogenicity of Fusarium Species Associated with Soybean Pods in Maize/Soybean Strip Intercropping. Pathogens 2019, 8, 245.
[CrossRef]

Beccari, G.; Hao, G.; Liu, H. Editorial: Fusarium Pathogenesis: Infection Mechanisms and Disease Progression in Host Plants.
Front. Plant Sci. 2022, 13, 1020404. [CrossRef]

Lahlali, R.; Taoussi, M.; Laasli, S.-E.; Gachara, G.; Ezzouggari, R.; Belabess, Z.; Aberkani, K.; Assouguem, A.; Meddich, A.; El
Jarroudi, M.; et al. Effects of Climate Change on Plant Pathogens and Host-Pathogen Interactions. Crop Environ. 2024, 3, 159-170.
[CrossRef]

Punja, Z.K. First Report of Fusarium proliferatum Causing Crown and Stem Rot, and Pith Necrosis, in Cannabis (Cannabis sativa L.,
Marijuana) Plants. Can. . Plant Pathol. 2021, 43, 236-255. [CrossRef]

Fanelli, F; Schmidt-Heydt, M.; Haidukowski, M.; Geisen, R.; Logrieco, A.; Mulé, G. Influence of Light on Growth, fumonisin
Biosynthesis and FUM1 Gene Expression by Fusarium proliferatum. Int. ]. Food Microbiol. 2012, 153, 148-153. [CrossRef] [PubMed]
Manickam, S.; Rajagopalan, V.R.; Kambale, R.; Rajasekaran, R.; Kanagarajan, S.; Muthurajan, R. Plant Metabolomics: Current
Initiatives and Future Prospects. Curr. Issues Mol. Biol. 2023, 45, 8894-8906. [CrossRef] [PubMed]

Bao, L.; Gao, H.; Zheng, Z.; Zhao, X.; Zhang, M.; Jiao, F,; Su, C.; Qian, Y. Integrated Transcriptomic and Un-Targeted Metabolomics
Analysis Reveals Mulberry Fruit (Morus atropurpurea) in Response to Sclerotiniose Pathogen Ciboria shiraiana Infection. Int. |. Mol.
Sci. 2020, 21, 1789. [CrossRef] [PubMed]

Trovato, M.; Funck, D.; Forlani, G.; Okumoto, S.; Amir, R. Editorial: Amino Acids in Plants: Regulation and Functions in
Development and Stress Defense. Front. Plant Sci. 2021, 12, 772810. [CrossRef]

Ji, H,; Yang, G.; Zhang, X.; Zhong, Q.; Qi, Y.; Wu, K_; Shen, T. Regulation of Salt Tolerance in the Roots of Zea mays by L-Histidine
through Transcriptome Analysis. Front. Plant Sci. 2022, 13, 1049954. [CrossRef]


https://doi.org/10.1038/s41598-021-97855-7
https://doi.org/10.1111/1541-4337.12146
https://doi.org/10.1007/s00253-019-10222-5
https://doi.org/10.1111/jpn.12617
https://doi.org/10.1016/j.pmpp.2024.102556
https://doi.org/10.1094/PDIS-04-21-0839-PDN
https://doi.org/10.1094/PDIS-09-21-2015-PDN
https://www.ncbi.nlm.nih.gov/pubmed/34645300
https://doi.org/10.1094/PDIS-04-23-0696-RE
https://doi.org/10.1007/s10327-017-0714-y
https://doi.org/10.1094/PDIS-04-22-0896-PDN
https://doi.org/10.1094/PDIS-02-22-0438-PDN
https://www.ncbi.nlm.nih.gov/pubmed/35869583
https://doi.org/10.1094/PDIS-09-19-2000-PDN
https://doi.org/10.1007/s41348-020-00369-z
https://doi.org/10.3390/pathogens13050407
https://doi.org/10.1038/s41598-023-49736-4
https://doi.org/10.3390/pathogens8040245
https://doi.org/10.3389/fpls.2022.1020404
https://doi.org/10.1016/j.crope.2024.05.003
https://doi.org/10.1080/07060661.2020.1793222
https://doi.org/10.1016/j.ijfoodmicro.2011.10.031
https://www.ncbi.nlm.nih.gov/pubmed/22137249
https://doi.org/10.3390/cimb45110558
https://www.ncbi.nlm.nih.gov/pubmed/37998735
https://doi.org/10.3390/ijms21051789
https://www.ncbi.nlm.nih.gov/pubmed/32150966
https://doi.org/10.3389/fpls.2021.772810
https://doi.org/10.3389/fpls.2022.1049954

Plants 2025, 14, 1480 21 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sadak, M.S.; Sekara, A.; Al-Ashkar, I.; Habib-Ur-Rahman, M.; Skalicky, M.; Brestic, M.; Kumar, A.; Sabagh, A.E.; Abdelhamid,
M.T. Exogenous Aspartic Acid Alleviates Salt Stress-Induced Decline in Growth by Enhancing Antioxidants and Compatible
Solutes While Reducing Reactive Oxygen Species in Wheat. Front. Plant Sci. 2022, 13, 987641. [CrossRef]

Han, M.; Wang, S.; Wu, L.; Feng, J.; Si, Y.; Liu, X.; Su, T. Effects of Exogenous L-Asparagine on Poplar Biomass Partitioning and
Root Morphology. Int. ]. Mol. Sci. 2022, 23, 13126. [CrossRef]

Han, M.; Zhang, C.; Suglo, P; Sun, S.; Wang, M.; Su, T. L-Aspartate: An Essential Metabolite for Plant Growth and Stress
Acclimation. Molecules 2021, 26, 1887. [CrossRef] [PubMed]

Luo, W,; Xu, J.; Chen, H.; Zhang, H.; Yang, P.; Yu, X. Synthesis of L-Asparagine Catalyzed by a Novel Asparagine Synthase
Coupled with an ATP Regeneration System. Front. Bioeng. Biotechnol. 2021, 9, 747404. [CrossRef]

Gazi, S.; Gonclioglu Tas, N.; Gorgiilii, A.; Gokmen, V. Effectiveness of Asparaginase on Reducing Acrylamide Formation in
Bakery Products According to Their Dough Type and Properties. Food Chem. 2023, 402, 134224. [CrossRef] [PubMed]

Henschel, ].M.; de Andrade, A.N.; dos Santos, ].B.L.; da Silva, R.R.; da Mata, D.A.; Souza, T.; Batista, D.S. Lipidomics in Plants
Under Abiotic Stress Conditions: An Overview. Agronomy 2024, 14, 1670. [CrossRef]

Chen, S,; Inui, S.; Aisyah, R.; Nakashima, R.; Kawaguchi, T.; Hinomoto, M.; Nakagawa, Y.; Sakuma, T.; Sotomaru, Y.; Ohshima, N.;
et al. Role of Gpcpdl in Intestinal Alpha-Glycerophosphocholine Metabolism and Trimethylamine N-Oxide Production. J. Biol.
Chem. 2024, 300, 107965. [CrossRef]

Kwon, Y.;; Yu, S.-L; Lee, H.; Yim, ].H.; Zhu, J.-K.; Lee, B.-H. Arabidopsis Serine Decarboxylase Mutants Implicate the Roles of
Ethanolamine in Plant Growth and Development. Int. J. Mol. Sci. 2012, 13, 3176-3188. [CrossRef]

van der Rest, B.; Boisson, A.-M.; Gout, E.; Bligny, R.; Douce, R. Glycerophosphocholine Metabolism in Higher Plant Cells.
Evidence of a New Glyceryl-Phosphodiester Phosphodiesterase. Plant Physiol. 2002, 130, 244-255. [CrossRef]

Mizoi, J.; Nakamura, M.; Nishida, I. A Study of the Physiological Function of Phosphatidylethanolamine in Arabidopsis. In
Advanced Research on Plant Lipids: Proceedings of the 15th International Symposium on Plant Lipids, Okazaki, Japan, 12-17 May 2002;
Murata, N., Yamada, M., Nishida, I., Okuyama, H., Sekiya, J., Hajime, W., Eds.; Springer: Dordrecht, The Netherlands, 2003;
pp. 377-380. [CrossRef]

Rajaeian, S.; Ehsanpour, A.A.; Javadi, M.; Shojaee, B. Ethanolamine Induced Modification in Glycine Betaine and Proline
Metabolism in Nicotiana rustica under Salt Stress. Biol. Plant 2017, 61, 797-800. [CrossRef]

Zhang, K.; Lyu, W,; Gao, Y.; Zhang, X.; Sun, Y.; Huang, B. Choline-Mediated Lipid Reprogramming as a Dominant Salt Tolerance
Mechanism in Grass Species Lacking Glycine Betaine. Plant Cell Physiol. 2021, 61, 2018-2030. [CrossRef]

Bare, A.; Thomas, J.; Etoroma, D.; Lee, S.G. Functional Analysis of Phosphoethanolamine N-Methyltransferase in Plants and
Parasites: Essential S-Adenosylmethionine-Dependent Methyltransferase in Choline and Phospholipid Metabolism. In Methods
in Enzymology; Elsevier: Amsterdam, The Netherlands, 2023; Volume 680, pp. 101-137. [CrossRef]

Dias, M.C,; Pinto, D.C.G.A; Silva, A.M.S. Plant Flavonoids: Chemical Characteristics and Biological Activity. Molecules 2021,
26,5377. [CrossRef]

Shi, H; Jiang, J.; Yu, W.; Cheng, Y.; Wu, S.; Zong, H.; Wang, X,; Ding, A.; Wang, W.; Sun, Y. Naringenin Restricts the Colonization
and Growth of Ralstonia solanacearum in Tobacco Mutant KCB-1. Plant Physiol. 2024, 195, 1818-1834. [CrossRef] [PubMed]
Zeng, J.; Chen, C.; Chen, M.; Chen, ]J. Comparative Transcriptomic and Metabolomic Analyses Reveal the Delaying Effect of
Naringin on Postharvest Decay in Citrus Fruit. Front. Plant Sci. 2022, 13, 1045857. [CrossRef] [PubMed]

Li, X.; Zhang, J.; Lin, S.; Xing, Y.; Zhang, X.; Ye, M.; Chang, Y.; Guo, H.; Sun, X. (+)-Catechin, Epicatechin and Epigallocatechin
Gallate Are Important Inducible Defensive Compounds against Ectropis grisescens in Tea Plants. Plant Cell Environ. 2022, 45,
496-511. [CrossRef]

Goupil, P; Peghaire, E.; Benouaret, R.; Richard, C.; Sleiman, M.; El Alaoui, H.; Kocer, A. Relationships between Plant Defense
Inducer Activities and Molecular Structure of Gallomolecules. J. Agric. Food Chem. 2020, 68, 15409-15417. [CrossRef] [PubMed]
Dong, X.; Li, W,; Li, C.; Akan, O.D.; Liao, C.; Cao, J.; Zhang, L. Integrated Transcriptomics and Metabolomics Revealed the
Mechanism of Catechin Biosynthesis in Response to Lead Stress in Tung Tree (Vernicia fordii). Sci. Total Environ. 2024, 930, 172796.
[CrossRef]

Guo, Y;; Lv,J; Zhao, Q.; Dong, Y.; Dong, K. Cinnamic Acid Increased the Incidence of Fusarium Wilt by Increasing the Pathogenicity
of Fusarium oxysporum and Reducing the Physiological and Biochemical Resistance of Faba Bean, Which Was Alleviated by
Intercropping With Wheat. Front. Plant Sci. 2020, 11, 608389. [CrossRef]

Kapoor, R.T.; Alyemeni, M.N.; Ahmad, P. Exogenously Applied Spermidine Confers Protection against Cinnamic Acid-Mediated
Oxidative Stress in Pisum sativum. Saudi ]. Biol. Sci. 2021, 28, 2619-2625. [CrossRef]

Zhukov, A.V. Palmitic Acid and Its Role in the Structure and Functions of Plant Cell Membranes. Russ. J. Plant Physiol. 2015, 62,
706-713. [CrossRef]

Ma, K,; Kou, J.; Khashi U Rahman, M.; Du, W,; Liang, X.; Wu, F,; Li, W,; Pan, K. Palmitic Acid Mediated Change of Rhizosphere
and Alleviation of Fusarium Wilt Disease in Watermelon. Saudi ]. Biol. Sci. 2021, 28, 3616-3623. [CrossRef]


https://doi.org/10.3389/fpls.2022.987641
https://doi.org/10.3390/ijms232113126
https://doi.org/10.3390/molecules26071887
https://www.ncbi.nlm.nih.gov/pubmed/33810495
https://doi.org/10.3389/fbioe.2021.747404
https://doi.org/10.1016/j.foodchem.2022.134224
https://www.ncbi.nlm.nih.gov/pubmed/36126579
https://doi.org/10.3390/agronomy14081670
https://doi.org/10.1016/j.jbc.2024.107965
https://doi.org/10.3390/ijms13033176
https://doi.org/10.1104/pp.003392
https://doi.org/10.1007/978-94-017-0159-4_88
https://doi.org/10.1007/s10535-017-0704-0
https://doi.org/10.1093/pcp/pcaa116
https://doi.org/10.1016/bs.mie.2022.08.028
https://doi.org/10.3390/molecules26175377
https://doi.org/10.1093/plphys/kiae185
https://www.ncbi.nlm.nih.gov/pubmed/38573326
https://doi.org/10.3389/fpls.2022.1045857
https://www.ncbi.nlm.nih.gov/pubmed/36531365
https://doi.org/10.1111/pce.14216
https://doi.org/10.1021/acs.jafc.0c05719
https://www.ncbi.nlm.nih.gov/pubmed/33337882
https://doi.org/10.1016/j.scitotenv.2024.172796
https://doi.org/10.3389/fpls.2020.608389
https://doi.org/10.1016/j.sjbs.2021.02.052
https://doi.org/10.1134/S1021443715050192
https://doi.org/10.1016/j.sjbs.2021.03.040

Plants 2025, 14, 1480 22 of 23

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Sunic, K.; D’Auria, ].C.; Sarkanj, B.; Spanic, V. Metabolic Profiling Identifies Changes in the Winter Wheat Grains Following
Fusarium Treatment at Two Locations in Croatia. Plants 2023, 12, 911. [CrossRef]

Fei, Y.-C.; Cheng, Q.; Zhang, H.; Han, C.; Wang, X,; Li, Y.-F,; Li, S.-Q.; Zhao, X.-H. Maleic Acid and Malonic Acid Reduced the
Pathogenicity of Sclerotinia sclerotiorum by Inhibiting Mycelial Growth, Sclerotia Formation and Virulence Factors. Stress Biol.
2023, 3, 45. [CrossRef] [PubMed]

Li, Y,; Chen, P,; Fu, Z,; Luo, K,; Du, Q.; Gao, C.; Ren, J.; Yang, X.; Liu, S.; Yang, L.; et al. Research progress on regulation of root
nodule formation and development of legume by light signals and photosynthetic products. Chin. J. Eco-Agric. 2023, 31, 21-30.

Dias, M.C.; Pinto, D.C.G.A.; Costa, M.; Aratijo, M.; Santos, C.; Silva, A.M.S. Phytochemical and Antioxidant Profile of the
Medicinal Plant Melia azedarach Subjected to Water Deficit Conditions. Int. J. Mol. Sci. 2022, 23, 13611. [CrossRef]

Ramzan, M.; Haider, S.T.A.; Hussain, M.B.; Ehsan, A.; Datta, R.; Alahmadi, T.A.; Ansari, M.J.; Alharbi, S.A. Potential of Kaempferol
and Caffeic Acid to Mitigate Salinity Stress and Improving Potato Growth. Sci. Rep. 2024, 14, 21657. [CrossRef]

Frent, O.-D.; Stefan, L.; Morgovan, C.M.; Duteanu, N.; Dejeu, I.L.; Marian, E.; Vicas, L.; Manole, F. A Systematic Review:
Quercetin-Secondary Metabolite of the Flavonol Class, with Multiple Health Benefits and Low Bioavailability. Int. ]. Mol. Sci.
2024, 25, 12091. [CrossRef]

Singh, P; Arif, Y,; Bajguz, A.; Hayat, S. The Role of Quercetin in Plants. Plant Physiol. Biochem. 2021, 166, 10-19. [CrossRef]

Luo, S.; Wang, Y.; Cui, B.; Xu, Z,; Jiao, Y.; Cheng, Y. Research progress on separation and purification of flavonoids by nano-solid-
phase extractant. Food Mach. 2022, 38, 202-209.

Raza, A.; Zahra, N.; Hafeez, M.B.; Ahmad, M.; Igbal, S.; Shaukat, K.; Ahmad, G. Nitrogen Fixation of Legumes: Biology and
Physiology. In The Plant Family Fabaceae: Biology and Physiological Responses to Environmental Stresses; Hasanuzzaman, M., Aradgjo,
S., Gill, S.S., Eds.; Springer: Singapore, 2020; pp. 43-74. [CrossRef]

Patil, J.R.; Mhatre, K.J.; Yadav, K.; Yadav, L.S.; Srivastava, S.; Nikalje, G.C. Flavonoids in Plant-Environment Interactions and
Stress Responses. Discov. Plants 2024, 1, 68. [CrossRef]

Wang, L.; Liu, Q.; Ge, S.; Liang, W.; Liao, W.; Li, W.; Jiao, G.; Wei, X.; Shao, G.; Xie, L.; et al. Genomic Footprints Related with
Adaptation and fumonisins Production in Fusarium proliferatum. Front. Microbiol. 2022, 13, 1004454. [CrossRef]

Phan, L.TK,; Le, A.T.H.; Hoang, N.T.N.; Debonne, E.; De Saeger, S.; Eeckhout, M.; Jacxsens, L. Evaluation of the Efficacy of
Cinnamon Oil on Aspergillus flavus and Fusarium proliferatum Growth and Mycotoxin Production on Paddy and Polished Rice:
Towards a Mitigation Strategy. Int. ]. Food Microbiol. 2024, 415, 110636. [CrossRef]

Noorabadi, M.T.; Masiello, M.; Taherkhani, K.; Zare, R.; Torbati, M.; Haidukowski, M.; Somma, S.; Logrieco, A.F.; Moretti, A.;
Susca, A. Phylogeny and Mycotoxin Profile of Fusarium Species Isolated from Sugarcane in Southern Iran. Microbiol. Res. 2021,
252,126855. [CrossRef]

Xie, L.; Wu, Y,; Wang, Y,; Jiang, Y.; Yang, B.; Duan, X,; Li, T. Fumonisin Bl Induced Aggressiveness and Infection Mechanism of
Fusarium proliferatum on Banana Fruit. Environ. Pollut. 2021, 288, 117793. [CrossRef]

Covarelli, L.; Stifano, S.; Beccari, G.; Raggi, L.; Lattanzio, V.M.T.; Albertini, E. Characterization of Fusarium verticillioides Strains
Isolated from Maize in Italy: Fumonisin Production, Pathogenicity and Genetic Variability. Food Microbiol. 2012, 31, 17-24.
[CrossRef] [PubMed]

Haapalainen, M.; Kuivainen, E.; livonen, S.; Niemi, M.; Latvala, S. Pathogenicity of Fusarium oxysporum and Fusarium proliferatum
Isolates from Symptomless Onions (Allium cepa) and Onions with Fusarium Basal Rot. Plant Pathol. 2023, 72, 1122-1135. [CrossRef]
Chen, J.; Wei, Z.; Wang, Y.; Long, M.; Wu, W.; Kuca, K. Fumonisin B1: Mechanisms of Toxicity and Biological Detoxification
Progress in Animals. Food Chem. Toxicol. 2021, 149, 111977. [CrossRef] [PubMed]

Lei, S.; Wang, L.; Liu, L.; Hou, Y,; Xu, Y.; Liang, M.; Gao, J.; Li, Q.; Huang, S. Infection and Colonization of Pathogenic Fungus
Fusarium proliferatum in Rice Spikelet Rot Disease. Rice Sci. 2019, 26, 60-68. [CrossRef]

Gao, Z.; Luo, K,; Zhu, Q.; Peng, J.; Liu, C.; Wang, X.; Li, S.; Zhang, H. The Natural Occurrence, Toxicity Mechanisms and
Management Strategies of Fumonisin B1: A Review. Environ. Pollut. 2023, 320, 121065. [CrossRef]

Lanubile, A.; Bellin, D.; Ottaviani, L.; Jaberi, M.; Marocco, A.; Mule, G.; Paciolla, C. Effect of Fumonisin B1 on Transcriptional
Profiles and Biochemical Signatures in Resistant and Susceptible Maize Shoots. J. Plant Growth Regul. 2024. [CrossRef]

Igbal, N.; Czékus, Z.; Poér, P.; Ordé’)g, A. Plant Defence Mechanisms against Mycotoxin Fumonisin B1. Chem. Biol. Interact. 2021,
343, 109494. [CrossRef]

Li, X.; Fu, H. Fungal Spore Aerosolization at Different Positions of a Growing Colony Blown by Airflow. Aerosol Air Qual. Res.
2020, 20, 2826-2833. [CrossRef]

Fu, R.; Chen, C.; Wang, J.; Liu, Y,; Zhao, L.; Lu, D. Diversity Analysis of the Rice False Smut Pathogen Ustilaginoidea virens in
Southwest China. J. Fungi 2022, 8, 1204. [CrossRef] [PubMed]

Li, J.; Xu, J.; Wang, H.; Wu, C.; Zheng, ].; Zhang, C.; Han, Y. First Report of Fungal Pathogens Causing Leaf Spot on Sorghum-
Sudangrass Hybrids and Their Interactions with Plants. Plants 2023, 12, 3091. [CrossRef] [PubMed]


https://doi.org/10.3390/plants12040911
https://doi.org/10.1007/s44154-023-00122-0
https://www.ncbi.nlm.nih.gov/pubmed/37955738
https://doi.org/10.3390/ijms232113611
https://doi.org/10.1038/s41598-024-72420-0
https://doi.org/10.3390/ijms252212091
https://doi.org/10.1016/j.plaphy.2021.05.023
https://doi.org/10.1007/978-981-15-4752-2_3
https://doi.org/10.1007/s44372-024-00063-6
https://doi.org/10.3389/fmicb.2022.1004454
https://doi.org/10.1016/j.ijfoodmicro.2024.110636
https://doi.org/10.1016/j.micres.2021.126855
https://doi.org/10.1016/j.envpol.2021.117793
https://doi.org/10.1016/j.fm.2012.02.002
https://www.ncbi.nlm.nih.gov/pubmed/22475938
https://doi.org/10.1111/ppa.13718
https://doi.org/10.1016/j.fct.2021.111977
https://www.ncbi.nlm.nih.gov/pubmed/33428988
https://doi.org/10.1016/j.rsci.2018.08.005
https://doi.org/10.1016/j.envpol.2023.121065
https://doi.org/10.1007/s00344-024-11564-9
https://doi.org/10.1016/j.cbi.2021.109494
https://doi.org/10.4209/aaqr.2020.09.0565
https://doi.org/10.3390/jof8111204
https://www.ncbi.nlm.nih.gov/pubmed/36422026
https://doi.org/10.3390/plants12173091
https://www.ncbi.nlm.nih.gov/pubmed/37687338

Plants 2025, 14, 1480 23 of 23

99. Xu,],;Li J; Wang, H.; Liu, X.; Gao, Z.; Chen, J.; Han, Y. Metabolic and Antioxidant Responses of Different Control Methods to the
Interaction of Sorghum sudangrass hybrids-Colletotrichum boninense. Int. . Mol. Sci. 2024, 25, 9505. [CrossRef] [PubMed]

100. Liao, X.; Hou, W.; Tang, X.; Zhao, Y. Identification of the Roselle Root Rot Pathogen and Its Sensitivity to Different Fungicides.
Arab. J. Chem. 2022, 15, 103932. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms25179505
https://www.ncbi.nlm.nih.gov/pubmed/39273450
https://doi.org/10.1016/j.arabjc.2022.103932

	Introduction 
	Results 
	Isolation and Pathogenicity Determination of the Pathogenic Fungus 
	Morphological Identification 
	Phylogenetic Tree Analysis 
	Effect of Different Media on the Colony Growth of FVS1 Strain 
	Effect of Different Temperatures on the Colony Growth of FVS1 Strain 
	Effect of Different Photoperiod on the Colony Growth of FVS1 Strain 
	Effect of pH on the Colony Growth of FVS1 Strain 
	Metabolomic Profiling of Four-Seeded Vetch-FVS1 Interactions 
	Screening Results of Biocontrol Fungi 

	Discussion 
	The Disease of the Four-Seeded Vetch Caused by F. proliferatum Was First Reported 
	Control Strategy of the Pod Disease Based on Biological Characteristics of F. proliferatum 
	Substance Regulation and Resistance Mechanism of Four-Seeded Vetches Under Stress 
	Exploring the Pathogenesis of the Pods Disease Based on Metabolomics 
	Analysis of Fumonisin B1 Accumulation and F. proliferatum Pathogenicity in Four-Seeded Vetches 

	Materials and Methods 
	Sample Collection and Strain Isolation 
	Pathogenicity Test 
	Morphological and Molecular Identification of the FVS1 Strain 
	Growth of FVS1 Strain in Different Media 
	Growth of FVS1 Strain Under Different Temperature Conditions 
	Growth of FVS1 Strain Under Different Light Durations 
	Growth of FVS1 Strain Under Different pH Conditions 
	Analysis of Metabolites 
	Screening of Biocontrol Fungi 
	Statistical Analysis 

	Conclusions 
	Appendix A
	References

