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ABSTRACT
Sugarcane smut, caused by Sporisorium scitamineum, poses a significant global threat, leading to 
substantial economic losses. The pathogenic process involves haploid spores engaging in sexual 
mating to produce diploid mycelia, which then initiates the disease by penetrating sugarcane 
tissues. Targeting the mating process has thus emerged as the Achilles’ heel in controlling 
sugarcane smut. In this study, we isolated a fungus designated as P-6 from a bryophyte, which 
impeded the mycelia formation of S. scitamineum. Phylogenetic and morphological analyses 
classified the strain P-6 within the genus Paramyrothecum. Through ethyl acetate extraction, 
subsequent separation, and nuclear magnetic resonance (NMR) analysis, we identified the active 
compound responsible for inhibiting the mating process as verrucarin A (Ver-A). Specifically, Ver-A 
inhibited the sexual mating of S. scitamineum by modulating the gene expression of loci a and b. 
Greenhouse pot experiments underscored the efficacy of strain P-6’s fermentation products in 
reducing the incidence of sugarcane smut. These findings lay a robust groundwork for the 
development and application of P-6 as a novel biocontrol strain against sugarcane smut.
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1. Introduction

Sugarcane, an essential crop for sugar and energy 
production, thrives in diverse regions, spanning tem-
perate, subtropical, and tropical climates. With 
approximately two-thirds of the world’s sugar origi-
nating from sugarcane (Singh et al. 2004; Que et al.  
2014; Marques et al. 2017), its prolonged growth 
cycle exposes it to various biotic and abiotic threats. 
Among these threats, sugarcane smut, caused by 
S. scitamineum, stands out as one of the most 
destructive diseases, leading to significant reductions 
in productivity for this perennial crop. The disease 
adversely affects the sucrose content of sugarcane, 
posing a substantial obstacle to the advancement of 
the sugarcane industry (Su et al. 2016). China ranks as 
the world’s fourth-largest sugar producer, with 
Guangxi contributing to a staggering 92% of sugar-
cane production (Singh et al. 2019). However, besides 
causing considerable yield losses, smut also prompts 
the elimination of certain sugarcane varieties due to 
their susceptibility to the disease. In China, the average 
incidence of sugarcane smut ranges from 10% to 20%, 
with severely affected areas experiencing smut rates of 
up to 50% (Rajput et al. 2021). These statistics under-
score the urgent need for effective strategies to miti-
gate the impact of smut on sugarcane cultivation.

The disease cycle of S. scitamineum sets it apart 
from most plant diseases. It hinges on the sexual 
mating between two haploid spores, resulting in 
a binucleate stage that subsequently evolves into 
dikaryotic hyphae, ultimately leading to sugarcane 
infection (Yan et al. 2016a). In this process, the 
haploids of these two mating types are named 
MAT-1 and MAT-2 (Que et al. 2014). Formed 
hyphae play a crucial role by facilitating nutrient 
acquisition and evading the host immune system 
(Zhong et al. 2018). Given that the dimorphic 
switch is essential for hyphae development, which 
in turn is pivotal for pathogenicity, targeting this 
switch emerges as a key point for sugarcane smut 
control. However, due to the initially inconspicu-
ous symptoms and the prolonged disease course, 
managing the disease becomes increasingly com-
plex. Presently, the primary strategies against 
sugarcane smut involve the development of resis-
tant cultivars and chemical control methods. 
However, the physiological diversity within 

S. scitamineum renders resistant varieties suscepti-
ble to losing their resistance easily. Likewise, che-
mical control methods raise environmental 
concerns and pose risks to food safety. Therefore, 
there is a pressing need for safe and eco-friendly 
control strategies (Liu et al. 2017).

Biological control has emerged as a highly effective 
strategy for managing fungal diseases (He et al. 2021). In 
recent years, there has been a growing emphasis on 
leveraging microorganisms to combat sugarcane smut, 
resulting in notable experimental advancements. 
Various bacterial genera, including Agrobacterium, 
Alcaligenes, Arthrobacter, Bacillus, Enterobacter, Erwinia, 
Pseudomonas, Rhizobium, Serratia, Stenotrophomonas, 
Streptomyces, and Xanthomonas, have been identified 
for their potential to offer protection against both 
fungal and bacterial pathogens in plants (He et al.  
2021). For example, secondary metabolites produced 
by Bacillus amyloliquefaciens have demonstrated 
significant inhibition of the growth and reproduction 
of S. scitamineum (Liu et al. 2020a). In vitro experiments 
have revealed the remarkable inhibitory effects 
of T. harzianum against S. scitamineum (Tegene et al.  
2021). Similarly, Streptomyces griseorubiginosus BTU6 has 
been found to enhance sugarcane resistance to smut by 
regulating stress-related enzyme activities, including 
peroxidase (POD), phenylalanine ammonia-lyase (PAL), 
polyphenol oxidase (PPO), and total phenol (TP) (Wang 
et al. 2021). Microorganism-derived antimicrobial pep-
tides, furanones, and alcohols play a crucial role in pre-
venting the onset of sugarcane smut (Shi et al. 2012; 
Yassin et al. 2022).

In this study, we successfully isolated and screened 
a fungus (P-6) from moss. The crude extract from the 
fermentation of the P-6 strain effectively inhibited 
spore coalescence and dikaryotic mycelium formation 
in S. scitamineum. Through the isolation and purifica-
tion of its secondary metabolites, verrucarin A (Ver-A) 
was identified. Interestingly, Ver-A hindered the sex-
ual mating of S. scitamineum without killing its hap-
loid spores. Furthermore, pot experiment revealed 
that the application of P-6’s fermentation products 
significantly reduced the incidence of smut disease 
and showed no toxicity to the host plant. These find-
ings suggest that P-6 holds great potential as a bio-
control strain for future sugarcane smut 
management.
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2. Materials and methods

2.1. Culture media and growth conditions

Haploid spores MAT-1 and MAT-2 of S. scitamineum 
were cultivated at 28 °C in yeast extract peptone sucrose 
(YEPS) medium supplemented with 50 μg/mL ampicillin, 
either in liquid form or solidified with 1.8% agar. Strain 
P-6 was cultivated on PDA plates at 28 °C for 14 d for 
crude extract preparation. Fusarium oxysporum and 
Aspergillus fumigatus were cultured at 28 °C or 37 °C as 
required, using PDA or YPD media.

2.2. Isolation of strains

Strains were isolated from lichen-moss samples col-
lected from Jiuling Skyscraper, Du’an County (23.9°N 
108.1°E), Guangxi Zhuang Autonomous Region. Strain 
isolation was performed using a concentration gradi-
ent dilution method as previously reported (Sun et al.  
2023). Initially, 5 g of moss sample was introduced 
into a conical flask containing 45 mL of sterile water. 
The flask was agitated at 150 r/min for 30 min to 
eliminate surface debris and impurities. Following 
this, the sample was washed thoroughly with sterile 
water and then disinfected in 75% ethanol. An addi-
tional three sterile water rinses were performed, and 
any excess surface moisture was removed by blotting 
with sterile absorbent paper. The prepared moss sam-
ples were ground into a paste in a mortar with 10 mL 
of sterile water. One-millilitre aliquot of the paste was 
then extracted and subjected to a 10-fold gradient 
dilution, resulting in final dilutions of 10−3, 10−4, and 
10−5. Subsequently, 50 μL of these diluted solutions 
were spread onto PDA, LB, or Gauze’s Synthetic 
Medium No.1 plates, with 15 plates for each type. 
After the incubation at 28 °C in a controlled culture 
environment for 7 d, morphologically distinct single 
colonies were selected for strain purification.

2.3. Extract preparation and antifungal activity 
assay against S. scitamineum

The isolated fungi were cultured on PDA plates at 
25 °C for 14 d. Post-fermentation, they were extracted 
using an ethyl acetate (EtOAc)/methanol (MeOH)/ 
acetic acid (HAc) solution (80:15:5, v/v/v). After the 
evaporation of organic solvents, the extracts were 
reconstituted in dimethyl sulphoxide (DMSO) and 
subjected to two-fold serial dilutions to prepare 

stock solutions at concentrations of 100, 50, and 
25 mg/mL. Antifungal screening assays were conducted 
against S. scitamineum, Fusarium oxysporum, and 
Aspergillus fumigatus in YAG medium using a 96-well 
plate format.

2.4. Identification of the P-6 strain

Genomic DNA was extracted from the mycelium of 
the P-6 strain cultured on PDA. DNA amplifications 
were performed by polymerase chain reaction (PCR) 
with primer pairs listed in Table S1. Amplifications 
were conducted in a gradient thermocycler (Bio-Rad) 
in a 50 μL reaction mixture comprising 25 μL 2× Taq 
PCR Mix, 1 μL each of forward and reverse primers, 
1 μL DNA template, and ddH2O to adjust the final 
volume to 50 μL. The PCR conditions were set as 
follows: an initial denaturation at 96 °C for 3 min, 
followed by 30 cycles of denaturation at 94 °C for 
10 s, annealing at 58 °C for 15 s, and extension at 72 °C 
for 1 min. PCR products were visualised by agarose gel 
electrophoresis, purified, and then sent to QingKe 
Biotech Company (Guangzhou, China) for sequencing. 
The sequencing results were compared to gene 
sequences in the NCBI BLAST database, and highly simi-
lar sequences were downloaded. A phylogenetic tree 
was constructed using MEGA-X software (Zheng et al.  
2017; Tamura et al. 2021).

2.5. Isolation and purification of secondary 
metabolites from P-6 strain

The P-6 strain was cultured on 5 L PDA plates at 28 °C 
for 20 d. The solid fermentation product was fragmen-
ted and extracted three times using an ethyl acetate 
(EtOAc)/methanol (MeOH)/acetic acid (HAc) solution 
(80:15:5, v/v/v) to prepare a crude extract. The crude 
extract was dissolved in water and subjected to 
liquid-liquid extraction using equal volumes of ethyl 
acetate. The resulting solution was concentrated 
under reduced pressure and subsequently dried.

The ethyl acetate extract (2.1 g) was fractionated 
using the Sephadex LH-20 column (Amersham 
Pharmacia, MeOH, 2 × 100 cm, 1 mL/min), yielding 
four fractions (Fr.1–Fr.4). Following activity-guided 
fractionation, Fr.2 (779.1 mg) was further purified by 
semi-preparative HPLC under the following condi-
tions: solvent A: water; solvent B: methanol; flow 
rate: 3 mL/min. The gradient involved isocratic elution 
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at 65% B for the first 17 min, followed by isocratic 
elution at 100% B from 17 to 30 min, and a return to 
65% B from 30 to 37 min, resulting in four fractions 
(Fr.2.1–Fr.2.4). The dried Fr.2.4 (201.5 mg) was further 
separated using a silica gel column (Qingdao Marine 
Chemical, GF254, 3 cm × 50 cm, 70 g), first eluting 
with a gradient of petroleum ether/acetone (from 
10:1 to 9:1, v/v) and then methanol, yielding three 
fractions (Fr.2.4.1–Fr.2.4.3). Fr.2.4.2 (9.6 mg) was 
further purified using the same HPLC conditions, 
resulting in the isolation of compound 1 (6.7 mg).

2.6. Structure identification of compound 1

The structural determination of compound 1 was car-
ried out using an Agilent NMR system equipped with 
an 800 MHz NMR spectrometer (Agilent Technologies, 
Colorado Springs, CO, USA) to record NMR spectra. 
Additionally, a Waters Xevo G2-S QTOF MS mass spec-
trometer (Waters, Milford, MA, USA) was utilised for 
both electrospray ionisation mass spectrometry (ESI- 
MS) and high-resolution electrospray ionisation mass 
spectrometry (HR-ESI-MS) to confirm the molecular 
weight and obtain structural insights of compound 1 
isolated from the strain P-6.

2.7. The effect of Ver-Aon the sexual mating and 
growth of S. scitamineum

To evaluate the impact of Ver-A on the sexual mating 
of haploid spores, it was dissolved in DMSO and sub-
jected to two-fold serial dilutions to achieve varying 
concentrations. These dilutions were added to the 
YAG medium, resulting in final Ver-A concentrations 
of 128, 64, 32, 16, 8, 4, 2, and 1 μg/mL (Liu et al. 2017). 
An equivalent volume of DMSO was added to the YGA 
medium as a control. A 2 μL mixture of MAT-1 and 
MAT-2 spores (1 × 108/mL) was then introduced into 
the culture medium, followed by incubation at 28 °C 
for 48 h. The resulting colonies were selected and 
examined under a microscope. To further investigate 
the impact of Ver-A on growth rates, solid media 
containing 8 μg/mL Ver-A and control medium with-
out Ver-A were used to plate varying concentrations 
of MAT-1 and MAT-2 spores. Additionally, to assess 
whether Ver-A has a direct effect on the sexual mating 
ability of either MAT-1 or MAT-2 spores, both types of 
spores were cultured separately in liquid media 

containing either 8 μg/mL Ver-A or Ver-A for 24 and 
48 h, respectively. After centrifugation, the spores 
were collected, and the liquid culture media were 
removed. Subsequently, 108 spores of MAT-1 and 
MAT-2 were combined in pairs and spotted onto 
YAG plates.

2.8. Greenhouse pot experiment

The MAT-1 and MAT-2 spores of S. scitamineum 
were separately inoculated into 100 mL of YEPS 
liquid medium and cultivated at 28 °C with shaking 
at 200 r/min for 2 d. Cells were harvested by cen-
trifugation at 3,000 r/min for 10 min, washed twice 
with sterile water, and re-suspended in PBS buffer 
solution (OD600 ≈ 1.0). The ethyl acetate extract of 
P-6 was reconstituted in DMSO and mixed with 
MAT-1 and MAT-2 suspensions to prepare 
a 500 μg/mL working solution. Using a sterile nee-
dle, 1 mL of the stock solution was inoculated into 
the stem base (near the four-leaf stage) of young 
sugarcane seedlings of the smut-sensitive sugar-
cane variety 05136. A mixture of MAT-1 and MAT- 
2 spores of S. scitamineum was used as a positive 
control, while an equal volume of PBS buffer solu-
tion served as the negative control. Each treatment 
involved 30 seedlings (Yan et al. 2016b), and the 
experiment was conducted twice. After 21 d, both 
control and treated sugarcane plants were dis-
sected for analysis. Stem tissues were sectioned 
into approximately 1 cm slices and observed 
under a microscope (Singh et al. 2021a, 2021b).

2.9. Quantitative analysis of gene expression

Sporisorium scitamineum was cultured on solid YAG 
plates at 28 °C for 2 d for RNA extraction. RNA was 
isolated using the TransZol Plus RNA Kit, followed 
by cDNA synthesis using the HiScript III RT Kit. 
Gene expression analysis was conducted on 
a LightCycler 96 system using SPAPKscript II, tar-
geting genes involved in the pheromone and 
nuclear fusion pathways, including mfa1, pra1, 
mfa2, pra2, bE1, bW1, bE2, bW2, and prf. Primer 
sequences for qRT-PCR are listed in Table S1. 
Relative gene expression levels were calculated 
using the 2−ΔΔCt method, with the actin gene ser-
ving as the reference (Livak and Schmittgen 2001).
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3. Results

3.1. Isolation, characterization, and phylogenetic 
analysis of the antagonistic P-6 strain

In this study, we isolated a total of 61 microorganisms 
from moss samples, comprising 50 bacteria and 11 
fungi, using a gradient dilution method as described 
previously (Chen et al. 2014). We evaluated the antag-
onistic activity of all strains against S. scitamineum, 
and found that the P-6 isolate notably hindered myce-
lial formation (Figure 1a). The P-6 isolate displayed 
rapid growth, producing fluffy mycelia after 14 days 
of cultivation on PDA medium (Figure 1b). Moreover, 
it generated soluble yellow pigments, and its oval 
conidia ranged in colour from black or greyish-green 
(Figure 1c–e). Phylogenetic analysis based on the ITS 
region, Bt2, and RBP2 genes revealed that the P-6 
strain belongs to the Paramyrothecium genus 
and clustered closely with P. foliicola and 
P. amorphophalli (Figure 1f). Due to incomplete spe-
cies identification data, the P-6 strain has been provi-
sionally assigned to the genus Paramyrothecium sp. 
(accession number MZ373255.1).

3.2. Broad-spectrum antifungal activity of 
secondary metabolites from the P-6 strain

To further validate the antagonistic activity of the P-6 
strain against S. scitamineum, we evaluated the crude 
extract of its secondary metabolites. These extracts 
exhibited potent inhibitory effects on S. scitamineum, 
with significant inhibition observed at concentrations 
as low as 0.625 mg/mL (Figure 2a). No mycelial forma-
tion was detected, indicating a strong suppression of 
sexual mating (Figure 2b). Furthermore, the crude 
extract demonstrated inhibitory activity against the 
human pathogenic fungus Aspergillus fumigatus and 
the phytopathogen responsible for causing banana 
wilt, Fusarium oxysporum f. sp. cubense (Foc) 
(Figure 2c). Collectively, these findings highlight the 
broad-spectrum inhibitory effects of the P-6 strain.

3.3. Identification of verrucarin A as the active 
antifungal compound in strain P-6

Extensive fermentation, extraction, and isolation pro-
cedures were conducted on strain P-6 to isolate 

Figure 1. Isolation and morphological characteristics of the P-6 strain. (a) Inhibitory effect of strain P-6 against Sporisorium 
scitamineum. (b) Colony morphology of the P-6 strain on PDA plate. (c) Mycelia morphology of the P-6 strain in liquid PDA. Scale 
bar is 10 µm. (d) Conidial morphology of the P-6 strain. Scale bar is 10 µm. (e) Conidiophore morphology of the P-6 strain. Scale bar is 
10 µm. (f) Phylogenetic tree of the P-6 strain. Bootstrap values are presented as percentages. The neighbor-joining method with 1,000 
replicates was employed to construct the phylogenetic tree. The scale bar denotes sequence divergence.
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bioactive compounds and determine their chemical 
structures. A series of chromatographic techniques, 
including methanol gel column chromatography, 
high-performance liquid chromatography (HPLC), 
and silica gel column chromatography, were 
employed for separation and activity monitoring 
(Figure 3a). Results showed that only yeast-like hap-
loid colonies grew in fractions Fr.2 and Fr.2.4, while 
hyphae growth occurred in the other groups, indi-
cating that the active compound prevented sexual 
mating (Figure 3b). Ultimately, compound 1 from P-6 
presented as a white powder and was characterised 
using high-resolution electrospray ionisation mass 
spectrometry (HR-ESI-MS), which showed an m/z 
[M + Na]+ of 525.2107 (Figure S1b). Based on these 
data, the molecular formula of this compound was 
determined to be C27H34O9 (Cacl. for C27H34O9Na+: 
525.2101). 1H NMR (MeOD, 800 MHz, Figure S2): δ 
8.08 (1 h, ddd, J = 1.2, 11.6, 15.76 hz, H-8’), 6.80 (1 h, t, 
J = 11.36 hz, H-9’), 6.21 (1 h, d, J = 11.12 hz, H-10’), 
6.09 (1 h, d, J = 11.12 hz, H-7’), 5.88 (1 h, dd, J = 4.0, 
8.24 hz, H-4), 5.41 (1 h, d, J = 5.04 hz, H-10), 4.70 (1 h, d, 

J = 12.24 hz, H-15a), 4.46 (1 h, ddd, J = 2.48, 5.12, 
11.36 hz, H-5’a), 4.21 (1 h, d, J = 12.16 hz, H-15b), 4.16 
(1 h, d, J = 12.16 hz, H-2’), 3.99 (1 h, td, J = 3.12, 12.0 hz, 
H-5’b), 3.75 (1 h, d, J = 5.2 hz, H-2), 3.71 (1 h, d, 
J = 5.36 hz, H-11), 3.04 (1 h, d, J = 4.0 hz, H-13a), 2.85 
(1 h, d, J = 4.0 hz, H-13b), 2.51 (1 h, dd, J = 8.24, 
15.44 hz, H-3a), 2.39 (1 h, m, H-3’), 2.15 (1 h, ddd, 
J = 4.16, 5.12, 15.44 hz, H-3b), 1.95 (2 h, m, H-8), 1.89 
(1 h, m, H-7a), 1.76 (1 h, m, H-7b), 1.72 (3 h, q, H-16), 1.31 
(2 h, m, H-4’), 0.89 (3 h, d, J = 6.8 hz, H-12’), 0.85 (3 h, s, 
H-14); 13C NMR (MeOD, 200 MHz, Figure S3): δ 174.0 
(C-1’), 166.1 (C-6’), 165.7 (C-11’), 140.3 (C-9), 139.1 (C-8’), 
138.3 (C-9’), 126.6 (C-7’), 125.8 (C-10’), 118.1 (C-10), 
78.9 (C-2), 75.8 (C-4), 73.8 (C-2’), 66.7 (C-11), 65.0 
(C-12), 62.2 (C-15), 61.0 (C-5’), 49.3 (C-5), 47.0 (C-13), 
44.0 (C-6), 34.3 (C-3), 32.8 (C-3’), 32.1 (C-7), 27.1 (C-8), 
21.9 (C-16), 19.7 (C-4’), 9.3 (C-12’), 6.5 (C-14). All 
the obtained data were consistent with the pub-
lished NMR data for verrucarin A (Ver-A) (Shimada 
et al. 2004), confirming Ver-A as the primary active 
antifungal compound produced by strain P-6 
(Figure 3c).

Figure 2. Inhibitory effect of P-6 fungal crude extracts on Sporisorium scitamineum, Aspergillus fumigatus, and Foc. (a) Growth 
inhibition of S. scitamineum on YAG plates supplemented with varying concentrations of P-6 crude extracts. DMSO was used as 
a control. (b) Microscopic observation of S. scitamineum cultures grown in YAG containing different concentrations of P-6 crude 
extracts after 24 h of incubation at 28 °C. Scale bar is 25 µm. (c) Growth of A. fumigatus, and Foc on YAG plates supplemented with 
varying concentrations of P-6 crude extracts. DMSO served as a control.
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3.4. Evaluation of the minimum inhibitory 
concentration (MIC) of Ver-A and its effects on  
S. scitamineum sexual mating

To determine the MIC of Ver-A against S. scitamineum, 
conidia were exposed to concentrations ranging from 
1 to 128 μg/mL. A concentration-dependent inhibi-
tion of S. scitamineum mycelial growth was observed, 
with no hyphal formation detected at concentrations 
above 8 μg/mL (Figure 4a,b). To investigate whether 
Ver-A affected growth or sexual mating, MAT-1 and 
MAT-2 spores were cultured on solid media contain-
ing 8 μg/mL Ver-A. While the growth was initially 
inhibited within the first 48 h, it returned to normal 
by 72 h (Figure 4c), suggesting that the effect of Ver-A 
was not dependent on growth inhibition. Further 
investigation was conducted to determine whether 
Ver-A had a direct effect on the sexual mating ability 
of either MAT-1 or MAT-2 spores. Both types of spores 
were cultured separately in liquid media with or with-
out 8 μg/mL Ver-A for 24 and 48 h, respectively. After 
centrifugation and thorough removal of the com-
pound, the treated spores were paired and spotted 
onto plates, resulting in resumed normal mating 
behaviour and mycelial growth (Figure 4d). This 
demonstrates that Ver-A only affects sexual mating 
when both MAT-1 and MAT-2 spores are present, 
indicating that Ver-A may disturb mating signals 
between spores. Additionally, antifungal assays 

revealed MIC values of 16 μg/mL for A. fumigatus 
and 4 μg/mL for Candida albicans (Figure S3), show-
casing its broad-spectrum antifungal activity.

3.5. Evaluation of Ver-A toxicity and P-6 
fermentation extract in controlling sugarcane smut

To assess the potential toxicity of Ver-A on sugarcane, 
we punctured the leaves with a needle to facilitate its 
penetration and monitored them regularly. Remarkably, 
Ver-A did not cause any lesions on the leaves (Figure S4). 
Due to the limited availability of Ver-A, we substituted 
the ethyl acetate extract from strain p-6 for the smut 
disease infection test. On the 20th day post-inoculation, 
microscopic examination of sugarcane stem samples 
revealed mycelium in tissues inoculated with MAT-1 
and MAT-2 spores. However, samples from the treat-
ment group displayed no smut symptoms and con-
tained only haploid spores. This result is consistent 
with the plate experiments, confirming that the fermen-
tation extract from p-6 effectively inhibited the sexual 
mating of MAT-1 and MAT-2, thus preventing disease 
onset (Figure 5). At day 120, the disease incidence was 
recorded, 80% of the plants inoculated with MAT-1 and 
MAT-2 spore suspension developed black spike symp-
toms. In contrast, plants treated with the p-6 ethyl 
acetate extract (500 μg/mL) showed a significantly 
reduced incidence of 37%, demonstrating the efficacy 

Figure 3. Isolation and characterization of the main active compound from strain P-6. (a) Flowchart depicting the extraction and 
separation procedure of compound 1 from strain P-6. (b) Antifungal activity of Fr.1–4 and Fr.2.1–2.4 against Sporisorium scitamineum 
after 48 h at concentrations of 500 μg/mL, 250 μg/mL, and 125 μg/mL. (c) Chemical structure of compound 1 (Ver-a).
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of fermentation extract in controlling sugarcane smut 
(Table 1).

3.6. Ver-A disrupts mating dynamics in 
S. scitamineum by modulating gene expression at 
mating loci a and b

Building on previous findings, Ver-A influences the 
mating behaviour of the sugarcane smut fungus, 
S. scitamineum, whose genome shares high homology 
with Ustilago maydis (Fedler et al. 2009). Sexual mat-
ing in U. maydis is regulated by loci a and b. Locus 
a encodes pheromones and receptors, facilitating 
spore recognition and fusion, while locus b contains 
transcription factors essential for nuclear fusion and 
plant invasion (Zhu et al. 2019). The pheromone 
response transcription factor, prf, regulates the 
expression of loci a and b (Urban et al. 1996; 
Hartmann et al. 1999). Ustilago maydis has been 
extensively studied as a model pathogenic fungus 
due to its complete genome sequence and sympto-
matic assessment capabilities (Fedler et al. 2009; Wahl 
et al. 2010; Vollmeister et al. 2012). In U. maydis, mfa1 
and pra1 for a1 are expressed in the positive mating 
type (+), and mfa2 and pra2 for a2 in the negative 

mating type (-), with hyphal fusion occurring when 
mfa1 interacts with pra2 and vice versa (Yan et al.  
2016a).

To investigate Ver-A’s impact on loci a and b in 
S. scitamineum, quantitative real-time PCR (qRT-PCR) 
was conducted to assess the expression of genes 
involved in pheromone signalling and nuclear fusion 
pathways (Figure 6). Treatment with 8 μg/mL of Ver-A 
induced substantial alterations in gene expression pro-
files compared to untreated samples. Genes at locus b, 
including bE2, bW1, and bW2, were up-regulated 
under Ver-A treatment, while mfa1 and pra1 at locus 
a showed minimal expression. Moreover, there was 
a notable increase in mfa2 and pra2 expression, indi-
cating that Ver-A disrupts the interactions between 
positive and negative spores by modulating gene 
expression at both loci. This disruption hampers suc-
cessful mating and highlights Ver-A’s influence on 
mating dynamics in S. scitamineum.

4. Discussion

To promote the sustainable development of the 
sugarcane industry, various strategies have been 
employed to combat sugarcane smut disease. These 

Figure 4. Inhibitory effect of Ver-A on Sporisorium scitamineum growth and sexual mating. (a) Growth inhibition of S. scitamineum by 
varying concentrations of Ver-A over 48 h. (b) Colonies from (a) were selected, and images were captured using a Leica DMi8 inverted 
microscope; scale bar is 25 µm. (c) Impact of Ver-A on the growth of MAT-1 and MAT-2 spores. (d) Influence of Ver-A-treated MAT-1 
and MAT-2 on sexual mating.
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methods encompass the utilisation of disease- 
resistant varieties, chemical pesticides, and microbial 
biocontrol. The practice of microbial biocontrol has 
been globally recognised for over 70 years (Howell  
2003), with microorganisms emerging as promising 
agents for biological disease management and 
enhancing plant growth (Raupach and Kloepper  
1998; Montesinos et al. 2002; Islam et al. 2016). 

These beneficial agents employ a range of mechan-
isms, including antibiotic secretion, resource compe-
tition, direct parasitism, induction of plant resistance, 
and facilitation of plant growth under stress condi-
tions (Van et al. 2008; Kannan and Sureendar 2009; 
Sousa and Olivares 2016; Viaene et al. 2016).

Sugarcane smut, caused by the pathogenic fungus 
S. scitamineum, poses a significant threat to the 

Figure 5. Effects of Ver-A on Sporisorium scitamineum infection in sugarcane. Sugarcane variety 05136 was applied for infection, scale 
bar is 20 µm. (a) Inoculation with PBS as a negative control. (b) Inoculation with a mixture of MAT-1 and MAT-2 spores. (c) Inoculation 
with a mixture of MAT-1 and MAT-2 supplemented with 500 μg/mL p-6 ethyl acetate extract.

Table 1. Disease incidence of sugarcane plantlets inoculated with Sporisorium scitamineum spores and p-6 ethyl acetate extract.
Inoculum No. plantlets inoculated No. whips Total infection rate

PBS 30 0 0
MAT-1 and MAT-2 spores 30 24 80%
MAT-1 and MAT-2 supplemented with 500 μg/mL p-6 ethyl acetate extract 30 11 37%
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sugarcane industry. The fungus produces two types of 
haploid spores, MAT-1 and MAT-2 (Zhong et al. 2018), 
which undergo sexual mating to form diploid cells 
encapsulated within a resilient outer wall, known as 
zygospores. These zygospores enable the fungus to 
penetrate and infect sugarcane, underscoring the sig-
nificance of the morphological transition from haploid 
spores to filamentous hyphae in the pathogenicity of 
S. scitamineum (Que et al. 2014; Taniguti et al. 2015; Yan 
et al. 2016b). Research has identified natural products, 
such as mycophenolic acid (MPA), capable of inhibiting 
this dimorphic transition, effectively suppressing sugar-
cane smut disease in greenhouse trials (Zhong et al.  
2018). Furthermore, the bacterium Pseudomonas sp. 
ST4 produces indole-3-carboxaldehyde, which has 
been shown to inhibit the sexual mating of both 
S. scitamineum and U. maydis (Liu et al. 2020b).

The unique natural conditions of Guangxi provide an 
exceptional environment for the survival and prolifera-
tion of diverse microorganisms, making it a valuable 
reservoir of microbial resources. These microorganisms 
exhibit distinct biological activities with promising appli-
cations in pharmaceuticals, environmental protection, 
and agriculture. One such fungus, strain p-6, was isolated 
from bryophytes in Guangxi’s distinct ecosystem. 
Following separation, purification, and natural product 
identification processes, Ver-A was isolated, which sig-
nificantly inhibited the mycelial formation of 
S. scitamineum (Figure 4). MIC assays revealed that Ver- 
A effectively inhibits S. scitamineum at a concentration of 
8 μg/mL. Furthermore, it demonstrated broad-spectrum 
antifungal activity, with MIC values of 16 μg/mL against 

A. fumigatus and 4 μg/mL against C. albicans. 
Experimental trials on potted plants and leaves con-
firmed Ver-A’s efficacy in controlling the sugarcane 
smut with minimal toxicity (Figure 5). These findings 
highlight Ver-A’s potential as an effective solution for 
managing sugarcane smut and combating other patho-
genic fungi.

Sporisorium scitamineum, a heterothallic fungus, 
requires two distinct haploid types to recognise and 
fuse, resulting in the formation of invasive binucle-
ate mycelium. Its life cycle and sexual coordination 
closely resemble those of U. maydis, both employ-
ing a quadripolar sexual mating system (Kämper 
et al. 2006; Schirawski et al. 2010). This sexual mat-
ing is regulated by two unlinked mating type loci, 
a and b (Wahl et al. 2010; Vollmeister et al. 2012). In 
U. maydis, the a locus contains two bialleles, with 
the positive mating type (+) encoding mfa1 pher-
omone and pra1 receptor and the negative mating 
type (-) encoding mfa2 and pra2. Mating occurs 
when mfa1 from one mating type interacts with 
pra2 from the opposite type, or mfa2 interacts 
with pra1, leading to the fusion of compatible 
strains and the formation of bud tubes (Froeliger 
and Leong 1991). The a locus governs pheromone 
synthesis and haploid recognition, while the b locus 
regulates binucleate filament maintenance and 
host plant penetration. Studies have reported that 
deletion of the cytochrome c-peroxidase coding 
gene SsCcp1 can cause defects in mating and fila-
mentation, and significantly reduces the expression 
of mfa1 and pra1 in the mating type (Cai et al. 2023). 
In addition, deletion of the MAP kinase SsKpp2 in 
the MPKA signalling pathway of S. scitamineum also 
inhibits the sexual mating process, with the a locus 
genes mfa1 and pra1 showing downregulation, 
while the b locus shows an upregulation (Bölker 
et al. 1995). Our research revealed that Ver-A effec-
tively inhibits sexual mating in S. scitamineum. qRT- 
PCR analysis revealed Ver-A’s regulatory effect on 
the a and b locus-associated genes. Specifically, 
mfa1 and pra1 were markedly downregulated, 
while mfa2 and pra2 were significantly upregulated 
(Figure 6). This suggests that Ver-A disrupts the 
mutual recognition between the MAT-1 and MAT-2 
mating types, thus preventing the formation of 
invasive hyphae.

In conclusion, we identified Ver-A as a potent inhi-
bitor of the dimorphic transition in sugarcane smut 

Figure 6. qRT-pcr gene expression analysis for mating loci a and 
b. Relative gene expression was determined using the 2−ΔΔCt 

method, with the actin gene of Sporisorium scitamineum as the 
internal control.
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disease. It disrupts sexual mating in S. scitamineum 
without affecting haploid spores. Virulence assays on 
leaves showed no development of reddish-brown 
spots, and sugarcane plants treated with Ver- 
A-containing mixtures showed no mycelium growth 
or black whip symptoms. These findings highlight 
Ver-A’s potential as a biocontrol agent against sugar-
cane smut, offering valuable insights for the develop-
ment of effective biological strategies to combat this 
damaging disease.
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