
Molecular network-based annotation of Saccharomyces cerevisiae and 
Pachysolen tannophilus metabolites and evaluation of their bioactive 
potential against rice pathogens Magnaporthe oryzae, Bipolaris oryzae and 
Rhizoctonia solani

Elizabeth G. Silva a,*,1, Alana K. Pereira b,2 , Taicia P. Fill c,3, Marta C.C. Filippi d,4,  
Carlos A.G. Suarez a,5, Inti D.C. Montaño a,6 , Vanessa G.P. Severino a,*,7

a Institute of Chemistry, Federal University of Goiás (UFG), Avenida Esperança, Campus Universitário, Goiânia GO, 74690-900, Brazil
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A B S T R A C T

This study investigates the biocontrol potential of extracts derived from the liquid co-cultivation of Saccharo
myces cerevisiae and Pachysolen tannophilus, as well as from their respective monocultures, using xylose and 
xylulose as carbon sources, against phytopathogenic fungi affecting rice crops. LC-HRMS analysis, combined with 
advanced dereplication techniques, led to the annotation of several diketopiperazines, including cyclo(leucyl
prolyl), cyclo(phenylalanine-4-hydroxyproline), cyclo(prolylvalyl), cyclo(leucylvalyl), cyclo(phenyl
alanylprolyl), and cyclo(leucyl-4-hydroxyprolyl). The antifungal activity of the extracts was evaluated against 
Magnaporthe oryzae, Bipolaris oryzae, and Rhizoctonia solani, the causal agents of rice blast, brown spot, and 
sheath blight, respectively. In vitro assays included dual culture bioassays, assessments of conidial germination, 
and appressorium formation analysis. The co-culture extract completely inhibited appressorium formation 
(100%) and reduced conidial germination by 78%, exhibiting a minimum inhibitory concentration (MIC) of 
1.25 mg/mL. Additionally, extracts from P. tannophilus at the same concentration showed notable antifungal 
effects, inhibiting 97.33% of appressorium formation and reducing conidial germination by 83.67% in M. oryzae, 
underscoring their potential in phytopathogen control. These findings indicate that the bioactive metabolites 
present in the extracts, particularly the annotated diketopiperazines, offer significant bioactive potential and 
represent a promising and sustainable alternative to conventional agrochemicals for rice disease management.

1. Introduction

In recent years, microorganisms—particularly fungi—have gained 

prominence as prolific sources of bioactive secondary metabolites with 
applications in medicine and agriculture. The characterization of these 
compounds relies on advanced analytical approaches, notably 
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spectrometric and spectroscopic techniques combined with bioinfor
matics tools and curated databases such as the Human Metabolome 
Database (HMDB), METLIN, NUBBE DB, MassBank, and the Global 
Natural Products Social Molecular Networking platform (GNPS) (Vieira 
et al., 2020). These integrated strategies have significantly enhanced the 
efficiency and reliability of natural product annotation.

Within this context, dereplication has emerged as a key strategy to 
accelerate metabolite annotation by enabling the early recognition of 
known compounds, thereby reducing redundancy and facilitating the 
discovery of novel bioactive molecules. Dereplication-based studies in 
fungal cultures have successfully identified metabolites with antipara
sitic activity against Trypanosoma brucei brucei (Mazlan et al., 2020) and 
chemotherapeutic potential, as reported for Cordyceps militaris metab
olites (Gao et al., 2020). Among fungal secondary metabolites, diketo
piperazines (DKPs) have attracted particular attention due to their 
structural diversity and broad range of biological activities, including 
antimicrobial, antifungal, and antitumoral effects (Bushman et al., 
2023). In agriculture, DKPs have shown promising potential as 
biocontrol agents, contributing to plant health and phytopathogen 
suppression while reducing dependence on synthetic pesticides (Rao 
et al., 2023).

Rice (Oryza sativa L.) is a staple food for more than half of the world’s 
population, yet its production is severely affected by fungal diseases 
such as rice blast (Magnaporthe oryzae), grain spot (Bipolaris oryzae), and 
sheath blight (Rhizoctonia solani) (Tan et al., 2023). Rice blast is the most 
destructive of these diseases, capable of causing yield losses of up to 
100% and threatening food security for millions of people (Hai-Feng 
et al., 2022). Grain spot ranks as the second most economically signifi
cant rice disease, particularly in endemic regions, (Prabhukarthikeyan 
et al., 2019) while sheath blight can reduce yields by 10–25%, reaching 
up to 50% under favorable conditions for pathogen development (Latif 
et al., 2022; Thuy et al., 2021).

Considering the global impact of these diseases and the urgent need 
for sustainable crop protection strategies, the investigation of fungal 
metabolites—especially DKPs—as biocontrol agents is both timely and 
relevant. Despite increasing interest in DKPs, studies addressing the co- 
cultivation of Saccharomyces cerevisiae and Pachysolen tannophilus, 
coupled with molecular networking to explore their metabolome in the 
context of rice disease management, remain scarce. Therefore, this study 
aims to characterize the chemical profile and evaluate the antifungal 
activity of metabolites produced during the co-cultivation of S. cerevisiae 
and P. tannophilus using a xylose–xylulose mixture as the carbon source. 
Metabolite annotation was performed by liquid chromatography 

coupled to high-resolution mass spectrometry (LC-HRMS), integrated 
with dereplication strategies and molecular networking, to identify 
compounds with potential biocontrol activity against major rice 
phytopathogens.

2. Materials and methods

2.1. Microbial strains and culture conditions

The microorganisms with antagonistic potential used in this study 
were the yeasts S. cerevisiae, obtained from the commercial brand 
Fleischmann®, and P. tannophilus, acquired from the André Tosello 
Foundation – Tropical Culture Collection. Both yeasts were cultured in a 
medium containing peptone (20 g/L), yeast extract (10 g/L), xylose 
(30 g/L), xylulose (10 g/L), and distilled water (YPX1X2 medium). The 
extracts used in this research were obtained from individual cultures as 
well as from a co-culture in which S. cerevisiae and P. tannophilus were 
combined at equal proportions (50% each), considering a liquid vol
ume–to–well volume ratio of 47%. Fermentation was carried out in a 
shaking incubator at 30 ◦C and 130 rpm for 48 h, in triplicate, according 
to the protocols established by Silva et al. (2023), who identified these 
culture conditions as yielding the highest xylitol productivity.

The pathogenic microorganisms employed in this study included the 
fungi M. oryzae, B. oryzae, and R. solani, all obtained from the Micro
organism Collection of EMBRAPA Rice and Beans.

2.2. Extraction of Metabolites from the Fermentation Medium

After fermentation, culture broths from both isolated and co-cultured 
strains were centrifuged at 9000 rpm for 15 min. The supernatants were 
extracted with ethyl acetate (1:1, v/v) in five sequential cycles. The 
resulting organic phases were pooled and concentrated using a rotary 
evaporator (Fisaton, model 801) at 200 rpm and 35 ◦C. The obtained 
extracts were reconstituted in methanol (2 mg/mL) for LC-HRMS anal
ysis. An identical extraction procedure was applied to uninoculated 
YPX1×2 medium, (Silva et al., 2023) serving as a control.

For biological activity evaluation, fermentation supernatants of both 
isolated and co-cultured yeasts were filtered after 48 h. Following su
pernatant removal, yeast cells were harvested for immediate use in 
antagonism assays. Extracts from fermentation media with higher xylitol 
production were dried, weighed, and reconstituted in 1 mL of dimethyl 
sulfoxide (DMSO) for testing.

Fig. 1. – Summary of experiments: E1 – Efficiency of isolated and combined S. cerevisiae and P. tannophilus cell suspensions; E2 – Determination of the minimum 
inhibitory concentration (MIC) of the extract obtained from isolated cultures and co-culture of S. cerevisiae and P. tannophilus, solubilized in DMSO; E3 – Efficiency of 
the extract obtained from isolated cultures and co-culture of S. cerevisiae and P. tannophilus, solubilized in DMSO, in inhibiting conidial germination and appressorium 
formation of M. oryzae and B. oryzae.
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2.3. LC-HRMS Analysis of the Extracts

Samples were analyzed by ultra-high performance liquid chroma
tography coupled with high-resolution tandem mass spectrometry (LC- 
HRMS). The system consisted of a Thermo Fisher RSLCnano U3000 
UHPLC connected to a Thermo Scientific™ Q-Exactive mass spectrom
eter, equipped with a quadrupole-Orbitrap hybrid analyzer and a heated 
electrospray ionization (HESI) source.

Chromatographic separation was performed on an Accucore C18 
column (5 µL injection volume), maintained at 40 ◦C, with a flow rate of 
400 µL/min. The mobile phases were: (A) water with 0.1% formic acid, 
and (B) acetonitrile (ACN). The gradient was as follows: 5% B (0–5 min), 
5–40% B (5–10 min), 40–45% B (10–12 min), 45–98% B (12–18 min).

The Q-Exactive Orbitrap was operated using Xcalibur 3.0 software 
under positive ionization mode with the following settings: spray 
voltage of + 3.5 kV (positive), capillary temperature 300 ◦C, S-lens RF 

Fig. 2. – Molecular networks in FBMN mode, generated on the GNPS platform. Nodes are labeled by cluster ID.
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level 50 V, sheath gas flow 35 (arbitrary units), auxiliary gas 10 (arbi
trary units), automatic gain control (AGC) target 1 × 10⁶, maximum 
injection time (IT) 200 ms. Data were acquired at a resolution of 70,000 
at m/z 200, in profile mode.

2.4. Feature-Based Molecular Networking (FBMN)

Spectral data (.mzML format) were processed using MZmine 2 
(version 2.53) for noise removal and feature extraction (Pluskal et al., 
2010). Processing steps included chromatogram building, deconvolu
tion, isotope grouping, alignment, and gap-filling. Parameters were set 
as follows: noise level threshold 5.0E3, minimum retention time interval 
0.01 min, m/z tolerance either 0.0 or 10.0 ppm. Peak alignment was 
performed using the Join Aligner algorithm, with m/z tolerance of 0.1 or 
20 ppm. The resulting.csv and.mgf files were uploaded to the GNPS 
platform for FBMN analysis and MetaboAnalyst 5.0 for multivariate 
statistical analysis.

Molecular networks were visualized using Cytoscape (version 3.7.2). 
Principal Component Analysis (PCA) and Partial Least Squares 
Discriminant Analysis (PLS-DA) were conducted in MetaboAnalyst. Data 
were normalized and transformed to improve statistical robustness. 
Metabolites were evaluated based on Variable Importance in Projection 
(VIP) scores from the PLS-DA model. Cosine similarity scores close to 1 
were considered indicative of high spectral similarity.

2.5. Antagonism Assays with Cultures and Extracts

Plates containing isolated phytopathogens in the absence of antag
onistic yeasts, as well as those with pathogenic microorganisms grown 
on PDA medium (potato dextrose agar: 15 g/L agar, 200 g/L potato, 
20 g/L dextrose), were used as controls. The pathogens were cultivated 
under different conditions. M. oryzae conidia were produced using a 
specific oatmeal-based medium (50 g/L oatmeal, 15 g/L agar, and 20 g/ 
L dextrose), which was sterilized by autoclaving.

For assays, PDA plates containing the fungal pathogens were perfo
rated using a sterile scalpel, and a 5 mm agar plug with mycelium was 
transferred to the center of a fresh PDA plate. Yeast suspensions or ex
tracts were then applied according to the experimental design. Plates 
were incubated at 28 ◦C for 7 days, under light for M. oryzae and 
R. solani, and in the dark for B. oryzae.

Colony diameters were measured with a digital caliper. Mycelial 
growth inhibition was calculated using the method proposed by Hwang 
et al. (2022), comparing the treated and untreated colony areas. A 
summary of experiments E1, E2, and E3 is presented in Fig. 1.

2.6. Experiment E1 – Efficiency of isolated and combined S. cerevisiae 
and P. tannophilus cell suspensions

A completely randomized design (CRD) was used with four treat
ments: S. cerevisiae alone (E1.1), P. tannophilus alone (E1.2), co-culture 
(E1.3), and control (Figure A.30). Each treatment was replicated five 
times per phytopathogens, totaling 60 experimental units (plates). The 

culture pairing method was employed (Dennis and Webster, 1971). Cells 
used in the E1 assay were obtained from the evaluated culture medium 
after 48 h of fermentation. Following supernatant removal, the yeast 
biomass was employed in antagonism assays conducted in 90-mm Petri 
dishes. Phytopathogens were inoculated at the center of the plates, and 
5 µL of the yeast cell suspension was subsequently applied. Inoculum 
distribution was standardized by delineating a 55-mm square, main
taining a 25-mm distance from the center. Plates were incubated at 28 ◦C 
for seven days, and antagonistic activity was assessed by measuring 
pathogen growth and calculating inhibition percentages.

2.7. Experiment E2 – Minimum Inhibitory Concentration (MIC) of 
Extracts from isolated cultures and co-culture of S. cerevisiae and P. 
tannophilus

The extracts obtained through liquid–liquid extraction and solubi
lized in DMSO were tested against M. oryzae, B. oryzae, and R. solani. The 
extracts were homogenized with 5 mL of sterile PDA medium in 15 mL 
centrifuge tubes and transferred to 60 mm Petri dishes. After solidifi
cation of the medium, a 5 mm plug of fungal mycelium was placed at the 
center of each plate. The concentrations of the extracts tested were 0.12, 
0.25, 0.5, 0.75, 1.00, and 1.25 mg/mL.

To determine the MIC, a CRD was used with five treatments: extracts 
from S. cerevisiae alone (E2.1), P. tannophilus alone (E2.2), co-culture 
(E2.3), and controls (DMSO and water), with three replications for 
each phytopathogen studied (M. oryzae, B. oryzae, and R. solani). The 
most effective concentrations (0.75 mg/mL and 1.25 mg/mL) were used 
for detailed evaluation, totaling 270 experimental plates.

2.8. Experiment E3 – Inhibition of Conidial Germination and 
Appressorium Formation

Only M. oryzae and B. oryzae were used, as R. solani does not form 
appressoria. After 7 days of growth on PDA, mycelia were transferred to 
oat-agar medium and incubated for an additional 7 days. Aerial myce
lium was scraped, and conidiogenesis was induced by incubating the 
plates for 48 h at 28 ◦C.

Conidia were collected with sterile water (2 mL), filtered, and used 
to prepare microscope slides. Humid chambers were assembled with 
sterile Petri dishes lined with moistened cotton and filter paper. Treat
ments: extracts from S. cerevisiae (E3.1), P. tannophilus (E3.2), co-culture 
of both yeasts (E3.3), and controls (DMSO and water). Conidial sus
pensions were mixed with extracts (at MIC) and placed on coverslips. 
Slides were incubated in humid chambers at 28 ◦C and observed every 
2 h under an optical microscope (CX40RF200 – Olympus Optical, 10 ×

objective) for 12 h (Figure A.31).

2.9. Statistical Analysis

Statistical analysis was performed using Statistica 64 software. Sig
nificant differences in mycelial growth inhibition between treatments 
were determined using Tukey's test at p < 0.05.

Statistical analyses of the spectral data obtained from single cultures, 
co-culture, and the blank were performed using the MetaboAnalyst 5.0 
platform, based on a table containing peak areas and their correspond
ing identifiers generated by MZmine 2 for molecular networking sam
ples in FBMN mode. The data were imported as peak intensity matrices 
with samples arranged in columns and treated as unpaired. After data 
integrity verification, no interquartile range (IQR) variance filtering was 
applied; instead, data normalization was performed exclusively by 
scaling, using Pareto scaling for the classical analysis and autoscaling for 
the FBMN analysis. The CLUE-EM/EM dataset was subjected to multi
variate analysis using unsupervised Principal Component Analysis 
(PCA), enabling the visualization of sample separation and the identi
fication of variables responsible for this discrimination through loading 
plots. In addition, relevant metabolites were evaluated based on 

Table 1 
Mass values (mg) of extracts obtained from monocultures of S. cerevisiae and P. 
tannophilus, and from co-culture, analyzed in triplicate.

Culture Replicate 1 (mg) Replicate 2 (mg) Replicate 3 (mg)

S. cerevisiae 16.3 18.8 21.7
P. tannophilus 12.1 8.7 10.4
Co-culture 21.7 15.6 11.1

Annotated metabolites (GPNS library) are available at: https://gnps.ucsd. 
edu/ProteoSAFe/result.jsp?task=4c7a0dcdd8bd45759096c75144255864 
&view=view_all_annotations_DB. Noise filtering in MZmine 2 reduced GNPS 
annotations, underscoring the need for complementary tools (e.g., NAP, MASST) 
to interrogate unannotated features.
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Variable Importance in Projection (VIP) scores generated by Partial 
Least Squares Discriminant Analysis (PLS-DA), allowing the identifica
tion of the most influential variables contributing to group 
differentiation.

3. Results and discussion

3.1. Analysis of molecular networks

Using FBMN, 187 features were detected and grouped into clusters 

by index (ID) (Fig. 2), with each square labeled by its corresponding 
cluster ID. Among them, 19 features matched library spectra, predom
inantly diketopiperazines.

The extraction yields of all ethyl acetate extracts from each isolated 
strain and from the co-culture are presented in Table 1.

3.2. Selection of Relevant Metabolites

To prioritize the 187 detected features, multivariate analyses (PCA, 
PLS-DA) were performed. Features were annotated via high-resolution 

Table 2 
Metabolites derived from the extract obtained from the fermentation broth of the isolated culture using S. cerevisiae, annotated through FBMN analysis on the GNPS 
platform.

Node 
(ID)

Annotated Metabolite Cosine Score 
(GNPS) / 
Score (NAP)

RT 
(min)

Exact Mass 
(m/z)

Observed 
Mass (m/z)

Error 
(ppm)

MS2 Chemical Structure Molecular 
Formula

2* cyclo(leucylprolyl) 0.89 4.38 210.1368 210.1365 -1.428 70, 86, 
98, 83, 
211

C11H18N2O2

7* cyclo(phenylalanine-4- 
hydroxyproline)

0.78 4.00 260.1161 260.1158 -1.153 70, 91, 
114, 185, 
219, 260

C14H16N2O3

1302* cyclo(prolylvalyl) 0.79 1.71 196.1212 196.1210 -1.020 55, 70, 
98, 141, 
152, 169

C10H16N2O2

6* pyridoxine 1.00 1.00 169.0739 169.0738 -0.592 124, 134, 
152, 154, 
170

C8H11NO3

2439** phenylalanylprolyl 0.93 4.05 262.1317 262.1312 -1.907 70, 95, 
125, 153, 
245

C14H18N2O3

3731** cyclo 
(phenylalanylprolyl)

0.93 4.66 244.1212 244.1211 -0.410 71, 121, 
153, 215, 
246

C14H16N2O2

4012** valyl-leucine 0.92 4.84 230.1630 230.1627 -1.303 72, 86, 
140, 168, 
213

C11H22N2O3

*Selected by VIP scores through FBMN analysis on GNPS;
**Clusters containing only nodes belonging to this cultivation.
RT: retention time; N/A: not annotated.
NAP: Network annotation propagation.
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MS/MS spectra on GNPS and validated against literature and public 
databases (PubChem, SciFindern).

3.3. Metabolites Annotated by FBMN Analysis

Results revealed cyclic peptides (diketopiperazines). Annotated 
compounds included cyclo(leucylprolyl), cyclo(phenylalanine-4- 
hydroxyproline), cyclo(prolylvalyl), cyclo(leucylvalyl), cyclo(phenyl
alanylprolyl), and cyclo(leucyl-4-hydroxyproline) (clusters shown in 
Figure A.32a, highlighted by the VIP scores analysis in FBMN mode.

The precursor ion m/z 197.1282 (cluster 3505) was annotated as 
cyclo(prolylvalyl) with cosine similarity 0.97. High spectral match 
(cosine 0.97) confirmed cyclo(prolylvalyl) (Fig. A.32b).

Cyclo(prolylvalyl) is reported for antibacterial activity against MRSA 
(Zin et al., 2020) and antifungal action against Fusarium graminearum 
(Jamal et al., 2017). The minimum inhibitory concentration (MIC) 
required to inhibit the visible mycelial growth of F. graminearum was 
250 µg/mL, while 1000 ppm were sufficient to completely inhibit its 
growth on wheat grains after 10 days of incubation.

Additionally, cyclo(prolylvalyl) limits F. oxysporum f. sp. lycopersici 
conidial germination and alters hyphal morphology; in vivo conditions, 
this compound suppresses Fusarium wilt and promotes tomato growth 
(Hwang et al., 2022).

The precursor ion m/z 245.1285 (cluster 3731) matched cyclo(phe
nylalanylprolyl) (cosine 0.93) (Figure A.32a). The cyclic dipeptides 
cyclo(leucylprolyl) and cyclo(phenylalanylprolyl) exhibited broad 
antimicrobial activity, inhibiting the growth of lactic acid bacteria 
(Lactobacillus casei AST18, L. plantarum MiLAB 393, L. plantarum LBP-K 
10, L. reuteri RC-14, and L. lactis) as well as the opportunistic yeast 
Candida albicans (Zheng et al., 2022).

Cyclo(phenylalanylprolyl) exhibited an MIC of 8 μg/mL against 
Aspergillus flavus MTCC 277, significantly suppressing both mycelial 

growth and aflatoxin biosynthesis - properties that underscore its po
tential as a natural biopreservative for controlling fungal contamination 
and mycotoxin formation in food and feed (Kumar et al., 2013).

The precursor ion m/z 211.1439 (cluster 2) was annotated as cyclo 
(leucylprolyl) (cosine 0.89). Spectral comparison confirmed this com
pound, which inhibits aflatoxin production by Aspergillus parasiticus and 
shows MIC of 12.5 μg/mL (Mucor ramannianus), 5.0 μg/mL (Rhizoctonia 
solani), and 2.5 μg/mL (Pyricularia oryzae), reinforcing its potential as 
antifungal agent (Sibanda et al., 2017).

Moreover, antagonistic yeasts tend to accumulate elevated levels of 
diketopiperazines – particularly cyclo(leucylprolyl) and cyclo(phenyl
alanylprolyl) – which contribute to their antifungal efficacy (Maluleke 
et al., 2022). Similarly, cyclic dipeptides such as cyclo(gly-pro), cyclo 
(ala-leu) and cyclo(leucylprolyl) isolated from Bacillus vallismortis 
effectively suppressed phytopathogens (including Pseudomonas syringae 
in Arabidopsis), further validating their role in crop protection (Noh 
et al., 2017). FBMN analysis of samples consistently highlighted dike
topiperazine as the dominant bioactive subclass.

Given the expanding characterization of cyclic dipeptides with 
relevant biological activities, as observed in fungi, (Wang et al., 2017) 
continued investigation into their properties and applications is strongly 
warranted.

The compounds identified via GNPS, along with their LC–MS/MS 
chromatograms, are presented in Tables 2, 3, and 4.

3.4. Experiment E1 - Efficiency of isolated and combined S. cerevisiae 
and P. tannophilus cell suspensions

Experiment E1 was conducted to evaluate the in vitro antagonistic 
activity of isolated and combined cell suspensions of S. cerevisiae and 
P. tannophilus against three major rice pathogens (M. oryzae, B. oryzae 
and R. solani). In the M. oryzae assays, the control plates reached 7.33 

Table 3 
Metabolites derived from the extract obtained from the fermentation broth of the isolated culture using P. tannophilus, annotated by FBMN analysis on GNPS.

Node 
(ID)

Annotated 
Metabolite

Cosine 
Score 
(GNPS) / 
Score 
(NAP)

RT 
(min)

Exact 
Mass (m/ 
z)

Observed 
Mass (m/z)

Error 
(ppm)

MS2 Chemical Structure Molecular 
Formula

2384** octadec-5-enoyl- 
homoserine

0.89 3.51 383.3036 383.3035 -0.261 57, 70, 98, 
120,345

C22H41O4N

3** phenylalanylprolyl 0.93 4.66 262.1317 262.1313 -1.526 70, 98, 
120, 153, 
245

C14H18N2O3

1121** cyclo(leucyl-4- 
hydroxyprolyl)

0.78 3.63 226.1317 226.1315 -0.884 86, 200, 
226, 228

C11H18N2O3

2888** cyclo(phenylalanyl- 
4-hydroxyprolyl)

0.79 3.94 260.1161 260.1160 -0.384 70, 91, 
114, 185, 
213, 259

C14H16N2O3

*Selected by VIP scores through FBMN analysis on GNPS;
** Clusters containing only nodes belonging to this culture.
RT: retention time; N/A: not annotated.
NAP: Network annotation propagation.
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± 0.56 cm, while treatments with S. cerevisiae (E1.1), P. tannophilus 
(E1.2) and their co-culture (E1.3) yielded diameters of 4.38 ± 0.47 cm 
(62.99% inhibition), 5.17 ± 0.45 cm (50.21% inhibition) and 4.85 
± 0.27 cm (56.28% inhibition), respectively.

Against B. oryzae, control colonies measured 5.28 ± 0.14 cm; in E1.1 
they measured 3.22 ± 0.15 cm (80.79% inhibition), in E1.2 3.78 
± 0.09 cm (73.52% inhibition) and in E1.3 3.70 ± 0.12 cm (73.28% 
inhibition), with observations revealing hyphal thinning and distortion 
indicative of cell-wall disruption by yeast metabolites. For R. solani, the 
control averaged 8.29 ± 0.00 cm, whereas E1.1 measured 5.43 
± 0.31 cm (34.52% inhibition), E1.2 3.51 ± 0.22 cm (57.65% inhibi
tion) and E1.3 1.37 ± 0.18 cm (83.51% inhibition). Overall, both indi
vidual and combined yeast treatments significantly reduced mycelial 
growth of all three pathogens, with the co-culture (E1.3) consistently 
producing the highest inhibition rates (Fig. 3a–c).

3.5. Experiment E2: Determination of the Minimum Inhibitory 
Concentration (MIC) of extracts obtained from isolated cultures and co- 
cultures of S. cerevisiae and P. tannophilus against the pathogens M. 
oryzae, B. oryzae, and R. solani

The main objective of Experiment E2 was to determine the minimum 
inhibitory concentration (MIC) of concentrated extracts (E2.1, E2.2 and 
E2.3) against M. oryzae, B. oryzae and R. solani in vitro. Initial assays at 
0.12, 0.25 and 0.5 mg/mL proved ineffective; subsequent tests were 
conducted using concentrations of 0.75 and 1.25 mg/mL. In assay E2.1, 

the concentration of 0.75 mg/mL resulted in an inhibition of 33.40%, 
and 1.25 mg/mL increased the inhibition to 68.77%. In assay E2.2, in
hibitions were 22.06% and 40.10% at the respective concentrations, 
highlighting significant differences in relation to the control-DMSO. At 
E2.3, inhibition increased to 37.94% and 60.40% for the same concen
trations, also with significant differences compared to control-DMSO. 
Statistical analysis using the Tukey test (p < 0.05) confirmed the 
effectiveness of the higher concentrations, showing that the concentra
tion of 1.25 mg/mL was more effective in reducing mycelial growth, 
attesting to the fungistatic potential of the metabolites in the extracts, 
especially with P. tannophilus and co-cultivation (Fig. 4a).

In the E2 assay carried out to evaluate the antagonistic activity of 
yeasts against B. oryzae, a fungistatic effect of the concentrated extracts 
on the mycelial growth of the fungus was observed. The minimum 
inhibitory concentration (MIC) was evaluated, confirming a reduction in 
pathogen growth, with inhibitions of 60.19% and 76.40% at concen
trations of 0.75 mg/mL and 1.25 mg/mL, respectively. Tukey's statisti
cal test revealed that only treatments with extracts of E2.1 (1.25 mg/ 
mL) and E2.2 (0.75 mg/mL) did not show a significant difference in 
relation to the DMSO control. The results indicate that the secondary 
metabolites of the extracts have antifungal potential, suggesting in
teractions with the fungal cell wall that inhibit enzymes involved in 
mycelial growth (Fig. 4b).

In assays against R. solani, 0.75 mg/mL inhibited mycelial growth by 
54.76%, 23.40% and 18.70% in experiments E2.1, E2.2 and E2.3, 
respectively, while 1.25 mg/mL achieved 98.41% (E2.1), 83.75% (E2.2) 
and 83.49% (E2.3) inhibition. All treatments showed statistically 

Table 4 
Metabolites derived from the extract obtained from the fermentation broth of the coculture using S. cerevisiae and P. tannophilus, annotated by FBMN analysis on GNPS.

Node 
(ID)

Annotated Metabolite Cosine Score 
(GNPS) / Score 
(NAP)

RT 
(min)

Exact Mass 
(m/z)

Observed 
Mass (m/z)

Error 
(ppm)

MS2 Chemical Structure Molecular 
Formula

5* cyclo(leucyl-4- 
hydroxyprolyl)

0.78 3.63 226.1317 226.1316 -0.884 86, 200, 
226, 228

C11H18N2O3

53** phenylalanylprolyl 0.94 1.63 262.1317 262.1315 -0.763 70, 95, 
125, 153, 
245

C14H18N2O3

4185** cyclo(phenylalanyl-4- 
hydroxyprolyl)

0.79 4.00 260.1161 260.1160 -0.384 70, 91, 
114, 185, 
219, 260

C14H16N2O3

4186** cyclo(prolylvalyl) 0.82 1.19 196.1212 196.1211 -0.510 55, 70, 98, 
141, 152, 
169

C10H16N2O2

21** 1-methyladenosine 0.98 1.00 281.1124 281.1116 -2.846 149, 278, 
281

C11H15N5O4

*selected by VIP score in the GNPS FBMN analysis;
** clusters containing only nodes belonging to this culture.
RT: retention time; N/A: not annotated.
NAP: Network Annotation Propagation.
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significant reductions compared to the DMSO control (p < 0.05) 
(Fig. 4c).

Studies using the culture filtrate of Streptomyces sp. grown in a me
dium containing glucose, malt extract, and peptone, with 100 µL of the 
filtrate applied per well on PDA plates (potato extract, dextrose, and 
agar), resulted in a 69.00% inhibition of R. solani mycelial growth 
(Tamreihao et al., 2016).

These findings reinforce the potential of the extracts evaluated in this 
study as effective alternatives for the control of R. solani, with inhibition 
levels reaching up to 83.75%.

3.6. Experiment E3 – Inhibition of Conidial Germination and 
Appressorium Formation

In vitro assays (E3) were conducted to evaluate the effects of yeast- 
derived extracts on conidial germination and appressorium formation 
against M. oryzae and B. oryzae. Conidial suspensions were incubated in 
three treatments — E3.1 (S. cerevisiae extract), E3.2 (P. tannophilus 
extract), and E3.3 (co-culture extract of S. cerevisiae + P. tannophilus) — 
alongside water and DMSO (negative controls). All treatments were 

applied at a final concentration of 1.25 mg/mL.
Regarding M. oryzae, after 4 h of incubation, 10.34% of conidia in 

the water control had developed germ tubes. In contrast, germ-tube 
emergence and appressorium formation were completely inhibited by 
the DMSO control and all extract treatments at this time point. Notably, 
treatment E3.1 achieved complete (100%) inhibition of appressorium 
formation and reduced conidial germination to 33.33% after 12 h. 
Furthermore, E3.1 significantly delayed the onset of germination: only 
6.25% of conidia germinated at 6 h, compared to 52.63% in the water 
control and 15.00% in the DMSO control. After 12 h, germination in the 
controls increased to 80.00% (water) and 45.54% (DMSO), while 
treated conidia remained devoid of appressoria (Fig. 5a). These findings 
highlight the importance of appressorium inhibition in preventing 
M. oryzae infection and reinforce the potential of the tested extracts as 
effective antifungal agents.

Treatment E3.2 markedly reduced conidial germination and 
appressorium formation: after 10 h, only 2.45% of conidia had germi
nated and 2.28% had developed appressoria. In contrast, the water 
control exhibited 95.92% germination and 67.11% appressorium for
mation, while the DMSO control showed 90.11% and 76.78%, 

Fig. 3. – In vitro antagonistic efficacy of isolated and combined cell suspensions of S. cerevisiae and P. tannophilus against (a) M. oryzae, (b) B. oryzae and (c) R. solani. 
Control: pathogen alone on PDA medium. P. tannophilus treatment: pathogen paired with P. tannophilus; S. cerevisiae treatment: pathogen paired with S. cerevisiae; co- 
culture: pathogen paired with simultaneously with both S. cerevisiae and P. tannophilus.
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respectively. At 12 h, germination and appressorium formation in the 
water control reached 100% germination and 85%, respectively, 
whereas in the treated group, they remained at 16.33% and 2.67% — 
corresponding to 83.67% and 97.33% inhibition relative to water con
trol (Fig. 5b). Treatment E3.3 showed the strongest antifungal activity. 
After 6 h of incubation, conidial germination was limited to 11.77%, 
compared to 84.85% in water control. By 12 h, the treatment inhibited 
conidial germination by 85.71% of germination and 97.96% of 
appressorium formation (Fig. 5c).

The mature appressorium is essential to the infection cycle of 
M. oryzae, as it generates sufficient turgor pressure to mechanically 
breach the host cuticle and cell wall. After penetration, primary invasive 
hyphae develop and subsequently differentiate into secondary infectious 
hyphae that colonize adjacent host cells. New conidia are produced by 
aerial conidiophores 3–5 days post-infection, thereby completing the 
disease cycle (Xiao et al., 2023).

GNPS - based annotation afforded several diketopiperazines - 
including cyclo(leucylprolyl), cyclo(phenylalanine-4-hydroxyproline), 
cyclo(prolylvalyl), cyclo(leucylvalyl), cyclo(phenylalanylprolyl) and 
cyclo(leucyl-4-hydroxyproline) — which are likely responsible for the 
observed antifungal activity. All extract treatments inhibited appresso
rium formation between 97.00% and 100.00%, undercoring the poten
tial of diketopiperazines as promising agents against rice blast disease.

Studies with the crude extract of Epicoccum sp. demonstrated 

significant efficacy in controlling Magnaporthe oryzae, the causal agent 
of rice leaf blast. In in vitro assays, when applied the extract at a con
centration of 0.6 mg/mL, the extract inhibited 95.68% of appressorium 
formation, (Sena et al., 2013) aligning with the present findings for 
P. tannophilus and co-culture extracts, and with the S. cerevisiae extract 
achieved complete (100%) inhibition of appressorium formation.

The results of the experiments involving B. oryzae are presented in 
the following order. Initially, all treatments exhibited inactive conidia. 
After two hours, it was observed that 58.21% of the conidia germinated 
in the water control, while only 18.07% germinated in the DMSO con
trol. In contrast, the treatment with the extract (E3.3) resulted in com
plete inhibition of germination. As the experiment progressed, 
germination in the water control reached 100% after 10 h, compared to 
44.95% in the DMSO control and 23.47% in the E3.3. Notably, the 
extract also completely prevented the formation of appressoria. After 
12 h, E3.3 maintained a 71.43% inhibition of conidial germination and 
100% inhibition of appressorium formation, demonstrating its potential 
as a promising fungistatic agent against B. oryzae (Fig. 6).

Experiments E3.1 and E3.2 showed lower inhibitory effects 
compared to experiment E3.3. In experiment E3.1, germination also 
started after 6 h, reaching 42.53%, compared to 51.32% in the water 
control. After 10 h, the water control showed 69.36% germination and 
69.41% appressorium formation. At 12 h, germination and appresso
rium formation in the water control reached 93.75% and 76.04%, 

Fig. 4. – Growth inhibition (%) of (a) M. oryzae, (b) B. oryzae, and (c) R. solani on control plates (DMSO) and plates treated with concentrated diketopiperazine 
extracts obtained from the fermentations of S. cerevisiae and P. tannophilus, at concentrations of 0.75 mg/mL and 1.25 mg/mL for MIC determination. Control-DMSO: 
pathogen colony grown on PDA medium in the presence of DMSO. Treatment with P. tannophilus: pathogen colony grown on PDA medium with extract from the 
isolated P. tannophilus culture. Treatment with S. cerevisiae: pathogen colony grown on PDA medium with extract from the isolated S. cerevisiae culture. Co-culture 
treatment: pathogen colony grown on PDA medium with extract from the co-culture of S. cerevisiae and P. tannophilus. Means followed by the same letters do not 
differ significantly from each other according to Tukey’s test (p < 0.05).
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respectively, while E3.1 resulted in 75.16% germination and 14.91% 
appressoria (Fig. 7a). In experiment E3.2, after 12 h, all conidia had 
germinated and formed appressoria, as shown in Fig. 7b. Germination 
began after 6 h, reaching 12.66%, with 5.06% of the conidia forming 
appressoria. After 8 h, germination increased to 55.56%, and by 10 h, 
35.71% of conidia had germinated, with 28.57% forming appressoria. 
Although no significant inhibition of germination was observed in ex
periments E3.1 and E3.2, the results suggest that metabolites from the 
diketopiperazine class may have positively influenced fungal develop
ment compared to the DMSO control.

Studies using B. oryzae isolates cultivated on Petri dishes containing 

PDA medium (potato dextrose agar), supplemented with 50 μL of Ba
cillus sp. and Serratia marcescens extracts solubilized in 1 mL of dimethyl 
sulfoxide (DMSO), showed a 37.8% reduction in B. oryzae mycelial 
growth with Bacillus sp. extracts (after 16 h incubation), while S. mar
cescens extracts resulted in a 17.2% reduction under the same conditions 
(Elias et al., 2023). Other studies reported inhibition rates of approxi
mately 93% against B. oryzae under in vitro conditions, using the crude 
extract method with Trichoderma strains at 10 g/L incorporated into 
potato-dextrose-agar medium (Klaram et al., 2022).

The yeast–pathogen interactions in this study exhibited a more 
pronounced fungistatic effect with S. cerevisiae cells compared to the co- 

Fig. 5. – Effectiveness of the 1.25 mg⋅mL⁻¹ extract treatments in inhibiting M. oryzae conidial germination and appressorium formation after 12 h. (a) S. cerevisiae 
extract; (b) P. tannophilus extract; (c) co-culture extract. Water control: conidia suspended in sterile water; DMSO control: conidia in 1% DMSO. (Red arrow: 
conidium; green arrow: germ tube; blue arrow: appressorium.).
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culture. Although supernatants from isolated fermentations of S. cerevisiae and P. tannophilus did not show direct antifungal activity, 

Fig. 6. – Inhibitory effect of the extract obtained from the S. cerevisiae and P. tannophilus co-culture (E3.3) (1.25 mg/mL) on conidial germination and appressorium 
formation of B. oryzae after 12 h of incubation. Treatments: Water control (conidia incubated in distilled water); DMSO control (conidia incubated in 1% DMSO); Co- 
culture treatment (conidia incubated in the co-culture extract). Arrows: red – conidium; green – germ tube; blue – appressorium.

Fig. 7. – Inhibitory effect of the extract obtained from isolated yeast cultures (1.25 mg/mL) on conidial germination and appressorium formation of B. oryzae after 
12 h of incubation. (a) S. cerevisiae extract treatment (E3.1); (b) P. tannophilus extract treatment (E3.2); Controls: Water control (conidia in distilled water); DMSO 
control (conidia in 1% DMSO). Arrows: red – conidium; green – germ tube; blue – appressorium.
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they caused morphological alterations in M. oryzae, B. oryzae, and 
R. solani. The most effective MIC of the concentrated diketopiperazine 
extracts was 1.25 mg/mL.

Statistical analyses demonstrated that extracts from isolated 
P. tannophilus and the co-culture significantly inhibited fungal devel
opment compared to the DMSO control and were more effective than 
S. cerevisiae alone against all three pathogens evaluated. Analysis of 
conidial germination and appressorium formation showed an average 
suppression of 98% in appressorium formation and approximately 80% 
inhibition of conidial germination of M. oryzae. For B. oryzae, co-culture 
extracts inhibited 100% of appressorium formation and reduced 
germination by 71%.

This study pioneers the investigation of antifungal activity of 
concentrated diketopiperazine extracts, highlighting their potential as 
promising alternatives for managing rice diseases such as blast, brown 
spot, and sheath blight.
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