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Abstract

Fusarium oxysporum f. sp. lycopersici (Fol) is a destructive soil-borne pathogen responsible
for major global losses in tomato production, within a context of increasingly constrained
fungicide use in intensive farming systems. Sustainable alternatives to chemical fungi-
cides are urgently needed, and microbial secondary metabolites represent a promising
source of antifungal compounds. This study explores the antifungal potential of secondary
metabolites produced by a natural isolate of Beauveria bassiana (Bb758) previously reported
to exhibit strong biocontrol activity against Fol. LC-HRMS metabolomic profiling revealed
a chemically diverse metabolite profile dominated by amino acid-derived compounds,
peptides and alkaloids. Purification of the crude extract by column chromatography and
reverse-phase HPLC yielded beauvericin and several 2,5-diketopiperazines as the main
bioactive constituents. These compounds were identified by NMR and LC-HRMS analyses.
The antifungal activity of beauvericin (BEA), cyclo(L-Phe-L-Pro) (CFP) and fractions was
evaluated against spore germination and germ tube development of Fol. BEA exhibited
dose-dependent but limited activity, showing significant inhibition only at high concentra-
tions (100 µg mL−1). In contrast, CFP showed significantly higher antifungal activity than
BEA, inhibiting both germination and germ tube formation at concentrations as low as
10 µg mL−1. These results identify CFP as a promising antifungal compound targeting the
early infection stages of Fol and highlight fungal-derived diketopiperazines as candidate
molecules for sustainable disease management strategies.

Keywords: secondary metabolites; diketopiperazine; Beauveria bassiana; Fusarium oxysporum;
biological control; antifungal activity

1. Introduction
Tomato (Solanum lycopersicum) is among the most economically important vegetable

crops worldwide, yet its productivity is persistently threatened by destructive soil-borne
pathogens. Among these, Fusarium oxysporum f. sp. lycopersici (Fol), the causal agent
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of Fusarium wilt, remains one of the most difficult diseases to manage. The pathogen
invades the plant through the root system and colonizes the xylem vessels, obstructing
water and nutrient transport and ultimately leading to severe wilting, chlorosis, and plant
death [1]. As a result, Fusarium wilt is responsible for substantial yield losses in regions of
intensive tomato cultivation and continues to pose a major constraint to global production
systems [2–4].

Despite decades of research, effective and sustainable management strategies remain
limited. Chemical fungicides and soil fumigants are still widely employed, but their long-
term application raises serious concerns regarding environmental contamination, risks to
human health, and the emergence of fungicide-resistant pathogen populations [5,6]. These
constraints continue to drive the search for sustainable alternatives for the management of
Fusarium wilt and other soil-borne diseases [7,8].

In this context, biological control has emerged as a promising strategy for managing
plant diseases, either through the direct use of beneficial microorganisms or through
microbial-derived metabolites. Secondary metabolites produced by bacteria and fungi
can interfere with pathogen growth, inhibit infection-related development and contribute
to disease suppression. This metabolite-mediated component of biological control is
increasingly relevant for the development of more targeted and environmentally compatible
crop protection tools [9–11].

Among the microbial agents explored, the entomopathogenic fungus Beauveria bassiana
has attracted growing attention due to its ecological versatility and its ability to interact with
plants, insects, and pathogens [12,13]. Although traditionally known for insect biocontrol,
B. bassiana is now recognized as a prolific producer of secondary metabolites with diverse
biological activities, including antimicrobial, insecticidal, and cytotoxic effects [14–16].

Beauvericin (BEA), a cyclic hexadepsipeptide produced by B. bassiana, has attracted
considerable attention due to its broad biological activity. While classified as a mycotoxin,
BEA exhibits antifungal, antimicrobial, and antiviral properties [17–20]. Notably, several
Fusarium species, including F. proliferatum, F. subglutinans, and F. semitectum, also produce
BEA, where it contributes to pathogenicity and is frequently associated with food contam-
ination in cereals [21]. Although beauvericin is traditionally regarded as a mycotoxin of
concern, its recurrent detection in active fractions highlights its dual nature, simultaneously
associated with toxicity and with measurable antifungal potential.

Beyond BEA, B. bassiana produces a wide range of secondary metabolites, includ-
ing 2,5-diketopiperazines (DKPs), a class of cyclic dipeptides widely distributed among
bacteria, fungi, plants, and marine organisms [22–24]. Among them, cyclo(L-Phe-L-Pro)
(CFP) has gained particular interest due to its antimicrobial activity against both bacterial
and fungal pathogens, including agriculturally relevant genera such as Aspergillus and
Penicillium [25,26]. Its cyclic structure confers enhanced stability compared with linear pep-
tides, making it an attractive candidate for agricultural applications as a natural biocontrol
agent for plant disease management.

However, despite the promising activities reported for BEA and CFP and related
compounds, their comparative effects on key plant pathogens such as F. oxysporum remain
poorly characterized, particularly in terms of their relative efficacy and mode of action
during the early stages of infection. In particular, understanding how these metabolites
affect early infection processes, such as conidial germination and germ tube formation, is
essential for evaluating their potential integration into disease management programs.

This study characterizes the metabolite profile of B. bassiana isolate Bb758 and evaluates
the antifungal activity of chromatographic fractions, BEA, and CFP on Fol conidial germina-
tion and germ tube development, with the aim of assessing the potential of fungal-derived
cyclic dipeptides as candidate molecules for sustainable plant disease management.
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2. Materials and Methods
2.1. Fungal Material

The entomopathogenic ascomycete Beauveria bassiana isolate 758 (Bb758) was obtained
from the Agricultural University of Plovdiv (Plovdiv, Bulgaria) and grown on Potato
Dextrose Agar (PDA; HiMedia, Einhausen, Germany) for 15 days at 25 ◦C until sporulation.
Conidia recovery was performed as previously described [13].

The soil-borne ascomycetous tomato pathogen Fusarium oxysporum f. sp. lycopersici
race 2, isolate 4287 (FGSC9935; Fol), was used throughout this work. For microconidia pro-
duction, cultures were grown in yeast extract peptone dextrose (YPD; HiMedia, Einhausen,
Germany) medium [27] for 3–5 days at 28 ◦C with shaking at 170 rpm. Microconidia
were collected by filtration through cheesecloth and centrifugation at 5000 rpm for 10 min.
After collection, fungal conidia were routinely resuspended in 1 mL of sterile ddH2O and
counted under an Axioskop 2 Plus binocular microscope (Zeiss, Milan, Italy) before storage
or use as fresh conidia in experiments. All experiments were performed during 2023–2026,
using cultures maintained under consistent and standardized subculturing conditions to
ensure minimal variability.

2.2. Production and Extraction of Bb758 Metabolites

Mycelial plugs of uniform size (2 mm × 2 mm), obtained from 15-day PDA cultures
of Bb758, were transferred to 3 L Erlenmeyer flasks containing 1.5 L of Potato Dextrose
Broth medium (PDB; HiMedia Einhausen, Germany). The flasks were then incubated
at 25 ◦C in static conditions for 30 days. Culture filtrates were obtained by filtering the
culture through Miracloth filter paper (Merck KGaA, Darmstadt, Germany). The culture
filtrate was extracted three times with ethyl acetate (EtOAc, Carlo Erba, Cornaredo, Milan,
Italy), and the combined organic fractions were dried with anhydrous sodium sulfate
(Na2SO4, Carlo Erba, Cornaredo, Milan, Italy), evaporated under vacuum at 40 ◦C using
a rotary evaporator (RV 10, IKA®-Werke GmbH & Co. KG, Staufen, Germany), weighed,
and stored.

2.3. General Chemical Procedures

Analytical thin layer chromatography (TLC) was performed on silica gel (Kieselgel 60,
F254, 0.25; Merck, Darmstadt, Germany). Spots were visualized by exposure to UV radia-
tion (254 nm) and by spraying with 10% H2SO4 in methanol (MeOH) (v/v), followed by
heating at 110 ◦C for 10 min. All solvents were supplied by Sigma-Aldrich Co. (St. Louis,
MO, USA). 1H NMR spectra were recorded in deuterated chloroform (CDCl3) or methanol
d4 (MeOD) at 400 MHz on a Bruker (Karlsruhe, Germany) Anova Advance spectrometer,
using the residual solvent signal as an internal reference.

2.4. Purification of Crude Extract

The culture filtrate extract (112.8 mg) was purified by column chromatography (CC)
on silica gel (35 cm × 1.5 cm i.d.) eluted with CHCl3: i-PrOH (9:1, v/v) and the last
fraction was eluted with MeOH. Based on their chromatographic profiles, eight groups
of homogeneous fractions were collected: A = 9.6 mg, B = 7.4 mg, C = 3.9, D = 5.8 mg,
E = 14.9 mg, F = 8.4 mg, G = 8.7 mg, and H = 28.8 mg. The fractions B, C and D were further
purified by HPLC, using an Agilent 1260 Infinity HPLC system equipped with a WLD
detector (Agilent Technologies, Santa Clara, CA, USA). Aliquots of 100 µL were injected
into the system and separated on a Prodigy ODS (3) C18 column (250 mm × 10 mm, 10 µm,
Phenomenex, Milan, Italy), using a linear gradient of 0.1% formic acid in water (A) and 0.1%
formic acid in MeOH (B), at a flow rate of 2 mL/min. The gradient was as follows: 50% B
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held for 20 min, increasing to 100% B over 2 min, held at 100% B for 3 min, and returned to
initial conditions over 2 min. The system was re-equilibrated before each injection.

Fractions B4 (retention time, RT = 20 min) and B5 (RT = 22 min) were identified as
beauvericin as the principal metabolite, while fractions C2 (RT = 11.5 min), D3 (RT = 12 min)
and D4 (RT = 15 min) were identified as a mixture of 2,5-diketopiperazines.

2.5. LC–HRMS Analysis

Crude extract and fractions were resuspended in MeOH (LC-MS grade) to achieve a
final concentration of 1 mg/mL and analyzed by an Agilent HP 1260 Infinity Series liquid
chromatograph (Agilent Technologies, Santa Clara, CA, USA) coupled to a Q-TOF 6530
mass spectrometer, and equipped with a diode array detector (DAD, Agilent Technologies),
following a previously established method [28]. Briefly, 7 µL of each sample was in-
jected into the system, and analytes were separated on an Adamas C18-X-Bond column
(50 mm × 4.6 mm, 3.5 µm, Sepachrom Srl, Milan, Italy) at a flow of 0.4 mL/min. The
solvents used were A: 0.1% formic acid aqueous solution and B: 0.1% formic acid in ace-
tonitrile. The elution gradient was set as follows: 5–100% B in 6 min, held at 100% B
for 2 min; 100–5% B in 2 min; equilibration time was 2 min. Mass spectra were acquired
in positive ionization mode, and all parameters were set using MassHunter Acquisition
software (version 10.1, Agilent Technologies). Identification of metabolites was obtained
by comparison of experimental monoisotopic masses with the literature data and with an
in-house built database of fungal secondary metabolites. Only identification with a mass
error below 5 ppm and a score over 80 was considered successful. Additionally, identifica-
tion and quantification of BEA and CFP were obtained by comparison with the retention
time and mass spectrum of commercial standards (purchased from Apollo Scientific Ltd.,
Manchester, UK and MedChemExpress, Monmouth Junction, NJ, USA, respectively), and
used to build a calibration curve (10, 50, 100, 250, 500 and 1000 µg mL−1). Each point
and fraction were analyzed in duplicate, and results were calculated as the mean of both
analyses. Quantification was performed using peak area integration, and linearity was
assessed through correlation coefficient (R2) determination.

2.6. Chemical Classification of Bb758 Metabolites

Metabolites detected by LC–HRMS analysis were subjected to a downstream chemical
classification workflow based on structural annotation. The metabolite list was generated
by merging the compounds putatively identified in each fraction. For each compound,
SMILES (Simplified Molecular Input Line Entry System) strings were obtained from pub-
licly available chemical databases, including PubChem and KEGG. Chemical classification
was performed manually using NPClassifier, a deep neural network–based tool that assigns
natural products to biosynthetic pathways, superclasses, and chemical classes based on
structural features encoded from SMILES representations [29]. Each compound was indi-
vidually queried, and the corresponding classification output was recorded. Metabolites
were assigned to three hierarchical levels: biosynthetic pathway, chemical superclass, and
chemical class, according to the NPClassifier ontology. The distribution of metabolites
across pathways and chemical classes was subsequently visualized using a hierarchical
donut chart generated in RStudio (v4.5.0) with the ggplot2 and ggnewscale packages.
Relative abundances were calculated as percentages of the total number of annotated
metabolites, and the plot was structured to represent pathway-level distribution in the
outer ring and the corresponding chemical classes in the inner ring.

2.7. Growth Inhibition Assays

Purified fractions, standard BEA (97% purity; Apollo Scientific Ltd., Manchester,
UK) and CFP (MedChemExpress, Monmouth Junction, NJ, USA) were tested against
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Fol in growth inhibition assays. Stock solutions of each tested fraction and commercial
standard were prepared by resuspension in dimethyl sulfoxide (DMSO), at a concentration
of 2000 µg mL−1, and then diluted with Germination Medium (GM) [30], with pH adjusted
to 7, to obtain a final concentration of 200 µg mL−1. Serial dilutions of BEA and CFP at 150,
100, 50 and 10 µg mL−1 were prepared in GM. Negative controls consisted of 100 µL DMSO
in 900 µL GM.

Freshly prepared conidia resuspended in GM were mixed 1:1 (v/v) with fraction solu-
tions or standards, yielding final concentrations of 3.19 × 106 conidia mL−1. Samples were
incubated in 96-well clear flat-bottom plates (Falcon®; Corning, NY, USA) in triplicate at
28 ◦C with shaking. Optical density at 600 nm (OD600) was measured at 30 min intervals for
9 h using a Tecan Infinite 200 Pro microplate reader. Absorbance was normalized as A/A0.
Area under the curve (AUC) was calculated using the linear trapezoidal rule [31]. Inhibition
percentage at the final time point was calculated as ((ODctrl − ODfraction)/ODctrl) × 100.
Results are presented as mean ± SD. Statistical significance was determined by two-way
ANOVA with Tukey’s multiple comparisons test (p < 0.001) and one-way ANOVA with
Tukey’s test (p < 0.05) as appropriate.

2.8. Growth Inhibition and Germ Tube Formation Assays with Cyclo(L-Phe-L-Pro)

Four different concentrations of the standard CFP (10, 50, 100 and 150 µg mL−1) were
tested on Fol and prepared as described above. Negative controls were obtained by diluting
DMSO in GM. Germ tube formation was monitored using an oCelloscope automated imag-
ing system and UniExplorer software (version 11.1.0.8756) (BioSense Solutions ApS, Farum,
Denmark). Freshly prepared conidia were resuspended in GM at 1 × 106 conidia mL−1,
mixed 1:1 with CFP solutions, and scanned every 30 min for 15 h, with measurements
initiated after 15 min of incubation to allow complete conidial settling. The oCelloScope
analyzed and normalized the corresponding changing fungal mass over time per well
(n = 3 per tested condition) using a built-in microconidia algorithm, which then generated
the raw data for the growth curves through a segmentation and extraction of surface areas
algorithm in order to quantify morphological changes. At least 500 individual conidia were
tracked per well, with three biological replicates per treatment. Statistical analysis was
performed using appropriate tests for comparison of germination rates between treatments,
with data presented as means ± standard deviation. All treatments were performed with
at least three biological replicates, and experiments were conducted on at least two inde-
pendent occasions. Results are presented as means ± standard deviation, and statistical
significance is determined by two-way ANOVA according to Tukey’s multiple comparisons
test (p < 0.001).

2.9. Statistical Analysis

Statistical analysis of the data collected on antifungal activity was performed using a
one-way and two-way Analysis of Variance (ANOVA) tests as appropriate, after verifying
normality of residuals and homogeneity of variances. For multiple comparisons, Tukey’s
multiple range test was applied to determine significant differences between treatments
and controls. All statistical analyses were performed using GraphPad Prism 8.0 software.
Results were presented as means ± standard deviation, and statistical significance was set
at p < 0.001 or p < 0.05 as appropriate.

3. Results
3.1. Metabolomic Profiling and Chemical Characterization of Bb758

A crude organic extract was obtained from the culture filtrate of Bb758 following
extraction with ethyl acetate, with a yield of 112.8 mg. The extract was subsequently
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subjected to silica gel column chromatography under normal-phase conditions, afford-
ing eight fractions (A–H) based on their chromatographic profiles. Fractions B, C, and
D were further purified by reverse-phase HPLC, leading to the isolation of major and
minor constituents.

LC–HRMS analysis of the crude extract and fractions revealed a chemically di-
verse metabolite profile, dominated by nitrogen-containing secondary metabolites. Most
metabolites were putatively annotated on the basis of accurate mass measurements and
database/literature comparison (confidence level 2 according to the Metabolomics Stan-
dards Initiative criteria; MSI level 2), whereas selected compounds were structurally con-
firmed by NMR analysis and/or comparison with authentic standards (MSI level 1) [32].
Several diketopiperazines (DKPs), including cyclo(Pro-Ala), cyclo(L-Pro-L-Tyr), cyclo(L-
Pro-L-Pro), and cyclo(L-Phe-L-Pro), were identified, alongside indole derivatives (e.g.,
tryptophol), polyketide-related compounds (e.g., tenellin, bassiatin), and depsipeptides.
Among the identified compounds, diketopiperazines and beauvericin were the most rele-
vant due to their antifungal activity (Table 1).

Further chemical characterization of the fractions subjected to HPLC purification
confirmed the distribution of the main metabolites. In particular, beauvericin was identified
as the major metabolite in fractions B4 and B5, as confirmed by both LC–HRMS and NMR
analyses. In particular the hydroxyisovaleryl group was confirmed by the presence in
proton spectrum of fraction B4 (Figure S1) of two doublets (d, J = 8.1 Hz) resonating at
δ 0.44 and 0.81, a multiplet at δ 2.01 and a doublet (d, J = 10.8 Hz) at δ 4.92, while the
N-methyl-phenylalanyl group was consistent with the singlet at δ 3.03, the multiplet at
δ 2.96, the double doublet (dd, J = 16.2 and 5.4 Hz) at δ 3.38, the broad singlet at δ 5.52 and
of multiplets from δ 7.18 to 7.28 (Figure S1). These data agree with the previously reported
data [33]. Bassiatin was detected in fraction B2. In the 1H NMR spectrum (Figure S2) signals
of two methyl protons (δ 0.79, d, J = 6.7 Hz, and δ 0.87 d, J = 7.1 Hz), one N-methyl protons
(s, δ 3.05), two methylene protons (δ 3.21, dd, J = 14.0, 4.1 Hz and δ 3.21, dd, J = 14.0, 4.5 Hz),
a methine proton (δ 4.43, t, J = 4.5 Hz) and aromatic protons (δ 7.15–7.38) were observed.
These data agree with those previously reported for bassiatin [34].

The same spectrum (Figure S2) showed the presence of the signals attributed to
cyclo(Pro-Leu) on the basis of its NMR data [35]. In particular this spectrum showed as
typical signals a broad singlet at δ 5.73 (NH), a triplet of (J = 8 Hz) at δ 4.14 and a doublet of
doublet (J = 9.3, 3.4 Hz) at δ 4.03 of two methine protons in alpha at two carboxylic groups,
two multiplets at δ 2.13 and 2.34 of a methylene group, and two doublet (J = 6.3 Hz) at
δ 1.03 and 0.98, these latter of a isopropyl moiety.

Fractions D3 and D4 were characterized by the presence of complex mixtures of 2,5-
diketopiperazines, as evidenced by NMR data (Figures S3 and S4) [36]. Moreover, the
presence of cyclo(L-Phe-L-Pro) in subfractions D3 and D4 was confirmed by LC–HRMS
analysis by comparison with an authentic standard.

The LC–HRMS analysis led to the putative identification of 32 unique metabolites, which
were classified using the NPClassifier platform (freely available at: https://npclassifier.ucsd.
edu/). Amino acids and peptides represented the dominant biosynthetic pathway (56.25%),
followed by alkaloids (25.00%), terpenoids (9.38%), polyketides (6.25%), and fatty acids (3.12%)
(Figure 1). At the chemical class level, dipeptides (34.38%) and depsipeptides (12.50%) were
the most abundant groups within the amino acid and peptide pathway. The dipeptide
fraction consisted mainly of 2,5-diketopiperazines, whereas the depsipeptide group included
compounds such as beauvericin and beauveriolides. Among alkaloids, pyridine alkaloids
were the predominant class (15.62%), while polyketides were exclusively represented by cyclic
polyketides (6.25%). Overall, the metabolite profile was characterized by a predominance of
peptide-derived and nitrogen-containing secondary metabolites (Table S1).
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Table 1. Putatively identified metabolites from crude extract and fractions of Bb758 by LC–HRMS
analysis. Compounds are listed with their molecular formula, retention time (RT, min), and accurate
monoisotopic mass (Da). Annotations were based on accurate mass measurements and comparison
with the literature and database data. Metabolite annotations were primarily based on accurate
mass measurements and comparison with literature and database records and should therefore be
considered putative identifications (MSI level 2). Compounds marked with an asterisk (*) were
structurally confirmed by NMR analysis (MSI level 1), whereas those indicated with a dagger symbol
(†) were confirmed by comparison with authentic commercial standards by LC-HRMS analysis.

Compound Molecular Formula RT (min) Monoisotopic Mass (Da)

Nicotinic acid C6H5NO2 1.440 123.0322

Picolinic acid C6H5NO2 1.557 123.0321

N-Acetylloline C10H16N2O2 1.723 196.1215

Cyclo(Pro-Ala) C8H12N2O2 3.960 168.0899

Cyclo(3-hydroxypro-Leu) C11H18N2O3 4.473 226.1316

Cyclo(L-Pro-L-Tyr) C14H16N2O3 4.677 260.1166

L-Tyrosin C9H11NO3 4.780 181.0734

Cyclo(L-Pro-L-Pro) C10H14N2O2 4.786 194.1053

Brevianamide F C16H17N3O2 5.013 283.1323

Cyclo(Pro-Leu) * C11H18N2O2 5.133 210.1367

Cyclo(3-hydroxypro-Phe) C14H16N2O3 5.241 260.1164

Cyclo(L-Phe-L-Pro) † C14H16N2O2 5.315 244.1212

Prolyldiketopiperazine B C12H20N2O2 5.518 224.1516

Cyclo(Leu-Trp) C17H21N3O2 5.639 299.1630

Tryptophol C10H11NO 5.820 161.0833

Cycloechinulin C20H21N3O3 5.857 351.1594

Tenellin C21H23NO5 6.396 369.1591

Gibepyrone A C10H12O2 6.505 164.0831

Hexylitaconic acid C11H18O4 6.506 214.1211

Azaspirene C21H23NO5 6.512 369.1582

(-)-Pyridovericin C21H23NO5 6.519 369.1590

cyclo(L-Pro- L -Val) C10H16N2O2 6.652 196.1214

7beta,18- dihydroxykaurenolide C20H28O4 7.049 332.1992

Bassiatin * C15H19NO3 7.063 261.1370

Fusaricide C17H25NO3 7.172 291.1844

Gibberellin A42 C20H30O6 7.261 366.2056

(-)-Sesquicillin C29H42O5 7.392 470.3023

L-Phenylalanin C9H11NO2 7.873 165.0789

Beauveriolide V C23H41N3O5 8.058 439.3066

Beauveriolide VI C23H41N3O5 8.219 439.3063

Beauveriolide III C27H41N3O5 8.386 487.3060

Beauvericin *, † C45H57N3O9 12.069 783.4044
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Figure 1. Hierarchical donut chart showing the distribution of metabolites identified by untargeted
LC–HRMS analysis according to biosynthetic pathways and chemical classes. The outer ring repre-
sents the relative abundance of metabolites across major biosynthetic pathways, while the inner ring
details the corresponding chemical classes. Percentages were calculated based on the total number of
annotated metabolites (n = 32). Color coding reflects the hierarchical relationship between pathways
and their associated chemical classes.

3.2. Bb758 Fractions Show Variable Antifungal Activity Levels Against F. oxysporum

Chromatographic fractions were evaluated for antifungal activity against Fol by moni-
toring conidial germination over a 9 h period. The majority of tested fractions significantly
inhibited Fol germination. Fractions B4, B5, D3, D4 and A showed the highest level of
inhibition. Among these, fractions B4, B5 and A had in common the presence of beauvericin,
while fraction D3 and fraction D4 resulted in a mixture of diketopiperazines. All other
fractions exhibited lower but detectable inhibitory activity (Figure 2).

Figure 2. Antifungal activity of chromatographic fractions from Bb758 against Fol. (A–D). Different
fractions obtained by purification show variable levels of antifungal activity against Fol. Ctrl = Fol
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microconidia growth in Germination Medium. Measurements were conducted every 30 min for 9 h.
Data are presented as mean values ± SD from two independent experiments. Statistical significances
are determined by two-way ANOVA. Different letters indicate statistically significant differences
according to Tukey’s multiple comparisons test (p < 0.001). Number of independent experiments
(ni.ex.) = 2, with four replicates.

3.3. Beauvericin Exhibits Dose-Dependent Antifungal Activity Against Fol

To assess the antifungal efficacy of beauvericin, fractions B4 and B5 were tested against
Fol at 100 µg mL−1, and commercial BEA (97% purity) was tested at 10, 50 and 100 µg mL−1

as a reference. The lowest and intermediate concentrations of commercial BEA showed no
significant inhibitory effect on Fol germination. In contrast, BEA at 100 µg mL−1 signifi-
cantly reduced germination, displaying intermediate efficacy relative to fractions B4 and
B5 (Figure 3). Post hoc comparisons showed that BEA100 differed significantly from both
B5 (p = 0.00000002) and B4 (p < 0.00000001), and that B5 and B4 also differed significantly
from each other (p < 0.00000001). To verify whether the observed activity was consistent
with the actual beauvericin content, BEA was quantified in fractions B4 and B5 using an
external calibration curve (R2 = 0.9965, range 10–500 µg mL−1; Figure S5). Despite both
fractions being applied at the same nominal concentration (100 µg mL−1), quantification
revealed effective BEA contents of 106.43 ± 0.27 µg mL−1 in B4 and 16.68 ± 0.27 µg mL−1

in B5. The lower inhibitory activity of fraction B5 is therefore consistent with its reduced
beauvericin content, as well as the potential contribution of co-occurring metabolites such
as beauveriolide V. Notably, fraction B4 exhibited stronger inhibition than commercial
BEA100, despite comparable BEA content, possibly due to the impurity profile of the
commercial standard (97%) and/or additional effects of co-occurring metabolites.

Figure 3. Dose-dependent antifungal activity of BEA against Fol. Two different fractions ob-
tained by purification of Bb758 show antifungal activity against Fol comparable to BEA100.
BEA100 = 100 µg mL−1 (127.5 µM) of commercial BEA; BEA50 = 50 µg mL−1 (63.78 µM);
BEA10 = 10 µg mL−1 (12.75 µM). Ctrl = Fol microconidia growth in GM. Measurements were con-
ducted every 30 min for 9 h. Data are presented as mean values ± SD from two independent
experiments. Statistical significances are determined by two-way ANOVA. Different letters indicate
statistically significant differences according to Tukey’s multiple comparisons test (p < 0.001). Number
of independent experiments (ni.ex.) = 2, with 4 replicates.

3.4. Cyclo(L-Phe-L-Pro) Inhibits Fol Germination and Germ Tube Formation Even at
Low Concentration

The antifungal activity of cyclo(L-Phe-L-Pro) (CFP) was evaluated across four concentra-
tions (10, 50, 100, and 150 µg mL−1) using both spectrophotometric growth monitoring and
automated image analysis. CFP was selected as a representative DKP standard, based on
its exclusive detection in fractions D3 and D4 among all DKP-containing fractions. Prior to
bioassays, CFP was quantified in fractions D3 and D4 by external calibration (R2 = 0.9984; range
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50–1000 µg mL−1; Figure S6). Effective CFP content was 76.53 ± 0.92 µg mL−1 in D3, while in
fraction D4 CFP was below the limit of quantification (LOQ < 50 µg mL−1), precluding reliable
quantification (Figure S6). CFP showed significantly higher antifungal activity than beauvericin
across all tested concentrations, significantly inhibiting fungal growth compared to the control,
with clear dose-dependent effects observed throughout the 9 h monitoring period (Figure 4A).
AUC values decreased progressively with increasing CFP concentrations. Compared with the
control (set to 1), CFP10 and CFP50 showed moderate reductions, whereas CFP100 and CFP150
resulted in the strongest and statistically significant decreases (CFP100 vs. ctrl: p = 0.000038;
CFP150 vs. ctrl: p = 0.000091), indicating a clear dose-dependent inhibition of cumulative growth
(Figure 4B). The inhibition percentage, calculated at the final time point, showed that all concen-
trations were able to inhibit Fol germination, with CFP150 and CFP100 displaying the strongest
activity, whereas CFP50 and CFP10 exerted a milder inhibitory effect (Figure 4C). The inhibition
values shown in the graph are normalized to the control and therefore reflect the percentage
reduction in fungal growth achieved by each treatment relative to the untreated condition. Post
hoc analysis further confirmed that CFP150 and CFP100 did not differ significantly from each
other (p = 0.9992), while both concentrations were significantly more inhibitory than CFP50
(p = 0.0033 and p = 0.0028, respectively) and CFP10 (p = 0.0139 and p = 0.0117, respectively). No
significant difference was observed between CFP50 and CFP10 (p = 0.6762).

Figure 4. Cyclo(L-Phe-L-Pro) (CFP) inhibits Fol growth and germ tube formation. (A). Four different
concentrations of CFP show antifungal activity against Fol. CFP150 = 150 µg mL−1 (614.02 µM) of
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commercial CFP; CFP100 = 100 µg mL−1 (409.35 µM); CFP50 = 50 µg mL−1 (204.67 µM);
CFP10 = 10 µg mL−1 (40.93 µM). Ctrl = Fol microconidia growth in GM. Measurements were con-
ducted every 30 min for 9 h. (B). Area under curve (AUC) by treatment. Violin plots sum-
marize the AUC of each tested condition. (C). Inhibition of Fol conidia germination expressed
as = (ODCtrl − ODFraction)/ODCtrl) × 100. (D). Germ tube formation analysis showing germ tube for-
mation inhibition at all tested concentrations (10–150 µg mL−1). Measurements were conducted every
30 min for 15 h. Both (B) and (C) data are presented as mean values ± SD. Statistical significance is de-
termined by one-way ANOVA. Different letters indicate statistically significant differences according
to Tukey’s multiple comparisons test (p < 0.05). Number of independent experiments (ni.ex.) = 2, with
4 replicates. Both (A) and (D) data are presented as mean values ± SD. Statistical significance is deter-
mined by two-way ANOVA. Different letters indicate statistically significant differences according to
Tukey’s multiple comparisons test (p < 0.001). (E). Representative microscopy images demonstrating
progressive inhibition of germination across the concentration range. Scale bar = 100 µm.

Ocelloscope analysis revealed that CFP effectively suppressed germ tube formation
at all concentrations, with progressive inhibition observed as concentrations increased
(Figure 4D). Microscopic imaging at oCelloscope confirmed the concentration-dependent
inhibition, showing partial germination with shortened germ tubes at CFP10 and com-
plete germination failure at CFP150, indicating primarily fungistatic activity (Figure 4E).
Statistical analysis confirmed significant differences between all treatments and controls
(p < 0.001), with Tukey’s multiple comparison test revealing distinct inhibitory profiles for
each concentration. These results indicate that CFP exhibits a stronger antifungal effect
compared to beauvericin under the tested conditions, showing significant inhibition at
concentrations as low as 10 µg mL−1, whereas beauvericin required higher concentrations
(100 µg mL−1) to achieve comparable effects. When expressed in molar concentrations,
CFP at 10 µg mL−1 corresponds to 40.9 µM, whereas BEA at 10 µg mL−1 corresponds to
12.76 µM, indicating that CFP is approximately threefold more potent than BEA on a molar
basis under the tested conditions.

Overall, fraction D3, which contains a mixture of diketopiperazines, displayed the
highest antifungal activity among all tested fractions. This enhanced activity may reflect
the specific contribution of cyclo(L-Phe-L-Pro), as well as the combined effect of multiple
DKPs present in D3, as indicated by assays performed with the corresponding commercial
standard (Figure 5).

Figure 5. Inhibition percentage of most effective fractions against Fol. Inhibition of Fol conidia
germination expressed as = (ODCtrl − ODFraction)/ODCtrl) × 100. Data are presented as mean
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values ± SD from two independent experiments. Statistical significances are determined by one-
way ANOVA. Letters indicate statistically significant differences according to Tukey’s multiple
comparisons test (p < 0.05). Number of independent experiments (ni.ex.) = 2, with four replicates.

4. Discussion
This study provides a comparative evaluation of the antifungal activity of secondary

metabolites produced by Beauveria bassiana Bb758 against Fusarium oxysporum f. sp. lycoper-
sici. The results show that peptide-derived metabolites, particularly DKPs and depsipep-
tides, dominate the annotated metabolite profile of Bb758 and that selected fractions and
purified compounds can inhibit early developmental stages of Fol.

The metabolomic profiling of Bb758 revealed a chemically rich profile dominated by
amino acid-derived peptides, in particular dipeptides (34.4% of annotated metabolites) and
depsipeptides including beauvericin (12.5%). This peptide-centric profile is consistent with
previous reports on B. bassiana strains isolated from diverse ecological niches, which com-
monly produce cyclic peptides as major secondary metabolites [15,37]. The identification
of 32 unique metabolites—including tenellin, bassiatin, and beauveriolides—underscores
the chemical versatility of this isolate and highlights its potential as a source of diverse
bioactive scaffolds.

One of the most notable findings of this study is the dose-dependent but limited
efficacy of beauvericin against Fol. While fractions enriched in beauvericin (B4, B5) dis-
played marked inhibitory activity, the commercial BEA100 standard was active only at
the highest concentration tested (100 µg mL−1). Notably, fraction B4 was more effective
than BEA100 despite having comparable beauvericin content, and fraction B5—despite
containing substantially lower BEA levels than B4—still exhibited significant inhibition.
These observations suggest that the reduced activity of the commercial standard may be
linked to its impurity profile (97%) and that the inhibition observed in the crude fractions
likely reflects contributions from additional co-occurring metabolites. These effects may
reflect combined interactions within complex natural extracts, which can arise from com-
plementary mechanisms of action, mutual stabilization among metabolites, or enhanced
membrane penetration [38,39], although no direct mechanistic assays were performed to
validate this hypothesis.

A second possible explanation for the reduced sensitivity of Fol to beauvericin may
lie in the evolutionary history of the pathogen itself. Several Fusarium species, includ-
ing F. proliferatum, F. subglutinans, and F. semitectum, are known producers of beauvericin,
where the compound acts as a mycotoxin contributing to pathogenicity [21,40]. The co-
evolutionary pressure imposed by beauvericin-producing fungi may have contributed to
the development of tolerance mechanisms in Fusarium species, including efflux pump activ-
ity, metabolic detoxification, or modifications of the cellular targets of beauvericin [41,42].

To refine the comparison between the two metabolites, it is important to consider
their activities in molar rather than mass-based terms. Although cyclo(L-Phe-L-Pro) is
active at 10 µg mL−1 while beauvericin requires 100 µg mL−1, the corresponding molarities
reveal a smaller difference in intrinsic potency. At these concentrations, CFP corresponds to
40.94 µM, whereas BEA at 10 µg mL−1 corresponds to 12.76 µM. Thus, when normalized
for molecular weight, CFP is approximately threefold more potent than BEA, rather than
an order of magnitude more active. This molar-based comparison provides a more accurate
interpretation of their relative antifungal performance and underscores the importance of
molecular size when evaluating bioactivity thresholds.

The activity observed for the purified CFP standard, together with its sole occurrence
in the bioactive fractions D3 and D4 as revealed by LC–HRMS analysis, suggests that this
diketopiperazine may contribute to the antifungal activity of these fractions. However,
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since both fractions contain mixtures of DKPs, the overall bioactivity may also reflect the
contribution of additional metabolites and possible combined effects. This bioactivity is
consistent with reports from other pathosystems: Ström et al. [25] originally identified
cyclo(L-Phe-L-Pro) as an antifungal compound produced by Lactobacillus plantarum active
against Aspergillus and Penicillium species, and Kwak et al. [26] demonstrated its efficacy
against a broad panel of pathogenic fungi. The present study extends these findings to
a major soil-borne vascular pathogen, providing the first evidence, to our knowledge,
that cyclo(L-Phe-L-Pro) produced by B. bassiana effectively targets F. oxysporum conidial
germination and germ tube elongation.

DKPs are thought to exert their antifungal effects primarily through disruption of
membrane integrity, possibly mediated by the hydrophobic and amphipathic nature of
the cyclic scaffold [43,44]. Although the mode of action of cyclo(L-Phe-L-Pro) was not
investigated in the present study, its cyclic and amphipathic structure may contribute
to interactions with fungal membranes, potentially affecting processes involved in spore
germination and germ tube development. In the case of cyclo(L-Phe-L-Pro), the phenylala-
nine residue could engage in π–π stacking interactions with membrane lipid components,
whereas the proline-induced ring rigidity may facilitate membrane intercalation [23,45].
Disruption of membrane function would be consistent with the observed inhibition of both
spore germination and germ-tube elongation, as these processes are highly dependent
on polarized membrane dynamics and vesicle trafficking at the growing tip, which are
commonly perturbed by membrane-active antifungal agents [46].

The oCelloscope imaging data provide an additional dimension of mechanistic insight.
The observation that CFP at 10 µg mL−1 reduces germ tube length but does not com-
pletely suppress germination is consistent with fungistatic rather than fungicidal activity at
low concentrations. This is a relevant distinction for biocontrol applications: fungistatic
compounds may be sufficient to prevent infection without imposing strong selection for
resistance, as the pathogen population is not eliminated but merely suppressed. At higher
concentrations (100–150 µg mL−1), the activity appears to shift toward complete germi-
nation failure, a pattern consistent with predominantly fungistatic effects; however, no
viability assays were performed to evaluate a possible fungicidal effect. From an applied
perspective, the direct use of Bb758 as a biocontrol agent for plant disease management re-
quires caution because the isolate produces beauvericin, a mycotoxin of regulatory concern.
However, the identification of cyclo(L-Phe-L-Pro) as a potent antifungal agent with efficacy
against the early infection stages of Fol has important implications for the development of
next-generation biocontrol formulations. The compound’s cyclic structure confers stability
under environmental conditions compared with linear peptides [47,48]. Moreover, the
possibility of producing cyclo(L-Phe-L-Pro) via fermentation at scale—as demonstrated
here and by others [49]—is a prerequisite for practical application.

In conclusion, the interpretation of these findings should take into account certain ex-
perimental constraints, such as the in vitro nature of the assays, the absence of plant-based
validation, and the lack of direct mechanistic analyses confirming antifungal modes of
action. In this context, the determination of MIC or EC50/IC50 values was not taken into ac-
count, as several assays were performed on chromatographic fractions with heterogeneous
and partially unresolved compositions; under these conditions, dose-response modeling
would reflect the activity of complex mixtures rather than individual metabolites. Never-
theless, the determination of these values could represent a useful extension of the present
work and may offer additional comparative insight for purified compounds. Moreover,
the concentrations applied were optimized for laboratory screening; thus, further formu-
lation studies and validation under greenhouse and field conditions will be important to
determine their applicability in agricultural systems.
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5. Conclusions
These results demonstrate that Beauveria bassiana isolate Bb758 produces a chemically

diverse array of secondary metabolites exhibiting antifungal activity against Fusarium oxysporum
f. sp. lycopersici. Among the compounds identified, cyclo(L-Phe-L-Pro) showed greater inhibitory
effects on conidial germination and germ tube development compared to beauvericin under
the experimental conditions tested. Notably, the ability of cyclo(L-Phe-L-Pro) to suppress
conidial germination—representing the most critical and determinative stage in the infection
cycle—emphasizes its functional relevance in disrupting early pathogen establishment.

These findings support the potential of cyclo(L-Phe-L-Pro) as an antifungal molecule
targeting early infection stages of Fol and further underscore the broader relevance of DKPs
as metabolite-based tools for sustainable crop protection, while also highlighting both their
promise and the need for further validation under in vivo and field conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture16141497/s1. Figure S1: 1H NMR spectrum of frac-
tion B4 recorded at 400 MHz in CDCl3; Figure S2: 1H NMR spectrum of fraction B2 recorded at
400 MHz in CDCl3; Figure S3: 1H NMR spectrum of fraction D3 recorded at 400 MHz in CDCl3;
Figure S4: 1H NMR spectrum of fraction D4 recorded at 400 MHz in MeOD; Figure S5: Calibration
curve of beauvericin used for quantitative analysis; Figure S6: Calibration curve of cyclo(L-Phe-L-Pro)
used for quantitative analysis; Table S1: Putatively identified metabolites detected by LC–HRMS
analysis and classified according to the NPClassifier framework.
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