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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The yeast exometabolome changes after 
co-culture with a fungal pathogen. 

• Both general and yeast strain-specific 
metabolites are differentially secreted. 

• Several metabolites have antifungal 
properties in vitro but only two in vivo. 

• Trans-cinnamic acid is the best anti-
fungal metabolite secreted by yeasts. 

• Indole-3-carboxaldehyde shows lower 
levels of protection.  
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A B S T R A C T   

There is increased interest in research on yeasts as potential phytopathogen biocontrol agents due to increasing 
restrictions in the use of chemical pesticides. Yeast strains from a range of genera and species have been reported 
to inhibit postharvest decay in different fruits. However, the mechanisms behind these yeast biocontrol capacities 
have not been completely deciphered because they are complex and act synergistically. In this study, we per-
formed a thorough untargeted analysis of the exometabolome generated in a co-culture of the fungal plant 
pathogen Botrytis cinerea with four antagonistic yeast strains: Pichia fermentans (two strains), Issatchenkia terricola 
and Wickerhamomyces anomalus. As a result, general and strain-specific antifungal mechanisms and molecules 
were identified. The P. fermentans strains secreted the highest number of differential metabolites to the extra-
cellular medium when co-cultured with B. cinerea. In vitro antagonistic and in vivo pathogen protection assays 
were performed with the selected metabolites. Among a plethora of 46 differentially secreted metabolites related 
to yeast-fungus competitive interaction, the phenylpropanoid trans-cinnamic acid and the alkaloid indole-3- 
carboxaldehyde were identified as the best antagonistic metabolites against gray mold infection under in vivo 
protection assays. Both metabolites caused damage to the fungal membrane and increased ROS generation in 
spores of B. cinerea. In addition, enhanced yeast secretion to the extracellular medium of oxylipins, dipeptides, 
alkaloids or antibiotics deserve to be further investigated as signaling or antagonistic molecules. This study opens 
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the door to future investigations of roles of these molecules in yeast metabolism and application of this 
knowledge for biotechnological purposes.   

1. Introduction 

Botrytis cinerea is one of the most prominent plant pathogenic fungi, 
known for its ability to infect more than 1400 plant species in different 
organs including leaves, flowers and fruits, both under field conditions 
and during the postharvest period. It has been estimated that gray mold 
infection causes losses of 10–100 billion US dollars worldwide (Hua 
et al., 2018). Nowadays, the use of synthetic chemicals against fungal 
pathogens in food chain production and commercialization is being 
restricted due to the development of fungal resistance and negative 
environmental impacts that have changed public perception and agro-
nomic management. However, there is increasing interest in developing 
alternative biopesticides based on microorganisms with antifungal ac-
tivity. In particular, several genera of bacteria (i.e. Bacillus, Pantoea, 
Pseudomonas) and filamentous fungi (i.e. Trichoderma, Gliocladium) that 
are already known to show antifungal activity have been proposed as 
treatments against B. cinerea infection (Elad and Stewart, 2004; Haidar 
et al., 2016; Roca-Couso et al., 2021). Regarding yeasts, several strains 
of different genera and species have been reported to be good antago-
nistic microorganisms with potential as phytopathogen biocontrol 
agents (Chen et al., 2018; Csutak et al., 2013; Hua et al., 2018; Pawli-
kowska et al., 2019; Santos et al., 2004). In fact, previous reports have 
shown that a variety of yeasts can inhibit postharvest decay by B. cinerea 
in a range of fruits (Fernandez-San Millan et al., 2021; Lutz et al., 2013; 
Oro et al., 2018; Parafati et al., 2015; Ruiz-Moyano et al., 2016; Sar-
avanakumar et al., 2008; Spadaro and Droby, 2016). 

Among the mechanisms contributing to the biocontrol capacities of 
yeasts, enzyme secretion, parasitism, production of volatile organic 
compounds, induction of systemic resistance and competition for space 
and nutrients have been described (Freimoser et al., 2019). In our pre-
vious studies (Fernandez-San Millan et al., 2021, 2020) several yeast 
strains of Metschnikowia pulcherrima, Issatchenkia terricola, Pichia fer-
mentans and Wickerhamomyces anomalus showed excellent biocontrol 
abilities against B. cinerea on postharvest grapes and tomato fruits. In 
addition, W. anomalus protected tomato plants from infection by Verti-
cillium dahliae and Fusarium oxysporum. We have also observed that the 
biocontrol effect seems to involve multiple mechanisms (Fernandez-San 
Millan et al., 2021), and this is supported by earlier studies (Liu et al., 
2019). In particular, we showed that these yeast strains are able to 
synthesize cell wall-degrading enzymes, solubilize nutrients from the 
surrounding medium, promote plant growth, develop biofilms, or 
secrete iron chelating agents. However, although yeasts can secrete 
diffusible compounds, it has been reported that they do not produce as 
many secondary metabolites as filamentous fungi or bacteria (Freimoser 
et al., 2019; Roca-Couso et al., 2021), and little is known about 
metabolite-mediated antagonism in yeast against fungal plant 
pathogens. 

Among yeast metabolites that have been described for their 
biocontrol activity (reviewed in Freimoser et al., 2019), most are 
protein-like killer toxins. Other kinds of secondary metabolites with 
antifungal activity have been rarely identified, but include 2-methylene-
succinic acid, 2-propylacrylic acid, aureobasidins or liamocins, which 
are produced by the yeast-like fungus Aureobasidium pullulans (Frei-
moser et al., 2019; Price et al., 2017; Takesako et al., 1991; Zain et al., 
2009). In fact, such studies have opened the door to a new field of 
research of secondary metabolites with potential use as biocontrol 
agents. However, the exometabolome of most yeast genera remains 
unexplored. 

Two general approaches for the identification of bioactive com-
pounds have been used to date (Siedler et al., 2019), mainly in bacteria 
and fungi. The first of these are bioassay-guided experiments, where 

different extracts are analyzed followed by identification of particular 
antagonistic compounds in the bioactive fractions, and secondly, high 
resolution mass spectrometry analysis to identify novel compounds with 
subsequent validation of their bioactivity (Ahsan et al., 2017; Arora 
et al., 2020; Awaad et al., 2012; Crowley et al., 2013; Fernandez-San 
Millan et al., 2022; Siedler et al., 2019). Microbial interactions acti-
vate secondary metabolite gene clusters that are not expressed or are 
only weakly expressed under monoculture conditions and give rise to 
the production of new chemical substances such as antimicrobials, 
pharmaceuticals, or improvers of flavor and aroma for beverages and 
foods (Arora et al., 2020; Bertrand et al., 2013a,b; Fernandez-San Millan 
et al., 2022; Jones and Wang, 2018; Kumar Verma et al., 2022; Meilin 
et al., 2019; Oppong-Danquah et al., 2018, 2020). In this context, a 
previous study performed in our laboratory optimized a co-culture 
protocol to analyze for the first time the exometabolome generated in 
a yeast-fungus antagonistic interaction (Fernandez-San Millan et al., 
2022). Hence, two M. pulcherrima yeast strains were co-cultured with 
B. cinerea and the metabolomic analysis of the culture filtrates resulted 
in the identification of several new antifungal compounds among a 
profusion of metabolites related to such competitive interaction. Indeed, 
3-amino-5-methylhexanoic acid, biphenyl-2,3-diol and sinapaldehyde 
are metabolites secreted by yeast cells that have shown high levels of 
protection in postharvest conditions against B. cinerea infection (Fer-
nandez-San Millan et al., 2022). Nine additional metabolites showed 
only in vitro antifungal abilities. In general, the individual contribution 
of each identified metabolite is difficult to quantify and validate in vivo 
when assayed individually under laboratory conditions, and the data 
suggests instead that fungal inhibition occurs by a synergistic or additive 
effect among different compounds and strategies (Crowley et al., 2013; 
Le Lay et al., 2016). 

In the last few years, an increasing number of studies have identified 
microorganisms with antifungal activity for crop or postharvest bio-
protection (Crowley et al., 2013; de Souza et al., 2019; Fernandez-San 
Millan et al., 2021; Ferraz et al., 2016; Freimoser et al., 2019; Gross 
et al., 2018; Pawlikowska et al., 2019; Pertot et al., 2017; Raspor et al., 
2010; Siedler et al., 2019). However, although the characterization of 
the microbial spectrum is important, there is an increasing interest in 
understanding the principles underlying the antagonistic activity. This 
requires interpreting yeast performance under the conditions of co- 
culture with the pathogen. Thus, metabolomic analysis will comple-
ment the global view of the antagonistic mechanisms essential to yeast 
biocontrol strategies, allowing us to answer crucial questions: Are 
common metabolic pathways among different yeast genera being 
enhanced during an antagonistic process? Are there any species-specific 
compounds that contribute significantly to the biocontrol abilities of a 
related species? Do any of the antifungal compounds identified have 
enough potential to become a new fungicide of agronomic interest? 

The aim of this study was performing a broad exometabolomic 
analysis to address these questions. Our hypothesis was that secreted 
metabolites that accumulate after B. cinerea inoculation may be partly 
responsible for the antifungal activity of yeasts. Therefore, we have 
performed a B. cinerea co-culture assay with four yeast strains from three 
different genera and species that are highly antagonistic against gray 
mold. The exometabolome in culture filtrates has been characterized, 
and several antifungal compounds produced by different metabolic 
pathways have been identified and analyzed under in vitro and in vivo 
conditions. The comparison of these results with the already known 
antagonistic M. pulcherrima exometabolome has allowed us to find 
common and yeast-strain-specific antifungal compounds and broaden 
the general knowledge of yeast metabolic performance during in-
teractions with phytopathogenic fungi. 
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2. Materials and methods 

2.1. Yeast and fungal strains 

Native yeast strains isolated from grapes (Vitis vinifera cv. Grenache) 
were used for this study: Issatchenkia terricola It-36, Pichia fermentans 
strains Pf-31 and Pf-51, and Wickerhamomyces anomalus Wa-32 (Fer-
nandez-San Millan et al., 2021, 2020). Yeast cells were stored in cryo-
vials (VWR, Spain) at − 80 ◦C for long-term storage and plated onto YMA 
(Yeast Mannitol Agar) medium. For metabolomic analysis, yeast cells 
were grown in YNBS (Yeast Nitrogen Base) liquid culture, supplemented 
with 20 g/L glucose and 5.0 g/L ammonium sulfate at pH 6.8. For other 
experiments in liquid culture, yeast cells were grown in YPD (Yeast 
Peptone Dextrose) broth. Flasks were incubated on a rotary shaker at 
150 rpm and 28 ◦C for 2 d. A TC20 cell counter (Bio-Rad, Hercules, USA) 
was used to determine the cell concentration. 

Botrytis cinerea strain 20754 (CECT (Paterna, Spain) was used for co- 
culture confrontation for metabolomic analysis and screening of 
antagonistic metabolites. The fungus was grown on PDA (Potato 
Dextrose Agar) medium plates. PDB (Potato Dextrose Broth) or YNBS 
were used for liquid culture. The suspensions of fungal conidia were 
prepared as described previously (Fernandez-San Millan et al., 2021). 
All media were purchased from Condalab (Spain). 

2.2. Co-culture assay and exometabolomic analysis 

2.2.1. Analysis of B. cinerea growth inhibition by yeast culture filtrates 
To analyze the antagonistic effect of yeast culture filtrates (CFs) at 

two concentrations on the mycelial growth of B. cinerea, a previously 
reported method was used (Fernandez-San Millan et al., 2022; Spadaro 
et al., 2002). Briefly, 12 h yeast cultures (106 cells mL− 1) in YNBS media 
were filtered (0.22 μm cellulose filters, Millipore) and diluted at 2:1 and 
1:2 (filtrate:YNBS) ratios (high and low concentration respectively). 
Thirty μL of a 103 conidia mL-1 B. cinerea suspension were inoculated 
into 3 mL CFs dilutions in glass tubes (15 mm of diameter), which were 
incubated on a rotary shaker at 150 rpm and 28 ◦C for 3 d. Mycelium 
diameter was measured in triplicate after pouring the glass tube content 
in a petri dish. YNBS medium and non-diluted CFs were used as controls. 
Final concentrations of all medium components were adjusted to be 
equal in all treatments. The experiment was repeated twice. 

2.2.2. B. cinerea co-culture with yeast cells 
For analysis of the exometabolome, each yeast strain was co-cultured 

individually with B. cinerea as previously described (Fernandez-San 
Millan et al., 2022). Briefly, 100 μL of a 103 conidia mL-1 B. cinerea 
suspension were inoculated into flasks with 10 mL of YNBS medium. 
After 48 h incubation at 150 rpm and 28 ◦C, 100 μL (106 cell mL− 1) of 
the yeast pre-culture were added to each flask of B. cinerea and co- 
cultured for 12 additional hours. Monocultures of each yeast strain 
and B. cinerea were prepared as controls. Cells were subsequently 
centrifuged at 2000 g and filtered (0.22 μm cellulose filters) for 
metabolomic analysis. Three replicates were made for each condition. 

2.2.3. Metabolomic analysis 
The method used for the metabolomic analysis was previously 

described (Fernandez-San Millan et al., 2022). Briefly, 5 mL of freeze- 
dried CFs were resuspended in 1 mL of extraction solution (H2O: 
MeOH:HCOOH (90:10:0.01)) and 5 µL of each biological replicate were 
randomly injected twice into the instrument for a total of six samples per 
condition. An ACQUITY UPLC I-Class System coupled to a SYNAPT G2-S 
high-definition mass Spectrometer MS/MS detector (Waters®) was used 
for the analysis. The chromatography was performed with a Kinetex 2.6 
µm EVO C18 UPLC column (Phenomenex Inc.). The conditions for 
chromatography and accurate mass detection are described in Gamir 
et al. (2020). The MassLynx 4.2 and DataBridge packages provided by 
Waters enabled data acquisition and transformation. An XCMS library 

for peak-picking in R, and MetaboAnalyst 5.0 and MarVis-suite 2.0 
software were used for data analysis and interpretation (Kaever et al., 
2015; Pang et al., 2021). Three confidence levels for metabolite iden-
tification were assigned: matching with a reference standard from an 
internal library with more than 200 metabolites (Level 1); tentative 
identification based on MS/MS online spectrum matching (Level 2); and 
putative m/z identification based on online database matching (Level 3) 
(Schrimpe-Rutledge et al., 2016). Online matching for accurate mass 
was performed with the Kyoto Encyclopedia of Genes and Genomes 
(Kegg) (https://www.genome.jp/kegg/) with an error mass of 1 mDA. 
The MS/MS spectrum search was conducted against the Massbank 
(https://massbank.eu/MassBank/Search) and Metlin (https://metlin. 
scripps.edu/landing_page.php?pgcontent=mainPage) databases. 

2.3. In vitro screening of yeast metabolites against B. cinerea conidia 
germination 

A range of commercially available metabolites was purchased and a 
100 mM stock solution was prepared following the manufacturer’s 
protocols. To avoid pH interference with B. cinerea growth, the pH of 
each stock solution was adjusted between 5.5 and 7. 

For in vitro antifungal screening of metabolites against conidia 
germination of B. cinerea, 100 μL of 104 conidia mL− 1 were spread out on 
PDA plates and a 5 mm-diameter hole was made with a cork borer as 
described (Fernandez-San Millan et al., 2022). Metabolites (100 μL of 
100 mM stock solution) were deposited inside each hole and corre-
sponding solvents were included as controls. After 3 to 4 d of incubation 
at 28 ◦C, a halo zone was visible on plates that included metabolites with 
antifungal effects. Four replicates were made for each metabolite. 

2.4. In vivo screening of yeast metabolites against B. cinerea postharvest 
fruit spoilage 

All of the commercially available metabolites were assayed for 
postharvest antifungal properties against B. cinerea infection on cherry 
tomatoes (Solanum lycopersicum var. cerasiforme) as described previ-
ously (Fernandez-San Millan et al., 2021; Magoye et al., 2020). Briefly, 
three wounds were made per tomato and each wound was inoculated 
with 5 µL (1, 10 or 100 mM) of the metabolite or 5 µL of the corre-
sponding solvent (MES 10 mM, ethanol, methanol or chloroform) in 
negative control tomatoes. After complete air drying of the drop, 5 µL of 
a 104 conidia mL-1 B. cinerea suspension were deposited on each wound. 
Six tomatoes were set in a plastic support inside a plastic tray with 
water-soaked paper for 14 d at 25 ◦C in the dark. The disease incidence 
(DI) was measured after 7 d as described (Parafati et al., 2015): DI % 
(percentage of infected wounds) = (number of infected wounds / 
number of total wounds) × 100. The disease severity (DS) was measured 
after 14 d using a 0-to-4 scale: 0 = no symptoms; 1 = 1–25 % of the 
surface with fungal damage; 2 = 26–50 %; 3 = 51–75 %; 4 = 76–100 %. 
Subsequently the DS percentage was calculated (Parafati et al., 2015): 
DS %= [

∑
(number of infected fruits in each scale × disease scale)/ 

(total fruits analyzed × highest disease scale)] × 100. This experiment 
was repeated three times. 

2.5. Antifungal assay of yeast metabolites against B. cinerea infection in 
leaves 

Five μL of metabolites (100 mM) and the commercial fungicide 
Cabrio® (500 μg mL− 1; 550 mg g− 1 metiram and 50 mg g− 1 pyraclos-
trobin; Basf) were applied to the abaxial surface of the leaves of adult 
tomato plants grown in the greenhouse. Cabrio® was included as a 
control that shows good protection against gray mold in leaves. After air 
drying, the leaves were wounded and inoculated with fungal conidia as 
described before for tomato fruits. The inoculated leaves were main-
tained at room temperature in high relative humidity conditions. After 4 
d, single leaflets were cut off and the lesion diameter was measured in 
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two perpendicular directions and averaged. Five leaflets per leaf and 
three leaves per treatment were infected. The experiment was performed 
three times. 

2.6. Analysis of the effects of metabolites on B. cinerea 

2.6.1. Effective concentration value (EC50) of metabolites 
The B. cinerea strain used in this study was tested for its sensitivity to 

the most bioactive metabolites. To calculate the 50 % effective con-
centration (EC50, i.e. the metabolite concentration (μg mL− 1) causing a 
50 % reduction in the mycelial growth rate compared to an unamended 
control) for both selected metabolites, PDA plates containing 0, 25, 50 or 
100 μg mL− 1 of trans-cinnamic acid (CA) or indole-3-carboxaldehyde 
(ICAld) were seeded with 5 μL of a 104 B. cinerea spore solution in the 
center of the plate. Cabrio® was included as a commercial fungicide 
control at concentrations of 0, 5, 25 or 75 μg mL− 1. Mycelial radial 
growth was measured after 5 d at 20 ◦C and the EC50 value for each 
metabolite and the fungicide was calculated by regression of the per-
centage inhibition of radial growth (EC50 calculator Bioquest; https 
://www.aatbio.com/tools/ec50-calculator). There were four replicates 
per treatment. The experiment was performed twice. 

2.6.2. Effect of metabolites on B. cinerea cell membrane permeability and 
intracellular level of reactive oxygen species (ROS) 

Measurements of cell membrane permeability were undertaken ac-
cording to Fernandez-San Millan et al., (2022) and Wang et al., (2021), 
to assess the leaching of cell contents. Briefly, metabolites at EC50 were 
added to 3 d mycelial cultures in PDB media. As controls, mycelia 
amended with the corresponding amounts of solvents were used. After a 
2 h incubation in a rotary shaker at 28 ◦C and 150 rpm, mycelia were 
collected from each flask, rinsed twice with distilled water and sus-
pended again in distilled water (0.2 g of mycelium per mL). Conductivity 
data were taken at 30 min intervals with a SensION portable 
conductivity-meter (Hach, Loveland, CO, USA). After 4 h, samples were 
boiled for 10 min and final conductivity was quantified. The relative 
conductivity (%) was calculated as (conductivity at each time / final 
conductivity) × 100. Three repeats were performed for each treatment. 
The entire experiment was performed twice. 

The method described by Cheng et al., (2022) was used to determine 
the protein leakage with slight modifications. B. cinerea (103 spores 
mL− 1) was cultured in PDB at 25 ◦C for 72 h. Samples (1 g) of the 
resulting mycelium were then incubated with 300 mg L− 1 of metabolites 
for 2 h. Cultures were centrifuged at 4 ◦C at 3000 g for 5 min and the 
pellet was washed three times. The final pellet was resuspended with 1 
mL of sterilized distilled water, and then cell breakage was induced with 
an ultrasonic disintegrator (Sonifier 250; Branson-Emerson, Leicester, 
UK) with two intervals of 30 s at maximum power. After that, the su-
pernatant was separated by centrifugation at 4 ◦C at 20 000 g for 10 min 
and the remaining intracellular soluble protein was determined with the 
Bradford protein assay. Three repeats were performed for each treat-
ment. The entire experiment was performed twice. 

For measurement of intracellular ROS production and cell membrane 
integrity of B. cinerea spores, a suspension of 105 spores mL-1 was 
cultured in PDB medium containing the selected metabolites (at EC50 
concentration) for 2 h at 22 ◦C. Then, spores were stained for 30 min at 
room temperature with the different dyes: 2, 7-dichlorodihydrofluores-
cein diacetate (5 μM DCHF-DA; Sigma-Aldrich) and propidium iodide 
(10 μg mL− 1 PI; Sigma-Aldrich), respectively (Fernandez-San Millan 
et al., 2022; Zhang et al., 2015). After washing twice with phosphate- 
buffered saline (PBS), the fluorescence of spores was observed under a 
microscope (Leica MC170 HD, excitation 488 nm and emission 525 nm). 
The percentage of fluorescent spores with respect to the total counted 
under brightfield was calculated by observing 4–6 samples per treat-
ment. The experiment was performed twice. 

2.6.3. Oxalic acid secretion by B. cinerea in the presence of metabolites 
Measurements of oxalic acid secretion by B. cinerea into the extra-

cellular media in liquid culture conditions were calculated in the pres-
ence or absence of metabolites as previously described (Fernandez-San 
Millan et al., 2022). Three replicates were conducted per treatment and 
the experiment was repeated twice. 

2.7. Data analysis 

One-way ANOVA with a Tukeýs pairwise comparison (p < 0.05) was 
used for evaluating differences among treatments. DI and DS data were 
transformed into arcsine square-root values as described (Fernandez-San 
Millan et al., 2021) to normalize the distribution before performing the 
statistical analysis. Different letters have been used to indicate means 
that differ significantly. Experiments were analyzed with SPSS.24 soft-
ware (SPSS, Chicago). 

3. Results 

3.1. Yeast strains produce extracellular compounds with antagonistic 
activity against B. cinerea growth 

Four yeast strains were selected among a collection of 69 strains 
isolated from grapes (Fernandez-San Millan et al., 2020) to undertake 
the exometabolomic analysis: Issatchenkia terricola It-36, Pichia fermen-
tans Pf-31 and Pf-51 and Wickerhamomyces anomalus Wa-32. Two 
criteria were established for the selection: (i) high antagonistic activity 
against B. cinerea under postharvest conditions and (ii) production of 
extracellular antifungal compounds. For the first criterion, the selection 
was made according to results observed by Fernandez-San Millan et al. 
(2021). In this previous work, among 20 strains that showed in vitro 
antagonistic effects, only six showed effective postharvest protection 
against gray mold infection in tomato and grape. It was recently 
demonstrated (Fernandez-San Millan et al., 2022) that two of them, 
M. pulcherrima Mp-22 and Mp-30, were able to produce extracellular 
antifungal metabolites. This fact prompted us to investigate whether the 
remaining four strains also secreted antifungal compounds into the 
extracellular medium, therefore fulfilling the second criterion for exo-
metabolomic analysis. Hence, cell-free aseptic culture filtrates (CFs) of 
the four strains were included at two different concentrations as part of 
the culture medium for B. cinerea growth. The results showed a 
concentration-dependent inhibitory effect of CFs on mycelium devel-
opment (Fig. 1). The highest inhibition rate at low concentrations of CFs 
was observed with the It-36 strain (three times reduction in mycelial 
growth relative to the control). For all strains tested, fungal growth was 
totally suppressed with high concentrations of the yeast CFs. 

3.2. Global exometabolome profiling by UPLC-MS/MS 

B. cinerea and the four yeast strains selected were co-cultured to 
conduct an untargeted metabolomic assay to discover the metabolites 
that were differentially secreted into the extracellular medium in the 
presence of fungus. In order to compare the results with those observed 
in M. pulcherrima strains (Fernandez-San Millan et al., 2022), an iden-
tical co-culture procedure was performed, and we ensured that yeast 
growth was in the exponential phase 12 h after inoculation. A principal 
component analysis (PCA) revealed that the loading plots of Wa-32- 
secreted metabolites were closer to the control medium (YNBS) and 
B. cinerea loading plots than the other yeast plots (Fig. 2). On the other 
hand, we observed similar behavior between the two P. fermentans 
strains, Pf-31 and Pf-51. When comparing monoculture (Pf-31 and Pf- 
51) and co-culture filtrates (Pf-31 + B. cinerea and Pf-51 + B. cinerea), 
the loading plots showed a different secretion profile (Fig. 2). Finally, It- 
36 displayed the most impactful result among all yeast strains. The 
loading plots of either It-36 or It-36 co-cultured with B. cinerea (It-36 +
B. cinerea) displayed the greatest difference compared to the control 
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medium in the first principal component (PC1), indicating the maximum 
percentage of variability in the analysis (Fig. 2). 

A heatmap analysis was carried out to identify those signals with 
enhanced intensity in Pf-31, Pf-51, It-36 and Wa-32 CFs in the presence 
of the fungal pathogen (Fig. 3). To perform the analysis, signals with p >
0.05 (Kruskal-Wallis) were extracted to guarantee variability among the 
samples. The heatmap analysis of ESI + and ESI- signals from the four 
yeast strains displayed a cluster of features with greater accumulation in 
CFs samples from the co-culture with B. cinerea (cluster 1), a cluster of 

signals constitutively secreted by the yeasts (cluster 2) and, finally, a 
cluster of signals secreted by B. cinerea alone (cluster 3). From the signals 
in cluster 1, a tentative identification of 46 secreted metabolites was 
established (Table 1) based on our internal library and online accurate- 
mass and fragmentation spectra matching. Among the most represen-
tative metabolites, we found several oxocarboxylic acid and amino acid- 
related compounds, dipeptides, oxylipins, and purine or phenyl-
propanoid derivatives (Table 1). 

3.3. In vitro antifungal activity of metabolites 

Identified metabolites that were commercially available were tested 
in an in vitro assay to evaluate their biocontrol potential against 
B. cinerea. Six out of the 14 tested metabolites showed a significant 
inhibitory effect on B. cinerea spore germination and mycelial growth in 
plate assays (Fig. 4 and Fig. S1). It was observed that trans-cinnamic acid 
(CA) was the most potent inhibitor in these conditions, followed by 
kynurenic acid and indole-3-carboxaldehyde (ICAld). 

3.4. In vivo antifungal activity of metabolites: Control of B. cinerea 
postharvest tomato spoilage 

The 14 commercially available metabolites were also analyzed for in 
vivo protection against B. cinerea infection in cherry tomatoes. This assay 
of experimental infection was previously demonstrated to be adequate 
to select protective metabolites against gray mold (Fernandez-San 
Millan et al., 2022). As a result, only two metabolites (CA and ICAld) 
were able to significantly control fruit spoilage. CA was able to reduce 
the disease incidence four times compared to the control without pro-
tection in the most concentrated application (Fig. 5A and C). The disease 
severity was also reduced below 10 %, demonstrating a high protection 
effect in tomato. The incidence and severity of damage was not reduced 
with respect to the control at the lower concentration (1 mM). The other 
protective metabolite was ICAld, which even though it did not reduce 
disease incidence, managed to lower disease severity to 50 %, but only at 
the higher concentration (100 mM) (Fig. 5B and C). 

3.5. Antagonistic efficacy of bioactive metabolites in leaves 

As B. cinerea is also a preharvest pathogen that infects other parts of 
the plant besides harvested fruits, experiments on tomato potted plants 

Fig. 1. Antagonistic activity of P. fermentans (Pf-31 and Pf-51), I. terricola It-36 and W. anomalus Wa-32 culture filtrates on mycelium growth of B. cinerea in liquid 
medium. Control: without yeast culture filtrate. Low: culture filtrate/YNBS medium at a 1:2 ratio. High: culture filtrate/YNBS medium at a 2:1 ratio. Data are 
presented as the means ± SE (n = 6). Values with the same letter do not differ significantly (p < 0.05) according to the Tukey’s multiple range test. 

Fig. 2. Principal component analysis (PCA) showing UPLC-QTOF-MS/MS data 
of culture filtrates. PCA was elaborated with 9746 signals (7084 ESI + and 2662 
ESI-) of It-36, Pf-31, Pf-51, and Wa-32 incubated with or without B. cinerea. 
YNBS: culture medium. B. cinerea: fungal culture. Wa-32, Pf-31, Pf-51 and It-36: 
yeast strains. Wa-32 + B. cinerea, Pf-31 + B. cinerea, Pf-51 + B. cinerea and It- 
36 + B. cinerea: yeast-fungus co-culture. 
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were performed to assay the protection of metabolites on leaves (Fig. 6). 
The chemical fungicide Cabrio® reduced by 76 % the progress of the 
infection at 500 μg mL− 1. The development of infection compared to the 
control was reduced by 42 % with ICAld at 14 μg mL− 1 (100 mM) when 
the leaves were inoculated with the fungal spores. In contrast, when 
treated with CA at the same concentration, a 70 % decrease of de 
infection was obtained, which was nearly equal to the efficacy obtained 
by Cabrio®. 

3.6. Characterization of the antifungal mechanisms of bioactive 
metabolites 

3.6.1. Fungicidal strength of metabolites against B. cinerea 
The fungicidal strength of CA and ICAld was measured in vitro by 

determining the concentration that inhibited fungal growth by 50 % 
(also called EC50) of both the metabolites and the commercial fungicide 
Cabrio®. Their inhibitory effects on mycelium growth were positively 

correlated with the concentration increase in metabolites and the 
fungicide (Fig. 7). The inhibitory EC50 was 52 and 50 µg mL− 1 for CA and 
ICAld, respectively (352 and 345 μM). The EC50 of the commercial 
fungicide was also calculated as a reference value, being 23 µg mL− 1, 
which is in the range referenced in the literature (Pokorny et al., 2016). 

3.6.2. Effect of metabolites on the intracellular level of ROS, cell membrane 
integrity and permeability of B. cinerea 

To investigate possible underlying mechanisms of metabolites 
against gray mold infection, ROS production and loss of membrane 
integrity in B. cinerea spores were measured by fluorescence microscopy. 
It was observed that the metabolites CA and ICAld caused an increase in 
ROS production, as can be observed and quantified by a visible green 
fluorescence (Fig. 8A and Fig. S2A). In addition, both metabolites also 
damaged the integrity of the spore membranes compared to the control, 
and this effect was significantly higher in the presence of CA (Fig. 8A and 
Fig. S2B). Measurements of the membrane permeability of Botrytis 

Fig. 3. Heatmap analysis of culture filtrates. (A) Pf-31, (B) Pf-51, (C) It-36 and (D) Wa-32 signals from ESI + and ESI- with p-value < 0.05 were used in the heatmap 
analysis. The relative abundance of the signals was calculated by normalizing the chromatographic pick area with the dry weight of the culture. Control: culture 
medium. B. cinerea: fungal culture. Pf-31, Pf-51, It-36 and Wa-32: yeast strains. Pf-31 + B.c., Pf-51 + B.c., It-36 + B.c. and Wa-32 + B.c.: yeast-fungus co-culture. The 
heatmap analysis shows a graphical representation of differentially accumulated compounds within the samples. Cluster 1 contains signals with greater accumulation 
in yeast-fungus co-culture. Cluster 2 contains signals with greater accumulation in yeast cultures and yeast-fungus co-culture. Custer 3 contains signals with greater 
accumulation in fungal cultures. 
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Table 1 
List of secreted metabolites identified by MS/MS data.  

Compound m/z ESI Yeast 
Strain 

Functional category Identification 
level 

Antifungal effects in 
vitro / in vivo 

Feruloylputrescine  255.085 + Pf-31 Phenylpropanoid and alkaloid biosynthesis 3 – 
Hydroxyphenyllactic acid  181.050 − Pf-51 Phenylpropanoid biosynthesis 2 In vitro 
Trans-cinnamic acid  147.044 − It-36, Pf-31, Pf- 

51 
Phenylpropanoid and alkaloid biosynthesis 2 In vitro / In vivo 

Indole-3-carboxaldehyde  146.060 + It-36, Wa-32 Indole alkaloid biosynthesis 2 In vitro / In vivo 
2-Succinyl-5-enolpyruvyl-6-hydroxy-3- 

cyclohexene-1-carboxylate  
329.090 + It-36 Ubiquinone and terpenoid-quinone 

biosynthesis  
3 – 

Mevalonolactone  131.070 + It-36 Terpenes and steroids biosynthesis 2 In vitro 
Piperidine  86.097 + Wa-32 Tropane, piperidine and pyridine alkaloid 

biosynthesis  
3 No 

Quinolinate  168.031 + Pf-31, Pf-51 Biosynthesis of alkaloids / Trp metabolism- 
kynurenine pathway 

3 No 

Kynurenic acid  190.050 − Pf-31, Pf-51 Trp metabolism-Kynurenine pathway 2 In vitro 
p-Hydroxyphenylacetylglycine  210.075 + Pf-31, Pf-51 Tyr metabolism 3 – 
Succinic acid  117.018 − Pf-51 Citrate cycle 2 In vitro 
Ketoglutaric acid  145.013 − Citrate cycle / 2-Oxocarboxylic acid 

metabolism  
1 No 

2-Isopropylmaleate 2-Isopropylmalic acid  157.049 − It-36, Pf-31, Pf- 
51, Wa-32 

2-Oxocarboxylic acid metabolism 
Val, Leu and Ile biosynthesis 

3 – 

2-Isopropylmalic acid  175.060 − It-36, Pf-31, Pf- 
51 

2-Oxocarboxylic acid metabolism 
Val, Leu and Ile biosynthesis 

2 No 

3-Methyl-2-oxopentanoic acid  129.054 − Pf-31, Pf-51, 
Wa-32 

2-Oxocarboxylic acid metabolism 
Val, Leu and Ile biosynthesis  

2 – 

But-1-ene-1,2–4-tricarboxylate/but-1-ene-1,2–3- 
tricarboxylate  

187.023 − Wa-32 2-Oxocarboxylic acid metabolism 
Lys synthesis 

3 – 

Ketovaline  115.038 − It-36, Pf-51 2-Oxocarboxylic acid metabolism 
Val, Leu and Ile biosynthesis  

3 – 

n-Hydroxy-l-isoleucine  148.097 + Pf-31, Wa-32 2-Oxocarboxylic acid metabolism 
Val, Leu and Ile biosynthesis  

3 – 

Homocitrate  205.034 − Wa-32 2-Oxocarboxylic acid metabolism 
Lys biosynthesis 

3 – 

Glutamine  147.077 + Pf-31, Pf-51 Amino acid 1 – 
Phenylalanyne  166.087 + It-36, Pf-31 Amino acid 1 – 
Tryptophan  203.082 − It-36 Amino acid 2 – 
Ile-Tyr  295.165 + Pf-31, Pf-51 Dipeptide 2 – 
Val-Leu / Val-Ile  231.170 + It-36, Pf-31, Pf- 

51, Wa-32 
Dipeptide 2 No 

Glutathionylspermidine  435.242 + Pf-31 Glutathione metabolism 3 – 
12,13 DiHOME-dihydroxyoctadec-9-enoic acid  313.237 − Pf-51 Linoleic acid metabolism 3 – 
9,12,13 TriHOME- trihydroxy-9-octadecenoic 

acid  
329.232 − It-36, Pf-31, Pf- 

51 
Linoleic acid metabolism 3 – 

Lauroyl-CoA  203.082 − It-36 Fatty acid elongation 3 – 
Phosphodimethylethanolamine  170.060 + It-36 Glycerophospholipid metabolism 3 – 
2-Hydroxycaproic acid  131.070 − It-36, Pf-31, Pf- 

51 
Aromatic compounds degradation  3 – 

2-Hydroxy-6-oxo-(2′-aminophenyl)-hexa-2,4- 
dienoate  

234.077 + Pf-51 Aromatic compounds degradation 3 – 

2-hydroxy-6-oxo-6-(2′-hydroxyphenoxy)-hexa- 
2,4-dienoate  

251.059 + Pf-51 Aromatic compounds degradation 3 – 

Benzene 1,2,4 triol  125.023 − Wa-32 Aromatic compounds degradation 3 No 
3-Methylpyrrole-2,4-dicarboxylic acid  168.029 − Pf-31, Pf-51 Coumermycin and novobiocin antibiotics 

biosynthesis  
2 – 

Tetracenomycin A2  423.102 + Wa-32 Biosynthesis of type II polyketide antibiotic 
products  

3 – 

Cellohexaose  989.321 − Wa-32 Starch and sucrose metabolism 3 – 
Cellotetraose  665.213 − It-36, Pf-31, Pf- 

51 
Starch and sucrose metabolism 3 – 

5′-Inosine monophosphate  347.036 − It-36, Pf-31, Pf- 
51, Wa-32 

Purine metabolism 2 No 

Adenine  136.062 + It-36, Pf-31, Pf- 
51 

Purine metabolism  2 – 

cAMP  330.061 + Pf-51 Purine metabolism / Signalling and 
metabolic pathways 

2 – 

Thymidine  241.083 − Pf-51 Pyrimidine metabolism 3 No 
Pantetheine  277.121 − Pf-31 Pantothenate and CoA biosynthesis 3 – 

(continued on next page) 

A.F.-S. Millan et al.                                                                                                                                                                                                                            



Biological Control 174 (2022) 105033

8

mycelia by quantification of electrolyte leakage corroborated the 
negative effect on membrane integrity of the CA or ICAld treatment 
(Fig. 8B). The electric conductivity of mycelia treated with metabolites 
increased gradually over time at higher ratio than the controls. The 
highest leakage was observed when mycelia were treated with CA at 
EC50 from 90 to 240 min, indicating that CA induces more severe 
damage than ICAld. 

Results obtained from protein leakage measurements of B. cinerea 
mycelia exposed to both metabolites were also consistent with the re-
sults of membrane damage. After the 6-h treatment, there was a sig-
nificant decrease in the intracellular protein content of the fungal cells 
treated with CA or ICAld at EC50 (Fig. 8C), and these values were 20 and 
13 % lower than the control, respectively. 

3.6.3. Effect of metabolites on oxalic acid content in the extracellular media 
Oxalic acid secretion into the extracellular medium by B. cinerea was 

calculated in the presence or absence of CA and ICAld. Higher content of 
this acid has been related to higher levels of pathogenicity and sclerotia 
development (Wang et al., 2021). It was observed that CA significantly 
reduced oxalic acid secretion after 48 h of mycelial growth, but unex-
pectedly, the presence of ICAld increased the secretion of this acid 
(Fig. 8D). 

4. Discussion 

Yeast metabolites have been mainly studied with analytical tech-
niques that are inadequate for a more detailed analysis of their role 
(Sailwal et al., 2020). Metabolomics has emerged as a powerful tool that 
may help such exploration and provide a comprehensive overview of 
yeast metabolism in terms of signaling and carbon mapping, as well as 
production of secondary metabolites of economic relevance or 

associated with pathogenicity or antagonism (Mülleder et al., 2016; 
Roullier-Gall et al., 2020; Sailwal et al., 2020). In particular, many yeast 
strains have been isolated and reported to be efficient agents of 
biocontrol against several plant and postharvest pathogens (Cabañas 
et al., 2020; Díaz et al., 2020; Fernandez-San Millan et al., 2021; Hilber- 
Bodmer et al., 2017; Oztekin and Karbancioglu-Guler, 2021; Ruiz- 
Moyano et al., 2016; Sipiczki et al., 2020), although their commercial-
ization still continues to be difficult, and there are few yeast-based 
products on the market (Díaz et al., 2020; Droby et al., 2016; Dukare 
et al., 2019; Freimoser et al., 2019; Zhang et al., 2018). Metabolomics 
may help to understand the antagonistic mechanisms of biocontrol 
yeasts and to identify new antifungal substances that could reach the 
market more easily than a living organism-based product. Indeed, 
application of synthetic chemical fungicides can generate pathogen 
resistance and public concern over environmental contamination and 
food safety. Therefore, new effective strategies need to be urgently 
developed for controlling fungal infections in crops (El-Baky and Amara, 
2021). In a previous study (Fernandez-San Millan et al., 2022), it was 
shown that metabolomic analysis of CFs produced during the co-culture 
of a plant pathogen with its biocontrol yeast was a valid system for 
finding metabolites involved in such antagonistic mechanisms. Through 
this methodology, three new compounds produced by M. pulcherrima 
strains with in vitro and in vivo fungicidal effects were described. By 
assaying four additional strains of three different genera, the present 
study reveals species-specific and general metabolic mechanisms related 
to fungal antagonism. Indeed, the current untargeted metabolomic 
study has shown relevant differences in the exometabolome between 
yeast monocultures and the co-cultures with B. cinerea. Enhanced levels 
or the new appearance of several yeast metabolites in the presence of 
B. cinerea clearly indicates that such compounds must have an essential 
function in the yeast-fungus interaction. Furthermore, Granucci et al. 
(2015) already speculated that the extracellular medium may be a 
storage place for some metabolites with roles other than central meta-
bolism of the cell (e.g. regulation of metabolism, cell-to-cell communi-
cation or detoxification). 

The extracellular fraction of the four yeast strains showed an increase 
in aromatic metabolites, such as trans-cinnamic acid (CA) and its related 
compound feruloylputrescine, as well as indole-3 carboxaldehyde 
(ICAld), quinolinate, piperidine, benzene 1,2,4 triol, and hydrox-
yphenyllactic acid, to name a few. Some metabolites related to the 
tricarboxylic acid cycle including succinic or ketoglutaric acid, as well as 
oxylipins and other central carbon metabolites such as sugars and amino 
acids, also increased in the presence of B. cinerea. Among a total of 46 
identified metabolites, 12 were found to be common for at least three of 
the four strains analyzed, suggesting their implication in general 
mechanisms. The 12 compounds included several metabolites related to 
the 2-oxocarboxylic acid metabolism, and purine and vitamin’s 
biosynthesis (Table 1), suggesting an enhancement of the central 
metabolism of yeast in the presence of the fungus. In addition, other 
metabolites such as CA, the dipeptide Val-Leu or three oxylipins were 
secreted by at least three yeast strains. It was also observed that the 
I. terricola It-36 strain secreted more metabolites than the other yeast 
species studied, as shown in the PCA analysis. However, the 

Table 1 (continued ) 

Compound m/z ESI Yeast 
Strain 

Functional category Identification 
level 

Antifungal effects in 
vitro / in vivo 

Pantoic acid  147.065 − It-36, Pf-31, Pf- 
51, Wa-32 

Pantothenate and CoA biosynthesis 3 – 

Heteropyrithiamine  202.120 + It-36 Thiamine metabolism 3 – 
2,5-Diamino-6-(5-phospho-d-ribosylamino) 

pyrimidin-4(3 h)-one  
354.080 + Pf-31, Pf-51, 

Wa-32 
Riboflavin metabolism 3 – 

2-Hydroxy-6-oxo-6-(2′-hydroxyphenyl)-hexa- 
2,4-dienoate  

233.043 − Pf-51 Riboflavin metabolism 3 – 

Identification levels: level 1, validated with a reference standard; level 2, tentative identification by exact mass and online fragmentation spectrum; level 3, tentative 
identification by online database m/z match. -: metabolite not tested. No: no in vitro / in vivo antifungal effects. 

Fig. 4. In vitro plate assay of the antagonistic activity of bioactive metabolites 
against B. cinerea spore germination. Data (halo zone) are presented as the 
means ± SE (n = 4). Groups of metabolites dissolved with the same solvent 
(methanol, MES or ethanol) are separated by dashed lines. Controls: solvents 
without metabolite. 
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metabolomic analysis showed that the P. fermentans Pf-31 and Pf-51 
strains secreted the highest number of differential metabolites into the 
extracellular medium when co-cultured with B. cinerea. Both strains 
showed quite similar general behavior, indicating conserved and spe-
cific metabolic mechanisms at the species level, as previously observed 
with M. pulcherrima strains (Fernandez-San Millan et al., 2022). On the 
other hand, Wa-32 had the simplest exometabolome, although it was the 
only strain that secreted higher levels of an antibiotic in the presence of 
B. cinerea. The antibiotic was tetracenomycin, whose secretion has only 
been reported before from actinomycetes of the genus Streptomyces and 
Saccharotrix (Liu et al., 2018). In addition, Wa-32 also produced piper-
idine, a natural alkaloid with a wide range of biological functions, and 
that serves as a structural element of many alkaloids with pharmaceu-
tical applications (Wang et al., 2020). 

4.1. Two yeast metabolites displayed antifungal activity in vivo 

Only the 14 commercially available metabolites could be tested as 
pure reference compounds for growth inhibition of B. cinerea. Among 
them, two had antifungal activity in vivo and in vitro, and four showed 
only some antagonistic capacity in the in vitro assays. 

The most bioactive metabolite was CA, found in the exometabolome 
of the It-36, Pf-31 and Pf-51 strains. Cinnamic acid is an aromatic car-
boxylic acid that is usually found in the trans configuration (Rodrigues 
et al., 2019). CA synthesis is the first step of the phenylpropanoid 
pathway and the source of most hydroxycinnamic acid derivatives like 
coumaric, caffeic, sinapic and ferulic acids (Desjardins, 2008). 
M. pulcherrima strains also were reported to produce metabolites from 
the phenylpropanoid pathway, including p-coumaroyl quinic acid and 
2,3-dihydroxybenzoate (Fernandez-San Millan et al., 2022), thereby 

Fig. 5. Biocontrol of postharvest gray mold in to-
mato. Disease incidence and disease severity of 
cherry tomatoes inoculated with B. cinerea and 
treated with trans-cinnamic acid (A) or indole-3- 
carboxaldehyde (B) at different concentrations 
(100 – 10 – 1 mM). (C) Example of biocontrol of 
gray mold in tomatoes by both metabolites (100 
mM). Data are presented as the means ± SE (n = 36 
for tomato). Values with the same letter do not 
differ significantly (p < 0.05) according to the 
Tukey’s multiple range test. Control: infected to-
matoes without any treatment.   
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confirming the importance that this pathway might have in yeast-fungal 
interactions. CA and its derivatives are secondary metabolites that have 
been reported to induce pathogen resistance in plants (Métraux, 2002; 
Zhang et al., 2015). In addition, CA has antioxidant, antibacterial and 
antifungal properties (Alberto and Dorian, 2013; Beyki et al., 2014; Bock 
et al., 2014; Korošec et al., 2014; Laverty et al., 2015; Sova, 2012; Wang 
et al., 2021). In fact, such an antifungal effect of CA has already been 
described against postharvest decay caused by B. cinerea on table grapes 
(Zhang et al., 2015) and Penicillium italicum on mandarins (Li et al., 
2019). CA also showed antifungal activity against Aspergillus flavus 
(Ribes et al., 2017), Geotrichum citri-aurantii (Cheng et al., 2022), Fusi-
cladium, Colletotrichum (Bock et al., 2014) and Sclerotinia (Wang et al., 
2019). Although it was originally isolated from cinnamon bark and 
other plants (Guzman, 2014), several organisms are also able to secrete 
CA into the extracellular fraction. For example, Datta et al., (2017) 
demonstrated that cultures of the probiotic S. cerevisiae var. boulardii 
were rich in polyphenolic metabolites such as CA or vanillic acid. Bock 
et al. (2014) observed that the nematode Photorhabdus luminescens also 
secreted CA, and these authors demonstrated its in vitro antifungal ac-
tivity against Colletotrichum spp. and Fusicladium effusum. In this case, 
the EC50 was between 10 and 200 μg mL− 1 of CA, which is in the range 
of the EC50 calculated in our study for B. cinerea inhibition in vitro and in 
other studies (Wang et al., 2021, 2019; Zhang et al., 2015). 

In our experimental conditions, CA was a powerful antifungal 
molecule that also protected tomato leaves from gray mold as it was 
described for oilseed rape infected by Sclerotinia sclerotiorum (Wang 
et al., 2019). 

CA bioactivity has been exploited in agriculture as a raw material for 
plant-derived pesticides or fungicides, growth promoters, and vegetable 
and fruit preservatives (Letsididi et al., 2018). In addition to the anti-
fungal properties of CA, its innocuity has encouraged the use of this 
compound in the formulation of pharmaceuticals, cosmetics and food 
products (Chalabaev et al., 2008; Cheng et al., 2022). It can be obtained 
by extraction from plants or by chemical synthesis, but both 

manufacturing processes have shortcomings, such as the low concen-
tration in plant material or the generation of toxic byproducts (Vargas- 
Tah and Gosset, 2015). Alternatively, eco-friendly methods for CA 
production are being developed to enable its biotechnological produc-
tion by genetically engineering microbial hosts, including S. cerevisiae 
and bacteria like Escherichia coli, among others (Vargas-Tah and Gosset, 
2015). Although many microbial species do not constitutively synthe-
size CA, we have demonstrated that under particular conditions, such as 
co-culture with other organisms, CA synthesis may be induced in yeast 
strains of P. fermentans and I. terricola species. In the future, this finding 
might help to produce CA for industry in a cost-effective way. The 
detection of CA or other bioactive compounds in the exometabolome of 
yeasts suggests the possibility of using particular strains for industrial 
scale production of interesting compounds. As previously demonstrated 
(Fernandez-San Millan et al., 2022), other yeast species such as 
M. pulcherrima are able to secrete metabolites with interesting biotech-
nological applications including antibiotics, alkaloids, long chain fatty 
acids or bile acids. 

The second metabolite selected for postharvest tomato protection 
against gray mold was the alkaloid ICAld, a tryptophan-derived com-
pound related to indole-3-acetic acid metabolism. Its antimicrobial ac-
tivity has been related to camalexin biosynthesis in plants, an 
antimicrobial phytoalexin that accumulates in tissues exposed to infec-
tion (Devys and Barbier, 1991; Zook and Hammerschmidt, 1997). 
Contreras-Cornejo et al. (2011) found that Trichoderma virens grown 
under axenic conditions produces ICAld, and that exogenous applica-
tions of this metabolite increased camalexin accumulation in Arabidopsis 
thaliana seedlings. Powell et al. (2020) identified indole and its derived 
metabolites, including ICAld, as molecules derived from cruciferous 
vegetal species or from commensal bacteria (Swimm et al., 2018) that 
promote protection in response to damage by acute stressors. Addi-
tionally, ICAld is the precursor of indole-3-carboxylic acid, a well-known 
secondary metabolite that induces defense priming in A. thaliana and 
Plectosphaerella cucumerina (Gamir et al., 2014). In a recent study, Duan 
et al. (2019) also showed that the endophytic fungus Irpex lacteus dis-
played antimicrobial activity and was able to synthesize ICAld. 

In our study, the secretion of ICAld to the extracellular medium was 
enhanced in the presence of B. cinerea by strains of two different genera, 
It-36 and Wa-32. ICAld reduced the disease severity of gray mold in 
tomatoes by 40 % at the highest concentration tested of 100 mM, 
although the disease incidence was similar to the control. Lower con-
centrations of the metabolite were not effective at preventing damage 
from infection. A reduction in the infection in tomato leaves was also 
observed following ICAld treatment. However, although ICAld was less 
efficient than CA, the EC50 calculated in vitro was similar among the two 
metabolites: 52 and 50 μg mL− 1 for CA and ICAld respectively. 

We have observed that EC50 values calculated under in vitro condi-
tions for both bioactive metabolites were lower than the effective con-
centrations observed in vivo. In fact, the EC50 calculated for CA in plates 
was 0.352 mM, but treatments below 1 mM did not protect tomatoes 
against B. cinerea infection and the same shift was observed for ICAld. 
Cheng et al. (2022) observed the same for CA application against G. citri- 
aurantii: a complete inhibition of growth was caused by 400 μg mL− 1 CA 
in vitro, but a reduction in disease incidence below 50 % in citrus fruits 
was obtained after the application of 4000 μg mL− 1. Wang et al. (2021) 
also had to increase the concentrations of other antagonistic metabolites 
against B. cinerea under in vivo conditions. Reis et al. (2015) demon-
strated that concentrations used in the field are many times higher than 
those determined in the laboratory, inferring that there is no direct 
relationship between the concentration recommended for field appli-
cations and the EC50 determined under controlled laboratory conditions 
due to different factors such as dilution in leaf tissues, low absorption 
rates or degradation. 

After demonstrating their biocontrol effects, the fungicidal mecha-
nisms of CA and ICAld were investigated. We found that upon treatment 
with both metabolites, B. cinerea was induced to form intracellular 

Fig. 6. Biocontrol of gray mold in tomato leaves. (A) Lesion diameter in leaflets 
inoculated with B. cinerea and treated with trans-cinnamic acid or indole-3- 
carboxaldehyde (100 mM). Data are presented as the means ± SE (n = 15). 
Values with the same letter do not differ significantly (p < 0.05) according to 
the Tukey’s multiple range test. Control: infected leaflets only treated with the 
corresponding solvent. Fungicide: infected leaflets only treated with the 
fungicide Cabrio®. (B) Examples of leaflets treated with the corresponding 
compound 4 days after infection with B. cinerea. 
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reactive oxygen species (ROS), lost its membrane integrity and released 
cytoplasmic contents from the cells. Concomitantly, it has been reported 
that biotic or abiotic stresses may also induce intracellular ROS gener-
ation in fungal pathogens (Zhao et al., 2014; Zou et al., 2010) and 
similar loss of membrane integrity may release cytoplasmic contents 
(Cheng et al., 2022; Qin et al., 2010). These effects were more pro-
nounced in spores and mycelia treated with CA than treatments with 
ICAld. Similar results have been obtained before with CA amendments 
against B. cinerea (Zhang et al., 2015) and other fungal pathogens such 
as P. italicum (Li et al., 2019), Sclerotinia (Wang et al., 2019) and G. citri- 
aurantii (Cheng et al., 2022). It is not surprising that both metabolites 
affect the membrane integrity of the fungus because its role in main-
taining intracellular substances is vital to cell survival. In fact, the cell 
membrane is a target site for several antifungal substances (Avis, 2007; 
Hasim and Coleman, 2019). 

Low secretion of oxalic acid from B. cinerea mycelia to the extra-
cellular media elicited by the presence of CA was also observed, as had 

been previously reported for Sclerotinia (Wang et al., 2019). Oxalic acid 
secretion has been related to virulence and pathogenicity (Schoonbeek 
et al., 2007). Unexpectedly, ICAld generated an opposite result and 
oxalic acid increased significantly in the liquid medium. Further studies 
would be needed to explain this response. Other metabolites from 
M. pulcherrima strains also reduced the oxalic acid content or kept the 
levels unchanged (Fernandez-San Millan et al., 2022). 

4.2. Several yeast metabolites only display in vitro antifungal activity 

Among the 14 metabolites tested in this study, four had antifungal 
activity in vitro but not under in vivo conditions. These discrepancies 
were also found in the co-culture study with M. pulcherrima strains 
(Fernandez-San Millan et al., 2022): all the strains with in vivo bioac-
tivity were also antagonistic in vitro but not the other way round. To 
explain this fact, we hypothesize that some metabolites may act syner-
gistically against fungal development, as has been described before 

Fig. 7. Effect of trans-cinnamic acid, indole-3-carboxaldehyde and commercial fungicide Cabrio® on in vitro mycelial growth of B. cinerea (A). The mycelial growth 
relative to the control is shown in B. Each plate contains the same amount of the corresponding solvent of the metabolite. Data are presented as the means ± SE (n 
= 4). 
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(Crowley et al., 2013; Le Lay et al., 2016). 
One such in vitro bioactive metabolites is succinic acid (SA), which 

was only overproduced by the Pf-51 strain. This is an organic acid 
localized at the crossroads of several metabolic pathways and it is 
involved in a wide range of cellular and metabolic activities, including 
those linked to the tricarboxylic acid cycle, such as branched-chain 
amino and fatty acid metabolism, carbohydrate pathways, ROS gener-
ation, and extra- and intra-cellular signaling (Nowicki and Gottlieb, 
2015; Tretter et al., 2016). SA excretion is widespread among fungi, 
being a byproduct of fermentation by yeasts (Jayaram et al., 2014). 
Oren-Young et al. (2021) observed that the external addition of SA 
reduced virulence and prevented sclerotia formation by B. cinerea. Wu 
et al. (2011) showed that SA decreased conidia germination and the 
growth of F. oxysporum. In addition, pathogenic enzyme activity and 
mycotoxin production by the fungus were inhibited at higher concen-
trations of SA. In fact, boscalid is a succinate dehydrogenase inhibitor 
registered as an active ingredient for the treatment of gray mold on 
strawberries in Spain (Fernández-Ortuño et al., 2017) or on grapevine in 
France (Walker and Leroux, 2015), for example. The increasing intra-
cellular levels of SA, due to the inhibition of succinate hydrogenase, 
evidences the importance of the concentration levels of this metabolite 
for the general survival of B. cinerea. 

Kynurenic acid is another in vitro bioactive metabolite that was 
differentially secreted by both P. fermentans strains. It is a metabolite 
derived from tryptophan degradation along the kynurenine pathway, 
which is crucial in eukaryotic and prokaryotic cells for the catabolism of 
tryptophan and synthesis of the essential cofactor NAD+ (Ohashi et al., 
2017). Some species of the yeast genus Saccharomyces and Yarrowia 
lipolitica may also produce kynurenic acid during fermentation (Turska 

et al., 2019; Wróbel-Kwiatkowska et al., 2020; Yılmaz and Gökmen, 
2019). In fact, its production at large scale is being investigated because 
it has important medical applications (Wróbel-Kwiatkowska et al., 
2020). Although the role of extracellular secretion of kynurenic acid 
remains to be elucidated, it has been suggested that the kynurenine 
pathway can be essential for the detoxification of excess tryptophan 
(Ohashi et al., 2017). Ohashi et al. (2013) showed that S. cerevisiae se-
cretes quinolinic acid into the medium, which is another metabolite of 
the kynurenine pathway that was also enhanced in both P. fermentans 
strains. These authors proposed that such metabolite secretions may be a 
strategy for reutilization and storage in order to maintain a suitable 
intracellular NAD+ concentration, although the possibility of its excre-
tion as a toxic molecule was not excluded. 

Hydroxyphenyllactic acid (OH-PLA) had some antagonistic effect in 
vitro and also had higher levels of accumulation in the Pf-51 strain’s CFs. 
Its antifungal activity has been previously described against Penicillium 
nordicum as a compound found in the CFs of lactic acid bacteria 
(Guimarães et al., 2018). In fact, phenyllactic acid and the related 
compound OH-PLA can display a broad range of inhibitory antifungal 
activity against several species, including some that produce myco-
toxins, such as Aspergillus ochraceus or Penicillium spp. (Lavermicocca 
et al., 2000; Yoo et al., 2016). 

Mevalonolactone is the last metabolite described with in vitro fungal 
inhibitory capacity and it was only found in It-36 CFs. It is the δ-lactone 
form of mevalonic acid, a precursor in the mevalonate pathway. 
Although rare as a metabolite, Niku-Paavola et al. (1999) identified 
mevalonolactone in the antimicrobial fraction of the bacterium Lacto-
bacillum plantarum, which inhibited the growth of Pantoea agglomerans in 
synergy with lactic acid. 

Fig. 8. Effect of the selected metabolites (100 mM) on ROS production and spore membrane integrity (A), mycelial cell membrane permeability (B), intracellular 
protein level (C) and oxalic acid content (D) of B. cinerea cultures. Data are presented as the means ± SE (n = 6). Values with the same letter do not differ significantly 
(p < 0.05) according to the Tukey’s multiple range test. Control: fungal culture without any metabolite. Asterisks in B indicate statistical significance compared with 
the control, as determined by Student’s t-test (p < 0.05). 
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4.3. Other relevant secreted metabolites: Oxylipins and dipeptides 

Of particular interest is the enhanced presence of oxylipins (hydroxy 
Di- and TriHOME fatty acids and 2-hydroxycaproic acid) produced by It- 
36, Pf-31 and Pf-51. They belong to a family of secondary metabolites 
derived from oxygenase-catalyzed reactions of fatty acids present in 
organisms from all kingdoms (Gessler et al., 2017; Qiu et al., 2021; 
Tsitsigiannis and Keller, 2007). Several studies have demonstrated the 
importance of oxylipins in regulating secondary metabolism and 
growth. In fungi, they have a strong impact on reproduction, develop-
ment, adaptative responses and synthesis of secondary metabolites 
(including mycotoxins) (Gessler et al., 2017). For example, Candida 
albicans produces the oxylipin farnesol, an intermediate in the ergosterol 
biosynthesis pathway that regulates biofilm formation and quorum 
sensing (Langford et al., 2009). Deboever et al. (2020) showed the broad 
antimicrobial activity of several oxylipins against bacteria, fungi and 
oomycetes. An explanation for their antifungal activity was suggested by 
Sjögren et al. (2003), who proposed that oxylipins readily partition into 
the lipid bilayers of fungal membrane, increasing permeability and 
releasing intracellular electrolytes and proteins. Hydroxy-fatty acids 
show a broad range of antifungal activity (Pohl et al., 2011), although it 
depends on the position of the hydroxyl group (Liang et al., 2020). 
Indeed, a study found that oxylipins with hydroxylation at positions 9, 
10, 12, or 13 (as those shown in our study) exhibited greater antifungal 
activity against Penicillium or Aspergillus than species with hydroxylation 
at position 2 or 18 (Liang et al., 2020). In fact, Cowley and Walters 
(2005) observed a reduction in the infection of barley leaves by the 
powdery mildew fungus Blumeria graminis when the same TriHOME 
oxylipin was applied that we have described from the CFs. In addition, 
current studies suggest an additional role for oxylipins in cell signaling 
(Beccaccioli et al., 2019). It is becoming increasingly clear that fungi, 
animals and plants utilize oxylipins as a common communication cur-
rency to elicit biological responses through an oxylipin ‘language’ that 
mostly operates via mechanisms that resemble quorum sensing (Affeldt 
et al., 2012; Deboever et al., 2020; Fischer and Keller, 2016). Our 
findings of oxylipins in CFs of three of the yeast strains might support 
their important role in microbial interaction. 

Another interesting finding is the presence of the Val-Leu dipeptide 
in CFs of all strains analyzed under co-culture conditions in this study 
and in the one performed previously with the two strains of 
M. pulcherrima (Fernandez-San Millan et al., 2022). Further, both 
P. fermentans strains also secreted the Ile-Tyr dipeptide. Although we did 
not observe any antifungal effect when B. cinerea was challenged by the 
dipeptide, the enhanced accumulation of dipeptides in CFs must have a 
significant role in the microbial interaction, so this deserves further 
investigation. Currently, little is known concerning the function of 
proteogenic dipeptides (Moreno et al., 2021). In a recent publication 
about protein-metabolite interactions (PMIs) in S. cerevisiae, Luzarowski 
et al. (2021) showed that several molecules co-elute with proteins, with 
half of them being proteogenic dipeptides. Indeed, Val-Leu was one of 
the dipeptides found associated with these yeast proteins. However, 
Luzarowski et al. (2021) focused their study on the dipeptide Ser-Leu, 
revealing its numerous protein interactors comprising metabolic en-
zymes, proteasomal subunits and chaperones. They also observed that 
Ser-Leu supplementation of the yeast culture medium led to acute 
metabolic changes and concluded that the role of the dipeptide is related 
to central metabolism and protein degradation. Examples of PMIs can be 
found in all protein functional classes, ranging from metabolic enzymes 
to structural proteins or signaling components, such as kinases or tran-
scription factors (Grove, 2017; Hahn and Young, 2011; Kudryashov and 
Reisler, 2012; Lemmon and Schlessinger, 2010). Luzarowski et al. 
(2021) highlighted that regulation by PMIs can be especially important 
for single-cell organisms such as yeasts, which face constant changes in 
their environment and nutrient supply. In fact, Moreno et al. (2021) 
suggested that proteogenic dipeptides act as evolutionarily conserved 
small-molecule regulators at the nexus of metabolism, stress and protein 

degradation. In the present work, we were able to demonstrate that 
accumulation of dipeptides in response to the presence of B. cinerea is a 
general mechanism inherent to different genera and species of yeasts. 

5. Conclusions 

The validation of the yeast-fungal co-culture model with several 
genera has increased our knowledge about the microbial interaction and 
molecular mechanisms by which yeast cells antagonize other fungi. 
Deciphering the compounds and processes that mediate these in-
teractions represents a continuous challenge. Our results highlight the 
yeast position as a resource of structurally diverse metabolites, which 
may affect interactions with other organisms and provide new com-
pounds of interest for agriculture and industry. Clear differences among 
species and genera were found in the exometabolome profiles, with the 
P. fermentans strains secreting the largest number of differential me-
tabolites into the extracellular medium when co-cultured with 
B. cinerea. In contrast, W. anomalus is a poor secretor of metabolites, 
which probably means that other antagonistic mechanisms are more 
relevant for this species. 

Overall, in this study we have identified 46 differentially secreted 
metabolites and investigated the antifungal activity of 14 of them 
against gray mold. Our results have demonstrated that yeasts are able to 
produce a battery of antifungal substances that probably act in a syn-
ergistic way. In particular, CA and ICAld exhibited antifungal activity 
both in vitro and in vivo, and they could prevent the infection of B. cinerea 
by generating ROS and damaging the fungal membrane. We have also 
described the presence of other metabolites, such as oxylipins, an anti-
biotic or alkaloids, that despite not being assayed for their antifungal 
capacity, are of significant interest for their antagonistic interactions. 
Importantly, we have also described the presence of dipeptides in the 
exometabolome of all the strains analyzed, which opens the door to 
future investigations of their roles as key regulators of yeast metabolism. 
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