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A B S T R A C T

Seven yeast strains were isolated from Tunisian dates. The strains were identified by sequence 
analysis of the D1/D2 domain of the nuclear large subunit (LSU) rRNA gene. Based on this all 
strains in the study were almost identical with that of the type strain of Wickerhamomyces sub
pelliculosus (CBS 5767) indicating that they belong to this species. All strains were characterized 
physiologically and biochemically. All strains grew in the presence of 50 % sucrose, 10 % sodium 
chloride and at 42 ◦C. The potential of these yeasts as biocontrol agent against mycotoxigenic 
Penicillium species inhabiting date, was evaluated. All yeast strains inhibited the growth of 
P. citrinum P10 and P. chrysogenum C17 previously isolated from dates, with inhibition percent
ages ranging between 43.6 % and 70.3 % on dual culture plate assays. Moreover, the volatile 
compounds (VCs) produced by these yeasts inhibited the mycelial growth rate and sporulation of 
both fungus strains, up to 76.5 and 100 %, respectively, on inverted culture plate assay. The VCs 
of W. subpelliculosus strains Y4 and Y24, which exhibit strong inhibitory activity against toxigenic 
Penicillium, were determined by head-space solid-phase microextraction (HS-SPME) combined 
with gas chromatography coupled with mass spectrometry (GC–MS) analysis. Results revealed 
significant levels of alcohols (27.36 % for Y4 and 23.35 % for Y24) and esters (66.19 % for Y4 and 
75.82 % for Y24). Their significant bioactivity, along with the lack of reported adverse effects on 
consumer health or the environment, makes them a sustainable and effective alternative to 
synthetic fungicides for the biocontrol of mycotoxigenic Penicillium affecting stored dates.
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1. Introduction

Date, the fruit of the date palm (Phoenix dactylifera L.), is an emblematic fruit of several countries like Tunisia, Saudi Arabia, Iran, 
Egypt, Iraq, Pakistan and Algeria [1]. The date sector in these regions contributes a lot to the national and international economy [2]. 
Currently, Tunisia is the world’s leading exporter of dates in terms of value and quality. Tunisia’s oases harbor more than 200 varieties 
of dates. The most widely produced is the variety “Deglet Nour”, which is considered as a luxury product and constitutes almost all of 
the exported date tonnages [3]. Today, the export of dates to Europe is increasing, and almost all of the exported quantity is addressed 
to France, Germany, Italy, Spain and United Kingdom. Indeed, Tunisia and Algeria are the main exporters of dates to the European 
market with a share of 75 % in all dates delivered to the European Union (EU) [4]. Dates represent a rich source of essential nutrients: 
carbohydrates, proteins, fibers, vitamins, minerals such as potassium and iron, and antioxidants [5]. In addition, dates have medicinal 
benefits which can be used for the treatment of gastrointestinal diseases and for the prevention against diabetes, cystitis, hepatic and 
cardiovascular problems. They also have anti-inflammatory and immunostimulant effects [6]. However, dates, like many other 
agricultural products, are subject to fungal spoilage before, during, and after harvest, as well as during transportation and storage. 
Pathogenic fungi in dates are essentially Aspergillus spp., Penicillium spp. and Cladosporium spp [7]. Contamination of dates by fungi 
causes significant economic losses and quality issues. In addition, the majority of pathogenic fungi in dates produce several mycotoxins 
that can lead to serious health problems [8]. Among the toxins are ochratoxin A (OTA) which possesses nephrotoxic, genotoxic, 
carcinogenic, teratogenic and immunosuppressive effects [9], aflatoxin B1 (AFB1) which is considered a potent hepatocarcinogen and 
classified by the International Agency of Research on Cancer (IARC) as a group1 carcinogen [10] and citrinin with high nephrotoxic 
action [11]. The main ochratoxigenic species are A. ochraceus, A. westerdijkiae, A. niger, A. carbonarius P. verrucosum and P. nordicum 
[12]. However, some studies have shown that P. chrysogenum also produces OTA [13,14]. Aspergillus flavus and Aspergillus parasiticus 
are considered the main species producers of AFB1 [15]. Moreover, P. citrinum and P. chrysogenum are known to secrete citrinin [16,
17].

In the context of global food safety and security, it is imperative to control mycotoxigenic fungi in date fruits given date’s wide
spread applications as raw materials in the food industry. The predominant method for managing these postharvest pests is the 
application of chemical fungicide. However, because of their high residual content toxicity, persistence and various detrimental effects 
on human health, their application is restricted by laws and regulations [18]. The search for natural antimicrobial compounds 
inhibiting spoilage fungi growth in fresh and dried fruits, is crucial. Several natural alternatives to synthetic antifungal agents have 
been proposed such as the use of microorganisms. Yeasts emerge as promising biocontrol agents against postharvest fruit rot, 
exhibiting significant potential in inhibiting the growth of filamentous fungi. It was reported that Aureobasidium pullulans and Spor
idiobolus pararoseus have proved high controlling potential in postharvest decay of fruits [19,20]. Moreover, Ruiz-Moyano et al. (2016) 
[21] reported the antagonistic capacities of Hanseniaspora opuntiae and Metschnikowia pulcherrima, isolated from fig crops, to control 
the development of common postharvest spoilage fungi. Nally et al. (2012) [22] showed the capacity of Saccharomyces cerevisiae to 
control Botrytis cinerea which destroys the peel of table grapes. Other investigations proved the antifungal activity of Yarrowia lipolytica 
against P. chrysogenum [14] and of Debaryomyces hansenii against P. citrinum [23].

Dates serve as natural habitat for yeasts because of their high content of simple sugars, including glucose, fructose and sucrose, 
ranging from 73 % to 83 % of their dry weight. The majority of these yeasts are termed osmotolerant because they are able to grow in 
50 % w/w sugar or higher [24]. Zygosaccharomyces, Saccharomyces, Candida, Debaryomyces, Lodderomyces, Meyerozyma, Wick
erhamomyces, Torulaspora, Kluyveromyces, Hanseniaspora, and Pichia are the most well-known genera of osmotolerant yeasts that are 
found in fruits and their derived products [25,26]. Several osmotolerant yeasts utilize volatile compounds (VCs) against fungal plant 
pathogens due to their potent antifungal activity. Jaibangyang et al. (2020) [27] and Natarajan et al. (2022) [28,29] demonstrated the 
efficiency of Saccharomyces cerevisiae and Candida spp. VCs to inhibit the mycelial growth of A. flavus. Moreover, several investigations 
showed antifungal activities of: Meyerozyma guilliermondii VCs against P. digitatum [30] and Hanseniaspora spp. VCs against toxigenic 
Aspergillus spp. [31].

The objectives of the current study are the characterization of yeast strains newly isolated from dates and the evaluation of their 
antifungal activities especially the antifungal potential of their CVs against P. citrinum and P. chrysogenum.

2. Materials and methods

2.1. Dates sampling and yeasts isolation

In total, 84 date fruit samples (300–500 g) belonging to the variety “Deglet-Nour” were haphazardly collected in 2022 and 2023 
from different Tunisian supermarkets. The samples were kept in sterile polyethylene bags at 4 ◦C. Fruits were washed with water, 
disinfected by immersion in a 2 % sodium hypochlorite solution for 1 min, and rinsed with distilled water to wash off residual hy
pochlorite, then, crushed with a sharp knife to extract seeds. 25 g of each date pulp sample was put in a sterile stomacher bag and 
homogenized using a stomacher (Lab-Blender 400 circulator, Seward Medical, England) with 225 mL of sterile peptone buffered water 
(BIO-RAD, France) for 5 min. Then, ten-fold serial dilutions were prepared. Subsequently, 100 μL of each dilution were plated on yeast 
extract peptone dextrose agar plates (YPD: yeast extract 10 g/L, peptone 20 g/L, dextrose 20 g/L, and agar 15 g/L; pH 5.5). The agar 
plates were incubated at 30 ◦C for up to 3 days. Each well-separated yeast colony was picked and streaked to obtain pure cultures. 
Then, each culture was examined microscopically.
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2.2. Molecular yeast strains identification

Yeast isolates were identified by sequence analysis of the D1/D2 domain of the 26S rRNA gene [32,33]. Briefly, amplification of this 
domain was performed with the primers NL-1 (50 -GCATATCAATAAGCGGAGGAAAAG) and NL-4 (50 -GGTCCGTGTTTCAAGACGG) 
for 36 PCR cycles comprising an annealing phase at 52 ◦C, an extension phase at 72 ◦C for 2 min, and a final denaturation step at 94 ◦C 
for 1 min. The PCR products were purified with Geneclean II (Bio 101, La Jolla, Calif.) according to the manufacturer’s instructions. 
The sequencing of the purified PCR products was assured by Eurofins Genomics Germany GmbH, Germany. For yeast strains iden
tification, a Blast search against the National Center for Biotechnology and Information (NCBI) genbank was performed (http://blast. 
ncbi.nlm.nih.gov/Blast.cgi). The closest related type strains sequences were downloaded and aligned with the sequences of the newly 
isolated strains using MAFFT [34].

2.3. Phenotypic characterization of yeast strains

2.3.1. Sugar fermentation test
The ability of the yeast strains to ferment glucose, fructose and saccharose was tested as described by Kurtzman et al. (2011) [35]. 

Incubation was done at 30 ◦C for 3 days. Beside the sugar the basic medium contained 10 g/L yeast extract and 20 g/L peptone 20 g/L. 
Thereafter, inoculated tubes were incubated at 30 ◦C for 3 days. Fermentation capacity of the different yeast strains was assessed as 
described by Matos et al. (2021) [36].

2.3.2. Tolerance to stress conditions
The isolated yeast stains were screened for their ability to grow in the presence of high sucrose or NaCl concentration. Assays were 

carried out in 20 mL test tubes with a working volume of 5 mL. Each tube was inoculated with 2 % of freshly prepared yeast suspension 
(initial concentration DO600 = 1.5). The basic medium was composed of 0.3 g/L KH2PO4; 0.1 g/L KCl; 0.6 g/L NaCl; 0.1 g/L CaCl2; 0.1 
g/L MgCl2; 1 g/L NH4Cl; 1 g/L yeast extract and 1 mL oligo-elements solution (obtained by dissolving 0.1 g of B4O7Na2, 10H2O; 0.01 g 
of CuSO4, 5H2O; 0.05 g of FeSO4, 7H2O; 0.01 g of MnSO4, 4H2O; 0.07 g of ZnSO4, 7H2O and 0.01 g of (NH4)6Mo7O24, 4H2O in 1 L of 
distilled water). This medium was supplemented with sucrose to reach a final concentration of 50 % (w/v). The same medium con
taining 2 % (W/V) sucrose was used as positive control. To assess the salt tolerance of the different yeast strains, a medium containing 
0.5 % yeast extract, 1 % peptone, 2 % glucose and 10 % NaCl (W/V) was used. The positive control did not contain NaCl. After in
cubation at 25 ◦C for 48 h the OD 600 was measured. The degrees of sucrose and salt tolerance were expressed as the ratio of the OD600 
measured under test conditions by the OD600 measured in the positive control. Calculated degrees were multiplied by 100 to get the 
tolerance percentages.

The temperature tolerance of the yeast strains was assessed. To this end, the strains were incubated on YPD agar at 37, 40, 42 and 
45 ◦C for 48 h. Tolerance to a certain temperature was indicated by visible growth. The test was done in three repetitions.

2.4. Penicillium strains

Thirty-five strains of Penicillium sp. were originally isolated from fruit samples belonging to the variety “Deglet-Nour” collected 
from different supermarkets in Tunisia. The strains were demonstrated to produce citrinin by analysis of methanol extracts. Analysis 
was done by HPLC as previously described [37]. The HPLC system was equipped with a C18 column (Waters Spherisorb 5 μm, ODS2, 
4.6 × 250 mm, Milford MA, USA). Mycotoxin detection was achieved with a fluorescence detector (Waters 474, Milford, Massa
chusetts, U.S.A.) at λexc 330 nm and λem 500 nm. The mobile phase consisted of 10 mM phosphoric acid (pH = 2.5) - acetonitrile 
(50:50) with a flow rate of 1.0 mL/min. Strains C17 and P10 produced the highest amounts of citrinin. They were selected for the 
further investigation. To determine the species of the two fungus strains, a molecular characterization was conducted by amplifying 
the internal transcribed spacer (ITS1-5.8S-ITS2) of ribosomal DNA (rDNA) via the polymerase chain reaction (PCR) and subsequent 
amplicon sequencing. ITS region amplification was carried out by using ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′- 
TCCTCCGCTTATTGATATGC-3′) primers [38]. The PCR reaction mixture (total volume 20 μL) was composed of 4 μL of 5 × reaction 
buffer, 1.6 μL of MgCl2 (25 mM), 0.3 μL of dNTPs mix (10 mM), 0.3 μL of each primer (10 μM), 1 unit of GoTaq® DNA polymerase 
(Promega, Madison, WI, USA) and 100 ng of DNA template. Amplification was performed in VERITI thermocycler (Applied Biosystems, 
Foster City, CA, USA) with an initial denaturation at 94 ◦C for 3 min, followed by 35 cycles of 30 s denaturation at 94 ◦C, 45 s annealing 
(at 58 ◦C), 30 s extension at 72 ◦C, and a final extension at 72 ◦C for 7 min. Amplified products (10 μL) were then loaded on a 2 % (w/v) 
agarose gel with TAE buffer to check for successful amplification. After that, PCR products were purified and sequenced in both di
rections with the ITS primer pair (ITS1 and ITS4) as prescribed by the manufacturer (Genome Express, Grenoble, France). The resulting 
DNA sequences were analyzed as described above for the molecular yeast strains identification (section 2.2).

2.5. In vitro screening of antagonistic activity of yeasts against mycotoxigenic Penicillium: dual culture plate assay

The strong fermenting yeast strains with the highest tolerance to high sugar and salt concentrations as well as elevated temper
atures (42 ◦C) were selected for evaluation of their antagonist activities against Penicillium strains P10 and C17 using dual culture 
technique [28]. First, the Penicillium strains were grown on potato dextrose agar (PDA) at 25 ◦C for 7 days. Spore suspensions were 
prepared in sterile distilled water containing Tween 80 (0.01 %) to reduce spore adhesion. Spore density was adjusted to a concen
tration of 106 spores/mL using a haemocytometer. The suspensions were stored at 4 ◦C until utilization [39]. The selected yeasts strains 
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were grown on YPD broth at 25 ◦C for 48 h. Then, cells were recovered by centrifugation, washed, resuspended in Ringer’s solution 
(0.9 % NaCl). Cell density was determined by means of a haemocytometer and adjusted to a final concentration of 1 × 108 cells/mL 
[40]. Thereafter, 10 μL of each yeast cell suspension (108 UFC/mL) were streaked orthogonally 2 cm from the edge of Petri dish (60 
mm) containing PDA agar (pH 6.0) and incubated for 24 h at 25 ◦C. After incubation, 10 μl of spore suspension (106 conidia/mL) of 
each Penicillium strain were placed 2 cm from the opposite edge on the other half of the plate. Dual culture Petri dishes were incubated 
for 7 days at 25 ◦C. Positive controls solely inoculated with one of the Penicillium strains were also prepared as shown in Fig. 1. After 
incubation, mycelial growth reduction percentage was calculated in relation to growth of the control using formula (1): 

I (%)=
(C − T)

C
*100 (1) 

where I (%) represented the inhibition of the mycelial growth, C was the mycelial width in the control (mm), and T was the mycelial 
width of fungus in the presence of yeast cultures (mm).

The test was carried out three times for each yeast strain-Penicillium strain combination. The yeast strains reducing mycelial growth 
in the dual plate assay were selected for the inverted culture plate assay.

2.6. Inhibition effect of volatile compounds of selected yeast strains against mycelial growth and sporulation of Penicillium: inverted culture 
plate assay

The yeast strains selected by the dual culture plate assay were further examined in the inverted culture plate assay. In this test was 
conducted as described by Farbo et al. (2018) [40]. 50 μL of yeast cell suspension (108 cells/mL) were evenly spread on a YPD agar 
plate (60 mm diameter and incubated at 25 ◦C for 24 h. After incubation, 10 μL of Penicillium spore suspension (106 conidia/mL) was 
spotted on the center of an additional PDA agar plate of the same size and allowed to dry for 30 min at room temperature. After drying, 
the two plate on which the yeasts were grown and the plate on which the spores were placed were arranged face-to-face and firmly 
connected to each other with a double layer of Parafilm® and a single layer of adhesive tape. The plates were incubated at 25 ◦C for 7 
days. A control treatment was done by replacing the plate with yeast on it by a plate that was not inoculated at all (Fig. 2). Three 
replicates were done for each yeast strain - Penicillium strain combination.

Fig. 1. Dual culture plate assay for screening the antagonistic activity of isolated yeast strains against mycotoxigenic Penicillium strains.
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Diameters of the growing Penicillium colonies were measured daily in two directions at right angles to each other. Colony diameters 
were plotted against time and the growth rate was calculated by linear regression and expressed in terms of mm/day [41]. The 
percentage of Penicillium mycelia growth rate inhibition was determined according to formula (2): 

Growth rate inhibition (%)=
(C − T)

C
*100 (2) 

where C represented the mycelial growth rate of Penicillium strain in the control (mm/day), and T was the mycelial growth rate of 
Penicillium stain in combined culture with yeast strain (mm/day).

After mycelial growth was evaluated, all samples were analyzed for yeast influence on fungal spore production. The fungal spores 
produced in each plate were washed with 15 ml Tween 80 solution (0.01 %). Then spore suspension was collected and centrifuged for 
5 min at 2000 g and 20 ◦C. The supernatant was discarded and re-centrifuged until 1 mL of highly concentrated spore suspension 
remained. After that, the conidial concentration was determined using a haemocytometer and the number of spores per cm2 of plate 
was calculated [42].

The following formula was employed in order to calculate the percent of sporulation inhibition: 

sporulation inhibition (%)=
Nc − Nt

Nc
*100 

where Nc represents the number of fungal spores produced in control plate and Nt is the number of fungal spores produced in treated 
plate with yeast VCs.

2.7. Analysis of yeast volatile compounds

Volatile compounds (VCs) produced by the effective yeast strains (Y4 and Y24) were analyzed by head-space solid phase micro
extraction (HS-SPME) combined with gas chromatography coupled with mass spectrometry (GC–MS) analysis. For this, 100 μL of 
freshly grown yeast cell suspension were transferred into a 20 mL amber headspace vial containing 6 mL of YPD agar and sealed with a 
PTEE/silicone septum and an aluminum crimp and incubated at 26 ◦C for seven days. YPD agar without yeast served as a control. The 
yeast VOCs were collected using the SPME fiber (Carboxen/DVB/PDMS (2 cm) 50/30 μm commercially available from Agilent 
Technologies (USA)). The fiber was conditioned at 260 ◦C for 30 min in the hot injector of the GC and immediately exposed for 1 h at 
25 ◦C to yeast VCs in the vials. The fiber was desorbed in the injector in splitless mode (5 min) with a transfer line temperature of 
260 ◦C. Gas chromatography analysis was carried out using an Agilent 19091S-433: 2169.66548 GC coupled to an HP-5MS 5 % Phenyl 
Methyl Silox with a DB Wax capillary column (325 ◦C: 30 m × 250 μm × 0.25 μm), and Helium as the carrier gas at a flow rate of 1 mL/ 
min. The ion source temperature was 230 ◦C, and the quadrupole temperature was 150 ◦C. The Oven temperature was maintained at 
40 ◦C for 5 min initially, and then raised at the rate of 20 ◦C min− 1 to 250 ◦C for 15 min. The identification of VCs was carried out by 
using the National Institute of Standards and Technology (NIST) and Wiley 275 reference libraries, and by comparing the retention 
times and mass spectra of authentic standards. The experiment was performed in three replicates per strain.

2.8. Statistical analysis

Tolerance to stress conditions, dual culture plate and inverted culture plate assays results were statistically evaluated by analysis of 
variance (ANOVA) using the IBM SPSS Statistics Package (version 20.0). Tukey test was used to assess the differences among the factor 
levels studied at 5 % significance level.

Fig. 2. Inverted culture plate assay for testing the inhibition effect of yeast strains volatile compounds against mycelial growth of Penicillium strains.
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3. Results

3.1. Molecular identification of yeast isolates

The isolated yeast stains were identified by analyzing the sequences of D1/D2 domain. The results obtained revealed that these 
isolates belong to Wickerhamomyces subpelliculosus. When compared to the type strain (CBS 1996; accession number KY110141.1), the 
percentage of substitutions ranged from 97.99 to 100 % as follows for the different isolates: Y2 (99.0 %), Y4 and Y7 (97.99 %), Y6 and 
Y9 (100 %); Y24 (99.83 %) and Y15 (99.66 %). The accession numbers of strains Y2 (OR971895.2), Y4 (OR971897.2), Y6 
(OR971898.1), Y7 (OR971899.2), Y9 (OR971901.1), Y15 (OR971904.1) and Y24 (OR971905.1) were obtained from the NCBI 
nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore).

3.2. Phenotypic characterization of yeast strains

3.2.1. Fermentation capacity
The capacity of the different yeast strains to ferment glucose, fructose and sucrose was compared. These three sugars are the major 

sugars present in date fruits. All yeasts strains were able to ferment each of sugar after 72 h incubation at 25 ◦C and generated a high 
volume of gas reaching from one third to two thirds of the total volume of the inverted Durham tube except of strain Y7 which slowly 
fermented fructose. In this case the gas volume generated was less than a third of the volume of the inverted tube (Fig. 3). The 
fermentative capacity differed between strains. Strains Y6, Y9 and Y12 strongly fermented all sugars. Strains Y2, Y15 and Y24 fer
mented sucrose stronger than strains Y4 and Y7 and strains Y24 and Y7 fermented glucose very strong compared to the other yeasts. 
Strains Y2 and Y4 fermented fructose stronger than the other strains.

3.2.2. Stress tolerance
Results relating to the tolerance of the isolated yeast strains to 50 % sucrose and 10 % NaCl are shown in Fig. 4(AandB). The results 

show that all strains could grow in an environment with a moderately high concentration of solute (50 % sucrose or 10 % NaCl). The 
ratio calculated from the OD under test conditions by the OD of the control was higher than 0.80 for all yeast strains. Strains Y2 and Y4 
showed higher tolerance to 50 % sucrose than all other strains with tolerance percentages of 104 and 108 %, respectively. The 
tolerance percentage of tested yeasts to 10 % of NaCl is situated between 28 and 40 %. Thus, it is inferred that all tested yeasts were 
osmotolerant and halotolerant.

The tolerance of the yeast strains investigated to different temperatures (25, 30, 37, 40, 42 and 45 ◦C) is given in Table 1. All yeast 
strains examined are highly thermotolerant as they grow at 40 ◦C and 42 ◦C.

3.3. Molecular identification of selected fungus strains

The selected fungus strains were identified through sequencing the ITS1-5.8S-ITS2 (ITS) region. The ITS region sequences of strains 
C17 and P10 showed high identities, equal to 100 % and 99.2 %, with the ITS region sequences of the strains of Penicillium chrysogenum 
FG23 (MT601877.1) and Penicillium citrinum 4A14 (MN046972.1), respectively.

The GenBank accession numbers of the ITS region sequences for strain C17 and strain P10 are OR965294.1 and OR965295.1, 

Fig. 3. Hierarchical cluster heatmap of sugar fermentation profile of the yeast strains after 72 h at 25 ◦C. Manhattan distance and average linkage 
were used to cluster the isolates based on their similarities in fermenting sugars. As depicted by the color on the scale bar indicating the level of gas 
generated from the fermentation process, dark-colored cells reflect a strong capability of the isolates to ferment sugars and light-colored cells reflect 
less important sugar fermentation.
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respectively.

3.4. Antifungal activity of yeast isolates against P. chrysogenum C17 and P. citrinum P10

The effect of the newly isolated yeast strains on the growth of P. citrinum strain P10 and P. chrysogenum strain C17 was investigated 
by dual culture plate assay and the results are shown in Fig. 5.

Yeast strain Y7 showed a stronger effect on the growth of P. citrinum strain P10 than the rest of the yeast strains included in the 
current investigation (p < 0.05). After seven days incubation in the presence of Wickerhamomyces subpelliculosus strain Y7, the growth 
of P. citrinum strain P10 was reduced by 70.31 % ± 0.74 % compared with its growth in the control without the yeast. Presence of yeast 
strains Y6, Y15 and Y24 reduced its growth to about 65 %

The effect of the tested yeasts on the growth of P. chrysogenum C17 demonstrated that all strains were able to inhibit the mycelial 
growth with a percentage of about 50 % after 7 days of incubation. Statistical analysis proved that there are no significant differences 
between strains (p > 0.05), except between Y7 and Y24. It is concluded that all tested yeasts have an antagonistic effect against 
Penicillium species included in the current study and reduced significantly their mycelial growth with inhibitions percentages between 
43.6 and 70.3 % (p < 0.05). All strains were included in the inverted culture plate assay.

Fig. 4. Tolerance of yeast isolates to: (A) 50 % sucrose, (B) 10 % NaCl, after 48 h of incubation at 25 ◦C. 
Identical letters above the bars indicate no significant differences according Tukey test (p < 0.05).

Table 1 
Growth performance of yeast isolates at different temperatures after 48 h incubation.

Yeast isolates

Y02 Y04 Y06 Y07 Y09 Y15 Y24

25 ◦C + + + + + + +

30 ◦C + + + + + + +

37 ◦C + + + + + + +

40 ◦C + + + + + + +

42 ◦C + + + + + + +

45 ◦C – w w w – w –

+ (growth), w (weak growth), - (no growth).
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3.5. Effect of volatile compounds of antagonistic yeast strains on Penicillium growth and fungal spore production

The effect of the VCs of the strains selected in the dual plate assay on the growth rate and fungal spore production of P. citrinum 
strain P10 and P. chrysogenum strain C17 was investigated by inverted culture plate assay. Results are presented in Fig. 6 and Table 2. 
Statistical analysis showed that VCs of all selected strains inhibited significantly the growth rate of P. citrinum P10 (p < 0.05) with a 
growth reduction of more than 49 %. The strongest growth reduction was caused by strains Y7 and Y24. These strains inhibited 
significantly (p < 0.05) the mycelia growth rate of P. citrinum strain P10 to 2.13 ± 0.52 and 2.29 ± 0.52 mm/day corresponding to a 
reduction of 63.47 ± 8.91 and 60.85 ± 0.52 %, respectively, compared to the control treatment (5.84 ± 0.06 mm/day). The growth 
rate of P. chrysogenum strain C17 was significantly reduced (p < 0.05) by 46 %. In the presence of strains Y4 and Y9, the growth rate of 
P. chrysogenum strain C17 from 5.4 ± 0.2 to 1.3 ± 0.1 and 1.5 ± 0.2 mm/day, corresponding to a reduction of 76.5 ± 2.7 % and 71.9 ±
3 %, respectively.

After the incubation period, the number of fungal spores produced by mycotoxigenic Penicillium strains P. citrinum P10 and 
P. chrysogenum C17 was determined, as presented in Table 2. The results showed that volatile compounds (VCs) from all 
W. subpelliculosus strains significantly inhibited spore formation, with inhibition rates exceeding 81 % for P. citrinum P10 and 95 % for 
P. chrysogenum C17 (p < 0.05). The best results were achieved with strain Y24, which completely inhibited spore production by 
P. citrinum P10, allowing only hyphal development (Table 2, Fig. 6). Additionally, the inhibition of fungal mycelial growth by yeast VCs 
was correlated with a reduction in the number of spores (Table 2).

3.6. Profiling of yeast volatile compounds

The compounds present in the volatiles of yeast strains Y4 and Y24 presented high antifungal activity against P. citrinum P10 and 
P. chrysogenum C17, respectively, in inverted-plate culture assay, were identified using HS-SPME combined with GC–MS (Table 3). The 

Fig. 5. Percent inhibition in mycelial growth of P. citrinum P10 (A) and P. chrysogenum C17 (B) mycelial growth by yeasts in the dual plate assay 
after seven days of incubation at 25 ◦C. 
Identical letters above the bars indicate no significant differences according to Tukey test (p < 0.05).

Fig. 6. Effect of the volatiles produced by different W. subpelliculosus strains on the growth of P. citrinum and P. chrysogenum after seven days 
incubation at 25 ◦C.
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volatile compounds profiles of the efficient strains Y4 and Y24 showed high abundances of alcohols: 27.36 and 23.35 %, respectively, 
and esters: 66.19 and 75.82 %, respectively. The most abundant compounds in the VOCs of the analyzed yeasts were identified as ethyl 
acetate (49,63 ± 2,16 for Y4 and 53,24 ± 3,15 % for Y24), ethanol (23.15 ± 2.25 for Y4 and 21.05 ± 1.25 for Y24) and 1-Butanol, 3- 
methyl, acetate (10.43 ± 1.26 % for Y4 and 13.54 ± 2.08 % for Y24). Furthermore, these strains generated notable amounts of 2-Phe
nylethanol; octanoic acid, ethyl ester; and decanoic acid, ethyl ester (situated between 2 and 5 %).

4. Discussion

Because of their richness in sugar, date fruits are a suitable habitat for osmotolerant yeasts [43]. In this study, we isolated 11 yeast 
strains from different samples of dates of the variety “Deglet-Nour”. In their D1/D2 domain almost all isolated strains were in full 
agreement with the D1/D2 domain of the type strain of W. subpelliculosus. The difference detected in the two strains Y2 and Y4 was 
restricted to a 1bp indel. Therefore, according to the results of Kurtzman and Robnett (1998) [33] and Vu et al. (2016) [44] all strains 
could be definitively assigned to W. subpelliculosus. This species was often isolated from date suggesting it as a common yeast species in 
dates, and has demonstrated probiotic properties [45].

The capacity to ferment glucose, fructose and sucrose of all newly isolated W. subpelliculosus strains was investigated. All strains 
were able to ferment all sugars. Strains Y6, Y9 and Y12 exhibited an outstanding vigorous fermentation of all sugars.

The results suggest that W. subpelliculosus ferments strongly similar to W. anomalus. The fermentation behavior of W. anomalus was 
thoroughly investigated by Ben Atitallah et al. (2020) [46].

The tolerance of all yeast strains to grow in the presence of 50 % sucrose or in the presence of 10 % NaCl was investigated. All 
strains grew well in the presence of 50 % sucrose. Strain Y2 and strain Y4 grew better in the presence of 50 % sucrose than in standard 
medium that contained 2 % sucrose indicating that the strains are not only osmotolerant but true osmophilic. Naturally, a yeast that 
requires high sugar concentrations for optimal growth does not occur in high osmotic habitats sporadically. True osmophily is a sign 

Table 2 
Effect of volatile compounds produced by different strains of W. subpelliculosus on the growth and spore production by P. citrinum strain P10 and 
P. chrysogenum strain C17 after 7 days of incubation on potato dextrose agar (PDA).

W. subpelliculosus 
strains

Penicillium citrinum strain P10 Penicillium chrysogenum strain C17

Growth Spore production Growth Spore production

Growth 
rate (mm/ 
day)

Percentage of 
inhibition (%)

Spore count 
(105 spores/ 
cm2)

Percentage of 
inhibition (%)

Growth 
rate (mm/ 
day)

Percentage of 
inhibition (%)

Spore count 
(105 spores/ 
cm2)

Percentage of 
inhibition (%)

Control 5.8 ± 0.1a 0a 32.3 ± 1.4a 0a 5.4 ± 0.2a 0a 45.5 ± 3.9a 0a

Y2 2.9 ± 0.1b 50.9 ± 1.8b 5.7 ± 0.4b 82.4 ± 1.3b 1.9 ± 0bd 63.8 ± 0.1bd 1.6 ± 0.4b 96.5 ± 0.82b

Y4 2.8 ± 0.1bc 52.7 ± 1.8bc 6.3 ± 0.5b 81.4 ± 0.53b 1.3 ± 0.1c 76.5 ± 2.7c 0.3 ± 0.2b 99.5 ± 0.3b

Y6 2.7 ± 0.1bc 53.9 ± 1.6bc 4.4 ± 0.5bc 86.3 ± 1.6bc 2.2 ± 0.1b 59.9 ± 2.7b 1.2 ± 0.2b 97.4 ± 0.34b

Y7 2.3 ± 0.5cd 60.8 ± 8.9cd 2.8 ± 0.6c 91.5 ± 1.9c 1.8 ± 0.1de 66.6 ± 1.0de 1.4 ± 0.3b 97.0 ± 0.7b

Y9 2.8 ± 0.1bc 51.9 ± 1.8bc 5.2 ± 0.7b 84.0 ± 2.2b 1.5 ± 0.2ce 71.9 ± 3.0ce 0.2 ± 0.1b 99.3 ± 0.48b

Y15 2.7 ± 0.2bc 53.9 ± 3bc 5.8 ± 0.6b 82.0 ± 1.9b 2.5 ± 0.4f 53.2 ± 6.9f 2.1 ± 0.2b 95.3 ± 0.5b

Y24 2.1 ± 0.5d 63.5 ± 8.9d 0.0 ± 0.0d 100 ± 0.0d 2.3 ± 0bf 57.6 ± 0.1bf 1.2 ± 0.3b 97.3 ± 0.6b

a,b,c,d Values with the same superscript in the same column are not significantly different (p < 0.05) according to Tukey test for each fungus. Each 
value is represented in terms of mean of three replicates ± Standard deviation.

Table 3 
Volatile compounds emitted by the efficient W. subpelliculosus strains Y4 and Y24 detected by HS-SPME-GC-MS analysis.

Compounds Abundance (%) ± S. E Molecular formula Molecular weight (g.mol− 1) Retention time (min)

Y4 Y24

Alcohols
Ethanol 23.15 ± 2.25 21.05 ± 1.25 C2H6O 46.07 2.06
1-Pentanol 0.5 ± 0.06 0.3 ± 0.02 C5H12O 88.15 3.05
3-Methyl-1-butanol 0.49 ± 0.03 0.5 ± 0.01 C5H12O 88.15 3.22
Dimethylsilanediol 0.20 ± 0.01 0.18 ± 0.04 C2H8O2Si 92.16 3.97
2-Phenylethanol 3.02 ± 0.35 2.32 ± 0.21 C8H10O 122.164 12.13
Esters
Ethyl acetate 49.63 ± 2.16 53.24 ± 3.15 C4H8O2 88.11 2.22
1-Butanol, 3-methyl-, acetate 10.43 ± 1.26 13.54 ± 2.08 C7H14O 130.18 6.15
Octanoic acid, ethyl ester 2.98 ± 0.66 3.64 ± 0.52 C10H20O2 172.27 13.89
Hexanoic acid, 3-methylbutyl ester 0.34 ± 0.19 0.25 ± 0.02 C11H22O2 186.29 14.98
Nonanoic acid, ethyl ester 0.19 ± 0.05 0.23 ± 0.04 C11H22O2 186.29 15.92
ethyl 9-decenoate 0.22 ± 0.05 0.32 ± 0.01 C12H22O 198.30 17.67
Decanoic acid, ethyl ester 2.4 ± 0.84 4.6 ± 0.92 C12H24O2 200.32 17.84

Abundance (%) represents the mean of three replicates ± standard deviation.
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that a yeast strain inhabits such habitats permanently. Strong osmotolerance of W. subpelliculosus was reported before by Niu et al. 
(2016) [24]. The tolerance to 10 % NaCl was similarly strong in all strains.

The ability of the isolated strains to grow at high temperatures was tested. All strains grew at 42 ◦C but not at 45 ◦C indicating that 
they are thermotolerant [47]. Similarly, for strains of W. anomalus isolated from fruits growth at 44 ◦C was described by Hawaz et al. 
(2022) [48]. Growth at temperatures of 42 ◦C or above is rare among yeasts. According to Murata et al. (2015) [49] the application of 
thermotolerant yeasts in a range of industrial food uses including drying is advantageous, since the drying process usually involves 
exposure to high temperatures, their thermotolerance trait enables them to survive.

Potential antifungal activity of the newly isolated W. subpelliculosus strains was investigated. As representatives of typical molds on 
date fruits P. citrinum strain P10 and P. chrysogenum strain C17 were used. In a first approach all strains were included in a dual plate 
assay. In this assay all yeast strains inhibited the growth of P. citrinum strain P10 and P. chrysogenum strain C17 by 43,6 % and formed 
an inhibition zone. The antagonistic actions of yeasts against various fungal strains were proved in several investigations. Öztekin & 
Karbancioglu-Guler, (2023) [50] [51] showed the antifungal activity of Hanseniaspora uvarum, Meyerozyma guilliermondii and 
Metschnikowia aff. Pulcherrima against Penicillium digitatum which causes green mold in mandarins. Prendes et al. (2021) [51] sug
gested the antifungal ability of Metschnikowia sp. yeasts against Alternaria alternata. Additionally, Alimadadi et al. (2023) [52] 
demonstrated the efficiency of Geotrichum candidum against P. expansum which causes blue mold decay in table grapes. Cabañas et al. 
(2020) [53] reported the antagonistic activity of Pichia terricola, Aureobasidium pullulans, and Zygoascus meyerae against Penicillium 
glabrum. Moreover, the antagonist activity of Wickerhamomyces sp. against Botrytis cinerea was proved in vitro by Parafati et al. (2015) 
[54].

Antagonistic yeasts were characterized by the production VCs which have the capacity to inhibit the growth of mycotoxigenic fungi 
[28,40]. Furthermore, in second approach, volatile compounds of yeasts were tested by inverted culture plate assay against mycelial 
growth and sporulation of P. citrinum strain P10 and P. chrysogenum strain C17. The VCs of all tested W. subpelliculosus strains exhibited 
antifungal activity against mycotoxigenic Penicillium strains by inhibiting the growth rate with a percentage situated between 50 and 
64 % for P. citrinum P10 and 57 and 77 % for P. chrysogenum C17, and sporulation with a high percentage situated between 81.4 and 
100 % for P. citrinum P10 and 95.3 and 99.5 % for P. chrysogenum C17. Results regarding the ability of VCs of W. subpelliculosus strains 
to inhibit fungal spore production are promising, as mycotoxin synthesis has been probably linked to sporulation according to 
Brodhagen et al. (2006) [55]. In this context, previous studies reported the relationship between mycotoxin production and sporu
lation in several mycotoxigenic genera [51,56]. It was reported that the genes responsible for mycotoxin biosynthesis are frequently 
regulated in conjunction with those involved in sporulation [57,58]. Furthermore, reducing sporulation limited the fungal spread by 
decreasing the spore load in the atmosphere and on susceptible surfaces [59]. Consequently, inhibiting spore production effectively 
minimizes the contamination of dates and its derived products with mycotoxigenic Penicillium and associated mycotoxins.

The effectiveness of VCs of yeasts belonging to the genera Wickerhamomyces against a variety of phytopathogenic fungi, such as 
A. carbonarius, A. flavus, Monilinia fructicola, P. digitatum, A. alternata, Colletotrichum spp. and Cladosporium spp. has been previously 
displayed by (Oro et al., 2018; Jaibangyang et al., 2020) [29,60]. However, no attempts have been performed to assess the efficiency of 
VCs produced by W. subpelliculosus against P. citrinum and P. chrysogenum. The current study revealed that the VCs produced by 
W. Subpelliculosus yeasts effectively inhibited the growth rate of P. citrinum P10 and P. chrysogenum C17.

The volatile fraction of Y7 and Y24 showed the best antifungal activity against P. citrinum P10 and inhibited its mycelial growth rate 
with percentages equals to 60.8 ± 8.9 % and 63.5 ± 8.9 % and spore production by 91.5 ± 1.9 % and 100 ± 0.0 %, respectively. 
Indeed, the VCs of W. subpelliculosus Y4 and Y9 high inhibited the growth rate of P. chrysogenum C17 with percentages equals to 76.5 ±
2.7 % and 71.9 ± 3 % and sporulation to 99.5 ± 0.3 and 99.3 ± 0.48, respectively. The analysis of volatile compounds (VCs) of yeast 
strains Y24 and Y4, which showed the high potential in controlling tested fungus strains P10 and C17, respectively, revealed that the 
yeast species W. subpelliculosus produced a variety of low molecular weight metabolites. According to Fialho et al. (2010) [61], these 
low molecular weight metabolites may play a crucial role in the control of mycotoxigenic fungi. Previous studies demonstrated that 
yeast VCs influence the protein expression and enzymatic activity of fungi, and their effectiveness may vary depending on the specific 
pathogen being targeted [62,63]. The volatile profiles of the effective strains Y4 and Y24 revealed high concentrations of alcohols: 
27.36 % and 23.35 % and esters: 66.19 % and 75.82 %, respectively. According to Oro et al. (2018) [60], volatile compounds classified 
as esters and alcohols possess antifungal properties and are considered toxic to fungi. In this context, Fialho et al. (2016) [63] reported 
that the accumulation of solvents in the fungal plasma membrane causes the loss of essential metabolites, reducing the activity of 
enzyme associated with the membrane and uptake of nutrients, Furthermore, it might affect metabolic pathways that produce energy 
within cells, such as the tricarboxylic acid cycle and glycolysis, which in turn influence the growth of the envisioned pathogen. 
Moreover, the analysis of volatile compounds in W. subpelliculosus strains Y4 and Y24 revealed that these strains produced substantial 
amounts of ethyl acetate, with abundance percentages of 49.63 ± 2.16 % and 53.24 ± 3.15 %, respectively. Ethanol was also produced 
in significant quantities, with abundance percentages of 23.15 ± 2.25 % and 21.05 ± 1.25 %. This was followed by 1-Butanol, 
3-methyl, acetate (10.43 ± 1.26 % and 13.54 ± 2.08 %, respectively). Additionally, these yeast strains produced notable concen
trations of 2-Phenylethanol; octanoic acid, ethyl ester; and decanoic acid, ethyl ester. In this regard, the investigation performed by Oro 
et al. (2018) [60] demonstrated that according to a head space-gas chromatography/mass spectrometry (HS-GC–MS) analysis of VCs of 
W. anomalus, the major compound was ethyl acetate (792.9 mg/L), which was followed by isoamyl acetate (26.5 mg/L), additionally, 
it yields high concentrations of 2-phenylethanol and isobutanol (10–15 mg/L) and low concentrations of ethyl butyrate, ethyl hex
anoate and phenyethyl acetate (0–5 mg/L). Moreover, the authors proved that the vapors of ethyl acetate completely inhibited the 
growth of B. cinerea. Besides, Natarajan et al. (2022) [28] demonstrated that the volatile compound (VC) profile of S. cerevisiae strains 
contained high levels of alcohols (approximately 50 %), esters (around 23 %), and acids (about 6 %), which could inhibit the growth, 
sporulation, and aflatoxin production in Aspergillus flavus. The most abundant compounds identified were 1-pentanol (estimated at 38 

I. Dammak et al.                                                                                                                                                                                                       Heliyon 10 (2024) e39504 

10 



%) and ethyl acetate (around 22 %). Additionally, S. cerevisiae produced various antimicrobial compounds, including 1-propanol, 
1-pentanol, ethyl hexanol, 2-methyl-1-butanol, ethanol, ethyl acetate, dimethyl trisulfide, p-xylene, styrene, and 1,4-pentadiene. 
The evaluation of the antifungal potential of ethyl acetate, 1-butanol and ethanol against A. flavus, revealing the high efficiency of 
ethyl acetate and 1-butanol in inhibiting the mycelial growth (40.7 % and 66.7 %, respectively) and aflatoxin production (99.4 % and 
93.6 %), whereas ethanol did not exhibit high antifungal and anti-aflatoxigenic activities [28]. In addition, Liu et al., 2022 [64] 
suggested the capacity of ethyl acetate to inhibit the mycelial growth of Phytophthora nicotianae, which causes tomato fruit rot, by 
damaging cell membrane of the fruit’s cells. Several studies, reported that the 2-phenylethanol plays an important role in the 
antagonistic activity of W. anomalus against A. carbonarius and A. ochraceus [40]. Additionally, it affects spore germination, growth, 
toxin production, and gene expression in Aspergillus flavus [65]. Furthermore, Natarajan et al. (2022) [28] demonstrated that the 
volatile compounds (VCs) profile of Saccharomyces cerevisiae strains contained high levels of alcohols (approximately 50 %), esters 
(around 23 %), and acids (about 6 %), which could inhibit the growth, sporulation, and aflatoxin production in Aspergillus flavus. The 
most abundant compounds identified were 1-pentanol (estimated at 38 %) and ethyl acetate (around 22 %). Additionally, S. cerevisiae 
produced various antimicrobial compounds, including 1-propanol, 1-pentanol, ethyl hexanol, 2-methyl-1-butanol, ethanol, ethyl 
acetate, dimethyl trisulfide, p-xylene, styrene, and 1,4-pentadiene. The evaluation of the antifungal potential of ethyl acetate and 
ethanol against A. flavus, revealing that ethyl acetate exhibited significant antifungal and anti-aflatoxigenic activities, whereas ethanol 
did not. Additionally, Parafati et al., 2015 [54] showed that volatile compounds (VCs) produced by W. anomalus and S. cerevisiae 
exhibited inhibitory effects on the growth of the pathogenic mold B. cinerea, both in vitro and in vivo. Therefore, the production of 
antifungal volatile compounds (VCs) by yeasts could serve as a crucial method for managing postharvest fruits, particularly in airtight 
environments [66]. Accumulated carbon dioxide and reduced oxygen levels might also contribute to inhibiting fungal growth and 
spore production by fungus [67]. Since, we did not assess these parameters in our experiments, we cannot entirely dismiss the pos
sibility that competition for oxygen influences the yeast-fungus interaction. In this context, several studies suggested that the volatiles 
of yeasts act as microbial biocontrol agents that may decrease the incidence of toxigenic fungi through various mechanisms, including: 
induction of oxidative stress in fungal cells by producing reactive oxygen species, which damage cellular components like proteins, 
lipids, and nucleic acids, leading to cell death [63,68], and disruption of fungal cell membranes resulting in increased permeability and 
cell lysis, causing leakage of cellular contents and eventual cell death [69]. Additionally, VCs of yeasts can alter the metabolic 
pathways in fungi, disrupting their ability to regulate growth, spore germination and toxin production [70]. Moreover, some volatiles 
may inhibit key enzymes involved in mycotoxin biosynthesis [71].

5. Conclusion

Seven yeast strains, belonging to W. subpelliculosus species were found to be multi-stress tolerant (50 % sucrose, 10 % NaCl, high 
temperature 42 ◦C and to be well fermenting sucrose, glucose and fructose which are the major date sugars. Additionally, this work 
provided evidence for the antagonistic potential of date yeasts against P. citrinum and P. chrysogenum. Moreover, it was demonstrated 
that VCs produced by these yeasts reduced the growth rate and spore production of the molds. Therefore, it would be intriguing to 
investigate the efficacy of their application as tools for postharvest management of mycotoxigenic fungi. The great advantage of the 
yeasts compared to conventional preservatives would be that they don’t leave any residues because their application does not require 
direct contact between the fruit’s surface and the yeast cells. Finally, those compounds that are responsible for fungal inhibition should 
be further characterized to allow the design of improved artificial VCs mixtures with high efficiency.
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