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A B S T R A C T

Ochratoxin A (OTA) produced by Penicillium nordicum during the processing of dry-cured ham represents a risk in 
the meat industry. To avoid it, yeasts as control agents are under study although their mechanisms of action are 
not elucidated yet. The aim of this work was to evaluate the antiochratoxigenic capacity of volatile compounds 
produced by Debaryomyces hansenii against three strains of P. nordicum. For this, three ochratoxigenic P. nordicum 
strains were inoculated in Petri dishes with a culture medium based on lyophilised ham. D. hansenii was inoc
ulated on the surface of other plates with the same agar. The two plates were faced in such a way that micro
organisms did not come into contact but shared a headspace between them. After 14 days at 20 ◦C, the growth 
and OTA production of P. nordicum were evaluated and the volatile compounds were analysed. The results 
revealed OTA reductions up to 99.9 % in the three tested strains exerted by the volatile compounds generated by 
D. hansenii. The 3-methyl butanol and the phenylethyl alcohol were negative correlated with OTA production, 
showing their implication in the antiochratoxigenic effect. These results can be used to establish new low- 
invasive strategies in the dry-cured ham industry.

1. Introduction

Dry-cured ham is a “ready to eat” (RTE) traditional product of high 
quality and social importance. Spain is known for its Serrano and Iberian 
hams, and Italy for its Parma ham, although ham production has now 
spread to other areas, such as China and United States.

Dry-cured ham is a product known for its specific sensory charac
teristics, which are developed throughout its processing because of 
molecular reactions from different origin. Many of these biochemical 
consequences are due to the growth of an abundant microbial popula
tion on the surface of the hams (Li et al., 2023). Among the wide variety 
of microorganisms of dry-cured ham bacteria, such as Staphylococcus 
xylosus and Staphylococcus equorum, yeasts, such as Debaryomyces han
senii and Candida zeylanoides, and moulds, such as Penicillium, Aspergillus 
and Eurotium spp. are found (Núñez et al., 1996a, 1996b; Rodríguez 
et al., 1994). Many of these microorganisms have the ability to trigger 
lipolytic, proteolytic and Maillard reactions and Strecker degradations, 
providing the final sensory characteristics desired by consumers 
(Munekata et al., 2021). Moulds are the microorganisms found in the 

greatest proportion on the surface of final pieces, strongly contributing 
to the generation of their organoleptic features (Alapont et al., 2014). 
Apart from having such beneficial effects, some of them can pose a risk 
due to the production of mycotoxins and consequently a great concern 
for the meat industry (Battilani et al., 2007; Chen et al., 2022). The 
ochratoxin A (OTA) is the most common mycotoxin found in dry-cured 
ham and is mainly synthesised by moulds belonging to the genera 
Penicillium and Aspergillus (Rodríguez et al., 2012a; Toman et al., 2024). 
Among all OTA-producing moulds, the major producer in dry-cured ham 
is Penicillium nordicum (Battilani et al., 2007; Rodríguez et al., 2012a; 
Rodríguez et al., 2012b). OTA was classified as a Group 2B human 
carcinogen by the International Agency for Research on Cancer (Ostry 
et al., 2016), although some studies suggest its reclassification in the 
group 2A as probably carcinogenic to humans (Ostry et al., 2016; 
Schrenk et al., 2020). OTA has been associated with immunotoxic, 
genotoxic, neurotoxic, carcinogenic, nephrotoxic and teratogenic ef
fects, and is believed to be the most toxic compound of the ochratoxin 
family (Schrenk et al., 2020). Scientific evidence on the high prevalence 
of OTA in meat products (Vulić et al., 2016) led the European Food 
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Safety Authority (EFSA) to consider them one of the main contributors 
to chronic exposure to this mycotoxin (Schrenk et al., 2020). However, 
meat derivatives are still not covered by European legislation (European 
Commission, 2023) and only Italy has established a guidance level for 
this toxin of 1 μg/kg in meat and meat products (Ministero della Sanità, 
1999).

The prevention of the growth of toxigenic moulds on the surface of 
dry-cured ham must be controlled by antifungal methods compatible 
with the desired sensorial attributes (Chen et al., 2022). Thus, the pre
ventive methods shall not drastically affect the growth of the beneficial 
moulds to the organoleptic characteristics of the product (Rodríguez 
et al., 2015) or cause an increase in the production of OTA in meat 
derivatives as a response to the mould stress caused (Ferrara et al., 
2022). Currently, the most used techniques are those related to the 
control of environmental conditions inside the curing-maturing cham
bers, such as relative humidity, temperature, ventilation and product 
water activity (aw) (Rodríguez et al., 2015). As an alternative to this, the 
strategy that is being most studied with the aim of being immediately 
applicable is the use of biopreservation techniques.

To reduce the OTA contamination in dry-cured meat products, the 
yeast D. hansenii FHSCC 253H has shown to be effective as biocontrol 
agent (BCA) in dry-cured fermented sausages through the alteration of 
the fungal cell wall integrity pathway and the mycotoxin biosynthetic 
pathway (Álvarez et al., 2022; Andrade et al., 2014; Cebrián et al., 2022; 
Núñez et al., 2015). Among the modes of action of yeasts studied as BCAs 
against toxigenic moulds, it is described the production of mycocins 
known as killer toxins, the competition for nutrients and space, the 
secretion of hydrolytic enzymes, the adsorption of mycotoxins to the cell 
wall, the production of both soluble and volatile antifungal metabolites 
and the effect on the relative gene expression of genes related to 
mycotoxin synthesis (Álvarez et al., 2020; 2022; Delgado et al., 2023; 
Medina-Córdova et al., 2018; Núñez et al., 2015; Peromingo et al., 2019; 
Ruiz-Moyano et al., 2020). Regarding volatile compounds (VOCs), many 
of them have shown antifungal capacity in a wide variety of food 
matrices because of decreasing the mycotoxin production (Núñez et al., 
2015; Ruiz-Moyano et al., 2020). These VOCs can belong to different 
chemical groups, such as alcohols, esters, acids, aldehydes, ketones and 
phenols, among others (Delgado et al., 2021; Medina-Córdova et al., 
2018; Ruiz-Moyano et al., 2020). Different yeast species, including 
D. hansenii, and some species of the genus Hanseniaspora are charac
terised by the production of antifungal compounds, such as acetic acid, 
3-methylbutanoic, ethyl acetate, octanoic acid and the phenylethyl 
alcohol (Delgado et al., 2021; Huang et al., 2021; Ruiz-Moyano et al., 
2020). The antimicrobial activity of some of these VOCs, such as alco
hols, is due to their binding to the membrane of the undesirable mould. 
This mechanism of action causes an anomaly in the movement of 
essential ions across the membrane inhibiting its growth as well as spore 
germination (Hernández-Montiel et al., 2018). Furthermore, the addi
tion of D. hansenii strains applied to meat derivatives has no negative 
sensory effects and reduces the lipid oxidation of dry-cured meat prod
ucts (Iacumin et al., 2017; Álvarez et al., 2020, 2023a).

Therefore, the aim of this work was to evaluate the potential anti
fungal and antiochratoxigenic activity of the VOCs produced by 
D. hansenii FHSCC 253H in a dry-cured ham-based medium against 
different P. nordicum strains. For this purpose, their effects on growth, 
OTA production and the VOCs produced were evaluated.

2. Material and methods

2.1. Microorganisms

Three ochratoxigenic strains of P. nordicum were used in this study: 
P. nordicum FHSCC 15 (Pn15) and FHSCC 26 (Pn26) from the Food 
Hygiene and Safety Culture Collection (FHSCC) of the University of 
Extremadura (Spain) and P. nordicum BFE 856 (Pn856) from Max 
Rubner-Institut (Karlsruhe, Germany). The yeast D. hansenii FHSCC 

253H also belonged to the FHSCC. All of them were isolated from dry- 
cured ham.

2.2. Culture media

Potato dextrose agar (PDA) was prepared following the manufac
turer’s instructions and Yeast Extract Sucrose broth (YES) was elabo
rated by adding 20 g/L of yeast extract and 125 g/L of sucrose to 1 L of 
distilled water. These media and components were supplied by Scharlab, 
S.L. (Madrid, Spain).

The dry-cured ham-based agar (DHA) was made using 150 g/L of 
lyophilised dry-cured ham and 20 g/L of bacteriological agar (Scharlab, 
S.L.) to emulate the nutrient composition of the product. All the media 
were autoclaved for 20 min at 121 ◦C and plated in Petri dishes.

2.3. Inocula preparation

P. nordicum strains were inoculated at 3-point per plate in PDA and 
incubated for 7 days at 25 ◦C. Spores were then collected by the addition 
of 2 mL of phosphate buffer saline (PBS; 0.32 g of NaH2PO4 (Scharlab, S. 
L.), 1.09 g of Na2HPO4 (Scharlab, S.L.), 9 g of NaCl (Scharlab, S.L.), 1 L 
of distilled water) scraping the plate surface with a glass spatula. The 
spores’ concentrations were calculated using a Thoma counting cham
ber Blaubrand® (Brand, Germany), visualising them in a microscope 
(NIKON, Japan) and adjusted to 106 spores/mL.

D. hansenii was incubated in 10 mL of YES for 2 days at 25 ᵒC under 
stirring conditions. The culture was then centrifuged at 10640×g for 5 
min and the pellet was resuspended in PBS. The yeast concentration was 
adjusted to 106 cells/mL using the same methodology described for 
moulds.

2.4. Antifungal volatile screening

The screening for antifungal VOCs was performed following the 
method described by Ruiz-Moyano et al. (2020) with some modifica
tions. A volume of 3 μL of each strain of P. nordicum (Pn15, Pn26 and 
Pn856) were inoculated in the centre of DHA Petri plate (mould control 
batches: Pn15, Pn26 and Pn856). Moreover, 100 μL of D. hansenii were 
inoculated and spread with a Digralsky spatula on the surface of DHA 
(yeast control batch: Dh). Two DHA petri plates were faced sharing 
headspace between them per each confrontation to obtain co-inoculated 
batches Pn15+Dh, Pn26+Dh and Pn856+Dh. The two plates of DHA 
were confronted and joined with Parafilm™ (Bemis, USA) to create a 
close space to VOC interactions with the toxigenic moulds following the 
“mouth to mouth” method. The 7 batches were incubated at 20 ◦C for 14 
days. Five replicates were done for each batch.

2.5. VOCs analysis

VOCs were extracted by solid-phase microextraction (SPME) using a 
fibre of carboxen/polydimethylsiloxane (Supelco, USA). This fibre was 
preconditioned at 220 ◦C for 50 min. For VCO collection, it was inserted 
into the space of the double-plates system for 30 min and analysed by 
gas chromatography-mass spectrometry (GC-MS) in a gas chromato
graph 6890 GC (Agilent Technologies; USA) coupled to a mass spec
trometer detector, 5975C (Agilent Technologies). Oven temperature 
started at 40 ◦C for 5 min and increased to 280 ◦C, with a rate of 7 ◦C/ 
min. The desorption time was 30 min at 250 ◦C. The transfer line tem
perature was established at 280 ◦C. The carrier gas was helium with a 
flow rate of 1.2 mL/min. MS detection was performed in full scan 
(50–350 amu). The identification of the VOCs was achieved by 
comparing their mass spectra with the NIST/EPA/NIH library.

2.6. Growth assessment of ochratoxigenic moulds

Just after taking the samples for the VOCs analyses and before the 
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sample collection for OTA analyses, the final diameters of mould col
onies were measured in two perpendicular directions. These two di
rections had been marked on each of the plates prior to inoculation to 
ensure homogeneous measurements. The average of both perpendicular 
diameters was used to compare the co-inoculated batches (Pn15+Dh, 
Pn26+Dh and Pn856+Dh) with the respective control ones (Pn15, Pn26 
and Pn856).

2.7. Extraction and quantification of OTA

After the VOCs analyses, half of the mycelium colony and the agar 
below were collected individually from each plate for OTA extraction. 
The samples were kept at − 20 ◦C until their extraction using the 
QuEChERS procedure described by Delgado et al. (2018). The samples 
were diluted to 1:1 with ultrapure water and filtered with a 0.22 μm 
pore-size membrane (RephiLe Bioscience). Then, 10 μL were analysed 
using a Q-Exactive plus mass spectrometer Orbitrap (Thermo Fisher 
Scientific) following the method described by Cebrián et al. (2020). 
Briefly, a Thermo Fisher Accucore Aq C18 of 150 × 2.1 mm and 2.6 μm 
particle size column was used. The mobile phases were: A (H2O 0.1 % 
formic acid) and B (acetonitrile 0.1 % formic acid) with a flow rate of 
0.3 mL/min. OTA was eluted at 6.71 ± 0.1 min. The limit of detection 
(LOD) and the limit of quantification (LOQ) were calculated by using the 
same acetonitrile matrix from untreated samples undergone to QuECh
ERS method and spiked with OTA standards, as the lowest evaluable 
concentration level at which the qualifier ion signal exceeds the noise 
level by a factor of 3 and 10, respectively. The LOD and LOQ were 0.1 
ng/mL and 0.5 ng/mL, respectively.

2.8. Statistical analysis

SPSS software v. 22 (IBM Corporation, USA) was used for statistical 
analyses. After testing the normality using the Shapiro-Wilk test and 
homoscedasticity using Levene’s test, data showed a non-normal dis
tribution. Thus, the non-parametric tests Kruskal-Wallis and Mann- 
Whitney U were performed. Moreover, single correlation analysis be
tween OTA level and VOCs was calculated using Spearman’s rank cor
relation coefficients. A principal component analysis (PCA) was also 
performed to relate and compare the VOCs produced with each of the 
batches. The statistical significance was established at p ≤ 0.05 or p ≤
0.01 depending on the results analysed.

3. Results and discussion

3.1. Effects of VOCs on growth and OTA production

The growth of the colonies of Pn26 and Pn856 was significantly 
diminished in the presence of the yeast with respect to the control 
samples, while Pn15 growth was not inhibited in the presence of 
D. hansenii (Table 1, Fig. 1). The significant inhibition observed indicates 
that the VOCs produced by D. hansenii directly affect the normal growth 
of these two P. nordicum strains. In this sense, different yeasts, such as 
Aureobasidium pullulans and Hanseniaspora uvarum, have shown to 
reduce the growth of the plant pathogen Botrytis cinerea when the same 
methodology described in the present work was used (Ruiz-Moyano 
et al., 2020). Moreover, different VOCs produced by other strains of 
D. hansenii affected the normal growth of Cladosporium inversicolor and 
Penicillium roqueforti due to decreases in growth rates up to 50 % and 70 
%, respectively (Huang et al., 2021).

Regarding the OTA production, a significant decrease in its amount 
was observed when all the three P. nordicum strains were grown in the 
presence of D. hansenii, being achieved about a 99 % reduction when 
comparing to the batch containing only each of the ochratoxigenic 
strains (Table 1). The antiocratoxigenic effect of D. hansenii has been 
previously studied on several occasions with very good results in a va
riety of matrices, including meat matrices such as dry fermented 

sausages and dry-cured ham (Andrade et al., 2014; Cebrián et al., 2019; 
Gil-Serna et al., 2011; Iacumin et al., 2017, 2020; Peromingo et al., 
2018). The ability of D. hansenii to decrease the synthesis of OTA in most 
of these studies is due to mechanisms of action like the blockage of genes 
related to OTA biosynthesis (Cebrián et al., 2019; Peromingo et al., 
2018), adsorption to the yeast cell wall (Gil-Serna et al., 2011) and 
competition for nutrients and space (Iacumin et al., 2017, 2020). 
However, the antiochratoxigenic effect of the VOCs produced by 
D. hansenii has been poorly examined until now, and even less in meat 
matrices. The results in this study agree with previous ones establishing 
the additive or synergistic effect of several mechanisms of action of the 

Table 1 
Growth and ochratoxin A (OTA) production of different strains of Penicillium 
nordicum after 14 days of incubation at 20 ◦C in dry-cured ham medium in the 
absence and presence of Debaryomyces hansenii in “mouth to mouth” experiment.

Batchesa Growth (diameter in 
mm)

OTA (ng/g) OTA reduction 
(%)

Pn856 47.30 ± 1.71 5369.31 ± 1167.35 –
Pn15 3.88 ± 0.14 1094.14 ± 539.31 –
Pn26 3.99 ± 0.40 43285.95 ±

3918.83
–

Pn856+Dh 37.12 ± 3.42b 9.75 ± 12.67b 99.93
Pn15+Dh 3.83 ± 0.59 0.75 ± 1.50b 99.93
Pn26+Dh 3.33 ± 0.33b 649.97 ± 30.05b 98.49

a Pn856, Pn15, Pn26 (control batches): 3 μL of 106 spores/mL of each strain of 
P. nordicum (BFE 856, FHSCC Pn15, FHSCC Pn26). Pn856+Dh, Pn15+Dh, 
Pn26+Dh: 3 μL of 106 spores/mL of each strain of P. nordicum plus 100 μL of 106 

cells/mL of D. hansenii FHSCC 253H inoculated in the upper dry-cured ham 
medium plate. The results are presented as mean of quintuples ± standard 
deviation.

b Significant differences (p ≤ 0.05) between batches co-inoculated with 
D. hansenii (Pn856+Dh, Pn15+Dh and Pn26+Dh) and their corresponding 
control batches (Pn856, Pn15 and Pn26, respectively).

Fig. 1. Photographs showing the radial growth of Penicillium nordicum strains 
after 14 days of incubation at 20 ◦C in dry-cured ham-based medium in absence 
and presence of Debaryomyces hansenii in “mouth to mouth” experiment. Pn15, 
Pn26, Pn856 (control batches): 3 μL of 106 spores/mL of each strain of 
P. nordicum (FHSCC Pn15, FHSCC Pn26, BFE 856). Pn15+Dh, Pn26+Dh, 
Pn856+Dh (co-inoculated batches): 3 μL of 106 spores/mL of each strain of 
P. nordicum plus 100 μL of 106 cells/mL of D. hansenii FHSCC 253H inoculated 
in an upper dry-cured ham medium plate.
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antagonistic activity of D. hansenii against ochratoxigenic moulds 
(Andrade et al., 2014; Núñez et al., 2015). Similarly, the ability to 
reduce OTA synthesis by VOCs produced by different yeast species in 
commercial culture media and food-based medium has been previously 
demonstrated (Farbo et al., 2018; Galván et al., 2022). These results 
would be a great benefit to the meat industry due to the possibility of 
using a biocontrol agent that does not need to come into direct contact 
with the toxigenic mould to be effective.

Another remarkable fact is the difference in OTA production of each 
of the three P. nordicum strains, ranging from 1094.14 to 43285.95 ng/g 
(Table 1). This variety in the production of a secondary metabolite as 
OTA by strains from the same mould species has been previously re
ported by several studies performed in meat products (Andrade et al., 
2019; Cebrián et al., 2020; Delgado et al., 2018). These differences are 
due to the different optimal conditions to produce OTA, such as tem
perature and aw, as well as the different susceptibility of each of the 
strains to similar antagonistic conditions, which is also observed in the 
different growth behaviour against the same antifungal agent, as in Pn15 
(Medina et al., 2007; Sánchez-Montero et al., 2019). It is worthy to note 
that the reduction in the mould growth is not proportional to the 
reduction in the mycotoxin production, which can be observed in the 
case of Pn15, with no reduction of its growth but a significant reduction 
in its OTA generation. This demonstrated that, whereas the three 
P. nordicum strains responded differently to the VOCs produced by the 
yeast, the OTA biosynthetic pathway was affected in the same way.

3.2. Volatile compounds profile

Twenty-four compounds were identified and quantified (Table 2). 
These compounds were classified depending on their origin in carbo
hydrate fermentation, lipid oxidation, amino acid catabolism and 
sulphur reduction. The volatile profile showed clear differences between 
P. nordicum strains, being more similar Pn15 and Pn26. This could be 
due to the fact that Pn15 and Pn26 are isolated from Spanish dry-cured 
ham while Pn856 was isolated from Italian dry-cured ham. The differ
ences between Pn15 and Pn856 were also detected at proteome level 
(Álvarez et al., 2021).

With regard to compounds related to carbohydrate fermentation, 
acetone was the only detected. This VOC was produced by the strains 
Pn15 and Pn26 and the presence of Dh seems to decrease its concen
tration in Pn26 (Table 2).

Regarding the compounds derived from lipid oxidation, the 2-pentyl 
furan was the predominant compound in all batches, being produced by 
moulds and D. hansenii (Table 2). This compound has been found when a 
grey mould infection by B. cinerea occurred in winegrapes (Steel et al., 
2020). Interestingly, this compound was increased in most of the 
co-inoculated batches with the P. nordicum strains and D. hansenii. In 
addition, the 2-pentyl furan was negatively correlated with the OTA 
production (Table 3), although we cannot know if its increase in 2-pen
tyl furan is because of the mould or the yeast metabolism. Other furans, 
such as 2-butyl furan, 2-ethyl furan and 2-hexyl furan, were only 
detected in the co-inoculated batches, showing negative correlations 
with OTA concentrations. On the other hand, the ketones were produced 
by D. hansenii and the 2-nonanone and 2-octanone were negatively 

Table 2 
Volatile compoundsa of different strains of Penicillium nordicum and Debaryomyces hansenii from different treatments after 14 days of incubation at 20 ◦C in dry-cured 
ham-based medium in absence and presence of Debaryomyces hansenii in “mouth to mouth” experiment.

Compound Batchesc

Number Idb Pn856 Pn856+Dh Pn15 Pn15+Dh Pn26 Pn26+Dh Dh

Carbohydrate fermentation
Acetone 1 MS n.d. d n.d. 0.27 ± 0.25 1.31 ± 1.05 0.80 ± 0.23 0.14 ± 0.03e n.d.
Lipid oxidation
1-3- Octanediene 2 MS n.d. 0.48 ± 0.47e n.d. 0.55 ± 0.76 n.d. n.d. n.d.
Hexanol 3 MS n.d. 0.77 ± 1.10e n.d. n.d. n.d. n.d. n.d.
2-Ethyl-1-hexanol 4 MS n.d. n.d. 0.25 ± 0.19 n.d. n.d. n.d. 1.82 ± 1.46
1-Octen-3-ol 5 MS 2.38 ± 0.26 1.24 ± 0.84 4.58 ± 0.21 3.37 ± 3.24 3.08 ± 1.10 0.35 ± 0.07e 0.61 ± 0.14
2-Butanone 6 MS n.d. 0.04 ± 0.00 n.d. 1.55 ± 1.16e 0.16 ± 0.24 0.13 ± 0.04 n.d.
2-Butyl furan 7 MS n.d. 0.97 ± 0.52e n.d. 1.94 ± 1.55e n.d. 0.22 ± 0.20e n.d.
2-Nonanone 8 MS n.d. n.d. n.d. n.d. n.d. 0.12 ± 0.07 0.09 ± 0.05
2-Octanone 9 MS n.d. 0.43 ± 0.76 n.d. 0.12 ± 0.44 n.d. 0.32 ± 0.24 0.37 ± 0.18
2-Pentanone 10 MS n.d. 0.47 ± 0.38 n.d. 0.36 ± 0.73 n.d. 0.28 ± 0.34 n.d.
Decane 11 MS n.d. n.d. n.d. 0.29 ± 0.22e n.d. n.d. n.d.
Furan, 2-(1-pentenyl)-, (E)- 12 MS 0.18 ± 0.06 0.35 ± 0.24 n.d. n.d. n.d. n.d. 0.27 ± 0.12
2-Ethyl furan 13 MS n.d. 0.84 ± 0.23e n.d. 0.58 ± 0.57e n.d. 0.11 ± 0.04e n.d.
2-Hexyl furan 14 MS n.d. 0.20 ± 0.04e n.d. 0.32 ± 0.34e n.d. n.d. n.d.
2-Pentyl furan 15 MS 13.78 ± 1.75 42.92 ± 20.28e 2.93 ± 1.01 22.08 ± 19.10e 3.07 ± 0.57 4.46 ± 0.87e 14.6 ± 7.07
Heptane 16 MS 1.88 ± 0.41 3.95 ± 1.49 0.48 ± 0.23 4.6 ± 4.3e 0.58 ± 0.09 1.82 ± 0.58e 1.84 ± 0.42
Octane 17 MS 1.67 ± 0.33 6.46 ± 3.06e 0.59 ± 0.05 6.35 ± 5.58e 0.73± 2.34 ± 0.98e 1.46 ± 0.51
Pentane 18 MS 0.54 ± 0.15 1.35 ± 1.29 n.d. 0.37 ± 0.38 0.02± 0.31 ± 0.14e 0.27 ± 0.01
Amino acid catabolism
3-Methyl butanol 19 MS/Rf n.d. 0.10 ± 0.10 n.d. 1.43 ± 2.07e n.d. 0.21 ± 0.20e 1.26 ± 0.8
Benzaldehyde 20 MS n.d. 0.03 ± 0.06 0.19 ± 0.2 n.d. n.d. n.d. n.d.
Heptane, 2,2,4,6,6-pentamethyl 21 MS n.d. n.d. n.d. 0.98 ± 0.77e 0.35 ± 0.15 0.09 ± 0.06 n.d.
Methyl isocyanide 22 MS n.d. n.d. n.d. 0.53 ± 0.68e n.d. 0.09 ± 0.01e n.d.
Phenylethyl alcohol 23 MS n.d. 0.47 ± 0.93 n.d. 4.00 ± 3.43e n.d. 0.42 ± 0.05e 3.59 ± 1.71
Sulphur reduction
Dimethyl disulfide 24 MS n.d. 0.02 ± 0.02 n.d. 1.42 ± 1.6e n.d. 0.14 ± 0.13e n.d.

a Results expressed in arbitrary area units (x10− 6) as means of 3 replicates.
b Id: reliability of identification; MS: chromatogram deconvolution and identification by comparing the mass spectrum of the compounds with the NIST/EPA/NIH 

database; Rf: mass spectrum and retention time identical to a reference compound.
c Pn856, Pn15, Pn26 (control batches): 3 μL of 106 spores/mL of each strain of P. nordicum (BFE 856, FHSCC Pn15, FHSCC Pn26). Pn856+Dh, Pn15+Dh, Pn26+Dh: 

3 μL of 106 spores/mL of each strain of P. nordicum plus 100 μL of 106 cells/mL of D. hansenii FHSCC 253H inoculated in the upper dry-cured ham medium plate. The 
results are presented as mean of quintuples ± standard deviation.

d n.d.: not detected.
e Significant differences (p ≤ 0.05) between batches Pn856+Dh, Pn15+Dh and Pn26+Dh and their control batches (Pn956, Pn15 and Pn26, respectively).

E. Roncero et al.                                                                                                                                                                                                                                LWT 213 (2024) 117030 

4 



correlated with the OTA production (Table 3), suggesting that these 
compounds could be part of the antifungal mechanisms of the yeast. The 
2-octanone had demonstrated in another study its antagonistic effect 
against the soil fungal pathogen Setophoma terrestris decreasing its 
growth as the concentration of the ketone increased (Albarracín et al., 
2020). The alcohol 1-octen-3-ol was detected in all samples and is 
associated with the mould’s growth (Sunesen et al., 2004). This com
pound, which contributes to the typical mushroom odour of dry-cured 
meat products, was the only positively correlated with the OTA pro
duction (ρ = 0.439; Table 3). However, this compound can be present in 
toxigenic and non-toxigenic strains so it cannot be used to differentiate 
OTA producers (Jeleń & Grabarkiewicz-Szczȩsna, 2005). Furthermore, 
previous studies have even correlated the presence of this compound 
with the production of OTA by toxigenic moulds isolated from foods, 
such as grapes (Zhang et al., 2017). The aliphatic alkanes octane and 
heptane were increased in the batches with D. hansenii as it has been 
previously attributed to some yeast species (Zhu et al., 2017).

Concerning the derivatives from amino acid catabolism, the 3- 
methyl butanol and the phenylethyl alcohol were only detected in all 
the batches containing D. hansenii. These compounds showed a strong 
negative correlation with OTA amounts (ρ = − 0.798 and ρ = − 0.758, 
respectively; Table 3). Both VOCs has been previously related to the 
antifungal action of yeasts, such as Saccharomyces cerevisiae and Candida 
stellimalicola against Penicillium digitatum (Belinato et al., 2018) and 
H. uvarum against B. cinerea (Ruiz-Moyano et al., 2020). Therefore, these 
VOCs could be the main ones involved in the antiochratoxigenic activity 
of D. hansenii against P. nordicum strains. Previous studies confirmed the 
effectiveness of D. hansenii FHSCC 253H and its main targets of action on 
P. nordicum, affecting to the cell wall structures, but the possible com
pounds responsible for these effects were not known (Cebrián et al., 
2019; Álvarez et al., 2022).

The dimethyl disulfide was the only compound detected from the 
sulphur reduction (Table 2). Surprisingly, this compound was identified 
in the presence of both the toxigenic mould and D. hansenii and was 
increased in the treatments Pn15+Dh and Pn26+Dh. Thus, it is needed 
the presence of both microorganisms to enhance the production of 
dimethyl disulfide. Due to P. nordicum strains and D. hansenii individu
ally did not produce this compound, it is impossible to confirm the origin 
of this VOC. However, its producer could be D. hansenii owing to the fact 
that its production has been described as a mechanism of a biocontrol 
agent (Burkholderia ambifaria H8) to reduce the mycelial growth of 
toxigenic Fusarium graminearum (Chen et al., 2024).

The PCA component was performed using the VOCs identified to 
evaluate the similarities between batches. Six components were 
extracted (Table 4). The first principal component (PC1) comprised 

51.07 % of the variance and the second principal component (PC2) 
24.51 %, being the cumulative contribution of both 75.58 %. The 
findings showed that Pn15 and Pn26 had a similar volatile profile while 
Pn856 was more distant than the previous ones (Fig. 2). This can be 
explained due to the different origin of P. nordicum strains, which in
dicates that strains isolated from Spanish dry-cured ham have a different 
volatile profile than that from Italian ham despite growing in the same 
matrix in this assay. Interestingly, the volatilome changed in a greater 
extent in the batches Pn856+Dh and Pn15+Dh due to the addition of the 
yeast. Moreover, these two batches were those that presented the 
highest reduction in the OTA content (Table 1). On the other hand, the 
batch Pn26+Dh was highly correlated with the compounds from lipid 
oxidation 2-ethyl-1-hexanol (4) and 2-nonanone (8) and the benzalde
hyde (20) derived from the amino acid catabolism. However, the 
batches with D. hansenii (Dh, Pn856+Dh, Pn15+Dh and Pn26+Dh) were 
not related to most of the lipid oxidation compounds that can be due to 
the antioxidant activity of the yeast in dry-cured meat products (Álvarez 
et al., 2023b). Interestingly, the 3-methylbutanol (19) and the phenyl
ethyl alcohol (23), highly correlated with the antiochratoxigenic activity 
of D. hansenii (Table 3), were also correlated between them as it is shown 
in Fig. 2. This could show a synergistic effect of both compounds that 
would be involved in the effectiveness of D. hansenii against P. nordicum.

4. Conclusions

D. hansenii FHSCC 253H uses the production of antifungal VOCs as 
mode of action against OTA-producing P. nordicum strains, which have a 
high impact on the enormous reduction of the mycotoxin generation. 
The results indicate that the yeast is effective even at a distance, 
reducing toxin levels without direct contact with the mould. This 
characteristic suggests that D. hansenii FHSCC 253H could offer a broad 
protective effect throughout the product and potentially benefit nearby 
dry-cured hams within the curing chamber. These results would allow to 
enhance the antifungal effect of D. hansenii as a biocontrol agent in meat 
industries due to the presence of their antiochratoxigenic VOCs in all the 
space of ripening chambers.
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Alapont, C., López-Mendoza, M. C., Gil, J. V., & Martínez-Culebras, P. V. (2014). 
Mycobiota and toxigenic Penicillium species on two Spanish dry-cured ham 
manufacturing plants. Food Additives & Contaminants: Part A, 31(1), 93–104. https:// 
doi.org/10.1080/19440049.2013.849007

Albarracín, A. G., Petras, D., Tobares, R. A., Aksenov, A. A., Wang, M., Juncosa, F., 
Sayago, P., Moyano, A. J., Dorrestein, P. C., & Smania, A. M. (2020). 
Fungal–bacterial interaction selects for quorum sensing mutants with increased 
production of natural antifungal compounds. Communications Biology, 3(1), 670. 
https://doi.org/10.1038/s42003-020-01342-0
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Núñez, F., Lara, M. S., Peromingo, B., Delgado, J., Sánchez-Montero, L., & Andrade, M. J. 
(2015). Selection and evaluation of Debaryomyces hansenii isolates as potential 
bioprotective agents against toxigenic penicillia in dry-fermented sausages. Food 
Microbiology, 46, 114–120. https://doi.org/10.1016/j.fm.2014.07.019
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