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Abstract

Aspergillus carbonarius is the main producer of ochratoxin A (OTA) in grape and grape products. Good agricultural
practices and preventive measures such as the use of biological control agents are key to decreasing OTA concentration
in the final product. This study evaluated non-ochratoxigenic strains from Aspergillus section Nigri isolated from grape
environments for their ability to control OTA production. In vitro interactions between an ochratoxigenic strain of A.
carbonarius and 22 non-ochratoxigenic strains were evaluated using microtiter plates. Biocontrol potential was determined
by measuring OTA reduction, while competitiveness was quantified through a specific qPCR assay. Results showed that both
OTA reduction and competitive ability were strain-dependent. Co-inoculation experiments revealed that most non-OTA-
producing strains reduced OTA levels, with Aspergillus uvarum showing the strongest inhibition. Aspergillus japonicus and
Aspergillus trinidadensis also reduced OTA, whereas biseriate species such as Aspergillus niger, Aspergillus welwitschiae,
and Aspergillus brasiliensis had minimal impact. The qPCR competitiveness assays revealed that A. carbonarius typically
dominated mixed cultures, except when co-cultured with highly competitive A. uvarum strains. Notably, strain A-6760
reduced A. carbonarius abundance to below 6%. This strong competitiveness aligned with significant OTA suppression,
suggesting competitive exclusion as the main biocontrol mechanism. Overall, the developed qPCR assay provides a rapid,
precise method for fungal interaction evaluation. A. uvarum strains showed great promise for mitigating OTA contamination
in grapes and wine through its combined dominance and toxin reduction capacity. Future research should evaluate their
effectiveness under field conditions.

Key points

e Atoxigenic black aspergilli were tested as biocontrol agents vs. A. carbonarius.

e Competitiveness and OTA reduction varied by strain; uniseriates performed best.
e A. uvarum A-6760 shows promise as a biocontrol agent to reduce OTA in grapes.
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Introduction

Aspergillus section Nigri, commonly known as black asper-
gilli, comprises several species that may cause food spoil-
age (Pitt and Hocking 2009) as well as mycotoxin contami-
nation with ochratoxin A (OTA) and fumonisins (Abarca
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et al. 1994; Cabafies and Bragulat 2018; Frisvad et al. 2011).
These fungi represent one of the most challenging groups
concerning classification and identification. They can be
morphologically divided into two groups according to the
structure of their conidial heads. Uniseriate species possess a
single layer of phialides born directly on the vesicle, whereas
biseriate species produce conidiophores with an intermedi-
ate layer of metulae on the vesicle and a second layer of
phialides arising from the metulae. Although some biseriate
species have been described as potential OTA producers, no
uniseriate species have been reported to produce this myco-
toxin (Abarca et al. 1994; Bau et al. 2005). For species-level
identification, several molecular approaches are available,
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with calmodulin gene sequencing being the recommended
method (Varga et al. 2011).

In the vineyard environment and in grape products, some
species of the Aspergillus section Nigri are involved in OTA
contamination, with Aspergillus carbonarius being the
primary OTA producer (Cabafies et al. 2002; Battilani et al.
2003; Perrone et al. 2008). OTA is a mycotoxin classified
as nephrotoxic and hepatotoxic and is categorized by the
International Agency for Research in Cancer (IARC) as
a Group 2B possible human carcinogen. For grape and
grape-derived products, the European Commission has
established maximum permissible levels of OTA (European
Commission 2023). Climate change and global warming
may influence the distribution of fungal populations and
the levels of OTA produced by A. carbonarius. In vitro
experiments have been carried out to assess how climate
change might affect A. carbonarius and the occurrence of
OTA. The findings remain inconclusive: while elevated
temperatures and drought conditions appear to lower both
grape spoilage by A. carbonarius and OTA synthesis
(Cervini et al. 2020), a rise in CO, levels was associated with
an increased rate of fungal colonization and OTA production
(Cervini et al. 2021; Llobregat et al. 2025; Medina 2023).

OTA is produced during the infection of grapes in
vineyards by A. carbonarius, particularly from veraison
to harvest. Black aspergilli are present as saprophytes in
vineyard soil, and air movement can transfer their spores
onto grape berry surfaces. Therefore, the risk of OTA
contamination in wine may be associated with the presence
of toxigenic strains in the soil (Leong et al. 2007). At the
present day, the most effective strategy for controlling
OTA contamination in grapes is based upon prevention.
Performing good agricultural practices and effective
vineyard management to prevent grape berry damage may
decrease fungal colonization, hence the occurrence of
OTA (Mondani et al. 2020). Despite the use of preventive
strategies or chemical controls, biological agents are the
most beneficial option, as they reduce the use of antifungal
treatments while also addressing the challenge of antifungal-
resistant strain development (Ponsone et al. 2012).
Several yeast species such as Aureobasidium pullulans,
Metschnikowia pulcherrima, or Lanchancea thermotolerans
have been successfully used to control OTA-producing fungi
and OTA in grape berry (Zhang et al. 2016).

To reduce OTA levels in grapes, the application of non-
ochratoxigenic strains of black aspergilli may be considered
as a strategy. To outcompete A. carbonarius, the atoxigenic
strains must be dominant in the agricultural environment
when the crops are susceptible to infection. Only a limited
number of studies have described how interactions between
A. carbonarius and non-ochratoxigenic grape-associated
isolates may influence OTA production (Valero et al. 2006,
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2007; Kogkaki et al. 2015a, b; Castell et al. 2020; Llobregat
et al. 2022, 2025).

Methods for studying these fungal interactions are usually
done by co-culturing strains to be tested in solid media.
After incubation, reduction of colony diameter and reduction
of OTA content are determined. Interaction between fungal
mycelia is also observed, and numerical interaction scores
and indices of dominance are calculated as a measure of
the competitiveness of individual fungal species against
the other strain (Magan and Lacey 1984). This method is
time-consuming and is not suitable when many isolates
need to be screened. As an alternative, liquid-based in vitro
co-cultivation methods have been developed to study fungal
interactions and their effect on OTA production in a more
controlled and efficient way (Castella et al. 2020; Llobregat
et al. 2022).

In this study, we evaluated the in vitro interaction of 22
non-ochratoxigenic strains of Aspergillus section Nigri,
isolated from grapes and vineyard soil, with a known OTA-
producing strain of A. carbonarius. The aim was to develop
a method to study the dynamics of the fungal populations
and assess their potential as biological control agents for
reducing OTA contamination in grapes and grape-derived
products.

Materials and methods
Strains and molecular identification

In total, 22 non-ochratoxigenic strains isolated from grapes
and vineyard soil were selected from our culture collection
based on previous results on the diversity of Aspergillus
section Nigri species in our region (Marques et al. 2025).
Strains were isolated from different wine-producing regions
in Spain, mainly from Catalonia (northern Mediterranean
coast), and also from Murcia (southern Mediterranean coast)
and Andalusia (southern Atlantic-Mediterranean coast).
These regions differ in climatic conditions such as humidity,
average temperature, and wind exposure, as well as in soil
composition. All strains were previously detected as non-
OTA producers in our laboratory by using a previously
described screening method (Bragulat et al. 2001). Seventeen
strains were identified as belonging to uniseriate species
and five strains were identified as belonging to biseriate
species. All the strains were identified by calmodulin gene
sequencing as previously described (Bragulat et al. 2019;
Castella et al. 2020; Marques et al. 2025). All the strains
were preserved at —80°C in the culture collection of the
Veterinary Mycology Group at the UAB and will be made
available upon request. As an OTA-producing strain, A.
carbonarius A-1136 was also included.
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In vitro assay of the interaction
between ochratoxigenic and non-ochratoxigenic
strains

A technique previously designed in our laboratory using
microtiter plates was used (Castell4 et al. 2020). Strains were
grown on malt extract agar (MEA) at 25 °C for 7 days. After
incubation, a conidial suspension from all the strains was
prepared in a sterile saline (0.85%) containing 0.05% Tween
80. Spore concentration was adjusted to a concentration
of 10° conidia/ml using a hemocytometer chamber. The
inoculum size was confirmed by quantitative colony counts
(CFU/ml) on MEA plates.

Conidial suspensions were inoculated in microtiter
plates using the liquid culture medium Czapek Yeast Broth
(CYB) (per liter, Czapek yeast broth, 35 g; yeast extract, 5 g;
ZnSO,-7H,0 (1%) 1 ml; CuSO,-5H,0 (0.5%) 1 ml; pH was
adjusted to 6.3 +0.2) (Pitt and Hocking 2009). The adjusted
fungal suspensions were diluted 1:100 in CYB.

The inhibition or reduction of OTA production by the
potential biological control agents was evaluated using a
mix spore suspension of the OTA-producing strain:non-
OTA-producing strain at ratios of 100:0, 50:50, and 0:100
respectively in CYB. In each microplate column, seven wells
were inoculated with 200 pl of the diluted suspension of
each inoculum ratio. Wells used as blank were filled with
200 pl of the un-inoculated CYB. Microtiter plates were
incubated at 25°C for 5 days. The entire experiment was
repeated twice on different days. From these plates, five
wells were used to quantify OTA, and two wells were stored
at —80°C for the following DNA extraction and qPCR.

OTA quantification

OTA production was detected using a previously
described high-performance liquid chromatography
(HPLC) screening method developed in our laboratory
for fungal growth in microtiter wells (Abarca et al. 2014).
On each sampling occasion, the five replicate wells inoc-
ulated for inoculum ratio were removed and extracted
with 0.5 ml of methanol. The extracts were filtered and
injected into the HPLC. The limit of quantification was
0.045 pg/ml for this mycotoxin.

Quantitative real-time PCR analysis
DNA extraction

DNA extraction from pure cultures and microtiter wells
was performed with the Quick-DNAT™ Fungal/Bacterial

Miniprep Kit (Zymo Research, Irvine, CA, USA) according
to the manufacturer’s protocol.

Primer design and qPCR development

Primers were designed with Primer Express™ Software
(v3.0.1; Thermo Fisher Scientific, Waltham, MA, USA).
Primers AcPKS_dPCRF (5'-GCCCGTGAGCGTGAG
ATT-3") and AcPKS_dPCRR (5'-CAGTCCACGGCT
GTCAAGGT-3") were designed to amplify a fragment
of the AcOTApks gene (GenBank no. LN483069) of
A. carbonarius. Primers AuF (5'-CCTTCTCCCTCT
TTGTAAGCGA-3') and AuR (5'-CGGGTTTCGTTG
AGGGGTAA-3") were designed to amplify a fragment
of the calmodulin gene of uniseriate species of
Aspergillus section Nigri (Aspergillus uvarum GenBank
no. AM745755; Aspergillus japonicus GenBank no.
AJ964875; Aspergillus trinidadensis GenBank no.
HE984425). Primers AbF (5'-CGGACCGACCGCAGGA-
3") and AbR (5'-CGAGCTCCTTGGTGGTGAT-3') were
designed to amplify a fragment of the calmodulin gene
of Aspergillus brasiliensis (GenBank no. AM295175)
and primers AwF (5'-TCCCTGAATGACCCTCCG
AT-3") and AwWR (5'-CCATCGCCATCCTTGTCCTA-3')
were designed to amplify a fragment of the calmodulin
gene of Aspergillus niger (GenBank no. MH614646) and
Aspergillus welwitschiae (GenBank no. MH614648). All
primer pairs were checked against the NCBI database
using Primer-BLAST to confirm specificity.

The assays were performed with a QuantStudio Real-
Time PCR (Applied Biosystems 7500 real-time system;
Thermo Fisher Scientific, Waltham, MA, USA) using
SYBR Green chemistry with the absolute quantification
method. Two amplifications for each sample (one for each
primer) were conducted in a 25-ml volume containing 12.5
ul SYBR™ Green Universal Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA), 5 ml of template DNA,
0.25 ul of both forward and reverse primers (10 uM each),
and 7 pl of molecular grade water. Runs were performed
using the following thermal cycling conditions: 1 cycle of
50 °C for 2 min, 1 cycle of 95°C for 2 min, 30 amplification
cycles of 95 °C for 15 s (denaturing step), and 62 °C for
1 min (annealing-extension step and data collection). Next,
a melting curve analysis was performed, with a gradual
increase of temperature from 60 to 95 °C.

To achieve absolute quantification of the samples,
the standard curve method was used. A standard curve
of genomic DNA (gDNA) extracted from the strains A.
carbonarius A-1136, A. japonicus A-1325, A. brasiliensis
A-4394, and A. niger A-7157 was constructed for each
species, including four ten-fold dilutions, from 100 ng to
0.01 pg of DNA. The quantity and purity of the gDNA were
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determined by spectrometry (NanoDrop 2000; Thermo
Scientific, Barcelona, Spain). The amount of gDNA was
extrapolated to genome equivalents (gEq), considering the
genome size of each species.

Efficiency was assessed, based on the correlation
coefficient (r2) and slope values from each standard
curve. Non-template controls (NTCs), in which DNA was
substituted by water in the reaction mix, allowed verification
that no contamination occurred and no primer dimers were
formed. In each run, all samples were run in triplicate,
including the standards and NTCs.

Statistical analysis

Data obtained from the different tests was statistically
analyzed. T-test and paired sample T-test with post hoc
Bonferroni test were used to evaluate differences between
experiments and replicates. Univariate analysis of variance
with post hoc Tukey HSD test was performed to analyze
OTA reduction and 7-test was used to evaluate qPCR
population. All statistical analyses were performed using
IBM SPSS Statistics software for Windows, version 29 (IBM
Corp., Armonk, NY, USA).

Results
Molecular species identification

As shown in Table 1, 17 strains were identified as belonging
to uniseriate species A. japonicus, A. trinidadensis, and A.
uvarum. The rest of the strains were identified as belonging
to biseriate species A. brasiliensis, A. niger, and A.
welwitschiae. The nucleotide sequences of the calmodulin
gene determined in this study have been deposited in
GenBank and their accession numbers are given in Table 1.

In vitro assay of the interaction
between ochratoxigenic and non-ochratoxigenic
strains and their effects on OTA production

The assay consisted in studying the ability of non-OTA-
producing strains to inhibit OTA production by an
ochratoxigenic strain of A. carbonarius. Inocula counted with a
cell counting hemocytometer yielded suspensions ranging from
1.2x10° to 1.3 x 10° conidia/ml, with colony counts varying
between 10° and 10° CFU/ml. No statistically significant
differences were found among experiments (p > 0.05).

Table 1 Strains used in the

e Species Strain Origin Vineyard region GenBank accession number®
study and their origin

A. japonicus A-1325 Grape Catalonia PX556471°

A. trinidadensis A-6913 Grape Catalonia PQ510020?

A. uvarum A-986 Grape Catalonia PX556472° (type I)
A-1357 Grape Catalonia PX556473° (type I)
A-1715 Grape Murcia PX556474° (type 1I)
A-1731 Grape Catalonia PX556475° (type 1I)
A-1976 Grape Catalonia PX556476° (type 1)
A-2086 Grape Murcia PX556477° (type 1)
A-2089 Grape Murcia PX556478° (type II)
A-2090 Grape Murcia PX556479° (type II)
A-2092 Grape Murcia PX556480° (type II)
A-5230 Grape Catalonia PQ510018* (type II)
A-5544 Soil Catalonia PQ510019? (type I)
A-6347 Soil Catalonia PQ510019? (type I)
A-6760 Grape Catalonia PQ510019? (type I)
A-6766 Grape Catalonia PQ510018* (type II)
A-7085 Grape Catalonia PQ510018* (type II)

A. brasiliensis A-6395 Soil Catalonia PQ510022% (type II)

A. niger A-7157 Grape Andalusia PX556481°
A-7207 Grape Murcia PX556482°

A. welwitschiae A-4308 Grape Catalonia PQ510033%
A-5185 Grape Catalonia PQ510034%

4Sequences determined in a previous study (Marques et al. 2025)

PSequences determined in the present study
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Table 2 presents the effects of co-inoculation of A. car-
bonarius strain and non-OTA-producing strains on OTA
production. Results were presented as an average of 10 rep-
etitions. No significant statistical differences were noted in
OTA production values among the experiments (p > 0.05).
In most instances of co-inoculation, a significant reduction
in OTA production was noted.

Percentages of OTA reduction ranged from 2.72 to
98.27% when A. carbonarius was co-inoculated with A.
uvarum strains. Co-inoculation with the A. japonicus strain
resulted in a 78.4% reduction, while pairing with A. trini-
dadensis produced an inhibition of approximately 50%.
Among all strains tested, A. uvarum A-6760 exhibited the
strongest antagonistic effect, achieving near-complete sup-
pression of OTA production (98.3%). Also, high reduction
was observed when paired with strains A-1731 and A-6467,
reducing OTA more than 60%. Moderate reduction percent-
ages were observed in strains of A. uvarum A-1357, A-1715,
and A-2089, all showing an OTA reduction around 50%.
In contrast, some co-inoculations resulted in no significant
reductions in OTA as strains A-2086 and A-7085, with

inhibition less than 10% of OTA. Lastly, co-inoculation
with strains A-5544 and A-6766 had an increase in OTA
concentration.

Regarding biseriate strains, percentages of OTA reduction
ranged from no reduction to 32.28% when co-inoculated
with A. niger or A. welwitschiae. Regarding A. brasiliensis,
the percentage of OTA reduction was less than 1%.

PCR primer specificity and qPCR assay

The primer pair AcPKS_dPCRF/AcPKS_dPCRR produced
amplification exclusively from A. carbonarius A-1136 DNA
(Fig. 1A—C). The standard curve generated from serial dilu-
tions of A-1136 genomic DNA is shown in Fig. 2A and
yielded a slope of —3.349 with an 7 of 0.998.

The primer pair AuF/AuR amplified DNA from A.
uvarum A-1731 while no amplification was detected for A.
carbonarius (Fig. 1D). The standard curve obtained from
serial dilutions of A. japonicus A-1325 DNA (Fig. 2B)
showed a slope of —3.408 and an 72 of 0.998.

Table 2 Mean values of ochratoxin A (OTA) concentration in pg/ml produced by the strains assayed in the two experiments

Species Co-inoculated strains OTA

100/0F

A-1325:A-1136

A. japonicus
A. trinidadensis

A. uvarum

A. brasiliensis

A. niger

A. welwitschiae

A-6913:A-1136
A-986:A-1136

A-1357:A-1136
A-1715:A-1136
A-1731:A-1136
A-1976:A-1136
A-2086:A-1136
A-2089:A-1136
A-2090:A-1136
A-2092:A-1136
A-5230:A-1136
A-5544:A-1136
A-6347:A-1136
A-6760:A-1136
A-6766:A-1136
A-7085:A-1136
A-6395:A-1136
A-7157:A-1136
A-7207:A-1136
A-4308:A-1136
A-5185:A-1136

4.13 + 0.94* (p < 0.001)
4.67 + 1.05* (p < 0.001)
4.10 + 0.78% (p < 0.001)
4.10 + 1.09* (p < 0.001)

50/50 (R%) 0/100
0.86 + 1.07 (78.4)° (p < 0.001) ND (p = 0.069)
2.35 £ 2.18 (49.7)° (p = 0.003) ND® (p = 0.002)
3.22 +2.44 (54.2)* (p < 0.388) ND (p < 0.001)
1.86 = 1.39 (49.2)° (p < 0.001) ND* (p < 0.001)

4.09 + 0.78% (p < 0.001) 2.54 + 1.53 (37.1)° (p = 0.005) ND¢ p <0.001)

4.62 + 0.80° (p < 0.001) 1.06 + 1.55 (76.3)* (p = 0.065) ND® (p < 0.001)
4.09 + 0.77* (p = 0.083) 2.97 + 1.78 (27.9)* (p < 0.001) ND® (p < 0.001)
4.09 + 0.77* (p = 0.939) 3.95 + 1.53 2.7)* (p < 0.001) ND® (p < 0.001)
4.09 + 0.77* (p = 0.011) 2.40 + 1.93 (45.0)° (p < 0.001) ND® (p < 0.001)
4.09 + 0.77* (p < 0.001) 2.35 + 1.39 (38.6)° (p < 0.001) ND® (p < 0.001)
3.59 + 1.13% (p < 0.001) 1.87 + 1.10 (36.4) (p < 0.001 ND® (p < 0.001)
3.05 + 1.12% (p = 0.325) 2.47 + 1.05 (15.5)* (p < 0.001) ND® (p < 0.001)
3.13 + 0.79% (p = 0.269) 3.88 + 1.65 (0)* (p < 0.001) ND® (p < 0.001)
3.13 + 0.79% (p = 0.003) 1.07 + 1.98 (64.9)* (p = 0.001) ND® (p = 0.148)
4.15 + 1.05* (p < 0.001) 0.067 + 0.02 (98.3)° (p < 0.001) ND® (p = 0.967)
3.56 + 1.60% (p = 0.282) 4.40 + 1.33 (0)* (p < 0.001) ND® (p < 0.001)
3.56 + 1.60% (p = 0.335) 2.77 + 1.33 (7.8)* (p =< 0.001) ND® (p < 0.001)
4.17 + 1.18% (p = 0.778) 3.92 + 0.85 (0.1)* (p < 0.001) ND® (p < 0.001)
2.99 + 1.12% (p = 0.009) 1.70 + 0.74 (32.3)* (p = 0.002) ND® (p < 0.001)
2.99 + 1.12% (p = 0.717) 3.44 + 1.92(0)* (p < 0.001) ND® (p < 0.001)
3.05 + 1.12% (p = 0.209) 3.90 + 1.52 (0)* (p < 0.001) ND® (p < 0.001)

3.05 = 1.12% (p = 0.839)

3.36 + 1.83 (0)* (p < 0.001)

ND" (p < 0.001)

ND Not detected

+ spore suspension ratios of each strain (in %)

(R%), denotes percentage of OTA reduction

abe In files, values with the same subscript are not statistically significantly different (p > 0.05)
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The primer pair AbF/AbR selectively amplified A. bra-
siliensis DNA A-4394 and did not amplify A. carbonarius
DNA (Fig. 1E). The corresponding standard curve, gener-
ated using serial dilutions of A. brasiliensis A-4394 DNA
(Fig. 2C), had a slope of —3.353 and an * of 1.0.

The primer pair AWF/AwR amplified A. welwitschiae
DNA A-5185, with no amplification observed for A.
carbonarius (Fig. 1F). The standard curve derived from
serial dilutions of A. niger A-7157 DNA (Fig. 2D) exhibited
a slope of —3.341 and an 7 of 0.998.

Melting curve analysis (Supplementary Fig.
S1-S2) confirmed amplification specificity. All qPCR
assays demonstrated high specificity, sensitivity, and
reproducibility.

In vitro assay of the interaction
between ochratoxigenic and non-ochratoxigenic
strains and their effects on population size

In this experiment, it was analyzed whether the ratio of A.
carbonarius A-1136 to the other strains tested remained
constant over the incubation period or whether one strain
became dominant. Different levels of competitiveness were
observed among strains.

In general, A. carbonarius A-1136 exhibited higher
genomic copy numbers compared to the other strains
tested. Strain A-1136 dominates with more than 70% of
the population when paired with strains A-986, A-1715,
A-1976, A-2090, A-5230, A-5544, and A-6766. On the

contrary, some uniseriate strains showed high competitive-
ness against A-1136. When paired with A-2089 and A-6760,
these A. uvarum strains showed competitiveness, present-
ing a statistically significant higher percentage against the
toxigenic strain (p <0.001), highlighting the co-inoculation
with A-6760, which showed high competitiveness reducing
the A-1136 growth to less than 6%. A. trinidadensis and A.
Japonicus showed no significant competitiveness among A.
carbonarius (p =0.80). Lastly, regarding biseriate strains,
none of them showed competitiveness among A. carbon-
arius. The results are summarized in Fig. 3.

Discussion

One of the most widely used methods for studying fungal
interactions is co-cultivation on Petri dishes (Magan
and Lacey 1984). However, this approach often requires
significant amounts of material and can be time-consuming.
In contrast, the method developed in this study offers
a more efficient alternative, reducing the time needed
for observation while allowing the assessment of both
mycotoxin reduction and population dominance.

We developed a method to study the competitiveness
of non-ochratoxigenic Aspergillus section Nigri strains
and an ochratoxigenic strain of A. carbonarius using a
qPCR assay. This method was developed by designing
specific primer sets that enable the precise identification
and quantification of both atoxigenic and ochratoxigenic
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strains in culture media. Compared to traditional methods
for evaluating biocontrol agents, which are labor-intensive
and impractical for processing large sample numbers
(Kogkaki et al. 2015a, b), the qPCR assay offers a rapid
and accurate alternative that is also useful in biocontrol
research to investigate population dynamics and OTA
reduction capacity.

In the assay where OTA reduction was evaluated,
co-inoculation with non-OTA-producing strains generally
resulted in a decrease in OTA production by A. carbonarius.
Although the extent of inhibition varied among isolates,
the data revealed that several strains belonging to A.
uvarum were particularly effective in suppressing OTA
biosynthesis. The most notable reduction was achieved
with A. uvarum strain A-6760, which nearly ceased OTA
production. Other A. uvarum isolates such as A-1731 and
A-6467 also demonstrated strong inhibitory activity, reducing
OTA levels by more than 60%. Moderate inhibition, around
50%, was observed in co-cultures with A. uvarum strains
A-1357, A-1715, and A-2089, suggesting that intra-species
variability may influence the antagonistic potential against
A. carbonarius. Conversely, strains A-2086 and A-7085
exhibited limited inhibition (< 10%), and in some cases,
such as A-5544 and A-6766, co-inoculation even resulted
in increased OTA levels. These findings underline the
importance of strain-specific interactions and suggest that not
all non-ochratoxigenic isolates possess biocontrol potential.

When considering other uniseriate species, co-inoculation
with A. japonicus and A. trinidadensis led to substantial
OTA reductions of 78.44% and nearly 50%, respectively.
This indicates that the antagonistic effect is not exclusive to
A. uvarum but may also occur in other closely related spe-
cies within the Aspergillus section Nigri. This effect of A.
Jjaponicus was also observed in one strain tested by Kogkaki
et al. 2015a, b).

Meanwhile, biseriate strains such as A. niger, A. wel-
witschiae, and A. brasiliensis exhibited limited or no
capacity to suppress OTA biosynthesis, achieving reduc-
tions below 32.28%, and in the case of A. brasiliensis, less
than 1%. These differences may reflect variations in eco-
logical fitness, metabolic activity, or competition mecha-
nisms among species. In fact, in other studies, some bise-
riate species such as Aspergillus tubingensis and A. niger
(Kogkaki et al. 2015a, b; Valero et al. 2007; Castell4 et al.
2020) had no significant influence on OTA concentration
when interacted with A. carbonarius. On the contrary,
non-ochratoxigenic strains of A. carbonarius, both wild
and knockout mutants, produced a high reduction of OTA
production when cocultured with A. carbonarius OTA-
producing strains. This reduction was up to 89% in the
case of wild A. carbonarius strains (Castella et al. 2020),
whereas in knockout mutant strains, it was up to 68% (Llo-
bregat et al. 2022).

@ Springer

The developed qPCR assay was applied to analyze
the competitiveness between A. carbonarius and non-
ochratoxigenic strains. Competitiveness assays revealed that
A. carbonarius A-1136 generally dominated co-cultures,
maintaining more than 70% of the population when paired
with several non-toxigenic strains. This dominance likely
explains the limited OTA inhibition observed in these
combinations. In contrast, A. uvarum strains A-2089 and
especially A-6760 exhibited significant competitiveness,
with A-6760 reducing A. carbonarius growth to less
than 6% of the total population. This strong competitive
ability correlates with its remarkable OTA suppression,
suggesting that competitive exclusion could be a key
mechanism underlying biocontrol activity. A. japonicus and
A. trinidadensis did not show significant competitiveness,
despite their moderate OTA reduction, indicating that
additional mechanisms such as metabolic interference or
production of inhibitory metabolites may also be involved.
None of the biseriate strains showed competitive dominance,
consistent with their poor performance in OTA inhibition.

Our results are quite promising compared to those
obtained using yeasts as biological control agents. Previous
studies had shown that certain strains of L. thermotolerans
can reduce in vitro the growth rate of A. carbonarius by
11-82% and the OTA levels by 30-50% (Ponsone et al.
2011; Chulze et al. 2015). Additionally, some strains of
A. pullulans, M. pulcherrima, and Hanseniaspora uvarum
have been reported to reduce the growth of A. carbonarius
in lab-scale experiments (Bleve et al. 2006; Curtis et al.
2012; Gémez-Albarran et al. 2021). The results obtained
in this study should be understood as a preliminary
screening of those strains that could have the potential to
be further evaluated as biocontrol agents in future research
in the field. Our findings provide a foundation for further
experiments under more different conditions such as more
ratios and substrates.

In conclusion, these findings confirm that non-
ochratoxigenic A. uvarum strains, especially A-6760,
possess strong potential as biological control agents against
OTA-producing A. carbonarius. Their dual ability to
outcompete the toxigenic strain and drastically reduce OTA
accumulation underscores their suitability for applications in
grape and wine production, where A. carbonarius represents
a major source of OTA contamination. Further investigations
should focus on elucidating the molecular basis of inhibition,
stability under environmental stress, and the feasibility of
using such strains in field trials.
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