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Abstract

This study evaluated the inhibitory efficacy of sulphur dioxide, hydrogen peroxide, copper
sulphate pentahydrate, chlorine-based formulations, a chlorine-free formulation, ethanol,
and acetic acid against Cladosporium cladosporioides, Aspergillus niger, and Penicillium expan-
sum. An in vitro inhibition test was employed to investigate the inhibitory properties. The
results demonstrated different sensitivities of filamentous fungi to the inhibitors. All tested
substances displayed fungicidal properties. Sulphur dioxide (40% NH4HSOj3 solution)
inhibited growth at a 4% v/v concentration. No minimum effective concentration was
established for H,Oy; only a 30% w/v solution inhibited P. expansum. CuSOy4-5H,0 com-
pletely inhibited fungal growth at 5% w/v solution, with 2.5% w/v also proving effective.
For the chlorine-based product, 40% w/v solution (48 g-L~! active chlorine) had the most
substantial effect, though it only slowed growth, and NaClO solution completely inhibited
growth at 2.35 g NaClO per 100 g of product (50% w/v solution). FungiSAN demonstrated
fungicidal effects; however, the recommended dose was insufficient for complete inhibi-
tion. Ethanol exhibited the lowest efficacy, while the inhibitory threshold for CH;COOH
was found to be a 5% v/v solution. The findings of this study may serve as a basis for
informed decision-making when selecting the most suitable product, depending on specific
application conditions.

Keywords: Aspergillus niger; Cladosporium cladosporioides; inhibitors; in vitro inhibition test;
Penicillium expansum

1. Introduction

The cellar environment hosts a diverse community of microorganisms found on
material surfaces, as well as in the air [1-3]. Among these microorganisms are yeasts,
bacteria, and filamentous fungi, including genera such as Penicillium, Aspergillus, and
Cladosporium [1]. The total number of identified genera of filamentous fungi is remarkably
high—up to 294 in a new winery before the first harvest, decreasing to 132 after two years of
use [4]. Contamination can occur at any stage of production, from grapes to the final steps
of wine packaging [5]. Filamentous fungi are present on surfaces such as floors, walls, vats,
winemaking equipment, pumps, and pipes, affecting both used and new equipment [4,6].
Filamentous fungi of the Aspergillus spp. and Penicillium spp. genera can proliferate in
barrels if proper sanitation is not maintained [7].

Some filamentous fungi can occasionally affect workers” health by causing respiratory
diseases such as allergies, asthma, non-specific respiratory symptoms, and irritation [8-10].
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In the global winemaking sector, there is growing concern, particularly about filamen-
tous fungi of the Aspergillus and Penicillium genera, as they are the primary producers of
ochratoxin A [5,11,12] and contributors to cork taint in wine [13,14].

Sanitation can be performed using chemical treatments with substances such as sul-
phur dioxide (liquid/gas), ozone, peracetic acid (PAA), sodium percarbonate, citric acid,
sodium hydroxide, and halogen compounds [7,15]. Physical treatments can also be applied,
including hot water and high-pressure cleaning, steam, high-power ultrasound, and ultravi-
olet radiation [7]. Sulphur dioxide is one of the oldest antimicrobial and antioxidant agents
used, not only to stop fermentation and prevent oxidation but also to inhibit filamentous
fungal growth in cellar management [16,17].

Traditionally, sanitation agents in winemaking have been based on chlorine, hot
water, and steam. However, chlorinated preparations promote the formation of TCA
(2,4,6-trichloroanisole), which is why non-chlorinated chemicals are now preferred [18].
Aqueous solutions are the most commonly used; their effectiveness is enhanced by tem-
perature and pressure. Water steam can also be employed for disinfection and cleaning,
depending on the temperature and duration of exposure [19,20]. The chemicals and sani-
tation agents used eventually end up in wastewater, increasing environmental risks and
driving the development of more eco-friendly alternatives. These include preparations
based on PAA and hydrogen peroxide, often combined with surfactants and chelating
agents [15,21].

Ozone is also utilized for effective sanitation, as it destroys microorganisms through
oxidation. However, its toxicity poses a health risk; it can also corrode metals such as brass
and copper [7,22,23].

The aim of this study was to experimentally verify the effectiveness of selected chemi-
cal substances and preparations in inhibiting the growth of Aspergillus niger, Penicillium
expansum, and Cladosporium cladosporioides—filamentous fungi commonly found in cellar
environments and food-related contaminants, frequently isolated from indoor surfaces,
stored products, and food-processing environments. The selected filamentous fungi differ
significantly in their ecological and physiological characteristics. Aspergillus niger is a widely
distributed thermotolerant organism capable of rapid growth at elevated temperatures due
to its versatile metabolism and efficient conidia dispersal [24]. Penicillium expansum is a
psychrotolerant post-harvest pathogen of fruits, thriving in cool, humid conditions and
known for its production of the mycotoxin [25]. In contrast, Cladosporium cladosporioides is
a saprophytic species known for its stress tolerance and ability to grow under low water
activity conditions, typically found on damp surfaces and in the air [26]. These species
were chosen for their contrasting ecological profiles and differential sensitivity to chemi-
cal stressors, enabling a broader assessment of inhibitor efficacy. Testing was conducted
using in vitro inhibition tests on malt agar, applying various inhibitory agents at different
concentrations to identify the most effective substances for reducing filamentous fungi in
winemaking environments.

2. Materials and Methods
2.1. Microorganisms

For this laboratory experiment, pure cultures of filamentous fungi in the form of gela-
tine discs were used. The filamentous fungi were obtained from the Czech Collection of
Microorganisms—CCM (Masaryk University, CZE). The three filamentous fungal strains
used were A. niger van Tieghem CCM 8189 (MycoBank MB #284309), P. expansum Link CCM
F-576 (MycoBank MB #159382), and C. cladosporioides CCM F-348 (MycoBank MB #294915).
The gelatine discs were aseptically transferred onto a Petri dish and activated by adding
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approximately five drops of distilled water. After 30 min, the activated filamentous fungi
were spread across the entire surface of the Petri dish, which was then incubated at 21 °C.

2.2. Culture Media

Malt agar modified (HiMedia Laboratories, Elkdale, NY, USA) was used. Composition:
malt extract (powder) 20 g-L !, agar 20 g-L. !, final pH (at 25 °C) 5.4 4 0.2.

2.3. In Vitro Inhibition Test

On a Petri dish with agar, 350 uL of each inhibitory substance (see Table 1) was applied
using an automatic pipette and then spread evenly across the surface with a sterile L-shaped
spreader. Distilled water was used as the control sample. From the prepared filamentous
fungus cultures, 8 mm diameter discs were cut using a cork borer and placed at the centre
of the Petri dish containing the inhibitor (the fungal discs were placed within 3 min after
the application of the compounds). Fungal growth was measured every 24 h for a period
of 8 days at four points from the edge of the disc to the edge of the mycelium. Each variant
was prepared in six replicates. Incubation was carried out at 21 °C.

Table 1. Concentrations used for the different inhibitors included in the study.

Inhibitors 1 2 3 4
Sulphur dioxide-solution NH4;HSO3 4% v/v 2%v/v 1% v/v 0.5%v/v
Hydrogen peroxide—H,0O, 30% w/v 25% w/v 20% w/v 15% w/v
Copper(Il) sulphate pentahydrate— 10% w/v 5% w/v 2.5% w/v 1% w/v
CuSO4-5H,0 (100 g- L1 (50 g-L~1) (25g- L1 (10g-L1)
Chlorine-based product 40% w/v 20% w/v 10% w/v 1% w/v
Floor and wall cleaner + Cl (400 gL (200 gL (100 g-L=1 %) (10 g- L1 %)
NaClO-based product—Savo 50% w/v 25% w/v 10% w/v 1% w/v
Chlorine-free product—FungiSAN 16'2/?56)0/0 1(21/?9%)/11 5(1/01%){‘;) 1.?1/?516))/11
Ethanol—C,HsOH 96% v/v 84.4% v/v 76.8% v/v 67.2% v/v
Acetic acid—CH3;COOH 10% v/v 5% v/v 1% v/v 0.5% v/v

* Recommended concentrations/dosages.

2.4. Inhibitors

The tested compounds were selected to include both commonly used disinfectants,
such as sodium hypochlorite (NaClO, e.g., Savo Original), hydrogen peroxide (H,0,),
ethanol and acetic acid (CH3COOH), and agents with more specific or industrial applica-
tions, including copper(Il) sulphate pentahydrate (CuSO4-5H,0), sulphur dioxide (applied
as ammonium hydrogen sulphite, NH;HSO3), a commercial chlorine-free formulation
(FungiSAN), and a chlorine-based floor and wall cleaner + Cl. This categorization allows
for comparison of general-purpose antiseptics with targeted biocidal agents.

To inhibit filamentous fungus using sulphur dioxide, a commercial product called
SUPERSOLFOSOL-ANTIOXIDANT (BS vinaiské potfeby s.r.o., Velké Bilovice, Czech
Republic) was used. This product is a 40% solution of ammonium hydrogen sulphite
(NH4HSO3), commonly referred to as liquid sulphur, used in the food industry, winemak-
ing, or preservation. The following concentrations of this product were tested: 4%, 2%, 1%,
and 0.5%.

Hydrogen peroxide p.a. (30% HyO;) (LACHNER, Neratowitz, Czech Republic) was
evaluated at various dilutions, specifically 30%, 25%, 20%, and 15%. CuSO4-5H,0, com-
monly known as blue vitriol (PENTA s.r.o., Katovice, Czech Republic), was prepared in
concentrations of 100, 50, 25, and 10 g-L’l.
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Two chlorine-based products were also tested. The first, floor and wall cleaner + Cl
(WIGOL, Worms, Germany), is a liquid, alkaline concentrate with active chlorine de-
signed for the beverage and food industry. The recommended concentration ranges from
10 to 100 g-L =1 (1-10%). The product contains 120 g-kg ! of active chlorine. For testing,
solutions of 400, 200, 100, and 10 g-L.~! were prepared. The second chlorine-based product,
Savo Dezinfekce Original (UNILEVER CR, spol. s r.o., Prague, Czech Republic), contains
4.7 g of sodium hypochlorite (NaClO) per 100 g of product and less than 5% chlorine-based
bleaching agent. This product was tested at concentrations of 50%, 25%, 10%, and 1%.

The commercial chlorine-free product used was FungiSAN (Stachema CZ s.r.0., Stre-
docesky, Czech Republic), which is based on organic compounds and contains 4.5 g-kg !
zinc pyrithione, 4.5 g-kg ! 2-octyl-2H-isothiazol-3-one, and 8 g-kg ! terbutryn. The man-
ufacturer recommends a dilution of 1:19; that is, 50 g per 1 kg of coating (or water). For
experimental purposes, dilutions of 1:5, 1:9, 1:19, and 1:50 were used.

In addition, 96% ethanol p.a. (C;Hs0H) (PENTA s.r.0., Katovice, Czech Republic)
was tested at concentrations of 96%, 84.4%, 76.8%, and 67.2%. A solution of acetic acid
(CH3COOH) was also employed. A commercial 10% white vinegar (FICHEMA s.r.o.,
Jihomoravsky, Czech Republic) was tested at full strength (10%), as well as at dilutions of
5%, 1%, and 0.5%. For an overview of all concentrations used, see Table 1.

2.5. Statistical Analysis

All experiments were performed in six replicates to ensure accurate statistical eval-
uation. Data were statistically analyzed using Statistica 14 software. ANOVA analysis
was conducted, and mean values (1 = 6) were divided into homogeneous groups (labelled
a,b,c, ...)based on the Fisher LSD test («x = 0.05). In the graphs, the vertical lines represent
0.95 confidence intervals.

3. Results and Discussion

Both commonly used disinfectants and specialized chemical substances with potential
antimicrobial effects were tested. Chlorine-based products (sodium hypochlorite and a
chlorine-containing surface cleaner) were included as classical disinfectants with proven
fungicidal properties. A chlorine-free formulation (FungiSAN) was added as a representa-
tive of potentially more environmentally friendly alternatives. Sulphur dioxide, applied
in the form of ammonium hydrogen sulphite (NH4HSO3), is commonly used in wine-
making and food preservation to suppress microbial growth. Hydrogen peroxide is a
well-established and widely available disinfectant, applied across various sectors. Ethanol
and acetic acid are simple organic compounds with antiseptic properties, known for their
availability and use even in low-tech settings. Copper(Il) sulphate was included due to its
use in applications such as wood protection and agriculture. Each substance was evaluated
based on its effectiveness at different concentrations and its ability to slow down or inhibit
fungal growth. The test results are clearly presented in graphs, accompanied by a detailed
analysis and a comparison of the effectiveness of the individual substances, including a
consideration of their practical application.

3.1. Representative Images of Fungal Growth

To support the interpretation of the inhibition tests, representative photographs of
fungal growth after 8 days of incubation are presented in Figure 1. The incubation was
carried out on malt agar at 21 °C in 90 mm diameter Petri dishes (the fungal disk has a
diameter of 8 mm). The images include untreated controls of A. niger, P. expansum, and
C. cladosporioides and examples of growth inhibition by selected chemical agents. These
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photographs illustrate the typical morphology of the fungal colonies and the inhibitory
effects observed under the test conditions.

CONTROL CONTROL CONTROL

C. cladosporioides A. niger P. expansum

Chlorine-based Hydrogen
roduct 20% peroxide 15%

Figure 1. Representative photographs of fungal growth after 8 days.

3.2. Sulphur Dioxide SO,—-Solution NH;HSO3

For C. cladosporioides (Figure 2A), the control sample exhibited significantly higher
growth on day 8. The 0.5% solution led to a marked reduction in growth (58% effectiveness),
while the 1%, 2%, and 4% solutions displayed significantly lower values, with no statistical
differences among them. The 4% solution achieved complete (100%) effectiveness. In the
case of A. niger (Figure 2B), the 0.5% solution unexpectedly showed significantly higher
growth values than the control. The 1% solution demonstrated noticeably less growth
compared to the control on day 8, with an effectiveness of 82%. The 2% and 4% solutions
exhibited the most substantial reduction in growth, achieving 94% and 100% effectiveness,
respectively. For P. expansum (Figure 2C), on day 8, the 0.5% solution displayed values
statistically similar to the control. A considerable reduction was observed with the 1%
solution (36% effectiveness), while the 2% solution exhibited significantly lower values
(90% effectiveness). The 4% solution demonstrated complete (100%) effectiveness.

Sulphur dioxide is commonly used in the wine industry not only for disinfecting
barrels but also as a preservative in wine. However, its use may be associated with certain
risks, as it can irritate the respiratory tract and eyes [27] or cause corrosion of metal
parts [28]; its use should follow strict safety protocols in enclosed environments. SO, exerts
its antifungal activity primarily through reactions with cellular thiol groups, disrupting
redox homeostasis and inducing oxidative stress. It interferes with the structural integrity
of the fungal cell wall by targeting components such as chitosan, which also plays a role in
pigment retention and membrane stability. SO, further impairs cellular metabolism and
enzymatic function, contributing to growth inhibition. The antifungal effect is influenced
by the fungus’s ability to activate antioxidative defense mechanisms, including glutathione-
mediated responses [29,30]. While sulphur dioxide exhibited a strong fungicidal effect, its
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effectiveness depends on the concentration. Overall, the 4% solution proved to be the most
effective, completely stopping fungal growth and spread. In contrast, the 0.5% solution
was almost ineffective, showing results comparable to the control samples.

Cladosporium cladosporioides Aspergillus niger Penicillium expansum
c
b
B m
B a
2 3 4 5 6 71 8 12 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Time (days)

=4 Control =4 0.5% = 1% —#— 2% =% 4%

Figure 2. The effect of sulphur-based products on the growth of selected filamentous fungi. (A) Clados-
porium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (n = 6) on
the last day of measurement were divided into homogeneous groups (marked by letters a, b, ¢, d)
based on Fisher’s LSD test (« = 0.05).

The C. cladosporioides was the most sensitive to the preparation, with the 0.5% solution
demonstrating 58% effectiveness, while the results for P. expansum and A. niger were
inconclusive. To achieve optimal inhibitory effectiveness, it is recommended that the
highest concentration of the tested preparation be used.

Jiang et al. [31] mentioned that low levels of SO, may actually stimulate growth, as
sulphur is an essential element for the growth of microorganisms. This could explain why
the 0.5% solution appeared to stimulate the growth of certain filamentous fungi. Davidson
et al. [32] stated that a 0.1% concentration of sulphur dioxide has minimal effect and only
moderates fungal growth.

Kazemi et al. [33] studied the effect of sulphur on the toxic Aspergillus flavus in vitro,
observing complete inhibition at a concentration of 15 g-L . In the case of A. niger, higher
concentrations were found to completely prevent growth.

Everitt and Sullivan [34] conducted tests showing that each sulphur compound has
varying levels of effectiveness against filamentous fungi. According to Davidson, Sofos,
and Branen [32], temperature also influence effectiveness—sulphur dioxide is less effective
at higher temperatures.

3.3. Hydrogen Peroxide—H,0O,

For C. cladosporioides (Figure 3A), the control sample exhibited the highest growth on
day 8. The 15% and 20% hydrogen peroxide solutions resulted in a noticeable reduction
in growth (approximately 37% effectiveness). Lower fungal growth was observed with
the 25% solution, while the 30% hydrogen peroxide solution showed the lowest growth,
achieving 74% effectiveness. In the case of A. niger (Figure 3B), the 15% and 20% solutions
demonstrated significantly lower growth in millimetres compared to the control (72%
effectiveness). The 25% hydrogen peroxide solution further reduced growth, while the
statistically lowest values were recorded with the 30% solution, showing 93% effectiveness.
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For P. expansum (Figure 3C), the 15% and 20% hydrogen peroxide solutions significantly
reduced growth compared to the control (75% effectiveness), with no statistical difference
between them. The 25% solution demonstrated a stronger inhibitory effect (93%), while
the 30% solution achieved complete inhibition (100% effectiveness), completely stopping
fungal growth. Statistically, these concentrations were not significantly different from

each other.
40
Cladosporium cladosporioides Aspergillus niger Penicillum expansum
35
A
30
25
20

15

Radius of mycelial growth (mm)

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Time (days) =& Control == 15% = 20% —#— 25% =& 30%

Figure 3. The effect of hydrogen peroxide on the growth of selected filamentous fungi. (A) Cladospo-
rium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (1 = 6) on the
last day of measurement were divided into homogeneous groups (marked by letters 4, b, c, d) based
on Fisher’s LSD test (o = 0.05).

Hydrogen peroxide is a weak acid and a strong oxidizing agent that exerts antifungal
activity by inducing oxidative stress, damaging fungal cell membranes, DNA, essential
enzymes, and other biomolecules of microorganisms. It can also affect ligninolytic enzymes
such as laccase and manganese peroxidase, with low concentrations stimulating and high
concentrations inhibiting their activity, ultimately limiting fungal growth [35,36]. Although
it is unstable and harder to store, hydrogen peroxide decomposes into water and oxygen,
making it environmentally friendly and non-polluting to wastewater [37]. However, it
may also have corrosive effects and, in high concentrations, it poses risks of skin, eye, and
respiratory irritation [38].

Sharaf-Eldin and Geosel [39] confirmed that even a 1% hydrogen peroxide solution
can slow fungal growth. Cerioni et al. [40] found that 400 mmol-L~! H,O, completely
inhibited the growth of P. expansum conidia, which corresponds to a significantly lower
dose compared to the concentrations used in this study. Muhialdin, Hassan, and Sadon [35]
reported that a 5% hydrogen peroxide solution completely inhibited the growth of P.
expansum. They also noted that hydrogen peroxide degrades in MRS agar, indicating that
the type of growth medium used may affect test results.

Martin and Maris [41] observed that various combinations of hydrogen peroxide with
acids could inhibit microorganisms. However, it is worth considering whether hydrogen
peroxide may have decomposed before making contact with the filamentous fungus,
potentially reducing its effectiveness. This assumption is supported by the observation that
only the 30% hydrogen peroxide solution was able to nearly halt fungal growth.



Microbiol. Res. 2025, 16, 182 8 of 20

3.4. Copper(Il) Sulphate Pentahydrate—CuSO4-5H,0O

For C. cladosporioides (Figure 4A), the control sample exhibited the highest growth
on day 8. The 1% solution led to a significant reduction in growth, demonstrating 85%
effectiveness, while the 2.5%solution showed a markedly stronger inhibition, achieving
95% effectiveness. The 5% and 10% solutions achieved complete inhibition (100% effective-
ness), with zero growth recorded. In the case of A. niger (Figure 4B), the 1% solution was
statistically indistinguishable from the control on day 8. The 2.5% solution demonstrated
clear inhibition, with 92% effectiveness. The highest concentrations, 5% and 10% solutions,
both achieved complete inhibition (100% effectiveness). For P. expansum (Figure 4C), the
control sample exhibited the highest growth. The 1% solution demonstrated noticeably
lower values, with an inhibitory effectiveness of 90%. Higher concentrations of solutions,
2.5%, 5%, and 10%, clearly inhibited growth, each achieving 100% effectiveness.

40

Cladosporium cladosporioides Aspergillus niger Penicillium expansum

A

35

30

25

20

15

10

Radius of mycelial growth (mm)

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Time (days) =4+ Control == 1% == 2.5% == 5% =% 10%

Figure 4. The effect of copper(II) sulphate pentahydrate on the growth of selected filamentous fungi.
(A) Cladosporium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values
(n = 6) on the last day of measurement were divided into homogeneous groups (marked by letters a,
b, ¢, d) based on Fisher’s LSD test (x = 0.05).

Blue vitriol (copper(Il) sulphate) exerts antifungal effects by releasing Cu?* ions, which
disrupt fungal cell membranes, denature proteins, and interfere with essential enzymatic
processes. Copper ions also promote the formation of reactive oxygen species (ROS),
leading to oxidative damage of cellular components. The overall mechanism results in
impaired metabolism, membrane disintegration, and growth inhibition [42]. Copper(II)
sulphate exhibits a strong inhibitory effect, with the 1% solution (10 g-L~?!) significantly
reducing fungal growth in C. cladosporioides and P. expansum. The concentration level
required to completely prevent growth ranged from 2.5-5% solution of blue vitriol (25 g-L~!
to 50 g-L71).

Araujo et al. [43] confirmed that filamentous fungi of the Aspergillus genus are sen-
sitive to copper sulphate. Cerioni et al. [44] studied the inhibitorty effects of oxidative
compounds, including copper sulphate. They found that a concentration of 300 mmol-L~!
copper sulphate had no impact on the viability of conidia. However, in this experiment,
even 40 mmol-L~! (equivalent to 10 g-L~!-1% solution) significantly affected filamentous
fungus viability.
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Henry et al. [45] used copper oxide nanoparticles, which proved to be highly effective
against A. niger and Penicillium chrysogenum. Similarly, Pafil et al. [46] investigated copper
nanoparticles against wood-decaying fungi, finding that a concentration of 3 g-L~! was
effective against the tested fungi. These findings suggest that copper-based treatments
could be beneficial for maintaining the condition of barrels. Although blue vitriol can have
corrosive effects, it is compatible with stainless steel and plastic [47].

3.5. Chlorine-Based Products

For C. cladosporioides (Figure 5A), the 1% solution exhibited the highest values, with the
filamentous fungus spreading faster than in the control. The 10% and 20% solutions showed
statistically similar values to the control on day 8. The most significant inhibition was
observed at 40% solution, with an effectiveness of 36%. For A. niger (Figure 5B), the control
and the 1% solution showed statistically similar values on day 8. This concentration did
not differ significantly from the 10% solution. The 20% solution demonstrated significantly
higher effectiveness (46%), while the most statistically effective was the 40% solution,
with 73% effectiveness on day 8. For P. expansum (Figure 5C), the control did not differ
significantly from the 1% and 10% solutions. A noticeably lower growth rate was recorded
at 20% solution (45% effectiveness), and the lowest growth was clearly observed at 40%,
showing an inhibitory effect of 73%.

Floor and wall cleaner + Cl

Cladosporium cladosporioides

A

Aspergillus niger Penicillium expansum

Time (days)

6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

—4Control —— 1% —$— 10% —&— 20% —4 40%

Figure 5. The effect of chlorine-based products (floor and wall cleaner + CI) on the growth of selected
filamentous fungi. (A) Cladosporium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum.
Legend: Mean values (1 = 6) on the last day of measurement were divided into homogeneous groups
(marked by letters a, b, ¢, d) based on Fisher’s LSD test (o« = 0.05).

Chlorine-based disinfectants act through various mechanisms to inactivate fungal
spores. Chlorine and chlorine dioxide (ClO,) disrupt spores by damaging the cell wall
and membrane, leading to leakage of intracellular contents and subsequent cell death [48].
Chlorine inhibits fungal growth by reacting with cell wall components, particularly chitosan,
which reduces the amount of active chlorine available and supports cell wall integrity.
Chitosan also contributes to melanin production and pigment retention, both important for
fungal survival. Chlorine further induces oxidative stress by generating ROS inside the cell.
In response, fungi activate antioxidant enzymes such as superoxide dismutase and catalase
to counteract the damage [49]. While this preparation exhibits antifungal effects, these
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effects only occur at sufficiently high concentrations. The strongest effect was observed
at the tested 40% solution (concentration of 400 g-L.~1-48 g-L~! of active chlorine), which
slowed fungal growth but did not completely halt it. Achieving full inhibition would
require a higher concentration.

The manufacturer’s recommended dose of 10% solution (100 g-L. =112 g-L~! of active
chlorine) did not significantly slow growth, as the values remained close to the control.
Lower recommended doses had minimal to no effect and, in some cases, even a negative
impact. The observed stimulation of fungal growth at low concentrations of chlorine-based
agents may be attributed to the phenomenon of hormesis, a biphasic dose-response in
which low levels of a stressor activate protective or metabolic pathways, while higher
concentrations exert an inhibitory effect [50,51]. ClO, appears to be a more effective dis-
infectant compared to active chlorine. It is a strong oxidizing agent with broad-spectrum
bactericidal activity, demonstrating high efficacy against most bacteria and pathogenic
microorganisms. Its low risk of resistance development and minimal formation of halo-
genated by-products make it suitable for various applications, including water treatment,
food safety, healthcare, public health, and environmental protection. In contrast, active
chlorine is cheaper and more readily available but may lead to the formation of harmful
chlorinated compounds [52].

For C. cladosporioides (Figure 6A), the 1% solution showed values statistically similar to
the control on day 8, indicating no significant difference. The 10% solution demonstrated
a significantly lower value (27% effectiveness). The most clearly effective results were
observed with the 25% and 50% solutions, which did not differ statistically from each
other. The 25% solution achieved 87% effectiveness, while the 50% solution reached 98%
effectiveness, completely preventing fungal growth. For A. niger (Figure 6B), the 1% solution
significantly promoted growth, showing an increase greater than that of the control. The
10% solution demonstrated significantly lower growth compared to the control on day 8. A
substantial reduction in growth was observed with the 25% solution (74% effectiveness),
while the 50% solution exhibited the highest inhibitory effect (100% effectiveness). For P.
expansum (Figure 6C), the 1% solution resulted in the highest growth, significantly greater
than the control. A significant reduction compared to the control was observed with the 10%
and 25% solutions (47% and 57% effectiveness, respectively), with no statistical difference
between them. The 50% solution completely inhibited fungal growth (100% effectiveness).

NaClO-based product (Savo)

Savo is a disinfectant based on NaClQO, a chlorine-containing compound known for its
strong antimicrobial activity and extensive use in household, industrial, public, and medical
settings. Its effectiveness varies with concentration [53]. In all three cases, the 50% solution
(corresponding to approximately 23.5 g-L~! NaClO) completely stopped fungal growth
and spread. The 25% solution was most effective against C. cladosporioides but showed a
weaker effect on P. expansum. Filamentous fungi differ in their resistance to this preparation,
with the greatest inhibition observed in C. cladosporioides, while A. niger and P. expansum
exhibited higher resistance. Notably, the 1% solution lacked inhibitory properties and even
had a stimulatory effect, with values exceeding those of the control, suggesting a possible
growth-promoting effect. Low concentrations of NaClO may act as mild oxidative stressors,
temporarily activating cellular defence and metabolic pathways, which can paradoxically
promote fungal growth. This biphasic dose-response phenomenon, known as hormesis, has
been reported in fungal pathogens exposed to fungicides and other chemical agents [50,51].
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Figure 6. The effect of NaClO-based product on the growth of selected filamentous fungi. (A) Clados-
porium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (n = 6) on
the last day of measurement were divided into homogeneous groups (marked by letters a, b, c, d, e)
based on Fisher’s LSD test (« = 0.05).

Araujo, Gongalves Rodrigues, and Pina-Vaz [43] confirmed that filamentous fungi of
the Aspergillus genus are sensitive to NaClO. Reynolds et al. [54] evaluated the effectiveness
of a 2.4% NaClO solution, which is approximately equivalent to a 50% dilution of the tested
product, and found it effectively reduced filamentous fungi of the Penicillium, Cladosporium,
and Aspergillus genera. Cerioni, de los Angeles Lazarte, Villegas, Rodriguez-Montelongo,
and Volentini [44] identified the minimum inhibitory concentration for P. expansum to be
50 mg-L~!, which is significantly lower than the concentrations that completely inhibited
P. expansum in this study.

Visconti et al. [55] recommended using 0.1-1% NaClO or 1-3 mg~L’1 of free chlorine
for C. cladosporioides, 0.1-1.6% NaClO or 100-1300 mg-L’l of free chlorine for A. niger, and
50 ppm (0.005%) free chlorine for P. expansum, or 500 ppm (0.05%) when applied to surfaces.
However, these values proved insufficient in this test, requiring higher concentrations for
complete inhibition. Visconti et al. [56] reported that using 0.2% active chlorine for 2.5 min
resulted in the complete inactivation of C. cladosporioides. Nevertheless, the relevance of
free chlorine values is limited in this context, as chlorine use in the wine industry should
generally be avoided due to the risk of cork taint in wine.

Chlorine remains one of the most effective and widely used disinfectants in the
food industry. One of its key advantages is that its use is well-established and well-
understood. When comparing chlorine-based products, Savo appears to be more effective
than floor and wall cleaner + Cl. After recalculating, a 50% solution of Savo contains
approximately 45 g-L~! of active chlorine, which completely prevented fungal spread. In
contrast, 400 g-L ! of the cleaner product (containing 48 g-L~! of active chlorine) only
limited and slowed down fungal growth.

The higher effectiveness of Savo may be attributed to its additional components, such
as trace amounts of sodium hydroxide, which help stabilize pH and prevent the break-
down of hypochlorite. However, these products also contain volatile halogen compounds,
making them unsuitable for use in the wine industry due to the risk of cork taint. Fur-
thermore, they are characterized by a strong “pool-like” odor, which is undesirable in
winemaking environments.
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3.6. Chlorine-Free Product (FUNGISAN)

For C. cladosporioides (Figure 7A), the control showed the highest growth on day 8. At
a 1.9% solution, growth was significantly reduced (45% effectiveness). On day 8, the 5%
solution (63% effectiveness) and the 10% solution (56% effectiveness) differed statistically,
with the 5% solution showing lower growth. The highest inhibitory effectiveness (84%)
was clearly achieved with the 16.7% solution. For A. niger (Figure 7B), the control values
were visibly the highest. On day 8, the 1.9% solution demonstrated clearly lower growth
with 60% effectiveness. Statistically lower values were observed at 5% and 10% solutions
(73% and 80% effectiveness, respectively). The highest inhibition was recorded at the 16.7%
solution, with 88% effectiveness. For P. expansum (Figure 7C), the control exhibited the
highest growth. The 1.9% and 5% solutions did not differ statistically from each other and
showed significantly reduced fungal growth, both with 74% effectiveness. Similar growth
was observed at the 10% and 16.7% solutions, both achieving 87% effectiveness.

40

Cladosporium cladosporioides Aspergillus niger Penicillium expansum

A C

35
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20

Radius of mycelial growth (mm)

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Time (days) ——Control 4—19% —$+5% —4-10% —4—16.7%

Figure 7. The effect of chlorine-free product on the growth of selected filamentous fungi. (A) Clados-
porium cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (1 = 6) on
the last day of measurement were divided into homogeneous groups (marked by letters a, b, c, d, e)
based on Fisher’s LSD test (« = 0.05).

FungiSAN is a chlorine-free preparation that has proven effective against filamentous
fungi. The manufacturer recommends a dilution ratio of 1:19 (5% w/v); however, this dose
appears to be insufficient. While this concentration effectively slowed fungal growth, it did
not completely prevent its spread. Better results were achieved with higher concentrations,
with the 16.7% solution being the most effective-though not entirely inhibitory.

FungiSAN contains 4.5 g-kg~! of zinc pyrithione, 4.5 g-kg~! of 2-octyl-2H-isothiazol-
3-one (OIT), and 8 g-kg~! of terbutryn. Zinc pyrithione, functioning as a zinc ionophore,
increases intracellular Zn?* levels, leading to mismetalation and inactivation of iron-sulfur
proteins essential for energy metabolism, while also impairing nutrient transport via
membrane depolarization [57]. OIT, an isothiazolinone biocide, reacts with cellular nu-
cleophiles via an activated N-S bond, disrupting enzymatic and metabolic functions and
compromising cell integrity [58]. Terbutryn disrupts respiratory enzymatic systems by
inhibiting electron transport processes, thereby reducing fungal metabolic capacity and
growth [59]. Reeder, Xu, Youngquist, Schwartz, Rust, and Saunders [57] demonstrated that
zinc pyrithione inhibits growth by increasing cellular copper levels, leading to damage to
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iron-sulphur protein clusters essential for fungal metabolism. Li et al. [60] also found that
combining zinc pyrithione with silver nanoparticles had inhibitory effects on fungal growth.
Although promoted as a chlorine-free alternative, FungiSAN contains isothiazolinones and
terbutryn, which are toxic to aquatic life and require careful handling and disposal.

3.7. Ethanol—C,H;OH

For C. cladosporioides (Figure 8A), fungal growth on day 8 showed no significant
difference between 96%, 86.4%, and 76.8% ethanol compared to the control, indicating
no inhibitory effect. The highest growth on day 8 was recorded with 67.2% ethanol,
significantly exceeding the control. For A. niger (Figure 8B), the control showed the highest
growth on day 8. Statistically similar values and significantly lower growth were observed
with 67.2% ethanol (24% effectiveness) and 96% ethanol (40% effectiveness). Clearly
reduced growth was recorded with 86.4% ethanol, while the most statistically effective
inhibition (67%) was observed with 76.8% ethanol. For P. expansum (Figure 8C), the control
exhibited the highest growth on day 8. The 67.2% ethanol concentration resulted in
significantly reduced growth (26% effectiveness), with similar values observed for 86.4%
ethanol (37% effectiveness). Significantly lower growth was recorded with 96% and 86.4%
ethanol, with the best inhibitory effect (51%) shown by 76.8% ethanol.

Cladosporium cladosporioides Aspergillus niger Penicillium expansum

A

Time (days)

6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

—4—Control —+67.2% —$-76.8% —4-86.4% —$=96%

Figure 8. The effect of ethanol on the growth of selected filamentous fungi. (A) Cladosporium
cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (1 = 6) on the last
day of measurement were divided into homogeneous groups (marked by letters a, b, ¢, d) based on
Fisher’s LSD test (x = 0.05).

Ethanol is biodegradable and generally considered safe. However, it is highly volatile
and flammable, requiring careful storage and handling. Its antifungal mechanism is pri-
marily based on disrupting the fungal cell membrane, leading to loss of permeability and
cell disintegration. Ethanol denatures proteins in the cell wall, cytoplasmic membrane,
and cytoplasm, inhibits nutrient uptake (e.g., glucose and ammonium ions), and targets
mitochondrial membranes by altering phospholipid phase transition, increasing spore
mortality. Its effectiveness depends on concentration, temperature, moisture, and fungal
development stage, with ~70% ethanol showing optimal activity due to protein denatura-
tion and membrane damage [61]. Ethanol demonstrated an overall lower inhibitory effect
compared to other tested substances. For some filamentous fungi, medium concentrations
(76.8% and 86.4%) were more effective than 96% ethanol. The lowest tested concentration
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(67.2%) had a weak effect or did not slow fungal growth at all. The filamentous fungi
varied in their resistance, with C. cladosporioides being the most resistant, showing only
minimal inhibition.

According to these studies [62,63], alcohol appears to be inactive against spores. Se-
queira et al. [64] demonstrated antifungal activity at 30%, 70%, and 100% ethanol concentra-
tions, with 70% ethanol showing fungicidal properties against A. niger and C. cladosporioides.
Dantigny et al. [65] noted that ethanol appears effective in inhibiting fungal growth. Dao and
Dantigny [61] reported qualitative growth inhibition at ethanol concentrations ranging from
0-12%, depending on the filamentous fungus species. Between 0-4%, growth was observed
in all studied filamentous fungi (P. expansum), but at 8%, fungal growth was halted.

3.8. Acetic Acid—CH3;COOH

For C. cladosporioides (Figure 9A), the control sample showed the highest growth
on day 8. Significantly lower growth was observed, with the 0.5% solution achieving
15% effectiveness. Clearly different values were recorded for the 1% solution, which
demonstrated 43% effectiveness. The 5% and 10% acetic acid solutions exhibited a proven
100% inhibitory effect. For A. niger (Figure 9B), similar values were measured for the
control, 0.5%, and 1% solutions, which showed no inhibitory effect and even promoted
growth. Complete suppression of growth occurred with the 5% and 10% solutions, both
demonstrating 100% effectiveness. For P. expansum (Figure 9C), the control and 0.5% and
1% acetic acid solutions showed no significant differences on day 8. However, the 5% and
10% solutions clearly inhibited growth, both achieving 100% effectiveness.
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Figure 9. The effect of acetic acid on the growth of selected filamentous fungi. (A) Cladosporium
cladosporioides, (B) Aspergillus niger, (C) Penicillium expansum. Legend: Mean values (1 = 6) on the last
day of measurement were divided into homogeneous groups (marked by letters a, b, ¢, d) based on
Fisher’s LSD test (o = 0.05).

Acetic acid is a weak organic acid and the main component of vinegar [66,67]. It
exhibits antimicrobial activity primarily through the acidification of the extracellular en-
vironment, which impairs microbial metabolism and inhibits cellular proliferation. Fur-
thermore, the undissociated form of acetic acid is able to penetrate fungal cell membranes
and dissociates within the cytoplasm, leading to intracellular acidification, disruption of
enzymatic function, oxidative stress, and loss of membrane integrity. Although acetic acid
is biodegradable and generally regarded as safe at low concentrations, its concentrated form
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is corrosive and may cause dermal irritation [68,69]. The acid is stable and can be stored for
long periods. Its effectiveness ranges from low to moderate and is mostly effective against
bacteria and filamentous fungi [69].

C. cladosporioides was the most susceptible to acetic acid, with all tested concentrations
showing some inhibitory effect. Surprisingly, A. niger and P. expansum exhibited enhanced
growth at low acetic acid concentrations (0.5% and 1%) compared to the control. This
may be explained by the hormetic effect, a biphasic dose-response where low doses of
stress-inducing agents stimulate microbial growth or metabolism, while higher doses are
inhibitory. Similar stimulatory effects of weak organic acids at low concentrations have
been observed in fungal systems [70]. In contrast, A. niger and P. expansum were more
resistant, with the 1% solution showing no inhibitory effect. The 5% solution, however, was
able to completely halt the growth and spread of all tested filamentous fungi.

This result was also confirmed by Al-Sawah et al. [71], who used a different inhibition
method (well diffusion test) and observed pronounced inhibition zones with a 5% white
vinegar solution. Niamat et al. [72] also confirmed the inhibitory effects of white vinegar
against A. niger. Alcano et al. [73] found inhibitory effects at concentrations of 36-44 mM,
which are significantly lower than the concentrations identified in this study. Furthermore,
acetic acid at concentrations of 1%, 3%, and 5% has been shown to completely stop the
growth of A. flavus [74].

Not only acetic acid but also other organic acids, such as lactic, formic, oxalic, and pro-
pionic acids, have fungicidal properties [75]. The study by Niamat, Imtiaz, and Khan [72]
also showed that different types of vinegar (white distilled, grape, apple) can serve as
alternatives to synthetic antifungal agents. Thanks to their content of active compounds
like phenols and flavonoids, these vinegars exhibit antifungal and antioxidant properties,
helping to mitigate the drawbacks of synthetic products. Among the tested types, apple
vinegar showed the most effective results against A. niger.

Acetic acid can also cause corrosion of metal components [76]. This raises the question
of whether using acetic acid in winemaking is safe. Common vinegar may contain acetic
acid bacteria and is, therefore, not suitable for disinfecting winemaking tools or barrels, as it
could lead to undesirable effects under unfavourable conditions [67]. For safe disinfection,
pure acetic acid (of at least 80-100% purity, whether technical or food-grade quality) must
be used as it does not contain microorganisms. The acid should then be diluted to the
desired concentration.

PAA also appears to be a promising alternative, as it is a strong oxidizing agent formed
by mixing hydrogen peroxide with acetic acid. PAA exhibits stronger antimicrobial effects
than hydrogen peroxide due to its combined oxidative action and ability to destroy cellular
structures. However, PAA is unstable and requires careful storage, decomposing completely
into acetic acid, hydrogen peroxide, and water [77]. Abdelrhim et al. [78] confirmed the
inhibitory effects of PAA, while Hosotani et al. [79] mentioned that 80 mg.L_1 of PAA is
highly effective against filamentous fungi.

3.9. Summary

A 40% v/v solution of ammonium hydrogen sulphite was used for sulphur dioxide
inhibition, and a 4% ©v/v solution completely inhibited filamentous fungal growth. C.
cladosporioides proved to be the most sensitive to sulphur dioxide. For hydrogen peroxide,
the only concentration that inhibited the growth of P. expansum was 30% w/v. The lowest
effectiveness of hydrogen peroxide was observed against C. cladosporioides, indicating that
higher concentrations would be necessary for complete inhibition.

CuS04-5H;0 (blue vitriol) was able to completely inhibit fungal growth at a concen-
tration of 50 g-L_1 (5% w/v solution), while 25 g~L_1 (5% w/v solution) also proved very
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effective, particularly against P. expansum, which was the most sensitive to copper sulphate.
Overall, copper sulphate demonstrated the best cost-effectiveness ratio, achieving excellent
inhibition results while remaining economically accessible.

The chlorine-based product floor and wall cleaner + Cl, tested at its strongest concen-
tration of 40% w/v solution (400 g-1.~1-48 g-L~! active chlorine), was able to slow fungal
growth but not stop it entirely. This concentration was four times higher than the manu-
facturer’s recommended dose and still proved insufficient. The lowest effectiveness was
observed against C. cladosporioides, while the product demonstrated twice the effectiveness
against A. niger and P. expansum. Savo, a NaClO-based product, completely halted the
growth of filamentous fungi at a concentration containing 23.5 g-L.~! of NaClO. The highest
effectiveness was recorded against C. cladosporioides. The chlorine-free product FungiSAN
exhibited good fungicidal properties, but the manufacturer’s recommended dose was
insufficient to completely inhibit fungal growth. A higher dosage would be necessary to
achieve full inhibition. Better results were observed against A. niger and P. expansum.

Ethanol demonstrated the weakest inhibitory effects, as no minimum effective con-
centration capable of completely halting filamentous fungal growth was identified. No
inhibitory effect was observed at any tested ethanol concentration against C. cladosporioides.
For acetic acid, the growth inhibition threshold was identified at a 5% solution, using a
commercial white vinegar product. C. cladosporioides displayed higher sensitivity to the
acetic acid solution compared to the other tested filamentous fungi.

Although the tested compounds demonstrated effective antifungal activity against
filamentous fungi, it is important to consider their environmental impact. Some substances,
such as copper(Il) sulphate and sodium hypochlorite, are known to be toxic to aquatic
organisms and pose a potential risk if released into wastewater. In contrast, ethanol and
acetic acid are biodegradable, but their use at higher concentrations requires caution due
to volatility and possible corrosive effects. Future applications should aim to balance
antimicrobial efficacy with environmental safety, for example, by using lower doses or
selecting eco-friendly alternatives.

4. Conclusions

Based on the analysis conducted, it can be concluded that the effectiveness of indi-
vidual preparations varies depending on their concentration and specific properties. It is
also evident that the filamentous fungi C. cladosporioides, A. niger, and P. expansum exhibit
different sensitivities to various inhibitory agents.

When selecting a disinfectant, it is essential to consider its effectiveness, safety, and
suitability for the specific environment. An inappropriate choice may not only be ineffective
but could even promote fungal growth. Key factors to consider include pH stability,
volatility, toxicity, activity spectrum, temperature resistance, corrosiveness, surface activity,
and interactions with organic matter. Additionally, the efficiency and economic cost of the
product must be carefully evaluated.

These findings have broad applications not only in the wine industry but also in
sectors such as food production, brewing, pharmaceuticals, healthcare, and raw material
storage. They are particularly relevant in situations where microbial contamination poses a
risk to quality and safety.

The study provides a foundation for selecting effective sanitation methods and opti-
mizing disinfection processes, ultimately contributing to improved product quality, safer
working environments, and enhanced public health protection.
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Abbreviations

The following abbreviations are used in this manuscript:

CcCM Czech Collection of Microorganisms

CH3;COOH acetic acid

C,Hs0H ethanol

ClO, chlorine dioxide

CuSO4-5H;O  copper(Il) sulphate pentahydrate

eg, exempli gratia

NaClO sodium hypochlorite

NH4HSO3 ammonium bisulphate

OIT 2-octyl-2H-isothiazol-3-one

LSD least significant difference

PAA peracetic acid

ROS reactive oxygen species
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