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Abstract: In recent years, climate change has intensified harsh periods of rain alternating with
periods of drought, leading to an increase in the presence of phytopathogenic fungi. In this study,
we want to analyse the antifungal properties of pyroligneous acid against the fungal phytopathogen
Botrytis cinerea. Through the inhibition test, we observed that the application of different dilutions
of pyroligneous acid rarefied the growth of the fungal mycelium. Furthermore, we have seen
through the metabolic profile that B. cinerea is not able to use pyroligneous acid as a resource or
even grow in close contact with this resource. Moreover, we observed that the pre-incubation of
the fungus in pyroligneous acid leads to a reduction in biomass production. These results give us
hope for the possible use of this natural substance as a possible substance to protect plantations from
pathogen attacks.
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1. Introduction

In recent years, due to global warming, pollution, and climate change, significant
changes in agriculture, leading to negative economic (lower production yields), qualitative
(lower quality and durability of the product on the food market) and health-related (for
humans but also for the environment) results, are observed [1,2]. For this reason, in 2020,
the European Commission (EC) decided to create a group of policy initiatives called the
European Green Deal [2,3]. These initiatives aim to be net-zero by 2050, achieving part
of the goal in 2030 by reducing emissions by at least 55%. Unfortunately, agriculture is
responsible for 24% of greenhouse gas emissions, especially in the emission of 60% of
N,O and 50% of CHy [3], which is why these initiatives can restore nature and recover
biodiversity in such a way as to promote a healthy and efficient ecosystem that can be
more resilient for future climate change, including absorption and storage of carbon. An
environmental system is sustainable when it does not have a strong negative impact on the
environment, helps to mitigate climate change, does not result in the loss of biodiversity,
and guarantees food security, nutrition, and public health [2,3].

Poland is among the European countries with the largest production of strawberries,
reaching a collection area of 39.46%, a yield of 38.34%, and production of 15.13% compared
with the 27 countries belonging to the European Union [4]. However, the presence of plant
pathogens can affect production by affecting the health of the plant, with a consequent re-
duction in fruit production [5-7]. Therefore, the search for appropriate methods to improve
strawberry production and ensure the reduction or elimination of fungal pathogens in crops
is one of the most important challenges for modern, sustainable, and precise agriculture.
Finding the right substances and compounds to which fungal pathogens show sensitivity
is important both from an economic point of view (production volume and efficiency) and
from the point of view of guaranteeing plantation health and soil quality [8].

Botrytis cinerea has a necrotrophic lifestyle, which means that infecting the plant leads
to the death of the host tissues, and subsequently, the fungus survives the saprophytic

Int. . Mol. Sci. 2023, 24, 3080. https:/ /doi.org/10.3390/ijms24043080

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24043080
https://doi.org/10.3390/ijms24043080
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1636-3765
https://orcid.org/0000-0001-9437-3139
https://doi.org/10.3390/ijms24043080
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24043080?type=check_update&version=1

Int. J. Mol. Sci. 2023, 24, 3080

20f11

stage on the necrotic tissue or produces long-lasting structures, called sclerotia [9,10]. It
infects plants in all climatic areas, especially the aerial part of the plant, in the pre- and
post-harvest phases, and can remain in a quiescent state in host tissues for a long time.
This plant pathogenic fungus can infect plants in the nursery, ornamental plants, field
crops, and orchards [11-13]. Its infection of a large sector of plants and the extreme use
of fungicides in recent years have led to the development of genes that give resistance to
pesticides [9,11,14,15]. The factors that can influence the spread of the disease (such as
high production of conidia, drops of water on the surface, presence of nutrients) are very
important and must be taken into consideration in order to control the spread of infections
by Botrytis cinerea [9,14,16,17]. Another factor that makes this fungus important in both the
agricultural and economic fields is that the mycelium is active at moderate temperatures,
but can also be active at temperatures close to zero, thus being able to infect fruit during
the storage phase [9,17,18].

Pyroligneous acid (PA) is a by-product of the pyrolysis of plant biomass or organic
material under anaerobic conditions or limited oxygen supply, leading to the production of
biochar, volatile materials (as pyroligneous acid and tar), and various gases (H,O, CHy, Hp,
CO,, and CO) [19]. The volatile materials can be channelled into a cold tube to condense the
substance and obtain pyroligneous acid. For this reason, we can consider the production of
this natural substance as an aid for the reduction of greenhouse gas emission as well as
being a carbon sink [19,20]. This natural substance presents itself with its classic amber-
brown colour and a smoky smell. Pyroligneous acid is formed by various substances
obtained from the depolymerisation of three polymers (cellulose, hemicellulose, and lignin)
derived from plant biomass [19]. The various substances that make up PA include more
than 200 organic compounds, including organic acids, alkanes, phenols, alcohols, and
esters [19-22]. The most abundant substance (about 50%) is acetic acid, which gives PA its
characteristic pH below 3, while the phenolic group gives it a smoky smell [19]. Recently,
researchers have begun to study the possible uses of PA in agriculture, highlighting an
increase in yield, product quality, and plant health [23,24], improvement of germination
and seed growth [25-27], resistance to fungal pathogens [28,29], resistance to exposure to
high concentrations of ozone [30], an increase in nitrogen concentration in the soil [31], and
resistance to stress, disease, and insects [32]. PA inhibits the growth of fungal mycelium
due to its negative effects on the speed of division, cell membranes, electrolytes, and protein
synthesis [28]. PA has all the positive characteristics that could make it a future substitute
for the use of chemical pesticides, one of the key points of the European Green Deal. In
fact, the presence of phenols, esters, and acetic acid provides antioxidant and antimicrobial
properties, while phenolic compounds and furaldehydes are associated with antifungal
properties [19]. Our interest in testing PA as a possible antifungal against B. cinerea was
born from the fact that other researchers have already identified these antifungal properties
against many fungi, including Pythium, Penicillium, Rhizobium, Sclerotia, and Fusarium,
and, in particular, it has been proven that this natural substance inhibits the growth of the
mycelium of Phytophthora capsici and Verticillium dahliae, which are also fungal pathogens
of the strawberry plant [22,33-35].

The aim of this research was to test whether PA has a negative effect on the growth of
the phytopathogen Botrytis cinerea. Many studies to prove this effect of PA have used the
inhibition test [36,37]. In addition to this method, we propose the analyses that are part of
the Biolog Phenotype Microarray (PM) technique. Through these analyses, we can measure
the use of pyroligneous acid (MT2) or different carbon sources (FF) and production of fungal
biomass against different types of substances by studying the metabolism of organisms.
In this article, we analyse the susceptibility/resistance of Botrytis cinerea in three ways: (1)
Through the inhibition test, we focused on the efficiency of the application of different
concentrations of pyroligneous acid on the growth of the fungal mycelium. (2) Through
the MT2 microplate (Biolog™), we observed how pyroligneous acid can influence the
incubation of the fungal mycelium from the point of view of the use of the analysed
substance as a resource. (3) Through the FF microplate (Biolog™), we observed whether
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pre-incubation for 5 days with different concentrations of pyroligneous acid can affect
the Average Well Colour Development (AWCD), the Average Well Density Development
(AWDD), and the substrate richness (R) of B. cinerea.

2. Results

The identification of three selected strains of Botrytis cinerea was confirmed through
the polymerase change reaction analysis with a specific primer (Figure S1).

2.1. Effect of Pyroligneous Acid on Fungal Mycelium Growth on Petri Dishes

The inhibition test confirmed the negative effect of PA on the fungal mycelium growth.
During the 5 days of the incubation, we observed a change in the structure of the mycelium
(Figure S2). Through comparison of all of the PA treatments versus the control (PA 0), it
was observed that the mycelium grew in a rarefied way, not fully covering the culture
surface. Furthermore, it was possible to observe how the mycelium in contact with PA
0 presented the classic soft structure, while with the other concentrations of PA, a thin
mycelium with an almost dry appearance was observed. Analysis of the inhibition areas
measurements (Figure 1) indicated that the three strains of B. cinerea reacted differently to
tested PA treatments, highlighting different degrees of sensitivity: strong, medium, and
low. Observing the treatments applied, we were able to see, as a function of the cluster
analysis, the formation of three groups.
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Figure 1. Inhibition profile of Botrytis cinerea. Colour scale of the heatmap indicates the inhibition
degree (red represents stronger inhibition and blue represents lower inhibition). Abbreviations: PA is
PA pure; PA1 is PA 1:2; PA2 is PA 1:8; PA3 is PA 1:16; PA4 is PA 1:32; and PAS5 is PA 1:36.

There was a clear division into two groups according to the intensity of the inhibition
towards B. cinerea. Pure pyroligneous acid and the 1:2 and 1:36 dilutions greatly influenced
the development of the fungal mycelium, while the other three dilutions (1:8, 1:16, and 1:32)
had a medium effect on the production of the fungal biomass. Through this preliminary
analysis, we were able to ascertain that direct contact of the mycelium with pyroligneous
acid leads to an inhibition of the growth of the mycelium, confirming the antifungal
properties against B. cinerea of this tested natural substance. This first analysis indicated
the effect of pyroligneous acid on the growth of the fungal mycelium, especially since a
visual result of the antifungal aspect of natural PA was obtained.
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2.2. Effect of Pyroligneous Acid on Growth of Botrytis cinerea in MT2 Plates

The results of the MT2 plates indicated that B. cinerea can use PA as a carbon source
and simultaneously produce fungal mycelium. Through this analysis, we first identified
that if the fungus was incubated in FF inoculating fluid or PDB medium, it had a completely
different response to exposure to different dilutions of pyroligneous acid. Analysing the
optical density at 490 nm (Figure S3), we were able to observe a division of the treatments
performed in the FF inoculating fluid and PDB medium into three groups. All treatments
with low fungal respiratory activity were placed in groups I and II, in PDB medium and FF
inoculum, respectively. All treatments with high fungal respiration activity were placed
in group III, in FF inoculum. The same results were observed for biomass production
measured via the 750 nm optical density (Figure S54). The results indicated that the fungus
B. cinerea pre-incubated in the PDB medium with PA showed a lower utilization and growth
than the fungus incubated in the PDA medium with PA and analysed in the FF inoculating
fluid. The inhibitory capacity of pyroligneous acid towards the phytopathogenic fungus B.
cinerea indicated statistically significant differences (Figures 2 and 3). Analysing the fungal
strains, we observed how the reaction of the fungus changed, depending on the inoculum
liquid during the analysis. In particular, we observed how the G323/18 strain incubated
in FF inoculum had a low value of biomass utilization and production compared to that
observed in PDB medium, and that the other two analysed fungal strains showed behaviour
in both liquids that was completely opposite to the strain described above (Figure 2).
Regarding the ability of the plant pathogenic fungus B. cinerea to decompose this natural
substance (Figure 3), we observed a strong inhibition by the treatments PA 1:2 (PA1) and PA
1:16 (PA3) in FF inoculum, and pure PA (PA) and PA 1:2 (PA1) in PDB medium. Especially,
we noticed how the values of utilization and production of fungal biomass increased with
the increase in the values of the dilutions of pyroligneous acid in PDB medium (Figure 3B).
The analysis of the ability of Botrytis cinerea to decompose pyroligneous acid confirmed
that the low dilutions of pyroligneous acid induce an inhibition not only in the biomass
production phase, but also during the respiration of the fungus, because, during exposure to
low dilutions, we observed a low ability of the fungus to use pyroligneous acid as a resource.
By grouping the results obtained from the analysis of the MT2 microplates into four different
groups (fast, fast-medium, slow-medium, and slow), it was shown that pyroligneous acid
is used, and the fungus can produce biomass quickly, only when the fungus is incubated in
FF inoculum (see Table S13). By calculating the rate 490/750, the metabolism efficiency of
the tested fungus was evaluated. The measurement of the optical density at 490 nm shows
the utilization of the substrate, and at 750 nm indicates the production of fungal biomass. A
low value of this ratio means that the fungus has an efficient metabolism; therefore, a high
development of fungal biomass is accompanied by a low use of the substrate. The opposite
situation, where a low production of biomass is accompanied by a high use of substrates,
indicates a situation of stress at the metabolic level [38]. The rate 490/750 obtained from
the MT2 microplates indicated that pure pyroligneous acid and its analysed dilutions put
the metabolism of B. cinerea in a state of stress. Moreover, comparison of three tested fungal
strains indicated that only the strains G3/19 and G275/18 had an efficient metabolism in
the dilutions 1:16, 1:32, and 1:36, while the strain G3/19 incubated in FF inoculum exhibited
good metabolism after incubation in pure pyroligneous acid (Table S13). In conclusion,
we can state that dilutions of pyroligneous acid lower than 1:36 can lead to the complete
inhibition of the growth of the fungal mycelium of Botrytis cinerea.
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Figure 2. Optical density values from the MT2 microplates for the three different strains of B. cinerea
in function of FF inoculating fluid (A) and PDB medium (B). Each value is represented with the
standard error. The lower-case letters (referring to the 490 nm optical density) and the upper case
letters (for the 750 nm optical density) represent the results obtained after applying the post hoc
Wilcox test (Tables S1, S2, S4, S5, S7, S8, S10 and S11).
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Figure 3. Optical density values from the MT2 microplates for the seven different analysed treatment
of pyroligneous acid (PA) in function of FF inoculation fluid (A) and PDB medium (B). Each value is
represented with the standard error. The lower-case letters (referring to the 490 nm optical density) and
the upper case letters (for the 750 nm optical density) represent the results obtained after applying the
post hoc Wilcox test (Tables S1, S3, 54, S6, S7, S9, S10 and S12). Abbreviation: Control is without adding
PA; PA is PA pure; PA1 is PA 1:2; PA2 is PA 1:8; PA3 is PA 1:16; PA4 is PA 1:32; and PA5 is PA 1:36.

2.3. Metabolic Profile of Botrytis cinerea Pre-Cultivated on Pyroligneous Acid

The metabolic profile of tested fungal strains indicated how the pre-incubation of each
Botrytis cinerea strain in the presence of different dilutions of pyroligneous acid can affect
the use of carbon substrates and biomass production on 95 different carbon sources. The
AWCD and AWDD indices were statistically influenced by the fungal strains analysed
(Tables S14 and S19), demonstrating a clear difference in the metabolic profile between
the fungal strains (Figures 4 and 5). Furthermore, analysis of the index of the richness of
the substrate at 490 nm and 750 nm indicated that, in both optical densities, significant
differences between the fungal strains were observed. AWDD analysis showed that the
tested treatments were not significantly different (p value 0.05). Applying the post hoc
test, we can observe a difference between the control (pre-incubated fungus without
pyroligneous acid) and the highest dilution of pyroligneous acid (PA:1600). This indicates
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cinerea. Each value is represented with the standard error. The lower-case letters represent the results
obtained after applying the post hoc Wilcox test (Tables S14-518).

p value: 5.74 x 106 B p value: 0.011

45 a

W
LV R )

30

Substrate richness (OD 750 nm)
= =
(=T ] [= ]

h

o

G275/18 G323/18 G3/19 G275/18 G323/18

Figure 5. AWDD (A) and substance richness (B) indices for the three different strains of Botrytis
cinerea. Each value is represented with the standard error. The lowercase letters represent the results
obtained after applying the post hoc Wilcox test (Tables S19-523).

3. Discussion

The results obtained through this research indicated that the application of pyrolig-
neous acid has a negative effect on fungal mycelium growth and metabolism. Many
researchers have begun to test this natural substance, identified as antibacterial and antifun-
gal due to the molecules it contains. Wei et al. [22] tested the pyroligneous acid from walnut
branches against various plant pathogens, such as Phytophthora capsici, Colletotrichum orbic-
ulare, Valsa mali, Cochliobolus sativus, Helminthosporium sativum, and P. infestan, observing
a clear inhibition of these pathogens incubated in different types of pyroligneous acid.
Jung [35] has already tested the effect of pyroligneous acid on Botrytis cinerea and observed
a total growth inhibition for the 1:2 and 1:4 dilutions, showing a slight growth of the
myecelium in the 1:8, 1:16, and 1:32 dilutions. Chen et al. [39] tested pyroligneous acid from
Eucommia ulmoides against Botrytis cinerea and found that the acid, even at dilutions lower
than 1:200, can have a strong impact on the growth of the gray mold fungal mycelium.
Moreover, the results of our research indicated that 1:1600 dilution of PA affected metabolic
profiles of B. cinerea, by inhibiting metabolic biodiversity indicators. However, there is a
need to deepen knowledge concerning particula carbon sources and organic compound
to select the most effective in supporting PA in efficient control of phytopathogens. These
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different results can be justified by the fact that the quantity and type of molecules char-
acterizing pyroligneous acid depend on the origin of the biomass [19,40]. This is the first
article describing the use of MT2 microplates to study the possible inhibitory effects of
pyroligneous acid on pathogenic fungi. This methodology is widely used to characterize
and monitor metabolism (respiration and biomass production) to quickly underline and
estimate the sensitivity of the microorganism to this substance [10]. In other studies, the
MT?2 plate methodology was applied to identify the utilization of different carbon resources
after pre-incubation in different Petriella setifera litter [41,42], and to validate an effective
methodology to detect resistance or susceptibility of Fusarium sp. To fungicides [43]. These
recent works are proof of the use of this methodology to identify the sensitivity or resis-
tance of fungi to exposure to different substances. From the results obtained from the MT2
microplates, we observe that the phytopathogenic fungus Botrytis cinerea is unable to use
pyroligneous acid as a resource, and that the incubation of the fungus with this analysed
natural substance led to difficult growth, underlining the properties of this substance in
inhibiting, or even blocking, the production of fungal biomass. Through these results, we
can consider MT2 microplates as a good approach to understand and observe whether a
substance can inhibit fungal growth, as it was previously proposed by Frac et al. [43], and
therefore identify those substances that can interfere in the metabolism of pathogenic fungi.
From the point of view of the metabolism profile, we observe how the different dilutions of
pyroligneous acid do not greatly influence the functional diversity (calculated through the
AWCD, AWDD, and R indices), but rather are influenced by the individual metabolisms
of each strain. For the AWDD index, we observed that the analysed treatments present
a “slight” non-significant difference (p value 0.0507, Figure S5). This indicates that the
application of the dilutions of pyroligneous acid negatively interferes with the production
of the fungal biomass of Botrytis cinerea, also confirming the results obtained from the
MT?2 plates, underlining how pyroligneous acid negatively affects the production of fungal
biomass. Jung [37] tested different concentrations of pyroligneous acid and found that
dilutions lower than 1:4 inhibited the growth of Botrytis cinerea, while Chen et al. [39] noted
that the pyroligneous acid had an obvious and strong effect on the pathogenic fungus for
the dilutions to 1:200 and 1:400, respectively. The fact that, in our study, we found that
0.0625% v /v presents a strong inhibition on biomass production, compared to the other
two dilutions, could be connected to the fact that the pyroligneous acid in this dilution was
less present and that a large amount of water aided its absorption by Botrytis cinerea. We
understand that a very low percentage of pyroligneous acid is enough to alter the fungal
metabolism, and therefore consequently manifests in the slow growth of the mycelium.

4. Materials and Methods

The design of the research included some steps involving the molecular identification
of fungal strains selected for the study, determination of fungal strain sensitivity to different
concentrations of pyroligneous acid using the paper disc plate method and MT2 microplates
method to select the most effective concentration in the control of B. cinerea. Moreover,
the influences of the most effective concentrations of PA on metabolic profiles of B. cinerea
were tested.

4.1. Fungal Strains

Three different strains of Botrytis cinerea (G275/18, G323 /18, and G3/19) isolated from
infected strawberry plants were tested within this research. The selected strains came
from the microorganism collection of the Laboratory of Molecular and Environmental
Microbiology, Institute of Agrophysics, Polish Academy of Sciences (Lublin, Poland) and
were isolated as a part of a project Biostrateg (BIO-STRATEG3/344433/16/NCBR/2018).
To confirm that these three strains belong to the species B. cinerea, a specific PCR analysis
with two specific primers for the detection of the fungal pathogen B. cinerea (Patent number
P.431989) was performed.
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4.2. Pyroligneous Acid

The pyroligneous acid (PA) (product number W296708, SIGMA-ALDRICH, Saint
Louis, MO, USA) was used in this research. It has a molecular weight of 72.06 g/mol and
the formula C3H4O;. According to the manufacturer, the tested PA is a liquid with color
faint yellow to amber to brown, with the content of arsenic, cadmium, mercury, and lead
below detection limit, <3 ppm, <1 ppm, <1 ppm, <10 ppm, respectively. Moreover, the
pyroligneous acid purity as acetic acid at 4.5-6.5% was determined by NaOH titration,
while the other organic components were not mentioned by the producer of this substance.
It appears as an amber-coloured liquid with a characteristic smoky smell. Before preparing
all PA concentrations, pure PA was filtered through a 0.2 pm filter, and subsequent dilutions
(Figure S6) were prepared using demineralised water filtered through a 0.2 pm sterile filter
and sterilised [36]. All these operations were performed inside a sterilised laminar flow
cabinet with aspirated air. The pyroligneous acid was not sterilized because, during steril-
ization, the temperatures reach around 125 °C and can influence the molecular structure of
the substances that give PA its antimicrobial and antifungal properties. Furthermore, we
did not neutralize the pH of the pyroligneous acid, as the substance, if neutralized, only
has effects on the growth of bacteria and not of fungi [36].

4.3. Inhibition Test

The research included the effectiveness of different concentrations of PA: PA 0, PA pure,
PA 1:2, PA 1:8, PA 1:16, PA 1:32, and PA 1:36 against B. cinerea. For a preliminary analysis, we
applied the inhibition test as in Frac et al. [43] and Pylak et al. [44], with some modifications
presented below. All the three strains of B. cinerea were pre-cultured in potato dextrose
agar medium (PDA) (BioMaxima S.A., Lublin, Poland) to obtain enough mycelium for this
analysis. After 5 days, the mycelium was collected, and after homogenisation inside the FF
inoculating fluid (BiOLOG, Hayward, CA, USA), a transmittance of 75% was measured
before spreading 300 pL on inoculum in each Petri dish. After the application of the fungal
mycelium, three sterile paper discs were placed on the medium surface, and 15 pL of
each different PA concentration was applied of the surface of the discs. The plates were
incubated at 27 °C and every 24 h the diameter of the inhibition zone was measured. Each
plate contained three paper discs with particular concentration of PA as the three replicates
of the analysis. For the concentration PA 0, 15 uL of sterilised demineralised water was
added instead of pyroligneous acid, while PA pure included concentrated PA.

4.4. MT2 Microplates Analysis

In order to analyse the ability of B. cinerea to decompose pyroligneous acid, MT2
microplates (BIOLOG, Hayward, CA, USA), previously used for fungal sensitivity eval-
uation against fungicides by Frac et al. [43], were used. Three different fungal strains
were cultivated in PDA (BioMaxima S.A., Lublin, Poland) and potato dextrose broth (PDB)
(BioMaxima S.A., Lublin, Poland) media for 5 days and incubated at 27 °C. The mycelium
from both media was collected, and the mycelium from PDA (BioMaxima S.A., Lublin,
Poland) was homogenised inside the FF inoculating fluid (BiIOLOG, Hayward, CA, USA),
whereas the mycelium from PDB was homogenised inside the PDB medium (BioMax-
ima S.A., Lublin, Poland). The transmittances of both prepared inocula were adjusted
to 75%. Into each well, 50 uL of inoculum was added, and then 100 uL of each of the
6 different concentration (PA 0, PA pure, PA 1:2, PA 1:8, PA 1:16, PA 1:32, and PA 1:36)
was incorporated. For the concentration PA 0, 100 pL of sterilised demineralised water
was added instead of PA. Furthermore, a control treatment, composed of 50 uL of the FF
inoculating fluid (BiOLOG, Hayward, CA, USA) or PDB medium (BioMaxima S.A., Lublin,
Poland) plus 100 uL of sterilised demineralised water was prepared. In each plate, three
replications for each treatment were prepared. The scheme of the preparation of the MT2
microplates (BiIOLOG, Hayward, CA, USA) is shown in Figure S7. All the plates were
incubated at 27 °C for 10 days, and, every 24 h, the optical density at 490 nm (to observe
the absorption of the nutrients) and 750 nm (to detect the fungal biomass production)
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through the BIOLOG Microstation (BiIOLOG, Hayward, CA, USA) were measured. From
all the results we subtracted the values of the respective optical densities of all analysed PA
concentrations without the addition of Botrytis cinerea mycelium.

4.5. FF Microplates Analysis

The phenotypic analysis was made through the FF microplate (BiOLOG, Hayward, CA,
USA) and was prepared following the protocol of Frac [45]. The FF microplates (BiOLOG,
Hayward, CA, USA) are composed from 95 different carbon sources. For this experiment,
three concentration of PA from the previous analysis were selected, including PA 1:8, PA
1:16, and PA 1:36. The reasons for selecting these concentrations included the need for
a sufficient amount of mycelium to grow within these three different concentrations of
pyroligneous acid in order to prepare three plates for each analysed concentration. Due
to the fact that B. cinerea growth was completely inhibited on selected PA concentrations
(Figure S8), we decided to perform additional optimization with the PA concentrations PA
0, PA 1:400, PA 1:800, and PA 1:1600. The three fungal stains were pre-cultured in PDB
(BioMaxima S.A., Lublin, Poland) medium with particular concentrations of PA. After
5 days of incubation at 27 °C, the mycelium was collected and 75% of transmittance of
inoculum was adjusted inside the FF inoculating fluid (BiOLOG, Hayward, CA, USA).
100 pL inoculum was added into each well and three replicates for each treatment were
performed. All the microplates were incubated at 27 °C, and, every 24 h, the plates were
recorded through the BIOLOG Microstation (BiOLOG, Hayward, CA, USA). The results of
the substrate utilisation (at 490 nm) and the biomass production (at 750 nm) were collected
during 10 incubation days. The Average Well Colour Development (AWCD) index, Average
Well Density Development (AWDD) index, and substrate richness were calculated. AWCD
and AWDD were calculated by adding the respective optical densities at 490 nm and
750 nm (corrected with the respective water value), all divided by 95 (which is the number
of analysed resources in each plate). Substrate richness (R) was calculated by identifying
how many substrates recorded an optical density greater than 0.25 [43,46].

4.6. Statistical Analysis

The inhibition test results were presented through a heatmap. Firstly, all the measure-
ments were rearranged in a range between 0 and 1 and then a Euclidean distance matrix and
the Ward method were applied to obtain the heatmaps and the cluster analysis, respectively.
The results from the MT2 microplates (BIOLOG, Hayward, CA, USA) were grouped in
three different groups: low, medium, medium, and fast. To all the results obtained from the
MT2 and the FF microplates (BiOLOG, Hayward, CA, USA) we applied the Kruskal-Wallis
test and the post hoc Wilcox test to observe the results that were statistically different. For
all these analyses we used the R software v 4.1.3 (packages: ComplexHeatmap, circlize, caret,
Hmisc) (https:/ /www.r-project.org/index.html, accessed on 30 December 2022).

5. Conclusions

Overall, all of these analyses provide a picture of the effects of pyroligneous acid on
the phytopathogenic fungus Botrytis cinerea.

The results indicated the inhibiting effect of PA on the growth of the phytopathogen
B. cinerea. It was found that the B. cinerea fungus is sensitive to different concentrations of
pyroligneous acid, even under low concentrations of the PA.

Pyroligneous acid caused metabolic stress for B. cinerea fungal strains and affected the
AWCD, AWDD and R biodiversity indices of tested fungi.

The results confirm that metabolic research using MT2 and FF microplates is very
useful in the determination of efficiency of PA against phytopathogens.

As biodiversity indices showed significant differences in metabolic profiles of B. cinerea
under the influence of PA, future research should focus on deeper analyses, in particular,
carbon source compounds and groups, in order to indicate the compounds most responsible
for the inhibition effect of PA.


https://www.r-project.org/index.html

Int. J. Mol. Sci. 2023, 24, 3080 10 of 11

Supplementary Materials: The supporting information can be downloaded at https:/ /www.mdpi.
com/article/10.3390/1jms24043080/s1.

Author Contributions: Conceptualization, G.P. and M.E; methodology, G.P. and M.E; software, G.P;
validation, G.P. and M.F,; formal analysis, G.P.; investigation, G.P,; resources, M.E,; data curation,
G.P. and ML.F,; writing—original draft preparation, G.P.; writing—review and editing, G.P. and M.F,;
visualization, G.P,; supervision, M.E,; project administration, G.P. and M.E; funding acquisition, G.P.
and MLE. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by The National Science Center within the framework of the
Miniatura-5, contract number DEC-2021/05/X/NZ9/01672 and The National Centre for Research and
Development, the BIOSTRATEG programme, contract number BIO-STRATEG3/344433 /16 /NCBR/2018.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khanal, R.C. Climate change and organic agriculture. . Agric. Environ. 2009, 10, 116-127. [CrossRef]

2. DPeeters, A; Lefebvre, O.; Balogh, L.; Barberi, P.; Batello, C.; Bellon, S.; Gaifami, T.; Gkisakis, V.; Lana, M.; Migliorini, P; et al.
A Green Deal for implementing agroecological systems: Reforming the Common Agricultural Policy of the European Union.
J. Sustain. Org. Agric. Syst. 2020, 70, 83-93. [CrossRef]

3.  Prandecki, K.; Wrzaszcz, W.; Zielinski, M. Environmental and climate challenges to agriculture in Poland in the context of
objectives adopted in the European Green Deal strategy. Sustainability 2021, 13, 10318. [CrossRef]

4. FAO. Faostat. Available online: https:/ /www.fao.org/faostat/en/#data (accessed on 4 April 2022).

5. Malarczyk, D.G.; Panek, ].; Frac, M. Triplex Real-Time PCR approach for the detection of crucial fungal berry pathogens—Botrytis
spp., Colletotrichum spp. and Verticillium spp. Int. ]. Mol. Sci. 2020, 21, 8469. [CrossRef]

6. Velasquez, A.C.; Castroverde, C.D.M.; He, S.Y. Plant-pathogen warfare under changing climate conditions. Curr. Biol. 2018, 28,
R619-R634. [CrossRef] [PubMed]

7. Singh, J.; Bhatnagar, S.K.; Tomar, A. study on fungicidal effect of plant extracts on plant pathogenic fungi and the economy of
extract preparation and efficacy in comparison to synthetic/chemical fungicides. J. Appl. Nat. Sci. 2019, 11, 333-337. [CrossRef]

8.  Jiménez-Reyes, M.E; Carrasco, H.; Olea, A.F.; Silva-Moreno, E. Natural compounds: A sustainable alternative to the phy-
topathogens control. J. Chil. Chem. Soc. 2019, 64, 4459-4465. [CrossRef]

9. Holz, G.; Coertze, S.; Williamson, B. The ecology of Botrytis on plant surfaces. In Botrytis: Biology, Pathology and Control; Elad, Y.,
Williamson, B., Tudzynski, P, Delen, N., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 9-27, ISBN 9781119130536.

10. Cheung, N.; Tian, L.; Liu, X,; Li, X. The destructive fungal pathogen Botrytis cinerea—Insights from genes studied with mutant
analysis. Pathogens 2020, 9, 923. [CrossRef]

11. Weber, RW.S.; Hahn, M. Grey mould disease of strawberry in Northern Germany: Causal agents, fungicide resistance and
management Strategies. Appl. Microbiol. Biotechnol. 2019, 103, 1589-1597. [CrossRef]

12. Rupp, S.; Plesken, C.; Rumsey, S.; Dowling, M.; Schnabel, G.; Weber, R.W.S.; Hahn, M. Botrytis fragariae, a new species causing
gray mold on strawberries, shows high fungicide resistance. Appl. Environ. Microbiol. 2017, 83, €00269-17. [CrossRef]

13. Oliveira, M.S.; Amiri, A.; Zuniga, A.L; Peres, N.A. Sources of primary inoculum of Botrytis cinerea and their impact on fungicide
resistance development in commercial strawberry fields. Plant Dis. 2017, 101, 1761-1768. [CrossRef] [PubMed]

14. Hahn, M. The rising threat of fungicide resistance in plant pathogenic fungi: Botrytis as a case study. ]. Chem. Biol. 2014, 7, 133-141.
[CrossRef] [PubMed]

15.  Rupp, S.; Weber, RW.S,; Rieger, D.; Detzel, P.; Hahn, M. Spread of Botrytis cinerea strains with multiple fungicide resistance in
German horticulture. Front. Microbiol. 2017, 7, 1200. [CrossRef] [PubMed]

16. Malarczyk, D.; Panek, J.; Frac, M. Alternative molecular-based diagnostic methods of plant pathogenic fungi affecting berry
crops—A review. Molecules 2019, 24, 1200. [CrossRef] [PubMed]

17.  Sanzani, S.M.; Schena, L.; De Cicco, V.; Ippolito, A. Early detection of Botrytis cinerea latent infections as a tool to improve
postharvest quality of table grapes. Postharvest Biol. Technol. 2012, 68, 64-71. [CrossRef]

18. Van Kan, J.A.L. Infection strategies of Botrytis cinerea. Acta Hortic. 2005, 669, 77-90. [CrossRef]

19. Grewal, A.; Abbey, L.; Gunupuru, L.R. Production, prospects and potential application of pyroligneous acid in agriculture.
J. Anal. Appl. Pyrolysis 2018, 135, 152-159. [CrossRef]

20. Becagli, M.; Arduini, I.; Cantini, V.; Cardelli, R. Soil and foliar applications of wood distillate differently affect soil properties and
field bean traits in preliminary field tests. Plants 2023, 12, 121. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24043080/s1
https://www.mdpi.com/article/10.3390/ijms24043080/s1
http://doi.org/10.3126/aej.v10i0.2136
http://doi.org/10.3220/LBF1610123299000
http://doi.org/10.3390/su131810318
https://www.fao.org/faostat/en/#data
http://doi.org/10.3390/ijms21228469
http://doi.org/10.1016/j.cub.2018.03.054
http://www.ncbi.nlm.nih.gov/pubmed/29787730
http://doi.org/10.31018/jans.v11i2.2053
http://doi.org/10.4067/S0717-97072019000204459
http://doi.org/10.3390/pathogens9110923
http://doi.org/10.1007/s00253-018-09590-1
http://doi.org/10.1128/AEM.00269-17
http://doi.org/10.1094/PDIS-02-17-0203-RE
http://www.ncbi.nlm.nih.gov/pubmed/30676923
http://doi.org/10.1007/s12154-014-0113-1
http://www.ncbi.nlm.nih.gov/pubmed/25320647
http://doi.org/10.3389/fmicb.2016.02075
http://www.ncbi.nlm.nih.gov/pubmed/28096799
http://doi.org/10.3390/molecules24071200
http://www.ncbi.nlm.nih.gov/pubmed/30934757
http://doi.org/10.1016/j.postharvbio.2012.02.003
http://doi.org/10.17660/ActaHortic.2005.669.9
http://doi.org/10.1016/j.jaap.2018.09.008
http://doi.org/10.3390/plants12010121

Int. J. Mol. Sci. 2023, 24, 3080 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mungkunkamchao, T.; Kesmala, T.; Pimratch, S.; Toomsan, B.; Jothityangkoon, D. Wood vinegar and fermented bioextracts:
Natural products to enhance growth and yield of tomato (Solanum lycopersicum L.). Sci. Hortic. 2013, 154, 66-72. [CrossRef]
Wei, Q.; Ma, X.; Dong, J. Preparation, chemical constituents and antimicrobial activity of pyroligneous acids from walnut tree
branches. J. Anal. Appl. Pyrolysis 2010, 87, 24-28. [CrossRef]

Simma, B.; Polthanee, A.; Goggi, A.S. Wood vinegar seed priming improves yield and suppresses weeds in dryland direct-seeding
rice under rainfed production. Agron. Sustain. Dev. 2017, 37, 56. [CrossRef]

Mao, K; Li, S.; Li, B.; Wu, W.; Wei, C.; Yuan, S.; Niu, Y.; Du, H.; Zhang, L. Effect of wood vinegar on growth, yield and quality of
upper leaves of flue-cured tobacco of Nanzheng. Southwest China J. Agric. Sci. 2019, 32, 645-652.

Wang, Y.; Qiu, L.; Song, Q.; Wang, S.; Wang, Y.; Ge, Y. Root proteomics reveals the effects of wood vinegar on wheat growth and
subsequent tolerance to drought stress. Int. J. Mol. Sci. 2019, 20, 669. [CrossRef] [PubMed]

Fanfarillo, E.; Fedeli, R.; Fiaschi, T.; De Simone, L.; Vannini, A.; Angiolini, C.; Loppi, S.; Maccherini, S. Effects of wood distillate on
seedling emergence and first-stage growth in five threatened arable plants. Diversity 2022, 14, 669. [CrossRef]

Luo, X.; Wang, Z.; Meki, K,; Wang, X.; Liu, B.; Zheng, H.; You, X.; Li, F. Effect of co-application of wood vinegar and biochar on
seed germination and seedling growth. J. Soils Sediments 2019, 19, 3934-3944. [CrossRef]

Zhu, K,; Gu, S; Liu, J.; Luo, T.; Khan, Z.; Zhang, K.; Hu, L. Wood vinegar as a complex growth regulator promotes the growth,
yield, and quality of rapeseed. Agronomy 2021, 11, 510. [CrossRef]

Mourant, D.; Yang, D.-Q.; Lu, X.; Roy, C. Anti-fungal properties of the pyroligneous liquors from the pyrolysis of softwood bark.
Wood Fiber Sci. 2007, 37, 542-548.

Vannini, A.; Fedeli, R.; Guarnieri, M.; Loppi, S. Foliar application of wood distillate alleviates ozone-induced damage in lettuce
(Lactuca sativa L.). Toxics 2022, 10, 178. [CrossRef]

Sun, H.; Feng, Y.; Xue, L.; Mandal, S.; Wang, H.; Shi, W.; Yang, L. Responses of ammonia volatilization from rice paddy soil to
application of wood vinegar alone or combined with biochar. Chemosphere 2020, 242, 125247. [CrossRef]

Chalermsan, Y.; Peerapan, S. Wood vinegar: By-product from rural charcoal kiln and its role in plant protection. Asian J. Food
Agro-Industry 2009, 2, 189-195.

Quan, S. Application of wood vinegar to control diseases. J. Agric. Sci. Yanbian Univ. 1994, 2, 113-116.

Mao, Q.; Ding, F.; Zhao, Z.; Ma, X. Preparation of apricot tree vinegar and its antibacterial activity and chemical composition
analysis. J. Northwest A F Univ. 2009, 37, 91-96.

Zeng, ].; Hai, M.; Wang, X. The effect of dabuxilatu wood vinegar on the quality and disease of organic tobacco. Agric. Sci. Bull
2014, 7, 91-96.

Suresh, G.; Pakdel, H.; Rouissi, T.; Brar, S.K.; Fliss, I.; Roy, C. In vitro evaluation of antimicrobial efficacy of pyroligneous acid
from softwood mixture. Biotechnol. Res. Innov. 2019, 3, 47-53. [CrossRef]

Jung, K.-H. Growth inhibition effect of pyroligneous acid on pathogenic fungus, Alternaria mali, the agent of Alternaria blotch of
apple. Biotechnol. Bioprocess Eng. 2007, 12, 318-322. [CrossRef]

Pinzari, F,; Ceci, A.; Abu-Samra, N.; Canfora, L.; Maggi, O.; Persiani, A. Phenotype microArray ™ system in the study of fungal
functional diversity and catabolic versatility. Res. Microbiol. 2016, 167, 710-722. [CrossRef]

Chen, Y.H; Li, Y.E; Wei, H.; Li, X.X,; Zheng, H.T.; Dong, X.Y.; Xu, T.F; Meng, J.F. Inhibition efficiency of wood vinegar on grey
mould of table grapes. Food Biosci. 2020, 38, 100755. [CrossRef]

Mathew, S.; Zakaria, Z.A. Pyroligneous acid—The smoky acidic liquid from plant biomass. Appl. Microbiol. Biotechnol. 2015, 99,
611-622. [CrossRef]

Oszust, K.; Panek, J.; Pertile, G.; Siczek, A.; Oleszek, M.; Frac, M. Metabolic and genetic properties of Petriella setifera precultured
on waste. Front. Microbiol. 2018, 9, 115. [CrossRef]

Pertile, G.; Panek, J.; Oszust, K.; Siczek, A.; Oleszek, M.; Gryta, A.; Frac, M. Effect of different organic waste on cellulose-degrading
enzymes secreted by Petriella setifera in the presence of cellobiose and glucose. Cellulose 2019, 4, 7905-7922. [CrossRef]

Frac, M.; Gryta, A.; Oszust, K.; Kotowicz, N. Fast and accurate microplate method (Biolog MT2) for detection of Fusarium
fungicides resistance/sensitivity. Front. Microbiol. 2016, 7, 489. [CrossRef] [PubMed]

Pylak, M.; Oszust, K.; Frac, M. Searching for new beneficial bacterial isolates of wild raspberries for biocontrol of phytopathogens-
antagonistic properties and functional characterization. Int. J. Mol. Sci. 2020, 21, 9361. [CrossRef] [PubMed]

Frac, M. Mycological Evaluation of Dairy Sewage Sludge and Its Influence on Functional Diversity of Soil Microorganisms; Institute of
Agrophysics Polish Academy of Sciences: Lublin, Poland, 2012; ISBN 978-83-89969-96-5.

Chou, H.-Y.; Chiang, M.W.-L.; Lin, W.-R.; Hsieh, S.-Y.; Jones, E.B.G.; Guo, S.-Y.; Pang, K.-L. Metabolic activity on Biolog FF mi-
croPlate suggests organic substrate decomposition by Aspergillus terreus NTOU4989 isolated from Kueishan Island Hydrothermal
Vent Field, Taiwan. Fungal Ecol. 2022, 60, 101157. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.scienta.2013.02.020
http://doi.org/10.1016/j.jaap.2009.09.006
http://doi.org/10.1007/s13593-017-0466-2
http://doi.org/10.3390/ijms20040943
http://www.ncbi.nlm.nih.gov/pubmed/30795585
http://doi.org/10.3390/d14080669
http://doi.org/10.1007/s11368-019-02365-9
http://doi.org/10.3390/agronomy11030510
http://doi.org/10.3390/toxics10040178
http://doi.org/10.1016/j.chemosphere.2019.125247
http://doi.org/10.1016/j.biori.2019.02.004
http://doi.org/10.1007/BF02931111
http://doi.org/10.1016/j.resmic.2016.05.008
http://doi.org/10.1016/j.fbio.2020.100755
http://doi.org/10.1007/s00253-014-6242-1
http://doi.org/10.3389/fmicb.2018.00115
http://doi.org/10.1007/s10570-019-02633-4
http://doi.org/10.3389/fmicb.2016.00489
http://www.ncbi.nlm.nih.gov/pubmed/27092136
http://doi.org/10.3390/ijms21249361
http://www.ncbi.nlm.nih.gov/pubmed/33302568
http://doi.org/10.1016/j.funeco.2022.101157

	Introduction 
	Results 
	Effect of Pyroligneous Acid on Fungal Mycelium Growth on Petri Dishes 
	Effect of Pyroligneous Acid on Growth of Botrytis cinerea in MT2 Plates 
	Metabolic Profile of Botrytis cinerea Pre-Cultivated on Pyroligneous Acid 

	Discussion 
	Materials and Methods 
	Fungal Strains 
	Pyroligneous Acid 
	Inhibition Test 
	MT2 Microplates Analysis 
	FF Microplates Analysis 
	Statistical Analysis 

	Conclusions 
	References

