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Abstract: Plant disease outbreaks are increasingly exacerbated by climate change and the conditions
of stress combinations. They are negatively affecting crop yield and driving threats to food security
in many areas of the world. Although synthetic pesticides offer relative success in the control of
pests and plant diseases, they are often overused, and this method faces numerous drawbacks,
including environmental toxicity, soil degradation, and adverse effects on human health. Therefore,
alternatives are being developed and examined, including the biocontrol of pests and pathogens
and biomass pyrolysis leading to wood vinegar that has shown great promise in agriculture and
organic farming. However, while wood vinegar use is expanding and allows the control of numerous
pests and bacterial and fungal diseases, its application to control oomycete diseases is limited. This
study aimed to test wood vinegar for the control of oomycete plant pathogens from which six wood
vinegars of pistachio, pomegranate, almond, pine, cypress, and walnut were produced. The inhibitory
effects of volatile metabolites (semi-VOCs) of different wood vinegars concentrations (100%, 50%,
25%, 12.5%, and 6.25%) were examined against the hyphal growth of Globisporangium ultimum
and Pythium aphanidermatum isolates. An in vitro analysis unambiguously demonstrated that for
Globisporangium ultimum, the wood vinegar semi-VOCs of almond, pistachio (C 100% and 50%), and
walnut (C 100%) totally inhibited mycelial growth. On the other hand, Pythium aphanidermatum,
pistachio (C 100%, 50%, and 25%), and cypress (C 100%) expressed their abilities to completely inhibit
the mycelial growth. Other treatments, including relevant concentrations of pine and pomegranate
significantly inhibited the growth of mycelia of both species compared to the control (p < 0.05).
Therefore, wood vinegar could be considered a natural and organic product to use in agriculture
to cope not only against pests, bacterial and fungal pests but also against emerging oomycete
plant diseases.
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1. Introduction

Plant disease outbreaks are increasing in frequency and are mainly driven by climate
change and the conditions of stress combinations [1-5]. The main consequences of emergent
disease outbreaks are threats to agroecosystems’ stability, compromised food security, and
the loss of native biodiversity [6-8]. A relevant example includes Solanum lycopersicum Mill.
which is among the most consumed crops with increasing production worldwide that is
threatened by potential outbreaks of pests, is favored by climate change, and warrants the
critical requirement of sustainable approaches to manage emerging diseases [9-12].

The use of synthetic pesticides emerged as one of the most common methods in the
management of pests and pathogens [13]. Because of the low efficacy of these synthetic
compounds against pathogens, the concentration and pollution of soil and water, and their
adverse impact on human health, this method has come under significant scrutiny, and
numerous pesticides are at risk of withdrawal [14]. Their effectiveness is more and more
compromised by the development of pest and pathogen resistance and their side effects on
native biodiversity [15,16]. Synthetic pesticides are considered and documented as “highly
hazardous” given their impact on the environment and human health [17]. Alternative
methods to synthetic pesticides include mostly biological control approaches [1,18], plant
essential oils [19,20], and biomass pyrolysis technologies for the production of wood
vinegar [21].

Pyroligneous acid (PA) or wood vinegar is a condensed organic vapor and is a water-
soluble liquid produced from the carbonization or slow pyrolysis (thermal degradation
at 400 °C and in the absence or near to absence of oxygen) of hardwood materials. The
liquor is then separated from sedimentation tar [22-24]. Pyrolysis liquids are referred to
in the literature by terms such as pyroligneous acid [25], bio-crude oil [26], wood oil [27],
bio-oil [28], pyroligneous tar, pyrolysis oil, wood distillates, bio-fuel oil, liquid smoke [29],
and liquid wood [30]. Pyroligneous acid consists of up to 90% H,O and a mixture of added-
value chemical compounds, including syringol, levoglucosan, catechol, acetol, acetic acid,
formic acid, propionic acid, valeric acid, pyran, furan, ketones, methanol, formaldehyde,
butanol, acetone, furfural, valero-lactone, and phenolic acids (up to 20%) [31,32]. Pyrolig-
neous acid efficiently promotes plant growth, exerts herbicidal and pesticidal activity, and
inhibits the growth of microorganisms (e.g., fungi, bacteria, oomycetes, etc.). However,
the bio-stimulant action [33,34], pesticidal [35], and herbicidal [36,37] activities depend
on the applied concentrations. Pyroligneous acid also has antioxidant, anti-termite, and
anti-inflammatory activities [38]. Wood vinegar may enhance the microbial diversity in
the soil and improve the quality of the chemical, physical, and biological characteristics
of soil and crops as a result. Therefore, PA can be efficiently used as non-chemical fertil-
izer with pesticidal activities [39-41]. Studies targeting the antimicrobial effect of wood
vinegar have not been widely investigated. Nevertheless, the anti-fungal effect of PA was
confirmed against causal agents of cucurbits anthracnose, dieback of apple, common root
rot of cereals, Alternaria blotch of apple, downy mildew of potato, brown and white rot
fungi [26,42-44] as well as tumor-inducing and soft rot bacteria [45—47]. The mycelial
growth of both oomycetes, Phytophthora drechsleri and Pythium aphanidermatum, as causal
agents of cucumber damping-off, were inhibited with wood vinegar [48]. Pathogens
of rice crops, including Alternaria padwickii, Bipolaris oryzae, and Cercospora oryzae, were
also adversely inhibited with wood vinegar treatments [49]. Pyroligneous acid has also
been efficiently used to cope with Fusarium graminearum in wheat [50], Ovatisporangium in
tomato [21], the Fusarium wilt of cucumber [51], Rhizoctonia solani (Kuhn), Verticillum dahliae
(Kleb.), Fusarium oxysporum f. sp. vasinfectum, Colletotrichum gleosporoides, Pestalotiopsis
microspora and Ralstonia solanacearum as documented by Baharom et al. [52].
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Oomycetes are eukaryotic and filamentous fungal-like microorganisms and have the
ability to attack a broad host range, including crops, forest plants, insects, humans, animals,
algae, and other microorganisms [23,24,53]. Pythium, Phytopythium, Phytophthora, and some
obligate parasites, including white rusts and downy mildew, can cause severe diseases on
many crops with global major ecological and economic effects [25]. Oomycetes are very
difficult to control [54,55].

The chemical management of fungal and fungal-like causal agents is not an environ-
mentally friendly approach and can be dangerous to human health. Meanwhile, providing
synthetic fungicides and fertilizers in poor and developing countries is expensive for
most farmers. On the other hand, PA has several advantages, e.g., a positive impact on
soil physicochemical parameters, mitigating the dissemination of antibiotic genes in soils,
enhancing the microbial diversity into soils through positive action on soil microbiome,
including plant growth promoting bacteria content, plant growth promotion, mitigation of
plant stress tolerance, antimicrobial activity against main fungal and bacterial pathogens,
and anti-oomycete activity. In order to expand the putative effect of PA on oomycetes in
this research, we explore the in vitro inhibition of six samples of wood vinegar volatile
components originating from pistachio, pomegranate, almond, pine, cypress, and wal-
nut against Globisporangium ultimum and Pythium aphanidermatum isolates retrieved from
oomycete-infected tomato fields.

2. Materials and Methods
2.1. Pathogen Recovery

In 2022, G. ultimum and P. aphanidermatum samples were recovered from tomato fields
in East-Azarbaijan province, Iran. Diseased parts of Solanum lycopersicum consisting of
crown and root pieces were surface-sterilized by incubation for 5 min in a solution of
4% sodium hypochlorite. The samples were then incubated for 30 s in a 70% alcohol
solution and washed several times in a ddH,O sterile solution [56]. The samples were
subsequently dried for 5 min by placing them on a Whatman paper. A semi-selective
oomycete-specific medium was then prepared by adding antibiotics Fluazinam, Nystatin,
Ampicillin, and Rifampicin to a Corn Meal Agar (CMA) medium. Samples were incubated
for 1-2 days in this medium at 20 °C, and emerging cultures were purified using a single
hypha subculture on Water Agar (WA) media. The long-term preservation of cultures was
conducted by a subculture of oomycete isolates on slanted vials filled with PCA (Potato
Carrot Agar) media and dark incubation until use at 10 °C.

2.2. DNA Extraction and PCR Amplification

Oomycete Globisporangium ultimum and Pythium aphanidermatum mycelia grown on
Potato Carrot Agar (PCA) media were harvested and used as a starting material for DNA
extraction according to Moller et al.’s [57] manual procedure. Universal ITS4 (TCCTC-
CGCTTATTGATATGC) and ITS5 (GGAAGTAAAGTCGTAACAAGG) primers [45] were
then used for the specific amplification of the ITS-rDNA marker in PCR (Polymerase
Chain Reaction) experiments. PCR reactions were performed using 10 ng of genomic DNA
and 1.25 U Taq DNA polymerase (Tagara Bio) in a total reaction volume of 50 uL. The
reaction mixture consisted of 0.5 pM of ITS4 and ITS5 primers, 5 uL 10 x Ex Taq buffer
(20 mM Tris/HCI, pH 8.0, 100 mM KCl), and 4 pL 2.5 mM dNTP supplemented with sterile
distilled water to reach the final volume. PerkinElmer 9700 PCR thermal cycler machine
(Perkin Elmer, Tabriz, Iran) was used to carry out all amplifications consisting of an initial
denaturation step of 95 °C for 5 min followed by 30 Cycles (denaturation at 95 °C for
45-68 °C, annealing at 55 °C for 30 s and extension at 72 °C for 1 min) and a final extension
step for 7 min at 72 °C. PCR amplicons were then purified and directly used for DNA
sequence determination. Generated DNA sequences were submitted to GenBank [56].
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2.3. DNA Sequencing and Phylogeny

A BigDye® terminator v3.1 cycle sequencing kit (Applied Biosystems, Tehran, Iran)
was used for purified amplicon sequencing using ITS-rDNA PCR primers according to man-
ufacturer recommendations. Sequencing reactions were run in a 3130xl Genetic Analyzer
(Applied Biosystems, Tabriz, Iran) and SeqManll (DN AStar) software, which was used to
edit raw sequence files and generate consensus sequences [58]. Neighboring taxa were then
identified using generated consensus sequences in a blast search and a comparison against
the NCBI nucleotide database. NCBI has retrieved as well as sequences generated during
the time course of our study, which was subjected to a multiple sequence alignment using
the Mega 6 software [59]. Genetic evolutionary distances were estimated using the Kimura
2-parameter model. Trees were generated based on the maximum likelihood estimation
(ML) algorithm [60,61]. For selected tree branches support evaluation, bootstrap analysis
by resampling data sets with 1000 replications was performed [62].

2.4. Extraction of Pyroligneous Acid (Wood Vinegar)

Six trees were selected in this study, namely, pistachio, almond, pine, pomegranate,
walnut, and cypress. Pyroligneous acid was prepared according to Bridgewater et al. [63,64]
and Mohan et al. [39]. Simply, woody biomass materials were burned at 380—430 °C in an
environment with reduced oxygen. The produced smoke was finally cooled into a liquid
and then refined into wood vinegar. A Karl Fisher titrator (Mettler DL18, Greifensee,
Switzerland) was used to determine the amount of water in the wood vinegar samples.
The titrator was calibrated with dry methanol. Then, 200 pL of wood vinegar was
dropped in a container and titrated with the Karl Fischer reagent until reaching the
endpoint [65].

2.5. GC-FID Analysis of Pyroligneous Acid (Wood Vinegar)

Sample preparation was conducted by adding 1.5 mL of concentrated ammonium
hydroxide solution to 5 mL aliquots of the aqueous samples in the wood vinegar to increase
the pH to around 5. Then, extraction was carried out by adding 3 mL of ethyl acetate (HPLC
grade). After liquid-liquid extraction, an organic fraction was used for GC-FID analysis. In
previous studies, it has been determined that phenolic compounds are an important group
that has been identified in wood vinegar. Therefore, in the current study, the presence of
nine phenol derivatives was evaluated by GC/FID using a standard solution [66].

A gas chromatography (Agilent 6850, Santa Clara, CA, USA) equipped with a flame-
ionized detector (GC-FID) was used during the quantification of the analytes. The injection
port and flame ionization (FID) temperatures were adjusted at 300 °C. The analytes separa-
tion was conducted using a temperature programming approach by increasing the column
(HP-5, 30 m x 0.25 mm i.d., with a film thickness of 0.25 pm) temperature from 100 °C
(maintained for 3 min) to 300 °C at a rate of 12 °C min~!. The column temperature was
maintained at 300 °C for 15 min. The ignition of the FID was performed by hydrogen
(40 mL min~!) and air (400 mL min—1) gases. One microliter of the extract was injected
into the split injector (sampling time of 1 min and split ratio 1:100) [67].

2.6. In Vitro Inhibition of Semi-VOCs of Wood Vinegar against Globisporangium Ultimum and
Pythium Aphanidermatum Mycelial Growth

In order to study semi-VOCs of six trees of wood vinegar against the mycelial growth
of G. ultimum and P. aphanidermatum isolates, two-compartment Petri dish plates were used.
One side of the plates was filled with 15 mL of potato dextrose agar (PDA), while the
other side was filled either with sterile distilled water used as a control or with different
concentrations of PA (C 100%, C 50%, C 25%, C 12.5%, and C 6.25%). Agar discs (3 mm)
of either G. ultimum or P. aphanidermatum were placed on the Petri side and filled with a
PDA medium. Plates were then sealed with Parafilm M® [45] and incubated for 2-3 days.
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Fungal growth was then estimated and used to calculate the percentage of inhibition using
the following formula [42]:
P = (Gc — Gt)/Gc x 100

P: Percentage of inhibition
Gc: Oomycete growth in control Petri dish

Gt: Oomycete growth in each test Petri dish

2.7. Statistical Analysis

Variance analysis (ANOVA) was used to estimate data statistical analysis. A post hoc
Tukey’s HSD test was performed whenever a significant effect was detected. For all statistical
tests, the level of significance was set at 5% (p < 0.05). IBM SPSS Statistics v. 24 program
was used for all analyses performed in this study.

3. Results
3.1. Molecular Identification of Globisporangium and Pythium Isolates

Globisporangium and Pythium pathogenic isolates recovered from different tomato root
rot samples were evaluated using Petri plate growth patterns and morphology. Then, they
were subjected to molecular identification. An internal transcribed spacer of ribosomal
DNA sequences (ITS-tDNA) of the G. ultimum (ON626717, ON626718) and P. aphaniderma-
tum (ON626719, ON626720) specimens was similar and nested in a clade with other related
species with 99% and 88% bootstrap values, respectively (Figure S1).

3.2. Semi-VOCs Concentrations Activity against Globisporangium Ultimum Mycelial Growth

Wood vinegar samples were prepared with the method of Bridgewater et al. [63,64]
and Mohan et al. [39]. Their water content was calculated based on Theapparat et al. [65]
and is listed below:

PA of pistachio: 91.5%

PA of almond: 92.4%

PA of walnut: 89.4%

PA of pomegranate: 88.2%
PA of pinus: 86.8%

PA of cypress: 87.4%

Concentration 100%: The best inhibition rates of mycelial growth of Globisporangium
ultimum isolates were obtained using wood vinegars of almond, walnut, and pistachio.
These wood vinegars were then considered to be the most active against Globisporangium
ultimum. Then, the non-diluted pomegranate, cypress, and pine wood vinegars had lower
inhibitory effects compared to pistachio, walnut, and almond non-diluted wood vinegars
(Figures 1 and 2).

Concentration 50%: C 50% of all wood vinegars had relative inhibitory effects on the
myecelial growth of G. ultimum isolate. C 50% of pistachio proved as effective as the non-
diluted wood vinegar samples of almond, walnut, and pistachio and completely stopped
the growth of the oomyecete isolate. C 50% of pistachio was followed closely by almond
and cypress wood vinegar treatments that had the same effect (Table 1). Cypress and
pomegranate (C 100% and C 50%) treatments gave significantly similar results among each
other and were different form the control (Figures 1 and 2). C 50% of pine wood vinegar
treatment had significantly the lowest inhibition rate of mycelial growth of G. ultimum
among all other treatments (Table 1).
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Control
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Figure 1. In vitro assay of wood vinegar for six plant species using five concentrations against
mycelial growth of Globisporangium ultimum (GenBank accession: ON626718) isolate.
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Figure 2. Bar-charts of different wood vinegars (A): Almond, (B): Cypress, (C): Pine, (D): Pistachio,
(E): Pomegranate, (F): Walnut wood vinegars) and their effectiveness against Globisporangium ultimum
(GenBank accession: ON626718). Data presents the mean =+ standard error. Letters present on the
different bars indicate significant differences across treatments (p < 0.05) estimated using Tukey’s
HSD test.

Table 1. Effectiveness evaluation of semi-VOCs of wood vinegars against Globisporangium ultimum
in different concentrations with Tukey multi-comparison analysis. Data presents mean =+ standard
error. Rows labelled with different letters are significantly different among the treatments at p < 0.05

using Tukey’s HSD test.
. Mycelial Tukey
Treatment-Concentration Growth (mm) Multi-Comparison Analysis
Almond wood vinegar + C 100% 0 a
Cypress wood vinegar + C 100% 1.5+05 ab

Pine wood vinegar + C 100% 6.5+ 0.5 c
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Table 1. Cont.

. Mycelial Tuke
Treatment-Concentration Gr}:)wth (mm) Mult?—Comparison Analysis

Pistachio wood vinegar + C 100% 14.5 £ 0.5 e

Pomegranate wood vinegar + C 100% 23 £0.0 h
Walnut wood vinegar + C 100% 1.5+05 ab
Almond wood vinegar + C 50% 1.5£05 ab
Cypress wood vinegar + C 50% 105+ 05 d
Pine wood vinegar + C 50% 175+ 05 f

Pistachio wood vinegar + C 50% 26.5+0.5 i

Pomegranate wood vinegar + C 50% 25+05 b
Walnut wood vinegar + C 50% 11.5+05 d
Almond wood vinegar + C 25% 20.5+0.5 g
Cypress wood vinegar + C 25% 29.5+£0.5 jk
Pine wood vinegar + C 25% 30+0.0 k
Pistachio wood vinegar + C 25% 0 a
Pomegranate wood vinegar + C 25% 0 a
Walnut wood vinegar + C 25% 35+05 b
Almond wood vinegar + C 12.5% 115+ 05 d
Cypress wood vinegar + C 12.5% 18 +£0.0 f

Pine wood vinegar + C 12.5% 1.5+05 ab
Pistachio wood vinegar + C 12.5% 3+£0.0 b
Pomegranate wood vinegar + C 12.5% 105+ 0.5 d
Walnut wood vinegar + C 12.5% 145+ 0.5 e
Almond wood vinegar + C 6.25% 27.5+0.5 ij
Cypress wood vinegar + C 6.25% 0 a
Pine wood vinegar + C 6.25% 6.5+ 05 c
Pistachio wood vinegar + C 6.25% 14.5 £ 05 e
Pomegranate wood vinegar + C 6.25% 20.5+0.5 g
Walnut wood vinegar + C 6.25% 29 £ 0.0 jk

Concentration 25%: For treatments with pistachio, almond, pomegranate, and cypress
(both with the same effect), walnut and pine had the strongest to lowest effect on mycelial
growth, respectively (Table 1).

Concentration 12.5%: For treatments using pistachio, almond, and pomegranate
(both with the same effect), cypress, walnut, and pine wood vinegars proved effective in
inhibiting G. ultimum mycelial growth and had from the strongest to the lowest inhibition
rates, respectively (Table 1).

Concentration 6.25%: We found a decreasing inhibition rate using pistachio, almond,
cypress, pomegranate, walnut, and pine wood vinegar treatments against G. ultimum,
respectively (Table 1). A comparison of inhibition rate percentages of wood vinegar treat-
ments toward G. ultimum allowed us to presume that a significant decrease in G. ultimum
myecelial growth was achieved using all PA semi-VOCs (Table 1).

Generally, treatments (e.g., almond wood vinegar + C 100%, pistachio wood vinegar + C 25%,
pomegranate wood vinegar + C 25%, cypress wood vinegar + C 6.25%) have the best
inhibition against mycelial growth of G. ultimium. The treatment (pine wood vinegar + C 25%)
had low efficacy against the oomycete.

3.3. Efficacy of Semi-VOCs Concentrations against Pythium Aphanidermatum Mycelial Growth

Concentration 100%: Cypress and pistachio wood vinegars had the highest inhibition
rates of P. aphanidermatum mycelial growth among all the other wood vinegars investigated
in our study. The concentration was 100% for both pistachio, cypress, and pomegranate
vinegars, while almond wood vinegars were significantly similar to each other, different
from other treatments, and performed with the highest inhibition rates (Figures 3 and 4).
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Control
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Figure 3. Concentrations of the six plant species wood vinegar in vitro assays for the inhibition of
mycelial growth for the Pythium aphanidermatum (ON626719) isolate.
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Figure 4. Performance of plant Pyroligneous acid semi-VOCs (A): Almond, (B): Cypress, (C): Pine,
(D): Pistachio, (E): Pomegranate, (F): Walnut wood vinegars) for the inhibition of Pythium aphanider-
matum (ON626719). Data presents the mean =+ standard error. Letters present on the different bars
indicate significant differences across treatments (p < 0.05) estimated using Tukey’s HSD test.

Concentration 50%: The wood vinegars of pistachio and cypress (both similar to each
other), pomegranate and almond (both similar to each other), and walnut and pine had
from the highest to lowest inhibition of P. aphanidermatum mycelial growth, respectively.

Concentration 25%: Treatments with almond, pomegranate, pistachio, cypress, wal-
nut, and pine had, respectively, the strongest to lowest mycelial growth inhibition (Table 2).
Concentrations of 100%, 50%, and 25% of pistachio wood vinegar had the highest inhibi-
tion rates of the mycelial growth of P. aphanidermatum. Concentrations of 100%, 50%, and
25% of pistachio were similar to a concentration of 100% for the cypress treatment, which
completely stopped the growth of P. aphanidermatum (Figures 3 and 4). Then, walnut and
pine had lower inhibitory effects, respectively. Significantly, pine treatment had the lowest
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inhibition rate against the mycelial growth of P. aphanidermatum in comparison to all other
treatments (Table 2).

Table 2. Effectiveness evaluation of semi-VOCs of wood vinegars against Pythium aphanidermatum
in different concentrations with Tukey multi-comparison analysis. Data presents mean =+ standard
error. Rows labelled with different letters are significantly different among the treatments at p < 0.05
using Tukey’s HSD test.

Treatment-Concentration Mycelial Growth Tukey Multi-Comparison

(mm) Analysis
Almond wood vinegar + C 100% 0 a
Cypress wood vinegar + C 100% 35+05 bc
Pine wood vinegar + C 100% 75+£05 de
Pistachio wood vinegar + C 100% 0 a
Pomegranate wood vinegar + C 100% 11+£0.0 fg
Walnut wood vinegar + C 100% 25+05 b
Almond wood vinegar + C 50% 0 a
Cypress wood vinegar + C 50% 75+£05 de
Pine wood vinegar + C 50% 11.5+05 fg
Pistachio wood vinegar + C 50% 25+05 b
Pomegranate wood vinegar + C 50% 16.5+ 0.5 hi
Walnut wood vinegar + C 50% 55£05 cd
Almond wood vinegar + C 25% 0 a
Cypress wood vinegar + C 25% 11+£0.5 fg
Pine wood vinegar + C 25% 175+ 05 i
Pistachio wood vinegar + C 25% 125+ 05 g
Pomegranate wood vinegar + C 25% 21.5+£0.5 jk
Walnut wood vinegar + C 25% 9.5+05 ef
Almond wood vinegar + C 12.5% 11.5+05 fg
Cypress wood vinegar + C 12.5% 175+ 05 i
Pine wood vinegar + C 12.5% 23 £0.0 k
Pistachio wood vinegar + C 12.5% 16 £ 0.0 hi
Pomegranate wood vinegar + C 12.5% 30 £0.0 m
Walnut wood vinegar + C 12.5% 15+ 0.0 h
Almond wood vinegar + C 6.25% 175+ 05 i
Cypress wood vinegar + C 6.25% 225+0.5 jk
Pine wood vinegar + C 6.25% 27.5+0.5 1
Pistachio wood vinegar + C 6.25% 235+0.5 k
Pomegranate wood vinegar + C 6.25% 30 £0.0 m
Walnut wood vinegar + C 6.25% 20.5+0.5 j

Concentration 12.5%: Treatments using pistachio, almond, cypress, pomegranate,
walnut, and pine wood vinegar proved to be the highest to lowest in effectiveness for the
inhibition of the P. aphanidermatum mycelium growth, respectively (Table 2).

Concentration 6.25%: We found a decreasing inhibition rate using pistachio, almond,
pomegranate, cypress, walnut, and pine (both had the same effect) wood vinegar treatments
of P. aphanidermatum mycelial growth, respectively. The comparison of the inhibition rate
percentages of wood vinegar treatments of P. aphanidermatum empowered us to prove that
all semi-VOCs significantly decreased P. aphanidermatum mycelial growth with significantly
the same effect on it (Table 2).

Generally, treatments (e.g., Almond wood vinegar + C 100%, C 50%, and C 25%,
pistachio wood vinegar + C 100%) had the best inhibition against the mycelial growth of
P. aphanidermatum. The treatment (pomegranate wood vinegar + C 12.5% and C 6.25%) had
the lowest efficacy against the species (Table 2).
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3.4. GC-FID Analysis of Wood Vinegar Samples

GC-MS analysis of the wood vinegar samples described in this study revealed the
presence of numerous organic compounds (Table 3). Detected phenolic compounds in-
cluded 2,6-dimethoxy phenol (21.4 to 32.3%), 2-methoxyphenol (10.2 to 19.3%), 4-methoxy-
1,2-benzenediole (4.1 to 5.6%), catechol (3.2 to 8.3%), 3,4-dimethoxyphenol (2.4 to 5.3),
4-ethyl-2-metoxyphenol (2.3 to 5.6%), 2-methylphenol (1.9 to 2.9%), phenol (0.6 to 1.9%),
and cresol (0.13 to 1.6%). The results show that the profile of the chromatograms was
similar, but the amounts of phenolic compounds were different. 2,6-dimethoxy phenol
and 2-methoxyphenol were found in higher concentrations, respectively. Additionally, the
results indicated that the highest and lowest concentration of 2,6-dimethoxy phenol was in
the wood vinegar of pine and pomegranate, respectively. The phenolic compound with the
lowest concentration was related to the phenol in the wood vinegar of pine (Table 3 and
Figure 5). The antimicrobial activity of wood vinegar compounds is described in Table 1.

Table 3. GC-FID analysis results of wood vinegar samples and their biological activity. Numbers are

percentages of each compound.

[]
-— 7]
E E 2 g £ g 2
Compound Name g -% = &b _§ g Biological Activity %
< = ~ £ G S
S A~ =~
~
Phenol 1.9 1.3 0.6 1.2 0.9 0.6 Antimicrobial activity [68]
2-methylphenol 29 27 24 22 2.3 1.9 Cyclooxygenase (COX)-2 inhibitor [69]
2-methoxyphenol 10.2 11.1 19.3 114 17.2 17.3  Antibacterial activity [27]
Cresol 16 23 097 021 021 013 |nhibitionofbiofilm formation and [70]
neutralization of bacterial toxins
Antimicrobial activities on three bacteria
Catechol 32 4.6 42 59 8.3 32 (Pseudomonag putida, Hseudomonas pyocyanes, [71]
Corynebacterium xerosis) and two fungi
(Fusarium oxysporum, Penicillium italicum)
Inhibitory effects against mycelial growth,
4-ethyl-2- conidial formation, and germination, and
metoxyphenol 26 29 39 36 56 23 deoxynivalenol (DON) biosynthesis in 721
Fusarium graminearum
4-methoxy-1,2- antimicrobial activities against
benzenediole 49 49 56 49 4.8 41 food-borne bacteria [73]
2,6-dﬁne’dlloxy 26.4 276 323 21.4 221 25.9 Inhibitory effect against Escherichia coli
R (NBRC 3301) and Bacillus subtilis [74]
ACIMEtnoxy- 2.6 4.9 2.4 53 3.4 36  (NBRC3134).

phenol
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Figure 5. GC-FID chromatograms of wood vinegars along with standard solutions of phenol deriva-
tives of wood vinegars of (A) almond, (B) walnut, (C) pine, (D) pomegranate, (E) pistachio, (F) stan-
dard solutions of phenol derivatives, and (G) cypress.
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4. Discussion

Oomycete diseases are considered nowadays to be an abiding threat to agriculture
and forestry [6,53,58]. Huge economic losses are more and more documented, as well as
environmental damage [75,76]. The management of oomycete diseases proves difficult
and is a significant challenge for agriculture. Most chemical treatments are ineffective due
to pathogen resistance to these fungicides [14]. Chemical control has also caused huge
environmental damage, including the loss of biodiversity in treated areas and contami-
nation of soil [77], drinking source waters [78], and human health [79]. Alternatives to
chemical control are more and more warranted by the general public and policymakers [1].
Two main emerging trends are biological control [5,80,81] and the use of non-chemical
compounds, e.g., wood vinegar [21].

All the above arguments in favor of using wood vinegar in agriculture and the absence
of studies documenting its activity against oomycete plant pathogens prompted us to study
wood vinegar semi-VOCs extracted from different woody tree materials on two oomycete
pathogens: G. ultimum and P. aphanidermatum.

Our results clearly documented that the semi-VOCs of all wood vinegar compounds
originating from woody material of pistachio, pomegranate, almond, pine, cypress, and
walnut, which were used in the current study, had an inhibitory impact on G. ultimum and
P. aphanidermatum isolates. While non-diluted pistachio, walnut, and almond wood vinegars
proved effective in stopping the mycelial growth of G. ultimum, all other wood vinegars
proved effective in decreasing the pathogen mycelial growth with different inhibition
rates. Interestingly, the pistachio concentration at 50% also proved effective in completely
blocking G. ultimum mycelial growth. Concerning P. aphanidermatum, while pistachio and
cypress proved effective in stopping the mycelial growth of G. ultimum, all other wood
vinegars proved effective in inhibiting this pathogen growth with different inhibition rates.
Concentrations of 50% and 25% pistachio were able to block P. aphanidermatum mycelial
growth. These results confirm the results reported by Chenari Bouket et al. [21], who also
documented the inhibition of Ouvatisporangium sp. by the non-diluted wood vinegar of
pistachio, cypress, and almond. In this study, none of the diluted wood vinegar proved
effective in blocking the growth of Ovatisporangium sp. [21]. We speculate that wood vinegar
pistachio could be regarded as a promising source of volatile compounds against oomycete
plant pathogens.

To date, more than 200 chemical constituents of pyroligneous acid have been identified
from different resources [82]. Many studies have shown that pyroligneous acid contains
high levels of phenolic compounds, which are pyrolytic products of lignin [83-85]. Lignin is
a stable biopolymer that is present in plants and forms the main structure of plant cell walls,
especially in wood and bark. This biopolymer is composed mainly of hydroxyphenyl-
propane (C6-C3) units such as coniferyl alcohol, sinapyl alcohol, and 4-hydroxycinnamyl
alcohol [86]. The cleavage of ether and carbon—carbon bonds in lignin leads to the for-
mation of phenolic compounds. In accordance with lignin units of wood vinegar, the
phenol compounds identified from the wood vinegars could be classified as syringol-type,
including 2,6-dimethoxy phenol, guaiacol-type, including 2-methoxyphenol and 4-ethyl-2-
metoxyphenol and benzenediol-type, and Catechol. According to Table 3, sinapyl alcohol
and coniferyl alcohol were the most abundant lignin units from the wood vinegars of six
tree species pistachio, pomegranate, almond, pine, cypress, and walnut, which is consistent
with the earlier findings of Yang et al. [82] on Litchi chinensis wood vinegar.

A study conducted on the wood vinegar of Litchi chinensis [86,87] showed that more
than 70% of all wood vinegar compositions were identified as phenolic compounds,
with three major components: 2,6-dimethoxyphenol (Syringol, 29.54%), 2-methoxyphenol
(guaiacol, 12.36%), and 3,5-dimethoxy-4 hydroxytoluene (11.07%), which is consistent with
our results obtained from the GC-FID characterization of PA volatiles of six tree species,
including pistachio, pomegranate, almond, pine, cypress, and walnut. The GC-FID char-
acterization of PA volatiles for the six tree species revealed a similar composition for the
different wood vinegars. Detected phenolic compounds, including 2,6-dimethoxy phenol,
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2-methoxyphenol, 4-methoxy-1,2-benzenediole, catechol, 3,4-dimethoxyphenol, 4-ethyl-2-
metoxyphenol, phenol, and cresol were detected in earlier studies [63,64,84,88,89], where
2,6-dimethoxy phenol (21.4 to 32.3%) and 2-methoxyphenol (10.2 to 19.3%) were found in
higher concentrations, respectively.

These compounds have been described as excellent antimicrobial agents [90,91], simi-
lar to our findings (Table 1). The precise composition of our wood vinegar samples is now
available after this study and will allow us to test wood vinegar’s individual compounds
and their antimicrobial activity. In line with this fact is how several authors have indicated
that it is impossible to determine the exact mode of action for wood vinegars to inhibit
pathogens, given the huge diversity of wood vinegars’ volatile compounds [63,64,84,88,89].
Several studies were attributed, similarly to our work, on the antimicrobial activity of
wood vinegar and its individual components [92,93]. Given that the PA composition of the
different woody materials is similar, we tried to link the most active wood vinegars (pista-
chio, almond, and cypress), but we failed to find a direct link between a major compound
and the activity of specific wood vinegar. Mederios et al. [93] rejected the implication of
compounds present in pyroligneous acid (guaiacol, phenols, and furfural) in the observed
antimicrobial activity and rather suggested that the low pH due to acetic acid that was
present in pyroligneous acid was the real cause for the activity. Our study confirms the
hypothesis of Mederios et al. [93]. A possible confirmation of our observations is provided
by the fact that several fertilization regimes aiming at lowering soil pH have been used to
manage oomycete diseases since oomycete species do not tolerate acidic pH in soil [94,95].
More work is therefore needed to highlight the origin of the observed antimicrobial activity
of pyroligneous acid and to estimate the part of the antimicrobial activity that could be
attributed to compounds present in pyroligneous acid (guaiacol, phenols, and furfural) and
to the low pH due to the acetic acid present in pyroligneous acid. Ongoing experiments are
being conducted by our group and aim to characterize precisely the compounds present in
our pistachio wood vinegar and purify them and test them for antimicrobial activity, which
will help to enrich the debate and to advance the field.

5. Conclusions

Wood vinegar is a basic solution for dealing with forest biomass or other woody
plant material. Wood vinegar, in addition to being effective in its dealings with biomass
wastes, has tremendous added value extending from the amelioration of soil parameters
and plant growth promotion to the management of plant pests and diseases. Following
the main findings of our manuscript, which documents its efficiency against oomycete
plant diseases that are recalcitrant to classical highly environmental and health-damaging
synthetic pesticides, we highly recommend the use of wood vinegar to deal with emerging
oomycetes and other disease outbreaks; the use of local biomass materials according to the
general cleaner agricultural production principle that stands for proactive and preventive
approaches is needed to fulfill human needs and develop processes that are ecologically
and economically efficient.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microbiolres14010029/s1, Figure S1: Phylogenetic positions of Globis-
porangium ultimum areeo_ach17 and areeo_ach46 isolates (GenBank accession numbers: ON626717,
ONG626718) and Pythium aphanidermatum areeo_ach07 and areeo_ach12 (GenBank accession numbers:
ON626719, ON626720) among other oomycete spp. based on ITS-rDNA sequences neighbor-joining
examination. Only bootstrap values higher than 50% are indicated on corresponding branches.
MH107069 Phytopythium litorale PL 80 was used as an outgroup taxon.
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