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Overview of the work



Climate change is one of the main systemic challenges of the 21st century, with profound and 
multidimensional implications for agricultural systems on a global scale. Rising average 
temperatures, increasing climate variability, and the intensięcation of extreme weather events are 
signięcantly altering the environmental conditions in which agricultural activities occur, aěecting 
productivity, yield stability and the long-term sustainability of agri-food supply chains. Changes in 
rainfall and hydrological paĴerns, the increased frequency and intensity of droughts and heat 
waves, and greater seasonal unpredictability pose signięcant challenges for natural resource 
management and crop planning. At the same time, climate change is facilitating the spread of plant 
diseases and harmful organisms in areas previously unaěected, thereby amplifying the risks to food 
security and the resilience of rural communities. In this context, agriculture is both highly vulnerable 
to climate change and a strategic sector for implementing mitigation and adaptation measures. Its 
dual role requires a rethinking of traditional production models. Sustainable development is 
therefore central, aiming to balance ecosystem protection, economic eĜciency, and social equity. 
Sustainable agriculture goes beyond reducing environmental impacts, seeking to strengthen the 
resilience of agri-food systems and ensure long-term resource availability and food security.   Within 
this strategic framework, the circular economy emerges as a key paradigm for transforming 
agricultural and forestry systems. Moving beyond the linear model of resource extraction, use and 
disposal, the circular economy encourages the valorization of by-products and supply chain 
residues, promoting the closure of material and energy cycles. In particular, in the agricultural and 
forestry sector, the valorization of residual biomass represents a concrete opportunity to reduce the 
environmental impact of production processes and to create new value chains with a strong focus 
on innovation. Among the most interesting lignocellulosic biomasses, chestnut (Castanea sativa Mill.) 
residues are particularly notable due to their widespread distribution and their unique chemical 
properties. The chestnut tree is a species historically and culturally associated to the mountainous 
and hilly areas of the Tuscan Apennines, where it has played a central role in the rural economy and 
landscape management for centuries. Forest management practices, as well as wood and fruit 
processing activities, generate large quantities of residues, including wood, bark, husks and leaves, 
which represent a potentially valuable resource within the framework of the circular economy. From 
a chemical point of view, chestnut is particularly rich in phenolic compounds and polyphenols, 
including hydrolysable and condensed tannins, known for their antioxidant, antimicrobial and 
biologically active properties. Numerous studies have shown that extracts obtained from diěerent 
chestnut matrices have high bioactive potential, making them suitable for a wide range of 
applications. In agriculture, these extracts can be used as biostimulants, natural defence agents or 
functional soil improvers, contributing to improved plant health, reduced use of synthetic chemical 
inputs and enhanced crop resilience to biotic and abiotic stresses.
The valorization of chestnut residues through sustainable extraction processes is fully in line with 
the principles of the circular economy and the bioeconomy, oěering a concrete strategy for 
combining environmental protection, technological innovation and territorial development. In this 
sense, the study of the chemical and biological properties of chestnut residues and the potential 
applications of their extracts is an area of research of high scientięc and practical relevance.
Another area for the exploitation of woody biomass, including chestnut residues, is represented by 
thermochemical processes, in particular pyrolysis. Various woody matrices from forestry and agro-
industrial activities are used as feedstock in these processes, which aim to convert organic maĴer 
into products with higher added value. Pyrolysis yields three main fractions: biochar, synthesis gas 
and a condensable liquid phase, commonly known as wood vinegar. The laĴer is a by-product rich 
in organic compounds, including organic acids, phenols and other bioactive substances, whose 
composition depends strictly on the biomass of origin and the operating conditions of the process. 



In agriculture, wood vinegar has aĴracted growing interest for its potential applications as a soil 
conditioner, biostimulant or crop defence support agent, in line with strategies to reduce chemical 
inputs and promote sustainable agricultural practices.
Therefore, the integration of climate change, sustainable development, circular economy and the 
valorization of chestnut residues oěers a promising prospect for the transition to more resilient and 
sustainable agricultural systems, capable of responding to contemporary environmental challenges 
and generating economic and social value at local and global levels.
This PhD project focused on commercial wood vinegars derived from pyrolysis processes using 
chestnut as the starting biomass, as well as a laboratory-scale extract of chestnut wood chips. Wood 
chips are primarily used for energy production, as natural mulch in agriculture and gardening to 
control weeds and retain moisture, for compost preparation, as absorbent bedding in animal 
husbandry, and in sustainable construction. In this study, chestnut wood chips were supplied by 
Azienda Agricola Forestale Orlandini Antonio (Saturnana, Pistoia, Italy), which has been producing 
woodchips as mulch for nurseries for several years. The aim of the extraction procedure here 
developed was to obtain a tannin-rich product with high bioactive value, while preserving the spent 
woodchips for continued use as mulch. 
The purpose of this thesis was to evaluate the biological value of these extracts, understand their 
potential, unveiling their eěects at both microbial and plant levels. Wood vinegar served as a kind 
of positive control, providing a reference with well-characterized properties, although the 
distinction between biostimulants and corroborants is subtle, and deep scientięc research is essential 
to conęrm unequivocally its bioactivity. Assessing the potential and eěective applications of these 
chestnut-derived products represent a valuable strategy for their direct use in marginal areas where 
this woody biomass is generated.

Critical insights on wood vinegar
Although there are virtually no previous studies on the application of woodchip extracts, the 
biological activity of its components is quite clear. 
Wood vinegar, on the other hand, has been studied much more extensively, but all this work has 
produced a wide range of possible applications that need further clarięcation. Its chemical 
characterization depends on a wide variety of factors. Diěerent temperatures, starting biomasses 
and timings can result in considerable variability in the ęnal product. There are many areas of 
application, ranging from improving soil and plant health, through potential herbicidal activity, to 
use in plant defence management with control of both biotic and abiotic stress. To provide a 
thorough assessment of its potential applications, we conducted a systematic and exhaustive review 
of the literature. However, we took a critical approach, focusing on possible variables and the fact 
that it can have both species-specięc and dose-dependent eěects.

Starting from the boĴom: an in vitro unveiling study
At the outset of our investigation, we designed a series of experiments aimed at elucidating the 
mechanisms of action of chestnut-derived products. To achieve a controlled evaluation, in vitro 
assays were conducted under aseptic conditions, allowing precise observation of interactions 
between the substances and both bacterial and plant systems. Chestnut wood vinegar by Biodea® 
(Arezzo, Italy) (WV) and chestnut woodchip extract (WCE) were systematically tested using a broad 
range of in vitro approaches, including antibacterial and anti-virulence assays against multiple 
microbial strains, as well as phytotoxicity analyses based on seed germination and early seedling 
development. Additionally, experiments with in vitro model plants were performed to examine 
morphological changes and the expression of selected genes involved in plant defense responses. 



The combined use of these in vitro methodologies provided a rapid, reproducible, and cost-eĜcient 
framework for assessing the biological potential of the chestnut-derived products. Results indicated 
that WV exhibited pronounced dose-dependent eěects, with signięcant antibacterial activity under 
conditions simulating plant infection, inhibitory eěects at high concentrations, and growth-
promoting activity at lower doses, highlighting its dual potential as a phytotoxic agent and plant 
growth enhancer. Conversely, WCE primarily functioned as a biostimulant, promoting plant growth 
and activating defense- and hormone-related pathways, while displaying only modest antimicrobial 
properties.

Chestnut extracts for soil health and plant response to abiotic stress
Following the initial in vitro evaluations, experiments were conducted under standard growth 
conditions to assess the eěects of chestnut-derived products on soil properties and plant 
performance under abiotic stress, specięcally drought and salinity. After characterizing the chemical 
composition of the products and analyzing their inĚuence on soil, a plant-soil experiment was 
established using baby leĴuce (Lactuca sativa var. baby) to investigate the impact of two diěerent 
commercial chestnut wood vinegars (WV by Biodea® and NB by Nerabiochar® (Turin, Italy)), and 
WCE on plant growth and soil physicochemical parameters under stress conditions. Wood vinegar 
has drawn considerable aĴention as a potential agricultural input due to its reported ability to 
enhance crop yield, quality, and overall plant health. The results indicate that all products exhibit 
biostimulant activity, particularly under abiotic stress, without detrimental eěects on soil quality. 
While no signięcant beneęts were observed under optimal growth conditions, treated plants under 
drought stress achieved yields comparable to non-stressed controls. Under saline conditions, the 
most notable eěects were observed at the soil level, including enhanced enzymatic activity, 
suggesting a positive modulation of soil functionality in response to the treatments.

Chestnut extracts and plant immunity 
Building on the promising in vitro and plant-soil results, which highlighted the biostimulant and 
stress-mitigating potential of chestnut-derived WV, NB and WCE, we extended the investigation to 
ęeld conditions. This study aimed to evaluate their eěects on plant growth, physiology, and defense 
responses in tobacco (Nicotiana tabacum), used as a model species, and tomato (Solanum lycopersicum), 
an agronomically relevant crop. Plants were cultivated under both standard and salt stress 
conditions to assess treatment eĜcacy under abiotic stress. Physiological analyses, including 
biomass accumulation, chlorophyll content, and stomatal conductance, revealed dose-dependent 
responses. An accurate gene expression study indicated signięcant modulation of defense-related 
pathways, including activation of pathogenesis-related proteins. Overall, these ęndings conęrm that 
wood vinegar and WCE can enhance plant defense mechanisms and support physiological 
performance under stress, reinforcing their potential as eco-friendly tools for sustainable crop 
management.

In summary, this work demonstrates that chestnut-derived wood vinegar and woodchip extracts 
possess signięcant biological potential, acting as biostimulants, growth enhancers, and modulators 
of plant defense. In vitro, soil, and ęeld experiments demonstrated dose-dependent eěects, 
improving plant physiological performances under abiotic stress without compromising soil health. 
WV exhibited two main features, that are antimicrobial and growth-promoting bioactivities, while 
WCE primarily stimulated plant growth and defense-related pathways. These ęndings highlight the 
value of integrating chestnut biomass valorization with sustainable agricultural practices. Overall, 
this study provides strong evidence that chestnut-derived products can serve as eco-friendly tools 



for enhancing crop resilience, supporting circular economy principles, and fostering sustainable 
development in marginal and productive agricultural systems.
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Table S1. Primer information for Nicotiana tabacum. 

 

Table S2. Primer information for Solanum lycopersicum. 

 

 

Gene  Primer sequence 5’ – 3’ Tm (°C) Designed by 

L25 
Forward TATCCAAATGGCTCCAGC 

59 
[1] 

Reverse TCTTCAAAGTCTTAGGTCGG [2] 

ARF1 
Forward CGGCAAATCACTTCGGTGG 

60 [1] 
Reverse AATCCCTGATGTGTCGATGC 

TIR1 
Forward GCTCCAGACTCACCTCTT 

57 [1] 
Reverse GGCAGCAAGTTCCTCAAG 

PAL 
Forward TAGACAAACCAACCCCTTTACACTT 

60 [1] 
Reverse GCCACCATTTTCTTCACTTCATC 

CHS 
Forward ATGTGGATAGTATGGTTGGAC 

57 [1] 
Reverse CAAGTGAAATGTTAGCCCGA 

PR1 
Forward CCTCGTACATTCTCATGGTCAAT 

57 [1] 
Reverse CCATTGTTACACTGAACCCTAGC 

Gene  Primer sequence 5’ – 3’ Tm (°C) Designed by 

Ubi3 
Forward TCGTAAGGAGTGCCCTAATGCTGA 

60 [3] 
Reverse CAATCGCCTCCAGCCTTGTTGTAA 

Act 
Forward AGGCAGGATTTGCTGGTGATGATGCT 

60 [3] 
Reverse ATACGCATCCTTCTGTCCCATTCCGA 

ARF1 
Forward CGGCAAATCACTTCGGTGG 

54 [1] 
Reverse AATCCCTGATGTGTCGATGC 

TIR1 
Forward AGGGGTCCTCCAGATACAAG 

60 [4] 
Reverse CGCTAATACCTGCCCATCTTT 

PAL 
Forward ATGGAACACATTTTGGATGG 

58 [1] 
Reverse TCTCGATCATCTTAGTTGC 

CHS 
Forward ATGTGGATAGTATGGTTGGAC 

58 [1] 
Reverse CAAGTGAAATGTTAGCCCGA 

PR1 
Forward GGCATCCCGAGCACAAAA 

60 [5] 
Reverse CCCAGCACCAGAATGAATCA 



Table S3. Bacterial growth in LB after 24h incubation. The OD600 values were all normalized using the respective Control. 

Error values represent the standard deviation (SD). Letters indicate statistically significant differences between treatments 

assessed with Tukey’s or Dunn’s post hoc tests (p-value < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 WV Bacterial Growth WCE Bacterial Growth 

Pseudomonas amygdali pv. tabaci 

Control 1 + 0.11 a 1 + 0.12 a 

1:100 0.96 + 0.12 a 1.00 + 0.12 a 

1:500 1.01 + 0.12 a 0.99 + 0.11 a 

1:1000 1.01 + 0.12 a 1.01 + 0.13 a 

Pseudomonas syringae pv. tomato  

Control 1 + 0.13 a 1 + 0.11 a 

1:100 0.856867 + 0.12 a 0.94 + 0.12 a 

1:500 0.93 + 0.12 a 0.92 + 0.11 a 

1:1000 0.94 + 0.13 a  0.92 + 0.13 a 

Pseudomonas savastanoi pv. savastanoi 

Control 1 + 0.24 a  1 + 0.18 a 

1:100 0.74 + 0.15 ab 1.01 + 0.14 a 

1:500 1.12 + 0.24 a 0.92 + 0.17 a 

1:1000 1.10 + 0.28 a 0.94 + 0.14 a 

Pseudomonas savastanoi pv. phaseolicola   

Control 1 + 0.14 a 1 + 0.10 a 

1:100 0.24 + 0.04 c 0.74 + 0.19 ab 

1:500 1.13 + 0.13 a 0.83 + 0.11 ab 

1:1000 1.14 + 0.15 a 0.82 + 0.12 ab 

Pseudomonas savastanoi pv. nerii 

Control 1 + 0.20 a 1 + 0.14 a 

1:100 0.14 + 0.03 c 0.85 + 0.10 ab 

1:500 0.93 + 0.14 a 0.98 + 0.11 a 

1:1000 0.92 + 0.14 a 1.02 + 0.12 a 

Curtobacterium flaccumfaciens pv. flaccumfaciens 

Control 1 + 0.11 a 1 + 0.09 a 

1:100 0.68 + 0.06 b 1.08 + 0.08 a 

1:500 0.97 + 0.09 a 1.03 + 0.08 a 

1:1000 0.97 + 0.09 a 1.03 + 0.09 a 

Sinorhizobium meliloti  

Control 1 + 0.07 a 1 + 0.06 a 

1:100 0.15 + 0.02 c 0.90 + 0.06 a 

1:500 0.94 + 0.07 a 1.09 + 0.06 a 

1:1000 0.97 + 0.07 a 1.02 + 0.07 a 

Bacillus amyloliquefaciens 

Control 1 + 0.14 a 1 + 0.17 a 

1:100 0.68 + 0.10 b 0.96 + 0.16 a 

1:500 0.94 + 0.11 a 0.97 + 0.16 a 

1:1000 0.96 + 0.11 a 1.07 + 0.27 a 



Figure S1. Bacterial growth in MM after 24h incubation. A-D: Psn, Pst and Sm  with hrpA promoter, Psn with psnI promoter 

treated with WV; E-H: Psn, Pst and Sm with hrpA promoter, Psn with psnI promoter treated with WCE. Error bars represent 

the standard deviation (SD). Letters indicate statistically significant differences between treatments assessed with Tukey’s 

or Dunn’s post hoc tests (p-value < 0.05). 
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Figure S2. Most representative plant of each treatment of tobacco (A) and tomato (B) 
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contributor to GHG emissions, releasing around 16.2 billion tons of CO₂ equivalent in 
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Normal conditions

N-C Control

N-WV Wood vinegar Biodea® 1:400

N-NB Wood vinegar NeraBiochar® 1 :400

N-WCE Woodchip Extract 1:300

Drought stress conditions

D-C Control

D-WV Wood vinegar Biodea® 1:400

D-NB Wood vinegar NeraBiochar® 1 :400

D-WCE Woodchip Extract 1:300

Salt stress conditions

S-C Control

S-WV Wood vinegar Biodea® 1:400

S-NB Wood vinegar NeraBiochar® 1:400

S-WCE Woodchip Extract 1:300



days in the dark. The CO₂ produced was measured weekly using a Dansensor® Check-
Mate3 gas analyzer (AMETEK MOCON, Ringsted, Denmark). The total CO₂ emission was 

mg C-CO2kg−1 soil day−1 =  4.85 ∗ 2ܱܥ ݈ܽݐ݋ܶ ∗ ݁݉ݑ݈݋ݒ ݇ݏ݈݂ܽ) − ݐℎ݃݅݁ݓ ݕݎ݀ ݈݅݋ܵ(݁݉ݑ݈݋ݒ ݈݅݋ݏ ∗ ݏݕܽ݀ ݈ܽݐ݋ݐ °݊
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β β

–

pH ≈



phenolic fraction contained in WCE showed the presence of 
ellagic acid, tannins and their derivatives (Table S4).

Product pH EC GAE (mg/mL) TOC (g/L) TN (g/L)
WV 2.29 1084 µS/cm 8.31 42.61 0.12
NB 3.37 1596 µS/cm 8.12 25.20 0.49
WCE 3.31 618 µS/cm 7.06 2.74 7.47

Activity of β

Soil enzymatic activity. Specifically, the activity of β



Specifically, the activity of β



of Cu and 
Zn in roots (Tables S28-S29).

Concerning soil properties, treatments did not signięcantly aěect pH or EC 
(Figure S2). The analysis of C and N showed only a reduction in soluble N after 
treatment with NB, and no other signięcant changes were observed (Table S30). 
Overall, soil analysis showed slight diěerences between control and treated sam-
ples. Specięcally, an increase in soluble K was observed after NB treatment, while 
a decrease in Cu content was detected across all treatments, particularly with 
WCE application (Tables S31-S36). 

Under drought stress, soil enzyme activities were signięcantly aěected by the 
various treatments. In particular, NB increased glucosidase and alkaline activity, 
while aminopeptidase activity increased after the treatment with both NB and 
WV. Conversely, urease activity showed a slight increase after WCE application 



but a marginal decrease following NB treatment. Analysis of soil respiration did 
not reveal any signięcant changes, but a trending increment was noted after both 
wood vinegar treatments (Figure 6).

Soil enzymatic activity under drought stress. Specifically, the activity of β



 
 treatments did not signięcantly aěect pH and EC (Figure S3). N

Soil enzymatic activity under salt stress. Specifically, the activity of β



ehydrogenase, β

the hydrolysis of urea into ammonium and CO₂
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Treatment Ca (mg/L) K (mg/L) Na (mg/L) P (mg/L) S (mg/L)

WV 56.56 5.85 18.26 0.19 6.89

NB 368.42 47.42 4.68 1.58 20.77

WCE 73.21 38.06 49.82 2.40 18.02

Treatment B (mg/L) Fe (mg/L) Mg (mg/L) Mn (mg/L) Mo (mg/L)

WV 0.07 12.15 1.82 1.33 <0.01 a

NB <0.01 a 273.80 24.52 6.96 <0.01 a

WCE 0.37 2.08 23.97 3.59 <0.01 a

Treatment

WV

NB

WCE



Treatments C (mg/Kg) N (mg/Kg)

C 63.15 ± 3.09 a 18.42 ± 2.08 a

WV 82.04 ± 1.00 b 18.78 ± 1.51 a

NB 82.54 ± 17.35 b 23.95 ± 1.35 b

WCE 78.33 ± 5.58 b 18.94 ± 4.42 ab

Treatments B (mg/L) Fe (mg/L) Mg (mg/L) Mn (mg/L) Mo (mg/L)

C 0.99 ± 0.01 a 4.04 ± 1.00 a 21.99 ± 0.52 a 0.13 ± 0.01 a <0.01 a

WV 1.01 ± 0.02 a 4.54 ± 0.47 a 22.31 ± 0.56 a 0.19 ± 0.02 a <0.01 a

NB 1.00 ± 0.06 a 3.90 ± 1.42 a 23.52 ± 0.73 a 0.17 ± 0.03 a <0.01 a

WCE 1.02 ± 0.03 a 5.04 ± 0.45 a 22.89 ± 2.26 a 0.16 ± 0.02 a <0.01 a

Treatments As (mg/L) Cd (mg/L) Cr (mg/L) Cu (mg/L) Ni (mg/L) Pb (mg/L) Zn (mg/L)

C <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

WV <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

NB <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

WCE <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

Treatments Ca (mg/L) K (mg/L) Na (mg/L) P (mg/L) S (mg/L)

C 64.04 ± 2.88 a 38.89 ± 0.54 a 13.29 ± 0.24 a <0.01 a 4.79 ± 0.35 a

WV 66.31 ± 1.92 a 39.23 ± 0.98 a 16.85 ± 0.85 ab <0.01 a 4.96 ± 0.22 a

NB 81.83 ± 15.80 a 41.55 ± 1.92 a 18.64 ± 2.69 b <0.01 a 5.71 ± 0.32 a

WCE 85.07 ± 13.99 a 40.39 ± 3.59 a 17.91 ± 1.55 b <0.01 a 5.91 ± 1.00 a

LeĴuce Roots

Treatments C N C N

N-C 37.37 ± 0.50 a 3.61 ± 0.11 a 37.98 ± 0.21 a 2.03 ±0.07 a

N-WV 37.10 ± 0.79 a 3.80 ± 0.34 a 37.73 ± 0.60 a 2.24 ± 0.07 a

N-NB 37.13 ± 0.64 a 3.56 ± 0.04 a 38.33 ± 0.18 a 2.07 ± 0.17 a

N-WCE 36.36 ± 0.82 a 3.99 ± 0.23 a 37.00 ± 0.28 a 2.22 ± 0.09 a



Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

N-C 9.41 ± 0.74 a 55.25 ± 2.13 b 1.15 ±0.20 a 2.35 ± 0.21 a 2.30 ± 0.16 a

N-WV 9.58 ± 0.72 a 52.61 ± 2.10 ab 1.11 ± 0.13 a 2.31 ±0.33 a 2.41 ± 0.19 a

N-NB 10.80 ± 2.04 ab 50.55 ± 3.06 ab 1.07 ± 0.08 a 2.30 ± 0.32 a 2.29 ± 0.08 a

N-WCE 12.57 ± 0.92 b 48.98 ± 2.29 a 0.97 ± 0.23 a 2.19 ± 0.22 a 2.30 ± 0.29 a

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

N-C 6.92 ± 0.68 a 33.31 ±4.08 a 2.93 ±0.22 a 1.20 ±0.08 a 2.04 ± 0.37 a 

N-WV 8.72 ±0.33 b 35.94 ±2.60 a 3.97 ± 1.09 a 1.26 ±0.07 a 2.08 ± 0.15 a

N-NB 7.81 ± 0.85 ab 36.59 ± 2.44 a 4.16 ± 0.53 a 1.26 ± 0.11 a 2.17 ± 0.11 a

N-WCE 7.43 ± 0.91 ab 34.09 ± 2.58 a 4.56 ± 0.40 a 1.10 ± 0.05 a 1.88 ± 0.12 a

Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

N-C 20.52 ± 0.77 a 336.40 ± 50.57 a 0.40 ± 0.03 a 106.28 ± 9.29 a <0.01 a

N-WV 20.67 ± 0.98 a 261.32 ± 57.23 a 0.43 ± 0.04 a 122.79 ± 11.44 a <0.01 a

N-NB 19.21 ± 0.90 a 463.52 ± 126.40 ab 0.33 ± 0.07 a 104.56 ± 11.88 a <0.01 a

N-WCE 19.82 ± 1.41 a 797.76 ± 167.35 b 0.30 ± 0.04 a 109.31 ± 16.10 a <0.01 a

Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

N-C 11.75 ±1.25 a 673.21 ±71.45 a 0.30 ± 0.03 a 49.87 ± 4.37 a 1.10 ±0.11 a

N-WV 10.83 ±0.33 a 662.24 ±105.70 a 0.30 ± 0.03 a 62.22 ± 3.65 b 1.92 ± 0.34 b

N-NB 11.23 ± 0.87 a 594.20 ± 190.48 a 0.34 ± 0.02 a 59.08 ± 2.55 b 1.21 ± 0.13 ab

N-WCE 11.30 ± 2.00 a 535.69 ± 118.68 a 0.33 ± 0.03 a 60.16 ± 1.88 b 1.22 ± 0.17 ab



Treatments
Pb 
(mg/Kg)

Zn 
(mg/Kg)

N-C
0.18 ± 0.07 
a

0.57 ± 0.08 
a

0.93 ± 0.33 
a

4.53 ± 0.43 
a

1.19 ± 0.70 
a

0.83 ± 0.28 
a

15.52 ± 
4.12 a

N-WV
0.17 ± 0.16 
a

0.63 ± 0.05 
a

0.84 ± 0.56 
a

4.86 ± 0.75 
a

0.92 ± 0.29 
a

0.70 ± 0.30 
a

14.43 ± 
2.92 a

N-NB
0.30 ± 0.17 
a

0.50 ± 0.04 
a

1.34 ± 0.59 
a

4.68 ± 0.62 
a

1.22 ± 0.15 
a

1.15 ± 0.55 
a

16.26 ± 
2.53 a

N-WCE
0.36 ± 0.22 
a

0.70 ± 0.32 
a

2.15 ± 0.67 
a

5.40 ± 0.59 
a

1.50 ± 0.32 
a

1.22 ± 0.67 
a

17.50 ± 
2.30 a

Treatments
Pb 
(mg/Kg)

Zn 
(mg/Kg)

N-C
2.41 ± 0.81 
a

0.30 ± 0.04 
a

5.35 ± 1.10 
a

7.47 ± 0.73 
a

2.10 ± 0.38 
a

1.32 ± 0.49 
a

13.41 ± 
3.41 a

N-WV
2.66 ± 0.69 
a

0.39 ± 0.04 
a

5.72 ± 1.97 
a

10.60 ± 
1.15 b

3.43 ± 1.10 
a

1.54 ± 0.37 
a

21.26 ± 
3.38 b

N-NB
3.04 ± 1.28 
a

0.31 ± 0.05 
a

5.19 ± 1.18 
a

9.54 ± 0.79 
b

2.19 ± 0.31 
a

1.12 ± 0.60 
a

24.72 ± 
4.33 b

N-WCE
2.64 ± 0.48 
a

0.38 ± 0.05 
a

4.42 ± 2.63 
a

9.81 ± 1.17 
b

2.47 ± 0.57 
a

1.07 ± 0.29 
a

17.63 ± 
3.05 ab

Solid Soluble

Treatments C (g/100g) N (g/100 g) C (mg/L) N (mg/L)

N-C 8.05 ± 0.13 a 0.08 ± 0.01 a 51.00 ± 4.14 a 90.08 ± 19.07 b

N-WV 9.03 ± 0.37 b 0.15 ± 0.08 a 56.61 ± 8.57 a 99.42 ± 18.72 b

N-NB 8.62 ± 0.55 ab 0.08 ± 0.00 a 61.99 ± 9.51 a 32.44 ± 18.55 a

N-WCE 8.91 ± 0.44 ab 0.09 ± 0.03 a 62.32 ± 14.18 a 96.08 ± 16.95 b

BA



Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

N-C 210.58 ± 3.70 a 5.30 ± 0.15 b 0.34 ± 0.02 b 0.62 ± 0.05 a 1.49 ± 0.03 a

N-WV 233.99 ± 11.02 ab 4.31 ± 0.34 a 0.27 ± 0.01 a 0.93 ± 0.16 b 1.61 ± 0.06 b

N-NB 211.90 ± 7.30 a 4.18 ± 0.43 a 0.27 ± 0.03 a 0.64 ± 0.07 a 1.42 ± 0.05 a

N-WCE 244.07 ± 9.65 b 4.29 ± 0.58 a 0.28 ± 0.06 ab 0.79 ± 0.18 ab 1.55 ± 0.08 ab

Treatments Ca (g/L) K (g/L) Na (g/L) P (g/L) S (g/L)

N-C 227.14 ± 41.68 ab 14.96 ± 2.76 a 63.13 ± 21.96 a 6.12 ± 1.27 b 65.03 ± 13.55 a

N-WV 281.91 ± 83.62 b 23.23 ± 2.29 b 52.20 ± 27.98 a 4.79 ± 2.34 ab 63.35 ± 17.93 a

N-NB 167.82 ± 37.64 a 15.88 ± 2.93 a 44.80 ± 18.36 a 3.22 ± 0.96 a 59.69 ± 12.26 a

N-WCE 234.42 ± 33.02 ab 21.86 ± 2.87 b 69.49 ± 27.35 a 6.24 ± 1.01 b 60.20 ± 10.82 a

Treatments B (mg/Kg) Fe (g/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

N-C 16.18 ± 0.41 b 12.92 ± 0.55 b 0.61 ± 0.02 b 277.99 ± 8.56 b 0.16 ± 0.06 a

N-WV 12.58 ± 1.12 a 10.54 ± 1.01 a 0.41 ± 0.03 a 251.26 ± 11.97 a 0.14 ± 0.09 a

N-NB 13.37 ± 2.67 ab 11.25 ± 2.04 ab 0.54 ± 0.12 ab 263.15 ± 33.40 ab 0.13 ± 0.08 a

N-WCE 12.61 ± 2.62 ab 10.21 ± 2.29 ab 0.47 ± 0.14 ab 263.08 ± 43.08 ab 0.28 ± 0.04 a

Treatments B (mg/L) Fe (mg/L) Mg (mg/L) Mn (mg/L) Mo (mg/L)

N-C 1.28 ± 0.04 a 0.50 ± 0.15 a 37.73 ± 8.20 a 0.30 ± 0.07 a <0.01 a

N-WV 1.32 ± 0.06 a 0.39 ± 0.12 a 41.97 ± 12.60 a 0.34 ± 0.17 a <0.01 a

N-NB 1.29 ± 0.03 a 0.78 ± 0.36 a 26.89 ± 7.99 a 0.23 ± 0.06 a <0.01 a

N-WCE 1.32 ± 0.01 a 0.55 ± 0.24 a 39.13 ± 9.35 a 0.35 ± 0.13 a <0.01 a



Treatments As 
(mg/Kg)

Cd 
(mg/Kg)

Cr 
(mg/Kg)

Cu 
(mg/Kg)

Ni 
(mg/Kg)

Pb 
(mg/Kg)

Zn 
(mg/Kg)

N-C
6.36 ± 0.41 
a

0.28 ± 0.02 
a

28.24 ± 
0.51 b

24.05 ± 
2.00 b

13.45 ± 0.84 
a

20.94 ± 0.85 
a

30.88 ± 
1.22 a

N-WV
5.93 ± 0.66 
a

0.25 ± 0.03 
a

22.19 ± 
1.51 a

21.63 ± 
1.60 ab

12.09 ± 1.54 
a

18.34 ± 2.14 
a

31.76 ± 
1.12 a

N-NB
5.72 ± 0.57 
a

0.27 ± 0.04 
a

24.30 ± 
3.70 ab

22.01 ± 
3.59 ab

12.81 ± 2.13 
a

18.75 ± 2.47 
a

29.24 ± 
2.90 a

N-WCE 
5.77 ± 0.37 
a

0.23 ± 0.03 
a

22.48 ± 
1.97 a

18.71 ± 
1.70 a

11.95 ± 2.58 
a

19.01 ± 1.88 
a

31.95 ± 
5.47 a

Treatments As (mg/L) Cd (mg/L) Cr (mg/L) Cu (mg/L) Ni (mg/L) Pb (mg/L) Zn (mg/L)

N-C <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

N-WV <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

N-NB <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

N-WCE <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

LeĴuce Roots

Treatments C N C N

D-C 38.09 ± 0.59 a 3.07 ± 0.21 a 37.95 ± 0.17 a 2.00 ± 0.06 a

D-WV 38.14 ± 0.28 a 3.18 ± 0.15 a 37.66 ± 0.31 a 2.35 ± 0.15 a

D-NB 37.76 ± 0.72 a 3.08 ± 0.15 a 37.67 ± 0.48 a 2.21 ± 0.15 a

D-WCE 38.55 ± 0.23 a 3.36 ± 0.19 a 37.13 ± 0.31 a 2.10 ± 0.17 a

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

D-C 8.72 ± 0.38 a 52.73 ± 2.89 a 1.39 ± 0.24 a 1.88 ± 0.08 a 2.04 ± 0.06 a

D-WV 8.72 ± 0.52 a 52.01 ± 2.92 a 3.88 ± 0.21 b 2.11 ± 0.10 a 2.17 ± 0.12 a

D-NB 9.49 ± 1.58 a 50.06 ± 3.50 a 1.08 ± 0.20 a 1.85 ± 0.13 a 1.90 ± 0.10 a

D--WCE 10.04 ± 0.76 a 48.62 ± 2.74 a 1.12 ± 0.39 a 2.13 ± 0.10 a 2.19 ± 0.18 a



Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

D-C 6.48 ±0.60 a 31.84 ± 3.59 a 3.11 ± 0.42 a 1.00 ± 0.12 a 1.53 ± 0.15 a

D-WV 7.94 ± 0.91 ab 36.41 ± 3.07 a 4.10 ± 0.58 a 1.11 ± 0.09 a 1.78 ± 0.14 a

D-NB 8.88 ± 0.59 b 33.39 ± 4.32 a 3.40 ± 0.71 a 1.02 ± 0.12 a 1.77 ± 0.11 a

D-WCE 9.30 ± 1.44 b 35.00 ± 2.73 a 3.96 ± 0.72 a 1.14 ± 0.12 a 1.88 ± 0.15 a

Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

D-C 17.21 ± 0.98 a 255.37 ± 87.79 ab 0.40 ± 0.04 b 108.60 ± 6.56 b <0.01 a

D-WV 17.84 ± 1.21 a 185.29 ± 60.81 a 0.43 ± 0.04 b 121.37 ± 4.51 b <0.01 a

D-NB 16.20 ± 3.41 a 339.99 ± 70.28 b 0.24 ± 0.03 a 87.90 ± 12.59 a <0.01 a

D--WCE 16.95 ± 1.26 a 161.34 ± 27.42 a 0.28 ± 0.02 a 99.79 ± 8.68 ab <0.01 a

Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

D-C 9.73 ± 1.15 a 590.48 ± 75.99 a 0.33 ± 0.04 a 50.39 ± 3.51 a 0.67 ± 0.05 a

D-WV 10.41 ± 0.85 a 686.98 ± 47.63 a 0.36 ± 0.06 a 60.13 ± 0.75 b 0.91 ± 0.10 ab

D-NB 10.13 ± 1.17 a 649.79 ± 113.28 a 0.37 ± 0.06 a 60.54 ± 3.70 b 0.85 ± 0.14 ab

D-WCE 10.30 ± 1.04 a 955.68 ± 116.45 b 0.39 ± 0.04 a 64.08 ± 4.36 b 1.08 ± 0.11 b

Treatments
Pb 
(mg/Kg)

Zn 
(mg/Kg)

D-C
0.12 ± 0.07 
a

0.44 ± 0.03 
a

0.73 ± 0.20 
a

3.77 ± 0.18 
a

0.99 ± 0.60 
a

0.61 ± 0.07 
a 

15.85 ± 
1.86 a

D-WV
0.20 ± 0.08 
a

0.46 ± 0.05 
a

0.59 ± 0.34 
a

3.67 ± 0.44 
a

0.71 ± 0.17 
a

0.69 ± 0.39 
a

13.55 ± 
1.83 a

D-NB
0.17 ± 0.11 
a

0.37 ± 0.08 
a

0.87 ± 0.45 
a

3.36 ± 0.57 
a

1.00 ± 0.37 
a

0.79 ± 0.48 
a

15.11 ± 
1.86 a

D-WCE 
0.11 ± 0.07 
a 

0.41 ± 0.03 
a

0.65 ± 0.30 
a

3.84 ± 0.54 
a

0.76 ± 0.30 
a

0.77 ± 0.63 
a

13.33 ± 
2.56 a



Treatments
Pb 
(mg/Kg)

Zn 
(mg/Kg)

D-C
1.65 ± 0.42 
a

0.42 ± 0.05 
a

4.09 ± 0.63 
a

6.86 ± 1.66 
a

1.76 ± 0.34 
a

1.02 ± 0.26 
a 

10.36 ± 
1.56 a

D-WV
2.26 ± 0.29 
a

0.31 ± 0.05 
a

4.51 ± 0.49 
a

10.86 ± 
2.72 b

2.87 ± 0.37 
a

1.27 ± 0.15 
a

17.71 ± 
4.08 ab

D-NB
2.33 ± 0.47 
a

0.29 ± 0.04 
a

4.92 ± 0.80 
a

10.50 ± 
1.60 b

2.22 ± 0.23 
a 

1.61 ± 0.41 
a

24.57 ± 
3.70 b

D-WCE 
2.55 ± 0.92 
a

0.29 ± 0.06 
a

4.14 ± 0.62 
a

8.50 ± 1.08 
ab

2.22 ± 0.48 
a

2.04 ± 0.51 
a

15.38 ± 
1.89 ab 

Solid Soluble

Treatments C (g/100g) N (g/100 g) C (mg/L) N (mg/L)

D-C 8.53 ± 0.73 a 0.10 ± 0.00 a 53.45 ± 9.20 a 103.23 ± 12.70 b

D-WV 8.22 ± 0.55 a 0.09 ± 0.02 a 41.74 ± 0.56 a 64.83 ± 7.35 a

D-NB 7.69 ± 1.09 a 0.11 ± 0.03 a 51.59 ± 5.22 a 132.30 ± 18.08 b

D-WCE 7.63 ± 0.44 a 0.08 ± 0.00 a 42.95 ± 3.10 a 109.53 ± 21.08 b

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

D-C 245.39 ± 18.81 a 4.96 ± 0.39 a 0.33 ± 0.07 a 1.01 ± 0.38 a 1.70 ± 0.12 a

D-WV 242.87 ± 16.33 a 4.72 ± 0.23 a 0.32 ± 0.03 a 0.92 ± 0.22 a 1.59 ± 0.18 a

D-NB 254.86 ± 14.79 a 4.71 ± 0.49 a 0.33 ± 0.04 a 1.04 ± 0.33 a 1.70 ± 0.08 a

D-WCE 252.61 ± 26.99 a 4.69 ± 0.66 a 0.30 ± 0.08 a 0.74 ± 0.09 a 1.61 ± 0.11 a

BA



Treatments Ca (g/L) K (g/L) Na (g/L) P (g/L) S (g/L)

D-C 237.43 ± 37.60 a 15.73 ± 3.30 a 80.16 ± 20.11 a 5.59 ± 2.22 a 75.44 ± 5.82 a

D-WV 225.11 ± 29.92 a 15.61 ± 2.91 a 57.05 ± 14.90 a 4.14 ± 0.68 a 57.71 ± 4.27 a

D-NB 215.97 ± 43.05 a 23.25 ± 3.85 b 67.96 ± 21.17 a 4.89 ± 1.45 a 65.92 ± 16.40 a

D-WCE 221.74 ± 30.13 a 15.20 ± 2.12 a 49.75 ± 18.21 a 5.79 ± 2.68 a 59.09 ± 12.54 a

Treatments B (mg/Kg) Fe (g/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

D-C 14.82 ± 2.60 a 12.17 ± 1.12 a 0.56 ± 0.08 a 307.96 ± 38.84 a 0.30 ± 0.07 a

D-WV 14.53 ± 0.46 a 12.83 ± 1.08 a 0.60 ± 0.06 a 282.45 ± 12.10 a 0.22 ± 0.02 a

D-NB 14.42 ± 1.77 a 11.79 ± 1.26 a 0.56 ± 0.09 a 286.74 ± 21.81 a 0.20 ± 0.09 a

D-WCE 13.89 ± 3.14 a 11.34 ± 2.76 a 0.52 ± 0.17 a 258.64 ± 30.83 a 0.22 ± 0.02 a

Treatments B (mg/L) Fe (mg/L) Mg (mg/L) Mn (mg/L) Mo (mg/L)

D-C 1.23 ± 0.03 a 0.40 ± 0.15 a 46.32 ± 9.23 a 0.36 ± 0.07 a <0.01 a

D-WV 1.30 ± 0.06 a 0.60 ± 0.06 a 35.06 ± 0.62 a 0.28 ± 0.01 a <0.01 a

D-NB 1.28 ± 0.02 a 0.41 ± 0.13 a 40.90 ± 13.12 a 0.33 ± 0.10 a <0.01 a

D-WCE 1.32 ± 0.02 a 0.70 ± 0.17 a 33.06 ± 8.30 a 0.28 ± 0.06 a <0.01 a

Treatments As 
(mg/Kg)

Cd 
(mg/Kg)

Cr 
(mg/Kg)

Cu 
(mg/Kg)

Ni 
(mg/Kg)

Pb 
(mg/Kg)

Zn 
(mg/Kg)

D-C
6.44 ± 0.67 
a

0.28 ± 0.02 
a

26.75 ± 
3.37 a

24.15 ± 
0.74 b 

13.59 ± 0.95 
a

22.46 ± 3.40 
a

29.16 ± 
4.88 a

D-WV
6.18 ± 0.31 
a

0.28 ± 0.02 
a

26.16 ± 
0.70 a

22.55 ± 
2.61 ab

13.63 ± 0.76 
a

20.17 ±1.10 
a

29.61 ± 
3.67 a

D-NB
6.59 ± 0.14 
a

0.28 ± 0.03 
a

25.78 ± 
3.61 a

22.31 ± 
1.65 ab

14.27 ± 1.93 
a

20.06 ± 2.32 
a

30.95 ± 
2.88 a 

D-WCE 
6.15 ± 0.57 
a

0.25 ± 0.04 
a

25.06 ± 
5.52 a

20.18 ± 
2.25 a

13.38 ± 2.73 
a

19.37± 2.47 
a

30.99 ± 
2.41 a



Treatments As (mg/L) Cd (mg/L) Cr (mg/L) Cu (mg/L) Ni (mg/L) Pb (mg/L) Zn (mg/L)

D-C <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

D-WV <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

D-NB <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

D-WCE <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

LeĴuce Roots

Treatments C N C N

S-C 36.82 ± 0.45 a 3.41 ± 0.08 a 37.14 ± 0.29 a 1.92 ± 0.13 a

S-WV 37.07 ± 0.92 a 3.36 ± 0.17 a 37.27 ± 0.14 a 1.92 ± 0.16 a

S-NB 37.74 ± 0.24 a 3.52 ± 0.06 a 36.63 ± 0.36 a 1.99 ± 0.09 a

S-WCE 36.99 ± 0.66 a 3.58 ± 0.23 a 36.22 ± 0.47 a 1.92 ± 0.08 a

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

S-C 10.31 ± 0.53 a 54.48 ± 1.85 b 7.70 ± 0.50 a 2.44 ± 0.11 a 2.35 ± 0.09 a

S-WV 9.55 ± 1.07 a 50.42 ± 2.89 b 5.86 ± 0.91 a 2.45 ± 0.36 a 2.40 ± 0.21 a

S-NB 11.39 ± 1.02 a 43.95 ± 2.46 a 6.26 ± 0.63 a 2.37 ± 0.37 a 2.29 ± 0.19 a

S-WCE 12.58 ± 0.69 b 44.84 ± 2.02 a 6.64 ± 0.50 a 2.40 ± 0.35 a 2.37 ± 0.16 a

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

S-C 5.68 ± 0.67 a 34.03 ± 2.96 a 8.29 ± 0.77 a 1.23 ± 0.10 a 2.03 ± 0.12 a

S-WV 7.02 ± 0.48 a 32.80 ± 6.76 a 8.68 ± 1.85 a 1.22 ± 0.29 a 2.05 ± 0.47 a

S-NB 8.13 ± 1.51 a 34.18 ± 4.14 a 9.23 ± 1.05 a 1.26 ± 0.14 a 2.15 ± 0.06 a

S-WCE 7.32 ± 0.87 a 35.46 ± 2.16 a 9.19 ± 1.10 a 1.23 ± 0.08 a 1.99 ± 0.12 a



Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

S-C 20.79 ± 0.47 a 251.75 ± 37.45 a 0.45 ± 0.03 b 147.35 ± 8.99 a <0.01 a

S-WV 21.36 ± 2.19 a 304.88 ± 73.25 a 0.46 ± 0.07 b 147.98 ± 9.96 a <0.01 a

S-NB 18.95 ± 1.89 a 372.06 ± 157.93 a 0.30 ± 0.03 a 130.20 ± 11.86 a <0.01 a

S-WCE 19.07 ± 1.63 a 847.35 ± 258.95 b 0.32 ± 0.02 ab 139.15 ± 8.93 a <0.01 a

Treatments B (mg/Kg) Fe (mg/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

S-C 9.75 ± 0.94 a 486.57 ± 69.14 a 0.29 ± 0.03 a 51.88 ± 3.11 a 0.43 ± 0.07 a

S-WV 9.24 ± 1.39 a 529.54 ± 67.42 ab 0.32 ± 0.04 a 59.61 ± 3.79 ab 0.90 ± 0.18 b 

S-NB 10.21 ± 1.39 a 864.09 ± 111.36 b 0.32 ± 0.05 a 70.96 ± 6.41 b 1.00 ± 0.13 b

S-WCE 9.53 ± 0.62 a 707.73 ± 172.87 b 0.35 ± 0.06 a 62.96 ± 5.26 b 0.94 ± 0.15 b

Treatments Pb 
(mg/Kg)

Zn 
(mg/Kg)

S-C
0.12 ± 0.08 
a

0.86 ± 0.13 
a

0.63 ± 0.15 
a

4.93 ± 0.52 
a

0.87 ± 0.04 
a

0.73 ± 0.24 
a

16.20 ± 
2.31 a

S-WV
0.11 ± 0.06 
a

0.93 ± 0.20 
a

0.75 ± 0.29 
a

5.20 ± 0.68 
a

1.04 ± 0.25 
a

0.84 ± 0.22 
a

13.74 ± 
2.76 a

S-NB
0.13 ± 0.09 
a

0.78 ± 0.06 
a

0.84 ± 0.36 
a 

4.80 ± 0.57 
a

0.93 ± 0.22 
a

0.77 ± 0.17 
a

12.86 ± 
1.96 a

S-WCE 
0.22 ± 0.14 
a

0.80 ± 0.07 
a

0.79 ± 0.27 
a

5.24 ± 0.59 
a

1.24 ± 0.43 
a

0.81 ± 0.26 
a

15.49 ± 
2.56 a

Treatments
Pb 
(mg/Kg)

Zn 
(mg/Kg)

S-C
1.73 ± 0.27 
a

0.26 ± 0.06 
a

2.56 ± 0.92 
a

6.26 ± 0.38 
a

2.13 ± 1.04 
a

0.75 ± 0.28 
a

11.03 ± 
1.50 a

S-WV
2.11 ± 0.62 
a

0.40 ± 0.06 
a

2.97 ± 0.67 
a

8.05 ± 0.61 
ab

2.63 ± 0.96 
a

1.02 ± 0.13 
a

13.85 ± 
2.00 ab

S-NB
2.31 ± 0.28 
a

0.42 ± 0.05 
a

3.47 ± 0.97 
a

10.04 ± 
1.82 b

2.87 ± 0.69 
a

1.91 ± 0.60 
b

18.61 ± 
2.86 b

S-WCE 
1.69 ± 0.67 
a

0.41 ± 0.05 
a

4.74 ± 1.58 
a 

7.89 ± 0.83 
ab

2.08 ± 0.34 
a

1.23 ± 0.36 
ab 

12.65 ± 
1.72 ab



Total Soluble

Treatments C (g/100g) N (g/100 g) C (mg/L) N (mg/L)

S-C 8.11 ± 0.64 a 0.09 ± 0.02 a 56.25 ± 0.58 b 114.70 ± 20.41 b 

S-WV 8.15 ± 0.24 a 0.08 ± 0.01 a 44.02 ± 1.18 a 80.70 ± 8.12 a

S-NB 8.22 ± 0.44 a 0.09 ± 0.01 a 41.74 ± 4.15 a 144.84 ± 5.36 b 

S-WCE 7.69 ± 0.51 a 0.09 ± 0.01 a 44.00 ± 3.83 a 162.04 ± 15.25 b

Treatments Ca (g/Kg) K (g/Kg) Na (g/Kg) P (g/Kg) S (g/Kg)

S-C 234.84 ± 23.88 a 5.03 ± 0.67 a 0.34 ± 0.06 a 0.65 ± 0.07 a 1.62 ± 0.19 a

S-WV 243.55 ± 14.86 a 4.87 ± 0.49 a 0.32 ± 0.04 a 0.95 ± 0.27 a 1.63 ± 0.12 a

S-NB 229.34 ± 6.72 a 4.53 ± 0.47 a 0.30 ± 0.01 a 0.70 ± 0.07 a 1.53 ± 0.21 a

S-WCE 239.84 ±12.50 a 4.80 ± 0.84 a 0.30 ± 0.08 a 0.79 ± 0.09 a 1.58 ± 0.03 a

Treatments Ca (g/L) K (g/L) Na (g/L) P (g/L) S (g/L)

S-C 365.01 ± 30.17 b 11.05 ± 1.04 ab 644.74 ± 26.80 b 5.56 ± 0.49 ab 95.99 ± 11.53 b

S-WV 241.99 ± 27.71 a 2.17 ± 1.31 a 492.12 ± 29.20 a 5.20 ± 0.46 ab 62.45 ± 11.11 a

S-NB 326.74 ± 22.42 b 20.07 ± 2.22 b 502.61 ± 67.50 a 6.11 ± 0.58 b 77.08 ± 8.54 ab

S-WCE 339.39 ± 41.35 b 19.48 ± 4.45 b 500.75 ± 80.27 a 4.31 ± 0.53 a 64.95 ± 10.49 a

A B



Treatments B (mg/Kg) Fe (g/Kg) Mg (mg/Kg) Mn (mg/Kg) Mo (mg/Kg)

S-C 14.86 ± 3.18 a 11.97 ± 2.36 a 0.55 ± 0.12 a 269.03 ± 21.83 a 0.24 ± 0.10 a

S-WV 14.25 ± 1.72 a 12.92 ± 1.78 a 0.56 ± 0.14 a 275.64 ± 26.12 a 0.28 ± 0.02 a

S-NB 14.48 ± 2.92 a 12.18 ± 2.23 a 0.58 ± 0.13 a 284.74 ± 34.94 a 0.17 ± 0.08 a

S-WCE 14.88 ± 2.88 a 12.74 ± 1.54 a 0.63 ± 0.16 a 280.98 ± 32.38 a 0.17 ± 0.06 a

Treatments B (mg/L) Fe (mg/L) Mg (mg/L) Mn (mg/L) Mo (mg/L)

S-C 1.15 ± 0.07 a <0.01 a 59.66 ± 8.32 b 0.40 ± 0.05 a <0.01 a

S-WV 0.91 ± 0.05 a <0.01 a 36.04 ± 3.50 a 0.22 ± 0.02 a <0.01 a

S-NB 0.98 ± 0.04 a <0.01 a 54.76 ± 3.82 b 0.37 ± 0.03 a <0.01 a

S-WCE 0.89 ± 0.05 a <0.01 a 49.16 ± 5.87 ab 0.31 ±0.08 a <0.01 a

Treatments As 
(mg/Kg)

Cd 
(mg/Kg)

Cr 
(mg/Kg)

Cu 
(mg/Kg)

Ni 
(mg/Kg)

Pb 
(mg/Kg)

Zn 
(mg/Kg)

S-C
6.33 ± 0.46 
a 

0.33 ± 0.12 
a

26.11 ± 5.13 
a

20.50 ± 2.46 
a

13.73 ± 2.37 
a 

20.19 ± 2.88 
a

30.96 ± 3.59 
a

S-WV
6.27 ± 0.48 
a

0.27 ± 0.03 
a

25.29 ± 3.43 
a

20.33 ± 1.77 
a 

13.23 ± 1.84 
a

20.11 ± 1.99 
a

32.61 ± 4.75 
a

S-NB
6.19 ± 0.60 
a

0.29 ± 0.05 
a

26.31 ± 4.04 
a

21.42 ± 1.59 
a

13.87 ± 2.31 
a

20.30 ± 2.69 
a

31.65 ± 3.13 
a

S-WCE 
6.43 ± 0.42 
a

0.28 ± 0.04 
a

27.71 ± 5.01 
a

21.66 ± 1.98 
a

15.16 ± 2.88 
a

20.79 ± 1.54 
a

32.52 ± 2.43 
a

Treatments As (mg/L) Cd (mg/L) Cr (mg/L) Cu (mg/L) Ni (mg/L) Pb (mg/L) Zn (mg/L)

S-C <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

S-WV <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

S-NB <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a

S-WCE <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a <0.01 a
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(43°49′12.7″ N 11°11′38.1″ E), from July to August 2025. Plants were grown in pots
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nolic content expressed as gallic acid equivalents (GAE, mg mL⁻¹) of 8.31 (WV), 8.12 (NB), 

Normal conditions Salt stress conditions 
Control Control S-Control Control

WV 1: 300 Wood vinegar Biodea® 1:300 S-WV 1:300 Wood vinegar Biodea® 1:300
NB 1:300 Wood vinegar NeraBiochar® 1:300 S-NB 1:300 Wood vinegar NeraBiochar® 1:300

WCE 1:300 Woodchip Extract 1:300 S-WCE 1:300 Woodchip Extract 1:300

WV 1:600 Wood vinegar Biodea® 1:600 S-WV 1:600 Wood vinegar Biodea® 1:600
NB 1:600 Wood vinegar NeraBiochar® 1:600 S-NB 1:600 Wood vinegar NeraBiochar® 1:600

WCE 1:600 Woodchip Extract 1:600 S-WCE 1:600 Woodchip Extract 1:600



chl ܽ (mg g⁄ ) =  (12.72xOD663 − 2.59xOD645)xV1000xFW
chl ܾ (mg g) =  (22.88xOD645 − 4.67xOD663)xV1000xFW⁄

–

the manufacturer’s instructions. The total RNA was eluted in 60 μL of nu-

Kit (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s in-

the manufacturer’s protocol. PCR primers to be used in gene expression 

and the “PCR 
Primer Stats” tool of The Sequence Manipulation Suite

PowerUp™ SYBR™ Green Master Mix
manufacturer’s protocol

−ΔΔCt

–
analysis using either Tukey’s or Dunn’s test was performed by comparing the 





between treatments assessed with Tukey’s or Dunn’s 
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Abstract 9 

This study presents advanced and original research on the use of chestnut (Castanea sa- 10 

tiva)–derived natural products to enhance plant resilience under abiotic stress. Develop- 11 

ing sustainable and innovative strategies to maintain crop health under increasing envi- 12 

ronmental pressures, such as soil salinity and climate change, is a pressing challenge for 13 

modern agriculture. Within a circular economy framework, agroforestry residues like 14 

chestnut biomass represent a valuable source of polyphenol-rich bioactive compounds 15 

with potential agrochemical applications. Despite growing interest, the physiological and 16 

molecular mechanisms by which chestnut-derived extracts modulate plant defense re- 17 

main largely unexplored in horticultural crops, particularly under field conditions. Here, 18 

we evaluated and compared the effects of commercially available chestnut-derived wood 19 

vinegars and an aqueous extract from chestnut woodchips on tomato (Solanum lycoper- 20 

sicum), integrating field trials, physiological measurements, and gene-expression anal- 21 

yses. Experiments were conducted during the summer under both optimal and saline con- 22 

ditions to assess plant responses under realistic abiotic stress. Key physiological traits, 23 

including biomass accumulation, chlorophyll content, and stomatal conductance, were 24 

dose-dependently modulated, demonstrating the capacity of these extracts to improve 25 

plant performance under stress. Molecular analyses revealed activation of defense-related 26 

pathways, particularly via induction of pathogenesis-related proteins and hormone-me- 27 

diated signaling networks, effectively priming pathogen-like defense responses. Notably, 28 

these effects persisted under salinity stress, indicating robust potential for enhancing crop 29 

resilience. Overall, this paper provides mechanistic insights into the bioactivity of chest- 30 

nut-derived natural products and highlights their applicability as sustainable biostimu- 31 

lants to support plant growth and defense in horticultural systems. By linking agrochem- 32 

ical valorization of biomass with field-relevant physiological and molecular responses, 33 

this work underscores a practical approach for applying natural products in modern ag- 34 

riculture.  35 

Keywords: wood vinegar; woodchip extract; chestnut biomass; biostimulants; abiotic 36 

stress; salt stress; gene expression; plant defence; sustainable agriculture 37 

1. Introduction 38 

The planet is currently facing a global climate crisis primarily driven by human ac- 39 

tivities that raise atmospheric greenhouse gas levels, including fossil fuel burning and 40 

widespread deforestation [1]. These long-term shifts in temperature, rainfall, and other 41 
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atmospheric patterns are intensifying extreme weather events and raising the salinity of 42 

soil and groundwater [2,3]. As a result, agriculture is increasingly threatened by coastal 43 

erosion, more frequent and severe flooding, and the loss of arable land due to seawater 44 

intrusion, all of which undermine crop cultivation and global food security [4,5]. Soil sa- 45 

linity, exacerbated by intensive irrigation practices and the use of low-quality water, dis- 46 

rupts plant physiology and significantly reduces crop yields, while the availability of salt- 47 

tolerant cultivars remains limited [6]. Drought and high temperatures further impair es- 48 

sential processes such as photosynthesis, nutrient uptake, and mineral transport, leading 49 

to oxidative stress [7]. Although plants have natural defenses to mitigate these environ- 50 

mental stresses, a deeper understanding of these responses and the development of sus- 51 

tainable strategies are urgently required to improve tolerance to salinity, heat, and 52 

drought [8]. Moreover, to meet growing global food demand, agriculture cannot continue 53 

depending on resource-intensive practices such as deforestation and heavy fertilizer and 54 

pesticide use. These approaches contribute significantly to greenhouse-gas emissions and 55 

cause environmental and health problems, including pollution, biodiversity loss, food- 56 

chain contamination, and the rise of resistant pest strains [9,10]. Therefore, sustainable 57 

and innovative solutions are urgently needed to protect crops and reduce agriculture’s 58 

environmental impact. 59 

Various strategies exist to improve crop tolerance to salt stress, including traditional 60 

breeding, gene cloning, and genetic engineering, but these methods are costly and time- 61 

consuming [6]. As a result, increasing attention has been directed toward low-cost biolog- 62 

ical alternatives, such as the application of exogenous compounds functioning as biostim- 63 

ulants, which can mitigate salt stress and promote plant growth [11].  64 

Wood vinegar, or pyroligneous acid, is a sustainable by-product of biomass pyrolysis 65 

and offers an eco-friendly alternative to conventional agrochemicals [12–14]. Numerous 66 

studies have reported its beneficial effects on soil health, metal toxicity alleviation, and 67 

growth promotion in crops such as eggplant, pepper, tomato, cucumber, rice, and wheat 68 

[15–18]. Highly diluted wood vinegar exhibits antioxidant and antibacterial properties 69 

and may act as a complex growth regulator [18,19]. Its benefits are likely due to its com- 70 

position, which includes water, organic acids (especially acetic acid), and over 200 organic 71 

compounds, such as phenols, ketones, and nitrogenous compounds, which stimulate 72 

physiological responses in plants [13].  73 

Chestnut biomass is commonly used due to its high tannin content, which provides 74 

antimicrobial and insect-repellent properties [20]. Hydrolysable tannins extracted from 75 

chestnut wood also enhance plant growth, soil quality, water management, and tolerance 76 

to pests and environmental stresses, making them a promising tool for sustainable agri- 77 

culture [21,22]. 78 

Tomato (Solanum lycopersicum) is one of the world’s most widely cultivated vegetable 79 

crops, originally from western South America and later domesticated in Central America. 80 

Over time, selective breeding has enhanced its yield, fruit quality, and resilience to envi- 81 

ronmental and biological stresses. Beyond its role as a staple food, tomato has become a 82 

valuable model organism for plant research. It possesses distinctive features—such as 83 

fleshy fruits, sympodial branching, and compound leaves—that are not found in other 84 

common model species like rice or Arabidopsis, making it especially useful for studying 85 

unique aspects of plant biology [23]. 86 

This study explored how chestnut-derived wood vinegars and laboratory-prepared 87 

chestnut extracts affect tomato (Solanum lycopersicum) growth under both normal and sa- 88 

line conditions. Experiments were conducted outdoors during the summer, simulating 89 

realistic field environments. Key agronomic traits related to productivity were first eval- 90 

uated, followed by gene expression analyses focusing on pathways involved in hormone 91 

signaling and plant responses to abiotic and biotic stresses, including salinity, drought, 92 
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heat, and pathogen challenge. This work provides new insights into the potential of nat- 93 

ural chestnut-based products to modulate plant growth and activate defense mechanisms 94 

under stress conditions.  95 
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2. Materials and Methods 96 

2.1. Experimental Design 97 

To evaluate the effects of some chestnut-derived products on plant growth, develop- 98 

ment, and defense mechanisms triggering, an open-field experiment was carried out at 99 

the Laboratorio di Patologia Vegetale Molecolare (DAGRI, University of Florence, Italy), 100 

in Sesto Fiorentino (43°49′12.7″ N 11°11′38.1″ E), from July to September 2025. Plants were 101 

grown in pots, each containing approximately 300 kg of sandy soil having the following 102 

characteristics: pH 8.3, electrical conductivity (EC) 66 μS/cm, and water retention capacity 103 

of 34%. Three chestnut-derived products were evaluated: two commercial wood vinegars 104 

and a chestnut wood chip extract were analyzed and tested. The commercial products 105 

were Biodea® (Arezzo, Italy) wood vinegar (WV) and Nerabiochar® (Turin, Italy) wood 106 

distillate (NB), both produced using chestnut wood as the raw material. The chestnut 107 

woodchip extract (WCE) was prepared by infusing 2 L of chestnut woodchips (approxi- 108 

mately 1.2-1.3 kg) in 4 L of water. The process lasted 3 hours at 80-85°C [24]. After extrac- 109 

tion, the liquid was filtered and centrifuged to remove solid residues and contaminants.  110 

All products were acidic and rich in phenolic compounds. Their chemical character- 111 

istics were as follows: pH values of 2.29 (WV), 3.37 (NB), and 3.31 (WCE), and total phe- 112 

nolic content expressed as gallic acid equivalents (GAE, mg mL⁻¹) of 8.31 (WV), 8.12 (NB), 113 

and 7.06 (WCE). 114 

Tomato plantlets (Solanum lycopersicum var. cerasiforme) were transplanted into pots 115 

at 6 weeks of age. Seeds were germinated and grown under controlled conditions (24°C ± 116 

2°C, 16 h light/8 h dark cycle) until they reached the required developmental stage. The 117 

experimental design included two macro-groups: plants grown under normal conditions 118 

and plants subjected to salt stress. Each macro-group consisted of seven different treat- 119 

ments (Table 1). Five plants were placed in each pot, and three pots were used as biological 120 

replicates per treatment. 121 

Control plants were irrigated with tap water, while salt-stressed plants received irri- 122 

gation water supplemented with 2 g/L NaCl twice per week. All pots were irrigated with 123 

9 L of water per pot two to three times per week, depending on climatic conditions. Treat- 124 

ments with chestnut-derived products were applied once per week. Plants were harvested 125 

two months after transplanting.  126 

Table 1. Scheme of all treatments under different conditions 127 

2.2 Analysis of Plant Physiological Parameters and Sampling 128 

Before harvest, stomatal conductance and photosystem II (PSII) activity were meas- 129 

ured with a porometer/fluorometer LICOR-600 (Li-Cor, Lincoln, NE, USA). Moreover, the 130 

fourth youngest leaves of each plant per treatment were collected and used to determine 131 

chlorophyll (chl) a and b content, following the method described by Wang et al. [25]. 132 

Briefly, 0.05 g of leaves (fresh weight, FW) were incubated in 2.5 mL (V) of 80% acetone 133 

for 24 h in the dark at room temperature. The chl content was determined by measuring 134 

Normal conditions Salt stress conditions  

Control Control S-Control Control 

WV 1: 300 Wood vinegar Biodea® 1:300 S-WV 1:300 Wood vinegar Biodea® 1:300 

NB 1:300 Wood vinegar NeraBiochar® 1:300 S-NB 1:300 Wood vinegar NeraBiochar® 1:300 

WCE 1:300 Woodchip Extract 1:300 S-WCE 1:300 Woodchip Extract 1:300 

WV 1:600 Wood vinegar Biodea® 1:600 S-WV 1:600 Wood vinegar Biodea® 1:600 

NB 1:600 Wood vinegar NeraBiochar® 1:600 S-NB 1:600 Wood vinegar NeraBiochar® 1:600 

WCE 1:600 Woodchip Extract 1:600 S-WCE 1:600 Woodchip Extract 1:600 
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the optical density at 663 nm (OD663) and 645 nm (OD645) for chl a and b, respectively, with 135 

a UV spectrophotometer and multimode plate reader Infinite® 200 PRO (Tecan, Zürich, 136 

Switzerland). Afterward, the chl concentration was calculated using the following formu- 137 

las: 138 

 139 

chl 끫뢜 (mg g⁄ ) =  
(12.72xOD663 − 2.59xOD645)xV

1000xFW
 140 

 141 

chl ܾ (mg g) =  
(22.88xOD645 − 4.67xOD663)xV

1000xFW
�  142 

 143 

At harvest, the third youngest leaves were collected, immediately frozen in liquid 144 

nitrogen, and stored at −80°C for subsequent gene expression analysis. The aerial parts 145 

were harvested to evaluate physiological and agronomic parameters, while roots were 146 

excluded due to extraction constraints. Tomato fruits were collected, counted, and 147 

weighed. Plant height, fresh weight, and dry weight were also recorded. For dry weight 148 

determination, aerial tissues were dried at 60°C for 2–3 days until constant weight. 149 

2.3. RNA Extraction and Plant Gene Expression Analysis 150 

Plant samples were ground with liquid nitrogen, and RNA extraction was performed 151 

using the NucleoSpin RNA Plus kit (Macherey-Nagel,Düren, Deutschland) according to 152 

the manufacturer’s instructions. The total RNA was eluted in 60 μL of nuclease-free water. 153 

RNA concentration and quality were assessed using both a NanoDrop Spectrophotometer 154 

ND-100 (Nanodrop Technologies Inc., Wilmington, DE, USA) and gel electrophoresis (1% 155 

agarose gel in 1X TAE). To eliminate any genomic DNA (gDNA) contamination, the total 156 

RNA samples were further purified using the RapidOut DNA Removal Kit (Ther- 157 

moFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. 158 

Then, cDNA was synthesized using the RevertAid RT Kit (ThermoFisher Scientific) fol- 159 

lowing the manufacturer’s protocol.  160 

Gene-specific primers were designed and optimized using Primer-BLAST tool (Na- 161 

tional Center for Biotechnology Information, NCBI) [26] and the “PCR Primer Stats” tool 162 

of The Sequence Manipulation Suite [27]. Primers were synthesized by Eurofins Genomics 163 

(Ebersberg, Germany) and are listed in the Supplementary Materials (Tables S1).  164 

The expression profile of the following genes was analyzed: auxin-responsive gene 1 165 

(ARF1), transport inhibitor response 1 (TIR1), auxin efflux carrier PIN1, phenylalanine 166 

ammonia-lyase (PAL), chalcone synthase (CHS), pathogenesis-related proteins (PR1, PR3 167 

and PR5), enolase (ENO), thaumatin-like protein (TLP) and Salt Overly Sensitive 1 (SOS1). 168 

Real-time quantitative PCR (RT-qPCR) was performed with the PowerUp™ SYBR™ 169 

Green Master Mix (ThermoFisher Scientific), according to manufacturer’s protocol. The 170 

expression of the target genes was normalized using both Act¸ coding for actin, and Ubi3, 171 

coding for ubiquitin, as housekeeping gene [28]. Relative expression levels were calcu- 172 

lated using the 2−ΔΔCt method [29], comparing treated plants with their respective controls 173 

under normal and saline conditions. For each sample, three technical replicates were pro- 174 

cessed in each of the three independent RT-qPCR runs carried out. 175 

2.4. Statistical Analysis 176 

Statistical analyses were carried out using GraphPad Prism 8 (GraphPad Software, 177 

Boston, MA, USA). After verifying the normal distribution of the data, either one-way 178 

ANOVA or the Kruskal–Wallis test was applied, with significance set at p < 0.05. Post hoc 179 

comparisons were then performed using Tukey’s or Dunn’s test, evaluating differences 180 

between all treatment pairs for each plant species.  181 
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3. Results 182 

3.1. Effects of Bio-products on the Development and Physiology of Plants  183 

The effects of both wood vinegars and WCE on plant growth and development var- 184 

ied depending on the condition they grew and the applied treatments (Figures S1-S2). To 185 

facilitate comparison, all data were normalized to their respective controls. In salt-stress 186 

graphs, Control values were also included to allow comparison between the two condi- 187 

tions. 188 

Analysis of aerial plant growth revealed treatment-dependent effects on plant height. 189 

Salt stress did not affect the aerial plant growth. Similarly, NB application did not influ- 190 

ence plant height under either control or salt-stress conditions. In contrast, plants treated 191 

with both WV 1:300 and WCE (in both tested dilutions) increased significantly in height 192 

compared to the Control (Figures 1A-E). 193 

 Dry biomass accumulation showed more pronounced differences among treatments 194 

(Figures 1B–F). Indeed, a significantly higher biomass was reported in the Control com- 195 

pared to the S-Control. Conversely, NB application resulted in opposite trends depending 196 

on the condition: under non-stress conditions, dry biomass was reduced compared to the 197 

Control, whereas under salt stress it increased markedly, particularly in the S-NB 1:600 198 

treatment. WCE treatment led to an overall increasing trend in dry weight under both 199 

conditions. 200 

Figure 1. Height, dry weight, fruit number and weight of treated S. lycopersicum plants under non- 201 

stress conditions (A-D) and salt stress condition (E-H). All values have been normalized by ratioing 202 

them to the corresponding control. Error bars represent the standard error of the mean (SEM). Let- 203 

ters indicate statistically significant differences between treatments assessed with Tukey’s or Dunn’s 204 

post hoc tests (p-value < 0.05). 205 

Fruit production was assessed by counting fruit number per plant. Even in this case, 206 

the average level of the S-Control was lower than the Control. Under non-stress condi- 207 

tions, most treatments did not significantly affect fruit number, with the exception of WV 208 

1:300, which showed an increasing trend. In contrast, NB 1:600 caused a significant reduc- 209 

tion in fruit number compared to the Control. Under salt-stress conditions, WV treatments 210 
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restored fruit production to levels comparable to the Control. Similarly, fruit number in- 211 

creased significantly in S-NB samples compared to the S-Control. WCE treatments did not 212 

significantly affect fruit number under either condition. 213 

Average fruit weight, calculated as the total fruit weight divided by the number of 214 

fruits per plant, showed an inverse trend compared to fruit number. Treatments associ- 215 

ated with lower fruit counts, such as NB applications, generally produced heavier fruits. 216 

Concerning photosynthetic parameters, under non-stress conditions, the chl a con- 217 

tent increased when WV 1:300 and WCE 1:300 were applied, while it decreased with both 218 

NB concentrations tested (Figure 2A). Stomatal conductance increased especially with WV 219 

1:600 and decreased with NB 1:300 (Figure 2B). No differences were, instead, detected for 220 

PSII (Figure 2C). Conversely, the photosynthetic parameters were slightly influenced by 221 

the application of the bio-products under salt stress conditions (Figures 2D-F). 222 

Figure 2. Chlorophyll a content, stomatal conductance and photosystem II activity (ϕPSII) of treated 223 

S. lycopersicum plants under non-stress (A-C) and salt stress (D-F) conditions. All values have been 224 

normalized by ratioing them to the corresponding control. Error bars represent the SEM. Letters 225 

indicate statistically significant differences between treatments assessed with Tukey’s or Dunn’s 226 

post hoc tests (p-value < 0.05). 227 

3.2. Impact of Bio-products on the Expression of Defense-Related Genes in Plants 228 

Bio-product treatments also affected the expression of defense-related genes, de- 229 

pending on the different growth conditions. Concerning the auxin pathway, ARF1 230 

showed no changes in expression under non-stress conditions, except for its overexpres- 231 

sion after NB 1:600 treatment (Figure 3A). In contrast, under salt stress, the gene was over- 232 

expressed after the application of all the three products at the highest concentration (Fig- 233 

ure 3D). Moreover, in the Control it was overexpressed compared to the S-Control. TIR1 234 

gene, on the other hand, was slightly overexpressed in normal condition, especially in 235 

plants treated with NB 1:600 and WCE 1:600. Under salt stress, the gene was instead 236 

downregulated in S-NB 1:300 samples, while it was upregulated in S-WCE 1:300. Moreo- 237 

ver, salt stress influenced TIR1 expression, leading to its upregulation (Figures 3B-E). 238 

Lastly, PIN1 was upregulated only after the treatment with NB 1:300 in non-stress condi- 239 

tions (Figure 3C). Under salt stress, this gene was downregulated in all the treated samples 240 
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compared to the S-Control, although a trend toward overexpression was observed com- 241 

pared to the Control (Figure 3F). 242 

Figure 3. Expression profile of genes involved in the auxin pathway: ARF1 expressions under non- 243 

stress (A) and salt stress condition (D); TIR1 expressions under non-stress (B) and salt stress condi- 244 

tion (E); PIN1 expressions under non-stress (C) and salt stress condition (F). Error bars represent the 245 

SD. Letters indicate statistically significant differences between treatments assessed with Tukey’s or 246 

Dunn’s post hoc tests (p-value < 0.05). 247 

Concerning the synthesis of secondary metabolites, all treatments did not signifi- 248 

cantly stimulate PAL expression compared to the Control under normal conditions (Fig- 249 

ure 4A). On the contrary, the gene was downregulated with all treatments except in S- 250 

WCE 1:300 (Figure 4B). CHS, on the other hand, was upregulated in tomato plants treated 251 

with the WV 1:300, NB 1:300 and 1:600 compared to the Control, while it was downregu- 252 

lated by WCE 1:600 under normal conditions (Figure 4C). Under salt stress, no significant 253 

changes were observed except in S-WV 1:300, in which the CHS gene was overexpressed 254 

compared to the S-Control (Figure 4D). 255 

Figure 4. Expression profile of genes involved in secondary metabolites synthesis: PAL expressions 256 

under non-stress (A) and salt stress condition (B); CHS expressions under non-stress (C) and salt 257 

stress condition (D). Error bars represent the standard deviation (SD). Letters indicate statistically 258 

significant differences between treatments assessed with Tukey’s or Dunn’s post hoc tests (p-value < 259 

0.05). 260 
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Expression of pathogenesis-related (PR) genes showed marked condition-dependent 261 

patterns. Under non-stress conditions, PR1 expression was upregulated by WCE 1:300 and 262 

downregulated by WCE 1:600 (Figure 5A). Under salt stress, PR1was significantly down- 263 

regulated in the S-Control compared to the Control. However, this variation was balanced 264 

out in all treated samples, in which the expression profiles were comparable to the Control 265 

and significantly higher than to the S-Control. (Figure 5D). On the other hand, PR3 was 266 

upregulated when WV 1:300, NB 1:300, WCE 1:300 and 1:600 were applied compared to 267 

the Control (Figure 5B). Conversely, under salt stress conditions, PR3 was downregulated 268 

with all treatments at the lowest concentration and overexpressed only in the presence of 269 

WV 1:300 (Figure 5E). PR5 displayed an expression pattern opposite to that of PR1. Under 270 

non-stress conditions, PR5 was significantly overexpressed in all treated plants (Figure 271 

5C). Under salt stress, no significant differences were observed between treated plants 272 

and the S-Control, although PR5 expression was higher in the S-Control than in the Con- 273 

trol (Figure 5F). 274 

Figure 5. Expression profile of genes coding for PR proteins: PR1 expressions under non-stress (A) 275 

and salt stress condition (D); PR3 expressions under non-stress (B) and salt stress condition (E); PR5 276 

expressions under non-stress (C) and salt stress condition (F). Error bars represent the SD. Letters 277 

indicate statistically significant differences between treatments assessed with Tukey’s or Dunn’s 278 

post hoc tests (p-value < 0.05). 279 

About abiotic stress-related genes, ENO was slightly overexpressed in both condi- 280 

tions tested. A significant increase was observed in WV 1:300, WCE 1:300 and 1:600, S-WV 281 

1:600 and S-WCE 1:600 samples (Figures 6A-D). In contrast, some differences were ob- 282 

served in TLP expression levels. Under normal conditions, all treatments determined an 283 

overexpression compared to the Control (Figure 6B). Interestingly, in the Control the gene 284 

was significantly downregulated compared to the S-Control. Under stress conditions, TLP 285 

was downregulated in most treated samples compared to the S-Control, except in S-WV 286 

1:600, which showed significant upregulation (Figure 6E). NAC4 was consistently overex- 287 

pressed in all treated plants under both conditions compared to their respective controls 288 

(Figures 6C-F). 289 
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Figure 6. Gene expression analysis of genes related to abiotic stresses: ENO expressions under non- 290 

stress (A) and salt stress condition (D); TLP expressions under non-stress (B) and salt stress condi- 291 

tion (E); NAC4 expressions under non-stress (C) and salt stress condition (F). Error bars represent 292 

the SD. Letters indicate statistically significant differences between treatments assessed with 293 

Tukey’s or Dunn’s post hoc tests (p-value < 0.05).  294 

Finally, the salt-stress-related gene SOS1 showed a consistent response to salinity. 295 

Under stress conditions, the gene was overexpressed in all samples compared to those 296 

grown under non-stress conditions. Although treated plants generally exhibited higher 297 

expression levels than their respective controls, these differences were not statistically sig- 298 

nificant (Figures 7A-C). 299 

Figure 7. Gene expression analysis of salt stress-related gene SOS1 in plants treated with WV (A), 300 

NB (B) and WCE (C). Error bars represent the SD. Letters indicate statistically significant differences 301 

between treatments assessed with Tukey’s or Dunn’s post hoc tests (p-value < 0.05). 302 

4. Discussion 303 

The present study contributes to the growing body of research aimed at identifying 304 

plant-derived compounds as sustainable tools to support plant growth and vigor [5]. 305 

These searches have become increasingly urgent, as currently agriculture has to face de- 306 

clining yields caused by frequent extreme weather events [4,30] and rising disease pres- 307 

sure driven by global environmental change [31]. At the same time, the need to reduce the 308 
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use of traditional agrochemicals—which negatively affect both ecosystems and human 309 

health—has become a central concern for the sector [29,32]. In this context, chestnut-de- 310 

rived products rich in polyphenols have recently attracted attention for their potential to 311 

enhance plant tolerance to both biotic and abiotic stresses [13,14].  312 

Building on this framework, the present work investigated the effects of sweet chest- 313 

nut wood vinegars and a laboratory-made extract from chestnut woodchips affect tomato 314 

plants grown either under normal conditions or exposed to salt stress. To evaluate the 315 

influence of each formulation, multiple concentrations were applied, in order to under- 316 

stand how dosage and product type shape the development of S. lycopersicum, one of the 317 

most agronomically important crops. A comprehensive gene expression analysis was also 318 

conducted to determine whether these treatments activate key molecular pathways in- 319 

volved in plant defense. 320 

In recent years, wood vinegar has been widely studied, and its biological activity has 321 

been shown to depend strongly on production parameters such as feedstock type, pyrol- 322 

ysis temperature, and purification processes [33–35]. Moreover, the effective concentra- 323 

tion varies considerably depending on plant species and environmental conditions. Alt- 324 

hough WV has been frequently analyzed as a commercial product, NB has received far 325 

less attention. Evaluating two commercial products derived from the same raw material 326 

therefore provides valuable insight into how formulation-specific characteristics influence 327 

biological efficacy. In parallel, the literature on chestnut wood extracts—particularly those 328 

derived from woodchips—remains scarce. Tannins, which are abundant in chestnut bio- 329 

mass, play a crucial role in mitigating stress effects and reinforcing plant defensive capac- 330 

ity, particularly by preserving organs essential for survival and reproduction. Neverthe- 331 

less, even with their numerous functions, knowledge of how defense-associated phyto- 332 

hormones control tannin metabolism remains quite limited [36]. 333 

Salt stress is known to severely impair plant growth by inducing osmotic stress and 334 

ionic toxicity caused by excessive Na⁺ and Cl⁻ accumulation, ultimately leading to reduced 335 

water uptake, leaf area, and biomass. In addition, salinity negatively affects photosyn- 336 

thetic efficiency and yield, triggering hormonal responses—such as abscisic acid (ABA) 337 

signaling—that allow plants to partially adapt to adverse conditions [37]. 338 

Consistent with these well-established effects, salt stress in the present study caused 339 

clear morphological deterioration, including reduced total biomass and fruit number. 340 

Among the tested treatments, WV 1:300 and WCE 1:300 proved to be the most effective. 341 

Both under normal and stress conditions, they showed improvements in almost all the 342 

parameters analyzed, with an increase in height, biomass and fruit weight. An interesting 343 

trend was observed after the treatment with NB, which appeared to worsen plant growth 344 

and development under normal conditions but significantly improved them under salt 345 

stress (Figure 1).  346 

Regarding photosynthetic traits, several studies report that wood vinegar can in- 347 

crease chlorophyll content [38,39]. The activity of PSII—an indicator of the overall perfor- 348 

mance of the photosynthetic machinery [40], showed no notable differences among the 349 

treatments, similar to the results for chlorophyll a content (Figure 2). Finally, measure- 350 

ments of stomatal conductance—which reflect gas exchange and transpiration rates and 351 

provide insight into stomatal regulation—revealed increased stomatal aperture in plants 352 

treated with WV 1:600 respect to Control [41]. This response may indicate improved phys- 353 

iological plasticity, potentially contributing to enhanced stress tolerance. 354 

In a similar study carried out on Nicotiana tabacum, a model plant belonging to the 355 

same family (i.e., Solanaceae) of S. lycopersicum , it was observed that high concentrations 356 

of wood vinegar (i.e., 1:300) could be partially toxic to the plant, while a concentration of 357 

1:600 could be more effective [42]. However, the experiment was carried out by growing 358 

plants in smaller pots compared to this study. The larger soil volume used in the present 359 
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research facilitated a more uniform diffusion of the applied treatments throughout the 360 

soil. This observation further confirms that the growing conditions substantially influence 361 

the optimal dosage to be applied.  362 

Importantly, all tested treatments improved plant performance under saline stress, 363 

reinforcing previous reports on the effectiveness of wood vinegar as a biostimulant 364 

[6,43,44]. In addition, the present study provides novel evidence supporting the potential 365 

of chestnut woodchip extracts, offering greater specificity regarding their physiological 366 

and molecular effects.  367 

Once absorbed by plant tissues, wood vinegar is known to trigger defense-related 368 

signaling processes. Previous molecular studies have mainly focused on the activity of 369 

antioxidant enzymes [6,8,25,45]. Tannins also play a key role in regulating plant life dur- 370 

ing interactions between plants and their environment [46]. As polyphenolic compounds, 371 

they help protect against various diseases through their antimicrobial activity and by re- 372 

ducing oxidative stress [36]. Here, we analyzed the expression profiles of defense-related 373 

genes involved in various pathways, such as the signaling pathways for auxin (i.e., ARF1, 374 

TIR1, PIN1), secondary metabolites synthesis (i.e., PAL, CHS), jasmonic acid (JA) (i.e., PR3) 375 

and salicylic acid (SA) (i.e., PR1, PR5). Genes related to abiotic stress tolerance were also 376 

analyzed, focusing on those involved in drought and heat stress (i.e., ENO, TLP, NAC4) 377 

and those involved in salt stress (i.e., SOS1).  378 

To study the auxin signaling pathway, the expression profiles of ARF1, TIR1 and 379 

PIN1 were evaluated (Figure 3). ARF proteins serve as transcription factors that connect 380 

with Aux/IAA proteins and target auxin-responsive elements (Aux-REs) in the promoters 381 

of genes regulated by auxin under conditions of low auxin levels [47]. ARF1, an auxin- 382 

inducible gene, has been identified as a transcriptional repressor of genes responsive to 383 

auxins [48,49]. TIR1/AFB proteins play crucial roles in plant responses to diverse abiotic 384 

and biotic stress [50]. In this manner, these proteins positively regulate downstream 385 

auxin-responsive pathways once auxin is detected [51,52]. PIN1 in plants encodes a crucial 386 

auxin efflux carrier protein, essential for directing the flow of the hormone auxin to estab- 387 

lish patterns for organ formation, like leaves and flowers, and root development [53]. At 388 

the hormonal level, no statistically significant differences or repeated trends were ob- 389 

served, with the exception of a general downregulation of PIN1 under salt stress (Figure 390 

3F). The effects of salt stress on auxin-related genes warrant further investigation, as ARF1 391 

exhibited trends opposite to those reported in some studies [54], whereas TIR1 and PIN1 392 

showed expression patterns consistent with previous findings under salinity (Figure 3D- 393 

F) [55,56]. 394 

PR proteins play a crucial role in plant signal transduction pathways. PR1 proteins 395 

are abundantly produced during plant defense responses, where they help restrict path- 396 

ogen spread and enhance resistance to biotic and abiotic stresses [57]. PR-3 plant genes en- 397 

code chitinases, a type of pathogenesis-related (PR) protein that breaks down chitin in 398 

fungal cell walls to defend against pathogens [58]. PR5 genes are a crucial component of 399 

plant defense mechanisms, that provide resistance against fungal and bacterial pathogens 400 

[59]. Interestingly, the PR1 and PR5 were significantly overexpressed under salt stress and 401 

normal conditions, respectively, across all treatments tested, suggesting the activation of 402 

the SA pathway (Figure 5). This suggests that chestnut-derived products may prime plant 403 

defenses by mimicking pathogen-related signals, even in the absence of biotic stress. 404 

Concerning the synthesis of secondary metabolites, PAL gene was generally down- 405 

regulated in the treated samples under saline stress (Figure 4). These results could suggest 406 

a reduced accumulation of phenylpropanoids, as PAL is a key enzyme in the phenylpro- 407 

panoid biosynthesis pathway [60]. In contrast, CHS, a central enzyme in flavonoid/isofla- 408 

vonoid biosynthesis pathway. Besides being part of the plant developmental program, 409 



Agronomy 2025, 15, x FOR PEER REVIEW 13 of 18 
 

 

CHS is induced by stress and participates in SA-mediated defense responses [61], sup- 410 

porting its involvement in stress adaptation observed here. 411 

Concerning PR proteins, the PR3 gene was generally overexpressed in plants treated 412 

with the highest concentration of the products tested under both non-stress and salt-stress 413 

con, suggesting the activation of the JA signaling pathway. 414 

In plants, enolase is a highly conserved enzyme in the glycolytic pathway, with ad- 415 

ditional roles in development, stress responses, and other metabolic functions [62]. It con- 416 

tributes to heat stress tolerance through its interaction with the 70-kDa heat shock protein 417 

[63]. In this study, enolase expression was enhanced by the bio-products of interest under 418 

both growth conditions (Figure 6).  419 

TLPs consist of a complex protein family that participates in defense mechanisms 420 

and developmental processes across plants, animals, and fungi. While mainly associated 421 

with responses to biotic stress, some TLPs are also predicted to respond to drought and 422 

osmotic stresses [64]. TLPs are closely linked to the PR5 gene [65]. In the present study, 423 

the TLP gene exhibited an expression pattern comparable to PR5, showing a significant 424 

upregulation under non-stress conditions (Figures 5C and 6C). These observations sug- 425 

gested that wood vinegar may regulate drought-responsive genes, thereby potentially en- 426 

hancing plant tolerance to drought, consistent with findings by Mohd Amnan et al. [8]. 427 

Additionally, NAC4, was a stress-responsive transcription factor, was significantly over- 428 

expressed in treated plants under both control and saline conditions, supporting its role 429 

in enhancing tolerance to salt and drought stress [66].  430 

Finally, SOS1, encoding a plasma membrane Na⁺/H⁺ antiporter essential for salt tol- 431 

erance [67], was upregulated in all salt-stressed samples, as expected. Although treat- 432 

ment-induced increases in SOS1 expression were not statistically significant, a consistent 433 

upward trend was observed, aligning with previous findings in rapeseed treated with 434 

wood vinegar (Figure 7) [6]. Many of the genes analyzed here have also been previously 435 

studied in tobacco [42], showing similar expression trends, further supporting the hypoth- 436 

esis that chestnut-derived products can trigger conserved defense mechanisms within the 437 

Solanaceae family. 438 

In summary, the present work confirms and extends existing literature on wood vin- 439 

egar, demonstrating its ability to modulate hormonal signaling and activate plant defense 440 

responses, particularly under abiotic stress conditions. Furthermore, it provides the first 441 

solid experimental basis for the agricultural application of chestnut woodchip extracts, 442 

which exhibited multiple beneficial effects under both optimal and saline conditions. To- 443 

gether, these findings highlight the potential of chestnut-derived bio-products as sustain- 444 

able tools for improving crop resilience in the context of climate change. 445 

5. Conclusions 446 

In conclusion, this study indicates that chestnut-derived bioproducts can markedly 447 

influence plant growth, development, and physiological responses, particularly under 448 

stress conditions. Dosage emerged as a key factor determining efficacy: for wood vinegar, 449 

the highest concentration tested did not negatively affect plant traits and frequently en- 450 

hanced plant performance. WCE also exhibited stimulatory effects, with the 1:300 dilution 451 

appearing most effective.  452 

Gene-expression analyses further revealed that both products modulate molecular 453 

pathways associated with abiotic and biotic stress responses, supporting their role as plant 454 

defense inducers. Although wood vinegar and WCE represent promising, eco-friendly 455 

alternatives to conventional pesticides, additional research is required to fully elucidate 456 

their molecular mechanisms of action. A deeper understanding of these processes will be 457 

essential to support their reliable and sustainable integration into crop protection and 458 

stress management strategies. 459 
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representative plant of each treatment under salt stress conditions 463 
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Table S1. Primer information for Solanum lycopersicum. 

 

 

Gene  Primer sequence 5’ – 3’ Tm (°C) Designed by 

Ubi3 
Forward TCGTAAGGAGTGCCCTAATGCTGA 

60 [1] 
Reverse CAATCGCCTCCAGCCTTGTTGTAA 

Act 
Forward AGGCAGGATTTGCTGGTGATGATGCT 

60 [1] 
Reverse ATACGCATCCTTCTGTCCCATTCCGA 

ARF1 
Forward CGGCAAATCACTTCGGTGG 

54 [2] 
Reverse AATCCCTGATGTGTCGATGC 

TIR1 
Forward AGGGGTCCTCCAGATACAAG 

60 [3] 
Reverse CGCTAATACCTGCCCATCTTT 

PIN1 
Forward CTCAAGAAGAGACCAAGGCAA 

58 [4] 
Reverse AGAGACCAAGGACCAAGTTAG 

PAL 
Forward ATGGAACACATTTTGGATGG 

58 [2] 
Reverse TCTCGATCATCTTAGTTGC 

CHS 
Forward ATGTGGATAGTATGGTTGGAC 

58 [2] 
Reverse CAAGTGAAATGTTAGCCCGA 

PR1 
Forward GGCATCCCGAGCACAAAA 

60 [5] 
Reverse CCCAGCACCAGAATGAATCA 

PR3 
Forward ACCCGTTGCACTGTCTTGTCT 

60 
[5] 

Reverse ATCCTTTGGCAGGACATGC [2] 

PR5 
Forward TTGAGGTCCATAACAACTGC 

60 [2] 
Reverse AACCTCTTCCAGCACCATC 

ENO 
Forward AATGACCAGTCACCGCAGT 

60 This study 
Reverse AGCTGGTTGTACTTGGCGA 

TLP 
Forward ATTGAACGGCAACGGAAAG 

60 This study 
Reverse TGTGATGAGTCCCCTGTCA 

NAC4 
Forward TCTTCCGACTTCGTTCACCTG 

60 [6] 
Reverse CTGATGTCCGTAATTTTCAAGCA 

SOS1 
Forward TCCTCAGGTTCTCCGAGTT 

60 This study 
Reverse AGTCTGGACAGCATCGTGA 



Figure S1. Most representative plant of each treatment under no-stress conditions 
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Figure S2. Most representative plant of each treatment under salt stress conditions 
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Conclusions and prospectives



This comprehensive study demonstrates the signięcant potential of chestnut-derived bioproducts, 
including wood vinegars (WV and NB) and woodchip extract (WCE), as multifunctional tools for 
sustainable agriculture within the framework of the circular economy. Across multiple experimental 
scales—from controlled in vitro assays to soil-plant systems and ęeld trials—both products exhibited 
biological activities that enhance plant growth, modulate defense responses, and support soil 
functionality, particularly under abiotic stress conditions such as drought and salinity.
In vitro assays highlighted the dose-dependent eěects of the two products. WV showed strong 
antibacterial and anti-virulence activity, particularly under conditions simulating plant infection, 
suggesting potential applications in integrated plant protection strategies such as endotherapy. In 
plants, WV exhibited inhibitory eěects at high concentrations and growth-promoting, hormonal-
stimulating eěects at lower doses, conęrming its dual functionality as both a phytotoxic agent and 
a corroborant. Therefore, at high concentrations, it could be tested for weed control. WCE primarily 
acted as a biostimulant, promoting seed germination, early seedling growth, and activation of 
hormonal and defense-related pathways, while exhibiting limited antimicrobial eěects. Even at very 
high concentrations, it showed no phytotoxic eěects; considering that both products have an 
extremely acidic pH, it is reasonable to assume that the inhibitory eěect does not depend purely on 
acidity.
Experiments on soil-plant interaction under abiotic stress conditions further demonstrated the 
beneęts of these products. LeĴuce exposed to drought or salinity stress achieved yields comparable 
to non-stressed controls when treated with WV, NB or WCE, while soil enzymatic activity improved 
especially under saline conditions. These ęndings indicate that chestnut-derived products can 
enhance plant resilience and maintain soil health even under challenging environmental conditions.
Field studies conęrmed these trends in tobacco (Nicotiana tabacum) and tomato (Solanum 
lycopersicum). Physiological measurements, including biomass accumulation, chlorophyll content, 
and stomatal conductance, showed dose-dependent responses, while gene expression analyses 
revealed activation of defense-related pathways, including pathogenesis-related proteins. These 
results indicate that WV, NB and WCE can elicit defense mechanisms like those triggered by 
pathogen aĴack, reinforcing their role as eco-friendly elicitors of plant immunity.
From a circular economic perspective, the valorization of chestnut residues through the production 
of wood vinegars and WCE exemplięes sustainable biomass use. These products transform 
underutilized forestry and agricultural residues into high-value inputs, reducing waste, minimizing 
reliance on synthetic chemicals, and generating local economic opportunities. WV and WCE thus 
represent both an agricultural and environmental innovation, integrating plant protection, soil 
enhancement, and biostimulant eěects with sustainable resource management.
Future research should focus on optimizing dosing strategies, clarifying molecular mechanisms, and 
validating eĜcacy across diverse crops and environmental conditions. Long-term ęeld trials will be 
essential to establish reproducibility and best-practice guidelines. 
As regards wood vinegar, future innovations could be sought in its application. For example, micro- 
and nano-encapsulation of wood vinegar in natural matrices could allow controlled release of the 
active compounds, reducing phytotoxicity and volatility and ensuring greater persistence and 
eěectiveness in the soil. Its co-application should also be studied. Many studies have already been 
carried out with biochar, but it could be tested together with other plant extracts or beneęcial 
microorganisms. For wood chip extract, on the other hand, there is much less background 
information, but the potential that has emerged is nevertheless signięcant. It should be further 
evaluated in all aspects relevant to agriculture and the extraction method optimized so that it can 
then be scaled up to industrial levels and an extract produced and used on site.



Further research works

Article
On the effectiveness of ozone treatments: a silver bullet for 
plant health?
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The End.
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