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Abstract

The extensive use of synthetic products in agriculture poses significant environmental risks,
increasing the interest in bio-based products that can mitigate the negative effects of
modern agricultural methods. These bio-based products can help restore contaminated
soils and improve crop yield and quality. This doctoral thesis examines the use of two
byproducts obtained from the pyrolysis of woody biomass for green energy production:
biochar (B) and wood distillate (WD). The first two chapters of the thesis deal with the use
of B in the remediation of soils contaminated with hydrocarbons. Specifically, Chapter 1
evaluates the effects of B on soils artificially contaminated with gasoline, assessing the
impact of B amendment on the germination, yield, and total antioxidant capacity of oat
(Avena sativa L.) plants. In Chapter 2, the study progresses by evaluating the effect of B on
soils artificially contaminated with crude oil, examining the effects of B amendment on
yield and oxidative stress in oat plants. Chapters 3, 4, and 5 evaluate the effects of applying
WD as a biostimulant. Chapter 3 investigates foliar applications of WD on lettuce (Lactuca
sativa L.) plants, assessing yield, chlorophyll content, soluble sugar content, starch, and
mineral content. Chapter 4 examines the effects of adding WD to the nutrient solution in
hydroponic cultivation, evaluating both yield and antioxidant content in lettuce leaves and
roots. Finally, Chapter 5 investigates the effects of foliar application of WD on chickpea
(Cicer arietinum L.) plants, analysing its impact on seed yield and various nutritional
parameters.

This thesis concludes that B can be used to reuse hydrocarbon-contaminated soils for

cultivation, while WD can enhance both the yield and nutritional properties of crops.



Riassunto

L'uso estensivo di prodotti di sintesi in agricoltura presenta significativi rischi ambientali,
aumentando l'interesse verso prodotti bio-based che possono mitigare gli effetti negativi
dei metodi agricoli moderni. Questi prodotti bio-based possono aiutare a ripristinare i
terreni contaminati e migliorare la resa e la qualita delle colture. Questa tesi di dottorato
esamina l'uso di due sottoprodotti ottenuti dalla pirolisi della biomassa legnosa per la
produzione di energia verde: il biochar (B) e il distillato di legno (WD). | primi due capitoli
della tesi trattano l'uso del B nella bonifica dei terreni contaminati da idrocarburi. Nello
specifico, il Capitolo 1 valuta gli effetti del B su terreni contaminati artificialmente con
benzina, esaminando l'impatto dell'lammendamento con B sulla germinazione, sulla resa e
sulla capacita antiossidante totale delle piante di avena (Avena sativa L.). Nel Capitolo 2, lo
studio progredisce valutando l'effetto del B su terreni contaminati artificialmente con
petrolio greggio, esaminando gli effetti dell'ammendamento con B sulla resa e sullo stress
ossidativo in piante di avena. | Capitoli 3, 4 e 5 valutano gli effetti dell'applicazione del WD
come biostimolante. Il Capitolo 3 indaga I'applicazione fogliare del WD su piante di lattuga
(Lactuca sativa L.), valutandone la resa, il contenuto di clorofilla, di zuccheri solubili, di
amido e del contenuto di minerali. Il Capitolo 4 esamina gli effetti dell'aggiunta del WD alla
soluzione nutritiva nella coltivazione idroponica, valutando sia la resa che il contenuto di
antiossidanti nelle foglie e nelle radici di lattuga. Infine, il Capitolo 5 indaga gli effetti
dell'applicazione fogliare del WD su piante di ceci (Cicer arietinum L.), analizzandone
I'impatto sulla resa dei semi e su vari parametri nutrizionali.

Questa tesi conclude che il B pud essere usato per poter riutilizzare terreni contaminati da
idrocarburi per la coltivazione, mentre il WD pud aumentare resa e proprieta nutrizionali

delle piante.



Overview of the doctoral thesis

The aim of this doctoral thesis entitled "Biochar and wood distillate for sustainable
agriculture" is to explore the application of biochar and wood distillate in agriculture,
replacing synthetic products with natural ones without compromising crop vyields, and
ideally increasing them, as expected by the European Union's Farm to Fork Strategy. The
project aims to test the application of biochar and wood distillate, two by-products derived
from woody biomass used also for the production of green electrical and thermal energy

through pyrolysis, thereby offering an excellent example of the circular economy.

Specifically, biochar is tested to mitigate the negative effects of hydrocarbon
contamination in soil, aiming to restore contaminated land for agricultural purposes due to
significant contamination issues, particularly in Asian countries. On the other hand, the
wood distillate in our study is tested both in traditional cultivation methods (soil-based)
and innovative techniques (hydroponics) for the growth of the plants. We initially tested
these approaches on model plants like lettuce, followed by more complex plants such as
chickpeas, to also examine the effects on fruit development. This project ultimately aims
to assess the potential for reducing synthetic chemical use in agriculture while ensuring

high yields, nutraceutical value, and overall crop quality.

It is important to note that, given this thesis comprises a compilation of five scientific
articles published in international journals, there may be some inconsistencies throughout
the document. For instance, certain terms may be abbreviated in some chapters but not in
others; "biochar" might appear as "B" in one section and remain fully spelled out in
another, while "wood distillate" could be abbreviated to "WD" inconsistently. Additionally,

some concepts may be reiterated across different chapters, as they are integral to each



individual article. These repetitions serve to provide context and reinforce key findings, but
they may also lead to a degree of redundancy within the overall text. This approach, while
potentially leading to discordances, aims to maintain clarity and coherence across the

diverse topics covered in this doctoral thesis.

Author contribution for published chapters

CHAPTER 1 - Stefano Loppi, Riccardo Fedeli, and Dmitry Alexandrov conceived and
designed the experiments; Riccardo Fedeli, and Dmitry Alexandrov performed the
experiments; Riccardo Fedeli, Silvia Celletti, and Stefano Loppi analyzed the data; Riccardo
Fedeli, Silvia Celletti, and Dmitry Alexandrov wrote the manuscript; Stefano Loppi and Elvira

Nafikova revised the text.

CHAPTER 2 — Riccardo Fedeli, Silvia Celletti, and Stefano Loppi conceived and designed the
experiments; Riccardo Fedeli performed the experiments; Riccardo Fedeli, and Stefano
Loppi analyzed the data; Riccardo Fedeli wrote the manuscript; Silvia Celletti, Dmitry

Alexandrov, Stefano Loppi, and Elvira Nafikova revised the text.

CHAPTER 3 - Stefano Loppi and Andrea Vannini conceived and designed the experiments;
Riccardo Fedeli, Andrea Vannini, and Massimo Guarnieri performed the experiments;
Stefano Loppi, Andrea Vannini, and Riccardo Fedeli analyzed the data; Riccardo Fedeli

wrote the paper; Stefano Loppi, Fabrizio Monaci, and Andrea Vannini supervised the text.

CHAPTER 4 - Conceptualization, Riccardo Fedeli, and Silvana Munzi; methodology, Riccardo
Fedeli; formal analysis, Riccardo Fedeli, and Silvana Munzi; investigation, Riccardo Fedeli,
and Silvana Munzi; resources, Cristina Cruz, and Stefano Loppi; data curation, Riccardo

Fedeli; writing—original draft preparation, Riccardo Fedeli; writing—review and editing,



Riccardo Fedeli, Cristina Cruz, Stefano Loppi, and Silvana Munzi; supervision, Cristina Cruz,

Stefano Loppi, and Silvana Munzi; funding acquisition, Cristina Cruz.

CHAPTER 5 - Stefano Loppi, Riccardo Fedeli, and Andrea Vannini conceived and designed
the experiments; Riccardo Fedeli, Andrea Vannini, Viviana Maresca, Dmitry Alexandrov,
and Massimo Guarnieri performed the experiments; Riccardo Fedeli and Silvia Celletti
analysed the data and wrote the paper; Stefano Loppi, Silvana Munzi, and Cristina Cruz

supervised the text.



Thesis Introduction

The Agenda 2030

The Agenda 2030 for Sustainable Development is a global action plan adopted by the
United Nations in September 2015 to promote human well-being and protect the planet.
Comprising 17 Sustainable Development Goals (SDGs) and 169 targets, Agenda 2030
represents a collective commitment to addressing the most pressing challenges of our
time, including poverty, inequality, climate change, environmental degradation, peace, and

justice (Agenda 2030) (Figure 1).
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Figure 1. Sustainable development goals of Agenda 2030.
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This program requires collaboration and commitment from governments, businesses, civil
society, and citizens worldwide to build a prosperous, fair, and sustainable future.

Each goal is interconnected, recognizing that action in one area will impact outcomes in
others, and sustainable development can only be achieved through an integrated approach
that balances economic, social, and environmental dimensions. Key objectives include
eradicating poverty (Goal 1), achieving gender equality (Goal 5), ensuring access to clean
water and sanitation (Goal 6), ensuring affordable and clean energy (Goal 7), promoting
decent work and economic growth (Goal 8), and taking climate action (Goal 13).

A crucial role within Agenda 2030 is reserved for sustainable agriculture, directly addressed
in Goal 2: End hunger, achieve food security and improved nutrition, and promote
sustainable agriculture (Figure 2). This goal aims not only to eliminate hunger and
malnutrition in all forms by 2030, but also underscores the importance of agriculture that
is productive and resilient, capable of adapting to climate change while conserving and

enhancing natural resources (Agenda 2030).

- End hunger, achieve

HUNGER food secu rity and
((( improved nutrition

\ 4 and promote
sustainable agriculture

Figure 2. Goal 2 of sustainable development goal.
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Sustainable agriculture is fundamental for several reasons. Firstly, it is essential for ensuring
food and nutritional security for a growing global population. Sustainable agriculture must
efficiently produce food, responsibly utilize resources, and minimize environmental impact.
This includes practices such as crop rotation, agroforestry, efficient water use, and
biodiversity conservation.

Additionally, agriculture significantly impacts and is influenced by climate change.
Promoting sustainable agricultural techniques can help reduce greenhouse gas emissions
and increase carbon sequestration capacity. At the same time, agricultural communities
must be supported to become more resilient to climate change effects such as droughts,
floods, and extreme weather events.

Lastly, sustainable agriculture is essential for the economic livelihoods and well-being of
rural populations. A large proportion of the global population depends directly on
agriculture for their livelihoods. Investing in sustainable agricultural practices, farmer
training, and access to technologies and markets can significantly improve living conditions

in rural areas, contributing to poverty reduction and economic development.
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The "Farm to Fork" Strategy

In line with the objectives of the 2030 Agenda, the European Union developed the "Farm

to Fork" strategy, presented in May 2020 (European Commission, 2023). This strategy aims

to promote a sustainable food system by reducing the use of chemical fertilizers and

encouraging sustainable agricultural practices.

The strategy includes:

I.

iii.

iv.

Reducing the use of chemical fertilizers: It aims to reduce the excessive use of
chemical fertilizers in agriculture, as their over-application can have harmful effects
on the environment, such as groundwater and surface water pollution and
biodiversity loss. Promoting sustainable agricultural practices that reduce reliance
on chemical fertilizers is one of the key objectives of the strategy.

Encouraging the use of organic fertilizers: It promotes the use of organic fertilizers,
such as compost, manure, and other organic materials, which can reduce
dependency on chemical fertilizers and improve soil health. Encouraging the
adoption of these practices can help mitigate the environmental impact of
agriculture and promote the sustainability of food systems.

Promoting sustainable agricultural practices: It supports the adoption of
sustainable agricultural practices that enhance soil fertility, thus reducing the need
for chemical fertilizers.

Monitoring and regulation: It involves monitoring the use of chemical fertilizers
and implementing stricter regulations to limit their impact on the environment and
human health. This may include limits on the application of certain chemical
fertilizers, restrictions on the use of harmful substances, and the adoption of more

sustainable nutrient management practices.
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All these measures are supported and implemented through the Common Agricultural
Policy, with the primary goal of the European Commission being to reduce nutrient loss by
50% by 2030, thereby preventing soil fertility deterioration, which includes a 20% reduction

in the use of chemical fertilizers.

Biochar and wood distillate

Today, there is an urgent need to develop alternative agricultural practices compared to
traditional methods, which are predominantly based on synthetic products, in order to
achieve more efficient and sustainable agriculture (Muhie, 2022). Recent EU regulations
actively promote the adoption of biobased solutions for modern agriculture. These
biobased products not only offer an ecological alternative to chemical inputs, but also
significantly enhance nutrient use efficiency and uptake by plants. Key examples include
biostimulants that boost root growth and improve nutrient absorption, biopesticides that
control pests without leaving harmful residues, organic fertilizers that enhance soil fertility
without compromising environmental health, and natural soil conditioners that improve
soil structure and water retention capacity.

These approaches not only promote more sustainable management of agricultural
resources, but also contribute to biodiversity conservation and reduce the negative
environmental impact associated with conventional farming practices. The adoption of
biobased solutions represents a significant step towards resilient agriculture capable of
addressing future challenges such as climate change and resource scarcity, while ensuring
food security and the overall well-being of the environment and agricultural communities.
Within the realm of organic agriculture, biochar has gained attention as a versatile and

highly effective soil conditioner (Figure 3).
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Figure 3. Biochar.

Produced through the pyrolysis of biomass such as wood, agricultural residues, or organic
matter, biochar is renowned for its ability to improve soil structure and fertility (Laird et al.
2010). Its high porosity and large internal surface area enhance water retention and soil
aeration, while promoting beneficial microbial activity (Hagemann et al. 2018). These
gualities not only enhance crop health but also enable biochar to be used for the
remediation of soils contaminated with salts (Akhtar et al. 2015), hydrocarbons (Saeed et
al. 2021), and heavy metals (Vannini et al. 2021). Biochar functions by adsorbing these
harmful substances, reducing their availability in the soil and enhancing the soil's capacity
to support plant growth under challenging environmental conditions (Laird et al. 2010).

On the other hand, wood distillate is a valuable biostimulant extracted through the
distillation of woody biomass such as wood chips and sawdust (Figure 4). This extraction
process concentrates essential components of wood, including organic acids, essential oils,
and phytohormones (Wei et al. 2010). Wood distillate is recognized for its biostimulating
action, which enhances the growth, yield, and quality of cultivated species (Zulkurami et al.

2014; Ofoe et al. 2022).
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Figure 4. Wood distillate.

By stimulating root growth, improving nutrient absorption, and enhancing plant resilience
to environmental stressors, wood distillate not only improves soil fertility but also
contributes to biodiversity and the overall health of the agricultural ecosystem (Fanfarillo
et al. 2022; Fackovcova et al. 2021). This biostimulant is particularly beneficial in organic
farming, where the goal is to maximize agricultural production without compromising
environmental sustainability (Bashir et al. 2021).

The integration of biochar and wood distillate in organic agriculture not only enhances crop
resilience and soil fertility, but also supports the transition towards more sustainable and
resilient food systems. These innovative approaches not only contribute to food security
and nutritional quality, but also to the conservation of natural resources and the mitigation
of negative environmental impacts associated with conventional agriculture (Shukla et al.

2019; Candido et al. 2023).
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CHAPTER 1

Biochar improves the performance of Avena sativa L. grown in
gasoline-polluted soils

Summary

This study investigated the effect of soil contamination by different concentrations of
gasoline on oat, (Avena sativa L.) and tested the effect of biochar supply to the polluted
soils on the performance of oat plants. Oat seeds were sowed in contaminated soils with
different concentrations of gasoline; 0% (control), 1%, 2%, 6% and 10% (v/w) and grown
for two weeks. Germination, fresh weight, root and stem length, photosynthetic
parameters (i.e., chlorophyll content, Plass, Fv/Fm, and NDVI) and total antioxidant power
were analyzed. The results showed a remarkable negative effect on almost all the
investigated parameters starting from the gasoline concentration of 6%. Based on these
results, a new experiment was run by adding 5% (w/w) biochar (a carbon-rich byproduct of
wood biomass pyrolysis) to the 6% and 10% polluted soils to test whether adding biochar
had a beneficial effect on oat performance. The results showed that biochar supply greatly

reduced the negative effects caused by gasoline on all the investigated parameters.
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1. Introduction

Soil contamination by petroleum and its derivatives such as diesel and gasoline is a recent
environmental concern which has also dramatic financial implications, especially given the
extensive use and transportation of petroleum (Nazari Heris et al. 2020). Petroleum is made
up of many hydrocarbons, including various hetereoatomic compounds containing sulfur,
oxygen, nitrogen and metals (Speight et al. 1998), and is harmful to plants and cannot be
decomposed by native soil microorganisms (Zhang et al. 2013).

The main causes of environmental contamination from petroleum and its derivatives are
related to building engineering problems (piping systems), which allow the transport of
these substances from the production area to the sites of use (Doherty et al. 2013).
Although both environmental and operational variables are taken into account during the
construction and installation of the pipelines, it happens that the pipelines over time, the
movements of the ground, the changes in pressure and temperature, and accidental
damages can break and consequently cause the spillage of the products transported along
them (Sanches et al. 2013).

Recently, several environmental disasters occurred due to the rupture of oil product
pipelines: in 2016 in France an accidental rupture caused a pipeline breakage, leading to a
spillage of more than 550,000 litres of diesel (Life gate 2016). More recently, in January
2022, in North America due to the corrosion of a pipeline, more than 1 M litres of diesel
was spilled (U.S. News 2022); a month later, in Ecuador a massive rock fell on a pipeline,
and caused it to rupture, spilling it on land (Reuters 2020).

Similarly to petroleum, gasoline, being one of its byproducts, is composed of a complex
mixture of organic substances, principally alkanes and cycloalkanes, and monoaromates,

with a molar weight ranging from 44 g mol? (propane, C3) to 142 g mol* (decane, Cio)
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(Trapp et al. 2001), and if released can highly pollute the environment (Watts et al. 2000).
Soil contamination by gasoline can lead to oxygen and water deficit (Anon, 2003), as well
as deficiency of available forms of phosphorus and nitrogen (Wyszkowska et al. 2000),
thereby causing toxic effects on plants (Anon 2003; Odjegba and Sadiq 2002; Trapp et al.
2001).

Several bioremediation techniques have been applied to limit the problem of soil
contamination by petroleum and its derivatives. Among them, phytoremediation
techniques (Schnoor 1997; Frick et al. 1999) as well as biostimulation and bioaugmentation
of microorganisms to degrade pollutants (Rajapaksha et al. 2016). Recently, a further
bioremediation technique has been investigated, involving the application of biochar, a bio-
based material, to decontaminate soils from diesel (Saeed et al. 2021).

Biochar is a solid carbon-rich byproduct of pyrolysis (Hageman et al. 2018; International
Biochar Association 2018), and has recently been included among soil improvers that can
be used in agriculture (Legislative Decree 75 2010). The main feedstock for biochar
production is plant biomass from scrap of secondary forest cutting (Yarcigoglu et al. 2015)
or agricultural waste (Lugato et al. 2013). Biochar can counteract various environmental
problems since it increases carbon sequestration and reduces the emissions of greenhouse
gases (Gupta et al. 2020). It also improves soil structure (i.e., porosity and aeration) (He et
al. 2018). It is now well known that biochar can immobilize organic and inorganic
substances, thus reducing the availability of toxic elements to plants and other organisms
in contaminated soil (Zheng et al. 2013; Park et al. 2011; Oliveira et al. 2017; Vannini et al.
2021). Biochar can also improve crop productivity due to its nutrient content, retention of
soil nutrients, increased soil cation exchange capacity, improved soil physical properties,

and increased soil water retention (Laird et al. 2010).
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Oat (Avena sativa L.) is an important cereal crop in the developing world, and it ranks sixth
in world grain production statistics (Stevens et al. 2004). Oat is mainly cultivated in Russia,
Canada, United States, and Europe (Leff et al. 2004). Recently, the use of oat as animal feed
has steadily declined due to the emergence of interest in its use as a human health food
(Ahmad et al. 2010). Indeed, its grains are a rich source of dietary fiber, antioxidants,
minerals, and vitamins (Allwood et al. 2021). This crop plant is extremely versatile, growing
under a wide array of environmental conditions, including cool and humid climates as well
as poorly fertile or arid areas (Buerstmayr et al. 2007), and compared to wheat or maize
has a much lower nutrient demand (Rasane et al. 2015).

This study was undertaken with the aims of: 1) testing the effect of soil contamination by
different concentrations of gasoline on oat, and 2) testing if the addition of biochar to

polluted soils has a beneficial effect on the performance of oat.

2. Materials and methods

2.1. Gasoline treatments and plant growth conditions

Experimental microcosms (24x18x5 cm) were prepared using a commercial growing
medium (VigorPlant Italia srl - professional mix) kindly provided by the Botanical Garden of
the University of Siena (Italy). Each microcosm was filled with 200 g of substrate and
treated with increasing concentrations of gasoline to obtain the following conditions (v/w):
0% (GO, control), 1% (G1), 2% (G2), 6% (G6), and 10% (G10). These concentrations were
chosen on the basis of results obtained on soils accidentally contaminated by gasoline spills
(Khosravi et al. 2013; Nasehi et al. 2016a,b; Yazdi et al. 2021). In each microcosm, 25 seeds
of oat (Avena sativa L.), kindly provided by the Botanical Garden of the University of Siena
(Italy), were then allowed to germinate. Microcosms were stored in a climatic growth

chamber with 60% RH, light intensity of 300 umol m2 s PAR at leaf level, a day/night cycle
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of 14/10 h and 24/16°C. Plants were watered when necessary to maintain soil at 70% of

water holding capacity to ensure constant moisture. The experiment lasted two weeks.

2.1.2 Biochar addition
In a separate trial, based on the outcomes of the previous experiment, it was decided to

test the addition of biochar only for the GO (control), G6 and G10 conditions (namely BO,
B6, and B10, respectively). Microcosms were prepared as described above plus 5% (w/w)
biochar (type “green sand” branded BioDea© (BioDea 2022), kindly provided by Bio-
Esperia srl, Umbertide — PG, Italy. The physicochemical characteristics of biochar are listed

in Tab. 1). Microcosms were treated with the same conditions as above.

Table 1. Physico-chemical characteristics of biochar (type “green sand”, BioDea©).

Particle diameter (um) <200
Total Nitrogen (%) <0.4
Total Potassium (mg kg™) 3020
Total Phosphorous (mg kg?) 340
Total Calcium (mg kg?) 9920
Total Magnesium (mg kg™?) 852
Total Sodium (mg kg?) 291
Carbon from carbonate (%) <0.1
Total carbon (%) 68.7
Water holding capacity (%) 23.5
Salinity (mS m) 110
pH 9.9
Hash content (%) 4.6
H/C 0.2
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2.2. Growing medium analysis

The pH and electrical conductivity (EC) were measured in the aqueous extracts of the
growing substrate where oat plants were grown, using a pH-meter (edge blu, HANNA
Instruments srl, Woonsocket, USA) and a conductivity meter (EC-meter, Delta Ohm,
HD/8706, Padova, Italy), respectively. The extracts were obtained as described in Celletti
et al. (2021).

2.3. Plant analysis

2.3.1 Seed germination

The germination percentage (GP) of oat seeds was calculated starting from the 1%t day after

sowing until the day of harvesting to obtain a germination rate (GR) (ISTA 1999):

seeds germinated
6P ) = |( ) 100]

total seeds sown

2.3.2. Photosynthetic parameters

The total chlorophyll content was measured using a non-destructive chlorophyll content
meter (CCM-300, Opti-Science, Hudson, USA). For each plant, measurements were taken
at the apical parts, avoiding leaf nerves (Fedeli et al. 2022a). The results are expressed on
a surface basis (mg m2).

After a 15-min of dark adaptation, leaves were hit for 1 sec with a beam of saturating red
light at 650 nm of 2400 umol m2s? intensity and the fluorescence emitted from the leaf
was measured by using a plant efficiency analyzer (Handy PEA, Hansatech Ltd., Norfolk,
UK). As photosynthetic efficiency indicators, Fy/Fm, the maximum quantum yield of PSII
(Strasser et al. 2000), and the performance index (Plass), which is an index of plant vitality

were used.
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Foliar reflectance was expressed through the normalized difference vegetation index
(NDVI), which is a measure of the health status of the leaves based on a normalized ratio
of the NIR (near-infrared) and red bands, was measured using a PlantPen NDVI (Photon

Systems Instruments, Czech Republic)

2.3.3. Plant fresh weight
Immediately after harvest, each plant was weighed using a precision balance. Before
weighing, all plants were cleaned with a small paintbrush to get them rid of the substrate.

Results are expressed as grams of fresh plant weight (g).

2.3.4. Stem and root length

After weighing, the length of shoots and roots was measured with a ruler. Root length was
measured from the main apex to the crown, and shoot length was measured from the
crown to the main apex, (Morelos-Moreno et al. 2019; Ogbo et al. 2009). Results are

expressed in millimeters (mm).

2.3.5. Shoot total antioxidant power

Total antioxidant power was measured in shoots according to the method reported by
Loppi et al. (2021) and Fedeli et al. (2022b) with slight modification. Briefly, approximately
100 mg of frozen oats shoots (ca.) were homogenized in 1 mL of 80% (v/v) ethanol.
Subsequently, the homogenates were centrifuged at 4000 rpm for 5 min and 100 pL of each
supernatant was added to 1 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution prepared
as follows: 3.9 mg of DPPH were dissolved in 100 mL of 80% (v/v) methanol. A blank and a
control were prepared by adding the same amount of 100 puL of 80% (v/v) ethanol in 1 mL
of 80% (v/v) methanol and in 1 mL of DPPH solution, respectively. The reaction occurred by

keeping all the tubes in darkness for 1 hour. Afterwards, the absorbance was read at the
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wavelength of 517 nm by means of a UV-Vis spectrophotometer (Agilent 8453, Santa Clara,
CA, USA). The results were expressed as the percentage of antiradical activity (ARA, %),

according to the following formula:

sample
ARA (%) = {100 X [1 - (—)]}
control

2.4. Statistical analysis

Due to the limited data set, nonparametric statistics were used. Differences (p<0.05)
between the effects of different gasoline and biochar treatments were checked with
Kruskal-Wallis ANOVA using the Conover-Imam (1979) test for post-hoc comparisons,
correcting for multiple testing according to Benjamini and Hochberg (1995). Results are
presented as median * error, with the latter expressed as interquartile range divided by the
square root of the number of observations. All calculations were run using the R software

(R Core Team 2022).

3. Results

3.1. Effect of gasoline

Contamination with gasoline did not cause any change in substrate pH, but substrate
electrical conductivity was significantly increased compared to control after treatment with
6% (+7.8%) and especially 10% (+9.4%) gasoline (Tab. 2).

The germination rate of oat seeds sowed in 1% and 2% gasoline added to the growing
substrate was similar to the control, while a remarkable decrease in seed germination was

observed at 6% (-47.8%) and especially at 10% (-90%) addition of gasoline (Fig. 1).
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At physiological level, a significant reduction of leaf chlorophyll, Plass, and NDVI was
evident, but only at 6% and 10% gasoline addition to the growing substrate (Fig. 2). The
decreases compared to the control were: content of chlorophyll: -43.9% and -54.2%, Plags:
-16.6% and -20.6%, NDVI: -11.0% and -36.7%, at G6 and G10 conditions, respectively. The
parameter F,/Fm did not show any statistically significant difference with the control at all
gasoline concentrations tested.

A similar decreasing trend was observed for the fresh weight of the samples (Fig. 3), with
conditions G1 and G2 not showing significant differences with the control, and a marked
decline at G6 (-41.2%) and especially G10 (-79.1%).

Again, a reduction of stem length compared to control was measured only in G6 (-44.6%)
and G10 (-88.6%) samples (Fig. 4). The length of the root system (Fig. 5) was reduced
already at G2 (-17.5%), and the reduction markedly continued at G6 (-69.8%) and G10 (-
87.2%).

Asignificant reduction in the total antioxidant power was evident in the G6 shoots (-64.2%).
Unfortunately, it was not possible to perform this analysis for the G10 condition since,
owing to the detrimental effect of gasoline on oat plants, the raw material was not

sufficient.

3.2. Effect of gasoline and biochar

With the addition of 5% biochar to the growing substrate, gasoline contamination did not
influence substrate pH and EC (Tab. 2).

A significant decreased germination of oat seeds was observed only at B10 (-20.8%)
compared to the control (Fig. 1).

The photosynthetic parameters of oat leaves did not show any statistically significant

difference with the controls (Fig. 2).
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As far as plant fresh weight is concerned (Fig. 3), a significant reduction was observed only
at B10 (-20.83%).

Stem length (Fig. 4) showed a significant reduction only at B10 (-36.03%), while the length
of the root system (Fig. 5) was significantly reduction both at B6 (-20.55%) and especially
B10 (-53.58%).

The total antioxidant power was decreased (-13.2%) only in the B10 samples (Fig. 6).

3.3 Effect of biochar supply

To properly compare the results obtained without and with biochar addition to the
substrate, the values obtained for the 6% and 10% gasoline contamination were expressed
as ratios to the respective controls (Tab. 3).

As far as the growing substrate is concerned, there was no evidence of significant change
in pH, while EC showed a decrease with the addition of biochar at both concentrations
tested: -13.3% at B6 and -9.9% at B10.

The germination rate of oat seeds increased both at B6 (+92.3%) and especially at B10
(+507.7%).

The chlorophyll content showed a significant increase at B6 (+32.1%) and B10 (+34.0%).
NDVI was a significantly increased at both B6 (+71.0%) and B10 (+107.6%). Plass was
significantly increased only at B10 (+39.9%), while F,/Fm did not show any significant
difference.

A significant increase in plant fresh weight was observed for both the conditions: B6
(+62.1%) and especially B10 (+232.8%).

Stem length was increased at B6 (65.2%) and especially B10 (+240.3%); similarly, root

length was increased at B6 (+163.1%) and also at B10 (+9.7%).
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The total antioxidant power also showed a marked increase at B6 (+163.2%); since it was
not possible to run this analysis on the G10 samples, a direct comparison is not feasible for

B10.

Table 2. pH and EC (1S cm?) of the substrate used for the growth of oat plants. Values are
expressed as median * error. G = without biochar; B = with 5% (w/w) biochar. Different
letters (lowercase for G, capital for B) indicate statistically significant (p<0.05) differences

between treatments.

Treatment Gasoline (%) PHsoil 1:20 (w/w) ECsoil 1:20(w/w)
G 7.05+£0.10° 1212 + 21°¢
B ° 7.32 £0.06* 1177 + 36*
G 7.24 +0.016° 1217 £ 42°¢
B ' - -

G 7.27 £ 0.09° 1231 £ 41°
2

B - -

G 7.23£0.03° 1306 + 30°

B ° 7.51+0.014 1100 £ 18*

G 7.22£0.01° 1325 +39°

B 10 7.59 +0.094 1159 + 304
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Table 3. Treated-to control ratios (median # error) of each parameter at 6% and 10% soil
gasoline contamination. G = without biochar; B = with 5% (w/w) biochar. * = statistically

significant (p<0.05) difference between treatments at the same gasoline concentration.

6 10 6 10
pH 1.03+0.01 1.02+0.01 | 1.03+0.01 1.04+0.01
EC (S cm) 1.08+0.03 1.09+0.03 | 0.94 +£0.02* 0.99 +0.03*
Fresh weight (g) 0.59+0.09 0.21+0.02 | 0.95+0.05* 0.70+0.07*
Root length (mm) 0.30+0.04 0.13+0.02 | 0.80+0.07* 0.46 £0.06*
Stem length (mm) 0.55+0.09 0.05+0.01 | 0.92+0.03* 0.64 +0.05*
Chlorophyll content (mgm?) 0.83+0.03 0.79+0.08 | 1.10+0.02* 1.06 +0.03*
Plass 0.89+0.03 0.63+0.09| 0.86+0.05 0.82+0.04*
Fv/Fm 1.00+0.01 0.99+0.01 | 0.97+0.03 1.00%0.02
NDVI 0.59+0.07 0.46+0.03 | 0.96 +0.04* 0.95+0.06*
Shoot ARA (%) 0.36 £ 0.06 - 0.94+0.03* 0.87+0.05
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Figure 1. Germination rate (GR) of oat seeds without (A) and with (B) the addition of 5%
(w/w) biochar to the substrate. G = without biochar; B = with 5% (w/w) biochar. DAS = days

after sowing.
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Figure 2. Chlorophyll content and photosynthetic parameters (Plags, Fv/Fm, NDVI) measured

in oat leaves (median * error). A and C: G = without biochar; B and D: B = with 5% (w/w)

biochar. Different letters indicate statistically significant (p<0.05) differences between

treatments.
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Figure 3. Fresh weight of oat plants (median * error). Number along the horizontal axes
indicates the percentage of gasoline in the soil. Different letters indicate statistically
significant (p<0.05) differences between treatments. A: G = without biochar; B: B = with 5%

(w/w) biochar.
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Figure 4. Root length of oat plants (median * error). Number along the horizontal axes
indicates the percentage of gasoline in the soil. Different letters indicate statistically
significant (p<0.05) differences between treatments. A: G = without biochar; B: B = with 5%

(w/w) biochar.
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Figure 5. Stem length of oat plants (median + error). Number along the horizontal axes

indicates the percentage of gasoline in the soil. Different letters indicate statistically

significant (p<0.05) differences between treatments. A: G = without biochar; B: B = with 5%
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Figure 6. Shoot antioxidant power (ARA%) of oat plants (median * error). Number along

the horizontal axes indicates the percentage of gasoline in the soil. Different letters indicate

statistically significant (p<0.05) differences between treatments. A: G = without biochar; B:

B = with 5% (w/w) biochar.
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4, Discussion

4.1. Oat response to gasoline contamination

Our results clearly showed that a 6% gasoline soil contamination is sufficient to hinder the
growth and the development of oat seedlings, consistently with several studies in the
literature. Adetitun et al. (2013) observed inhibitory effects on the germination of green
amaranth (Amaranthus viridis L.) plants from concentrations 6% gasoline in the soil, while
these effects were not observed at lower concentrations (1% and 3%). Adam et al. (2002)
treated soils with 2.5% and 5% diesel and sowed seeds of red fescue (Festuca rubra L.), silky
fescue (Festuca ovina L.), laurel (Agropyron repens L.), ryegrass (Lolium multiflorum L.), and
common hay (Poa trivialis L.); after two weeks, while the lowest diesel concentration did
not show any effect, the highest concentration totally hampered the germination. The
same findings were obtained by Dib et al. (2020) on common cocklebur (Xanthium
strumarium L.) seedlings, with no adverse effect on germination upon 2.5% diesel addition
to soil, while starting from a concentration of 5% up to 10%, a decrease in the germination
rate was found. The same trend was observed when petroleum was added instead of its
derivatives. As an example, 15 days after sowing, common hay plants grown in soils with
1% and 2% petroleum did not show any significant germination difference compared with
the control, while, from 5%, the germination rate decreased reaching the minimum values
at 10% and 15% petroleum concentrations (Minai-Tehrani 2008). All the above evidence
strongly suggests that there is a tolerance threshold at about 5% that plants have towards
hydrocarbons in the soil, beyond which there is clear evidence of toxic effects by petroleum
and its derivatives on plant growth.

The aboveground biomass is generally correlated with a longer length of stems, while the

belowground biomass accumulation with a greater elongation of the root system (Sun et
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al. 2015; Enquist and Niklas 2002; Shipley and Meziane 2002). Our results indeed showed
that as gasoline concentration in the substrate increased, stem and root length and fresh
weight of oat seedlings decreased; we can speculate that this is probably caused by the
reduction of nitrogen and phosphorus availability due to the capacity of petroleum and its
derivatives to reduce their availability (Baran et al. 2002; Agbogidi et al. 2007). Our results
are in agreement with several studies. Fatokun et al. (2015) studied the effects of 0.1-30%
diesel supply in the soil on the growth of lettuce (Lactuca sativa L.) and sweet potato
(lIpomoea batatas L.) plants, and Etukudo et al. (2011) studied the effects of 1-5% diesel
contamination of soils on the growth of okra (Abelmoschus esculentus (L.) Moench) plants,
and both studies showed a notable drop in biomass and in the length of both stems and
roots from the concentration of 5%. The same deleterious impact was observed when
increasing concentrations (up to 15%) of petroleum were supplemented in the soils where
both common hay and grey mangrove (Avicennia marina L.) plants were grown, leading to
a significant decrease in both root and stem length (Moradi et al. 2020) as well as in plant
biomass (Minai-Tehrani 2008).

Usually, a reduction in plant growth and development is caused by a reduction in plant
photosynthetic efficiency. Prominently, our findings highlighted a decline in
photosynthesis-related parameters, such as chlorophyll content, Plass, and NDVI, assayed
in leaves of oat plants grown in soils treated with 6% and 10% gasoline. The observed
decrease in chlorophyll content is consistent with several studies showing similar
reductions due to soil pollution with petroleum and its derivatives (Baker 1970; Njoku et
al. 2009). Moreover, Achuba et al. (2018) showed that the chlorophyll content in cowpea
(Vigna unguiculata L.) leaves decreased as gasoline concentrations (from 0.10% to 2%)

added to the soil increased. Similarly, Ezeonu et al. (2009), and Odjegba and Sadiq (2002),
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observed the same negative effect on chlorophyll content in maize (Zea mays L.) by
contaminating the soil with petroleum, and on amaranthus (Amaranthus hybridus L.) plants
by contaminating the soil with exhausted engine fuel. It is known that Plags is an excellent
indicator of the damage induced by both abiotic and biotic stress on the photosynthetic
apparatus (Maxwell and Johnson 2000), with low Plags values indicating low vitality and
difficulty to assimilate carbon (Kumar et al. 2020). Our results showed that Plags decreased
as the concentration of gasoline in the substrate increased. Such reduction is consistent
with previous studies reporting a toxic effect of petroleum on maize plants exposed to
concentrations of 2.5% and 5% added to the soil (Athar et al. 2016; Tomar et al. 2015;
Tomar and Jajoo 2013).

The total antioxidant power in the shoots of oat plants was investigated to assess the
intrinsic defense response of oat to the oxidative damage caused by the presence of
phytotoxic compounds in gasoline added the soils where the plants were cultivated. The
potential of this analysis relies in the fact that it provides an estimation of the total pool of
different classes of antioxidant substances, including flavones, isoflavones, flavonoids,
anthocyanins, coumarin lignans, catechins, and isocatechins (Aqil et al. 2006). In plants as
well as in animals, by counteracting the negative action of reactive oxygen species or free
radicals, the antioxidant pool limits the oxidative stress and, thereby, inhibit cell membrane
lipid peroxidation and protect living organisms against potential cellular damage (Gupta
and Sinha 2009). A high antioxidant level is thus an indication of prevention of lipid
peroxidation and, therefore, of oxidative stress damage at the expense of plants
(Chakravarty and Deka 2021). Our results are consistent with those of Rusin et al. (2018),
which showed that the presence of petroleum and its derivatives in the soil lowered the

level of antioxidants in wheat (Triticum aestivum L.) leaves.
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4.2. Responses following biochar supply to gasoline-polluted substrate

Several techniques have been proposed for remediating contamination from petroleum
and its derivatives, e.g. addition of surfactants, microbial activities (Liu et al. 2021, Huang
et al. 2019). Recently, the use of biochar as an eco-friendly product for bioremediation of
diesel-contaminated soils has been investigated for the first time by Saeed et al. (2021).
Owing to its capacity to limit plant uptake of organic and inorganic contaminants from
polluted soils (Lu et al. 2015; Oliveira et al. 2017; Vannini et al. 2021), biochar may be
effectively used for the bioremediation of soils contaminated by petroleum and fuels, but
so far there is a lack of information on this aspect. It is widely reported in the literature
(e.g., Blanco-Canqui, 2019; Laird et al. 2010) that biochar has a high capacity to retain
water, so keeping the water content constant across treatments was necessary to avoid
introducing an additional variable that could have influenced the results. Obviously, in field
reality, it is impossible to have soils constantly at a certain water content. Therefore, it
would be of great interest to study the influence that different water content could have
on the capability of biochar to limit the damage caused by gasoline on crops. This is the
first study reporting that the addition of 5% biochar can counteract the negative effects
caused by soil contamination with petroleum derivatives. Based on our outcomes, one of
the positive effects resulting from the addition of biochar to gasoline-polluted soils was the
notable increase in seed germination rate. It is well known that seed germination and plant
growth are mainly hampered by a low soil nitrogen availability (Walker et al. 2001), and it
has been demonstrated that petroleum and its derivatives can reduce the availability of
several soil nutrients such as N and phosphorus (Baran et al. 2002; Agbogidi et al. 2007).
This might be the reason of the largely reduced germination rates of oat seeds we have

found at 6% and 10% gasoline concentrations in the substrate. On the other hand,
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consistently with our results, Gul and Whalen (2016) and Zheng et al. (2013) showed that
the addition of biochar can enhance the persistence of both N and P in the soil, avoiding
their leaching, and, consequently, increasing their availability for plants.

Our findings are in line with those of Saeed et al. (2021), where the use of biochar for
bioremediation of diesel-contaminated soils was investigated in a pot experiment with the
addition of 10% and 15% diesel fuel into the soil with and without the addition of 1% (w/w)
biochar. Overall, it was observed a positive effect in the plants grown with biochar,
particularly on the fresh weight, at both 10% (+25.5) and 15% (18.2%) diesel
concentrations. Also, the content of chlorophyll was increased at all concentrations of
diesel in the soil, with an average increase of about 10% (Saeed et al. 2021). There is also
evidence that the addition of biochar significantly increased the antioxidant content of
plants, as well as several other parameters i.e., proline, total amino acids, soluble sugars,
and total proteins (Chakravarty and Deka 2021). Although the mechanisms of biochar
mitigation have not been approached experimentally, we can speculate that the most likely
is adsorption of the phytotoxic gasoline compounds to the biochar, as also reported by
Saeed et al. (2021) for diesel contamination. In addition, also increased N and P availability,
as documented by Nelson et al. (2011) and Gul et al. (2008) could play an important role.
As a first experimental study on the possible use of 5% (w/w) biochar to counter gasoline
contamination, further field studies will be needed to verify the real viability of its use in
this specific environmental problem. Furthermore, it will be necessary to investigate
whether the response observed by the addition of biochar is across all soils and if changes

observed might be due to the soil microbial component.
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5. Conclusions

This study showed that a minimum of 6% gasoline soil pollution has a wide array of negative
effects on Avena sativa, an important cereal crop, now widely used as human food.
Moreover, we have shown that the addition of 5% biochar to the polluted soils has a
beneficial effect on the performance of oat.

The search for effective bio-based solutions for environmental issues is an urgent goal of
utmost importance. Here we suggest that biochar is a useful tool to remediate gasoline-
contaminated soils, enhancing both seed germination and growth of oat plants.
Nevertheless, in spite of the lack of knowledge about the use of biochar in the remediation
of polluted soil by petroleum and its derivatives, additional studies are necessary to support

our promising results.
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CHAPTER 2

Biochar-mediated bioremediation: a sustainable strategy to increase Avena
sativa L. tolerance to crude oil soil contamination

Summary

The present work investigated the effects of different doses of biochar (2.5%, 5%, 10%), a
by-product of the pyrolysis of woody biomass, on the growth of oat plants (Avena sativa L.,
cv “Danko”) grown under different crude oil concentrations (0.5%, 1%, 2%, 3%, 6%) added
to the soil, evaluating both biometric (i.e. fresh weight) and biochemical (i.e., content of
malondialdehyde and proline, and total antioxidant power) parameters. The findings
indicate that biochar positively influences the fresh weight of oat plants across all
concentrations of crude oil investigated. On the other hand, regarding oxidative stress,
measured by malondialdehyde and proline content, biochar led to a significant reduction,
with statistical significance observed at biochar concentrations >2.5% and crude oil levels
>2% (malondialdehyde: ranging from -25% to -38%; proline ranging from -33% to -52%).
Soil amendment with biochar increased the total antioxidant power, particularly at biochar
concentrations >2.5% and crude oil levels >2% (ranging from +20% to +98%). These results
suggest that biochar has a great potential in mitigating the negative effects of crude oil
contamination on plant growth and oxidative stress levels, thereby highlighting its value as

a conditioner in contaminated soils.
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1. Introduction

Soil contamination by crude oil is a critical global environmental concern, frequently
originating from mishaps during the extraction, transportation, and storage (Macaulay &
Rees, 2014). This type of pollution substantially threatens terrestrial ecosystems,
compromising soil quality, habitat for flora and fauna, food security, and human health
(Dijoo & Khurshid, 2022; Ashraf et al. 2010; Whitworth et al. 2017). Particularly, crude oil
spills and leaks can have devastating effects on soil health, disrupting its natural
composition and contaminating it with toxic hydrocarbons and other harmful substances
(Lovindeer et al. 2022). The consequences extend beyond the immediate proximity of the
spill, as pollutants can infiltrate groundwater, rivers, and other water bodies, leading to
widespread ecological damage and posing risks to human populations dependent on these
resources. The impact on soil quality can be severe, affecting its fertility and ability to
support plant growth (Polyak et al. 2024). Crude oil-contaminated soil may experience
reduced water retention capacity, hindered nutrient cycling, and altered microbial
communities, further worsening the degradation of ecosystems (Chen et al. 2023).
Additionally, the presence of crude oil can inhibit seed germination and plant growth,
ultimately diminishing biodiversity and ecosystem resilience (llyas et al. 2017).

Addressing the contamination of soil by crude oil requires comprehensive strategies that
include prevention, mitigation, and remediation efforts (Lim et al. 2016). These encompass
implementing rigorous safety measures in oil extraction and transportation operations,
developing technologies for early detection and rapid response to spills, and employing
effective remediation techniques to restore affected soils to their natural state. For
example, the strategies proposed for the remediation of contaminated soils include the

addition of microorganisms capable of metabolizing hydrocarbons, breaking them down
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into less harmful substances through biochemical processes (Chunyan et al. 2023). Another
strategy involves the use of hyperaccumulator plants, which can extract, transform, or
accumulate soil contaminants (Rascio & Navaro-lzzo, 2011). In addition, mechanical
strategies of excavation and removal of contaminated soil are used to physically remove
the contaminants from the site, which will then be treated elsewhere (ur Rehman et al.
2023).

Nevertheless, there is a pressing need to find new sustainable strategies capable of
reducing costs and time for the remediation of contaminated soils. In recent years, the
utilization of bio-based materials, such as biochar, has gained attention as a promising
sustainable remediation strategy (Saeed et al. 2021). Biochar is one of the by-product
derived from the pyrolysis process. Pyrolysis is a thermochemical process that decomposes
organic materials in the absence of oxygen, producing biochar, wood distillate, and syngas
(Grewal et al. 2018). During pyrolysis, biomass such as wood or agricultural residues
undergoes heating at high temperatures, typically between 400 to 700 °C. This thermal
decomposition leads to the formation of biochar, a carbon-rich solid residue that improves
soil fertility and reduces greenhouse gas emissions when applied as a soil amendment
(Hagemann et al. 2018). Alongside biochar, pyrolysis also yields both wood distillate, a
liquid product primarily used in the agriculture sector since it has a chemical composition
that increases both the yield and the quality of the plants grown (Celletti et al. 2023; Fedeli
et al.2023a), and syngas, a mixture of carbon monoxide, hydrogen, and methane, which
serves as a renewable energy source (Pradhan et al. 2015). Specifically, biochar is used as
an agricultural amendment because it enhances soil fertility by improving water retention,
nutrient availability, and soil structure (Laird et al. 2010). Furthermore, biochar may serve

as a habitat for beneficial soil microorganisms, thereby promoting microbial activity and
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enhancing overall soil health (Das et al. 2021). These combined effects contribute to
increased crop productivity, resilience to environmental stresses, and long-term
sustainability in the agricultural system (Diatta et al. 2020; Kapoor et al. 2022; Fedeli et al.
2024a).

In soil remediation, the porous structure and large surface area of biochar make this
material very effective in adsorbing a wide range of organic and inorganic contaminants,
including hydrocarbons and heavy metals (Laird et al. 2010; Saeed et al. 2021). By
immobilizing pollutants and preventing their migration through soil layers, biochar offers a
sustainable and cost-effective means of restoring contaminated sites and safeguarding
environmental health (Sachdeva et al. 2023). In addition, biochar plays a crucial role in
carbon sequestration and climate change mitigation. By incorporating biochar into the soil,
carbon is effectively stored in a stable form for long periods, reducing atmospheric CO;
levels and mitigating the impacts of climate change (Woolf et al. 2010). This carbon
sequestration potential sets biochar as a key product in global efforts to counteract climate
change and transition towards a more sustainable future (Woolf et al. 2010). Furthermore,
the production of biochar offers a unique opportunity to valorize biomass waste streams,
removing organic materials from landfills and incinerators (Khan et al. 2020; Kwapinski et
al. 2010). This closed-loop approach not only reduces environmental pollution, but also
creates economic opportunities for farmers and bioenergy producers.

Oat (Avena sativa L.) is a significant cereal crop worldwide, ranking among the top six in
global grain production (Stevens et al. 2004). It is primarily grown in regions such as Russia,
Canada, the United States, and Europe (Leff et al. 2004). This versatile crop thrives in
various environmental conditions, including cool, humid climates and marginal, arid soils

(Buerstmayr et al. 2007). Remarkably, oats can also grow in extreme conditions such as
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high altitudes, saline soils, and regions with significant temperature fluctuations,
demonstrating their resilience and adaptability (Zhou et al. 2014). Furthermore, oats have
shown potential in phytoremediation, being able to grow in soils contaminated with
hydrocarbons and aiding in their decontamination by stimulating microbial activity that
degrades pollutants (Aprill and Sims, 1990; Liste and Prutz, 2006). Oats also play a role in
sustainable agriculture by improving soil structure and reducing erosion due to their
extensive root system (Blanco-Canqui et al. 2013).

To the best of our knowledge, this is the first study to investigate the effects of adding
biochar to the soil to counteract the negative effects of crude oil contamination on plant
growth, since the other two studies on this topic [Saeed et al. (2021) and Fedeli et al.
(2023b)] investigated the effects of biochar on the remediation of soils contaminated by
petroleum derivatives (diesel and gasoline, respectively). Therefore, this study aimed to
investigate the effects of biochar addition (2.5%, 5%, 10% w/w) in soils contaminated with
different concentrations of crude oil (0.5%, 1%, 2%, 3%, 6% w/w) on the growth and

oxidative stress level of oat plants.

2. Material and methods

2.1. Biochar

Biochar (BioDea®) was provided by BioEsperia Srl (Arezzo, Italy); it was obtained from the
pyrolysis at 600-650°C of a blend of agricultural woody waste (including olive pomace,
grape marc, walnut shells, and tree prunings), and, at the end of the process, biochar was
mechanically collected. This process allows to obtain a product with low ash and a high
organic carbon content. The gases produced are extracted from the reactor head, via a

vacuum system, without coming into contact with the biochar, thus ensuring the absence
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of contaminants released during the pyrolysis. The physicochemical properties of the

biochar used are reported in Table 1.

Table 1. Physicochemical characteristics of biochar.

Particle diameter (um) <200
Total Nitrogen (%) <0.4
Total Potassium (mg kg™!) 3020
Total Phosphorus (mg kg?) 340
Total Calcium (mg kg?) 9920
Total Magnesium (mg kg™?) 852
Total Sodium (mg kg?) 291
Carbon in the carbonate (%) <0.1
Total carbon (%) 68.7
Water holding capacity (%) 23.5
Salinity (mS cm™) 110
pH 9.9
Hash content (%) 4.6
H/C 0.2

2.2. Crude oil
The crude oil used in this study was the Azeri Light, a variety that holds significant

importance in the global petroleum industry, being extracted from the waters of the
Caspian Sea in Azerbaijan. Its chemical composition makes it particularly suitable for the
production of refined petroleum products, such as high-performance gasoline and diesel.
Managed primarily by British Petroleum, Azeri Light is a reliable source of energy supply
and contributes significantly to the economy of Azerbaijan and the global oil supply. The

characteristics of the crude oil are reported in Table 2.

45



Table 2. Chemical characteristics of the Azeri Light crude oil.

Methane (mg kg™?)
Ethane (mg kg)
Propane (mg kgt)
Isobutane (mg kg)
n-Butane (mg kg?)
Isopentane (mg kg™)
n-Pentane (mg kg)
Cyclopentane (mg kg?)
C6 paraffins (mg kg™?)
C6 naphthenes (mg kg!)
Benzene (mg kg'!)
Sulfur (mg kgt)
Vanadium (mg kg?)
Nickel (mg kg'?)

Iron (mg kg?)

0.00
0.02
0.23
0.26
0.81
0.86
1.04
0.15
2.23
1.32
0.22
0.17
<2

2.3. Experimental design and plant growing conditions

The experimental design consisted of testing four different concentrations of biochar (0%,

2.5%, 5%, and 10% w/w) and six different concentrations of crude oil (0%, 0.5%, 1%, 2%,

3%, and 6% w/w) on the growth of oats (Avena sativa L., cv “Danko”), as shown in Figure

1.
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Oats seed (Avena sativa L.)

Analysis:

- Shootfresh weight
- MDA content

- Prolinecontent

- ARA

—

Harvest at 15 days after sowing

Figure 1. Plant experimental growth scheme, showing different biochar (B) applications,

different crude oil (CO) levels, and analysis done (created with Biorender.com).

This specific cultivar was chosen since it is primarily cultivated in Europe, particularly in
countries like Italy, Germany, and Poland. It is esteemed for its adaptability to varying
climates and its robust productivity. “Danko” oat is favored for its resilience to diseases and
pests common in European agricultural settings, making it a reliable choice for farmers
seeking consistent yields. This cultivar is valued for its ability to thrive under diverse
environmental conditions, contributing to its widespread popularity among oat growers
across the continent. Each treatment was repeated in triplicate. The control (biochar = 0%,
crude oil = 0%) consisted of commercial growing substrate only (100 g/pot; VigorPlant Italia
Srl, Lodi, Italy — characteristics are reported in Tab. 3); while for the crude oil-contaminated
pots, the substrate was first treated with the specific dose of crude oil and then, when

necessary, mixed with the relative biochar concentration. The oat seeds, provided by the
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Botanical Garden of the University of Siena (Italy), were first sterilized, following the
protocol reported by Maresca et al. (2024), and then sown in the respective pots (7
seeds/pot). The pots were then stored in a climatic growth chamber with 60% RH, light
intensity of 300 umol m-2 s-1 PAR, a day/night cycle of 14/10 h, and a temperature of
24/16°C. Pots were maintained at a water-holding capacity of 70% to ensure constant
moisture. At the end of the 2-week growth period, only the aboveground part of the oat
plants was harvested, weighed, and stored at -20°C for the subsequent biochemical

analysis.

Table 3. Physio-chemical characteristics of the substrate VigorPlant used in this study

(Bianchi et al. 2024).

pH 5.30 +0.03
EC (mScm™) 1.1240.01
CEC (meq 100 g1 pw) 56.89 + 2.67
Porosity (%) 92
Moisture content (%) 43

Ca (mg kg™ bw) 23159 + 296
Mg (mg kg™ ow) 2846 + 22
Na (mg kg™ ow) 1379+ 19
K (mg kg™ ow) 1198 + 17
P (mg kg™ ow) 614 + 14

S (mg kg™ ow) 1410 + 141
Fe (mg kg™ ow) 1097 + 10
Mn (mg kg™ bw) 31+1
Cu (mg kg™ ow) 23+1

Zn (mg kg™t ow) 38+1
Mo (mg kg™ bw) 0.89 +0.01
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2.4. Malondialdehyde content

The content of malondialdehyde (MDA) was evaluated following the procedure reported
by Lamaro et al. (2023). In brief, 0.5 g of frozen material was mixed with 5 mL of an
extraction solution containing 0.25% (w/v) 2-thiobarbituric acid (TBA) (Merck KGaA,
Darmstadt, Germany) dissolved in 10% (w/v) trichloroacetic acid (Panreac, Castellar del
Valles, Barcelona, Spain). The mixture was then heated at 95°C for 30 min in a thermoblock
(FALC instrument, Bergamo, Italy), and quickly cooled on ice to block the reaction. After
centrifugation at 4,000 rpm for 10 min (PK110 centrifuge, Alc International S.r.l., Cologno
Monzese, M, Italy), the supernatant was collected and the absorbance measured at 532
nm and 600 nm using a UV-Vis spectrophotometer (Agilent 8453, Santa Clara, CA, USA).
Calculations were performed by subtracting the absorbance at 600 nm and using an

extinction coefficient of 155 mM™ cm™ for the MDA-TBA complex.

2.5. Proline content

The content of proline was evaluated following the procedure reported by Azarnejad et al.
(2024). In brief, 0.1 g of frozen material was mixed with 2 mL of 5-sulfosalicylic acid
dihydrate (3%, w/v) (Merck KGaA, Darmstadt, Germany), and the resulting mixture was
then centrifuged at 4,000 rpm for 10 min (PK110 centrifuge, Alc International S.r.l., Cologno
Monzese, M, Italy), and 0.5 mL of the supernatant was combined with 0.5 mL of glacial
acetic acid (Merck KGaA, Darmstadt, Germany) and 0.5 mL of acid-ninhydrin reagent (1.25
g of ninhydrin (Carlo Erba, Milano, Italy) in 30 mL of glacial acetic acid and 20 mL of 6 M
phosphoric acid (Merck KGaA, Darmstadt, Germany)). After incubating the mixture for 1 h
at 100°C, they were cooled on ice to block the reaction. Finally, 1.5 mL of toluene was added
to the sample. The absorbance of the clear supernatant was measured at 520 nm using a

UV-Vis spectrophotometer (Agilent 8453, Santa Clara, CA, USA). A calibration curve was
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prepared using 1 mM L-proline (Merck KGaA, Darmstadt, Germany) as a stock solution,

with concentrations ranging from 2 to 600 pL.

2.6. Total antioxidant power content

The total antioxidant power was evaluated following the procedure reported by Fedeli et
al. (2024b). Frozen materials (0.5 g) were homogenized in 2 mL of 80% ethanol (Merck
KGaA, Darmstadt, Germany) for 2 min and then centrifuged at 4,000 rpm for 5 min (PK110
centrifuge, Alc International S.r.l., Cologno Monzese, M, Italy). From each sample, 200 pL
of the resulting supernatant was mixed with 1 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
solution (Merck KGaA, Darmstadt, Germany), prepared by dissolving 3.9 mg of DPPH in 100
mL of 80% methanol. Blank and control samples were also prepared by combining 200 pL
of 80% ethanol with: 1 mL of 80% methanol (Merck KGaA, Darmstadt, Germany), and 1 mL
of the DPPH solution, respectively. Following a 1 h incubation period in darkness, the
absorbance of the samples was measured at 517 nm using a UV-Vis spectrophotometer
(8453, Agilent, Santa Clara, CA, USA). The results were expressed as the percentage of

antiradical activity (ARA), calculated using the following formula:

ARA (%) = (1 — (sample absorbance )/(control absorbance) ) x 100

2.7. Statistical analysis
To test the effect of biochar and crude oil, a permutational analysis of variance
(PERMANOVA) was performed. When the main test provided a p-value < 0.05, indicating

differences between treatments, a pairwise permutation t-test was conducted as a post
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hoc analysis (p < 0.05). All statistical analyses were run with the R software (R Core Team,

2024).

3. Results

The results of PERMANOVA (Tab. 3) showed significant differences for all investigated

parameters shoot fresh weight, MDA, proline, and ARA), for both factors (biochar and

crude oil), and their interaction (biochar x crude oil).

Table 3. Results of PERMANOVA on shoot fresh weight, malondialdehyde (MDA), proline,

and total antioxidant power (ARA).

Source of voriation Shoot fresh weight MDA Proline ARA
df R2 F R? F R? F R? F

- ata ata 20,307 ats
Biochar 3 0.37 63.67 0.20 13.78 0.23 . 0.14 58.45
Crude oil 3 0.44 44,547 0.32 13,347 0.46 .24'13 0.67 }58'98
Biochar = Crude oil 15 0.10 3.48™° 0.25 3.417 0.1z2 2117 0.15 11.56™
Residuals 45 0.0% 0.23 0.19 0.04
Total 71 1.00 1.00 1.00 1.00

**=p<0.01; *** = p<0.001

3.1. Fresh weight

Biochar addition determined a significant increase in the fresh weight of oat plants at all

concentrations of crude oil (CO) tested: 0% CO (5% B: +31.66%; 10% B: +47.08%), 0.5% CO

(10% B: +48.36%), 1% CO (10% B: +37.88%), 2% CO (5% B: +24.07%; 10% B: +36.51%), 3%

CO (5% B: +45.75%; 10% B: +58.59%), 6% CO (2.5% B: +80.60%; 5% B: +71.42%; 10% B:

+102.59%) (Fig. 2).

51



3.2. Malondialdehyde

As far as the content of MDA is concerned (Fig. 3), the addition of biochar determined a
significant reduction in this parameter at CO concentrations >2%: 2% CO (10% B: -24.34%),
3% CO (2.5% B:-26.95%; 5% B: -29.12%; 10% B: -26.16%), 6% CO (2.5% B: -36.76%; 5% B: -

36.99%; 10% B: -37.58%).

3.3. Proline

The results for the content of proline (Fig. 4) were similar to those of MDA, with biochar
addition determining a significant reduction at CO concentrations >2%: 2% CO (2.5% B: -
41.34%; 5% B: -45.98%; 10% B: -40.80%), 3% CO (2.5% B: -52.84%; 5% B: -44.67%; 10% B:

-37.21%), 6% CO (2.5% B: -40.32%; 5% B: -36.23%; 10% B: -33.66%).

3.4. Total antioxidant power

Biochar addition determined a significant increase in the antiradical activity (Fig. 5) at CO
concentrations >1%: 1% CO (10% B: +13.49%), 2% CO (2.5%B: +19.16%; 5% B: +36.27%;
10% B: +13.51), 3% CO (2.5% B: +35.43%; 5% B: +89.96%; 10% B: +91.66%), 6% CO (2.5% B:

+48.27%; 5% B: +97.31%; 10% B: +82.71%).
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Figure 2. Shoot fresh weight of oat leaves (mean + standard error). The number along the
horizontal axis indicates the concentration of crude oil (CO) added to the growing medium.
BO = without biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) biochar; B10 =
with 10% (w/w) biochar. Legend on the right shows significant differences, expressed as
letters, following the permutation pairwise t-test; different letters indicate statistically

significant (p<0.05) differences.
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Figure 3. Malondialdehyde (MDA) content of oat leaves (mean

standard error). The

number along the horizontal axis indicates the concentration of crude oil (CO) added to the

growing medium. BO = without biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w)

biochar; B10 = with 10% (w/w) biochar. Legend on the right shows significant differences,

expressed as letters, following the permutation pairwise t-test; different letters indicate

statistically significant (p<0.05) differences.
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Figure 4. Proline content of oat leaves (mean + standard error). The number along the
horizontal axis indicates the concentration of crude oil (CO) added to the growing medium.
BO = without biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) biochar; B10 =
with 10% (w/w) biochar. Legend on the right shows significant differences, expressed as
letters, following the permutation pairwise t-test; different letters indicate statistically

significant (p<0.05) differences.
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Figure 5. Antiradical activity (ARA) of oat leaves (mean * standard error). The number along

the horizontal axis indicates the concentration of crude oil (CO) added to the growing

medium. BO = without biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) biochar;

B10 = with 10% (w/w) biochar. Legend on the right shows significant differences, expressed

as letters, following the permutation pairwise t-test; different letters indicate statistically

significant (p<0.05) differences.
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4. Discussion

Various methods have been suggested to address crude oil contamination, such as the
introduction of surfactants and microbial processes (Liu et al. 2021; Huang et al. 2019).
Recently, it was explored the potential of biochar as an environmentally friendly solution
for mitigating both diesel and gasoline-contaminated soils (Saeed et al. 2021; Fedeli et al.
2023b). In both studies, the results were promising, since plants grown with biochar in
contaminated soil showed an increase in both fresh weight and antioxidant compounds.
Given the ability of biochar to reduce the uptake of both organic and inorganic pollutants
by plants in polluted soils (Lu et al. 2015; Oliveira et al. 2017; Vannini et al. 2021), biochar
is promising for effectively remediating soils contaminated with crude oil and fuels.
However, there remains a notable gap in information regarding its application on the plant
responses, since the topic remains unexplored.

Our results have demonstrated how the addition of biochar to soil contaminated with
crude oil, is a potential strategy to mitigate the toxic effects of crude oil. Regarding the
fresh weight of the plants, which is an indicator of plant growth, the beneficial effects of
biochar are evident even in the absence of crude oil (0%). Similar results were found by
Saeed et al. (2021) and Fedeli et al. (2023b) on maize (Zea mays L.) and oat plants,
respectively, in the presence of soil contamination by petroleum derivatives. The positive
effects of biochar are primarily attributed to its capacity to improve water retention,
nutrient availability, and soil structure (Hossain et al. 2020). Furthermore, its role in
sequestering both hydrocarbons and heavy metals has been extensively studied (Qiu et al.
2022; Liang et al. 2021; Li et al. 2021). Indeed, biochar has a porous structure that provides
a large specific surface area and high absorption capacity (Hossain et al. 2020). This

structure allows biochar to adsorb heavy metals and hydrocarbons present in the soil,
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thereby reducing their availability to plants. Once absorbed by biochar, these contaminants
can become inactive and immobilized, preventing their spread in the soil and thereby
minimizing damage to plants and soil organisms (Haider et al. 2022). Moreover, biochar
can also promote soil microbial activity, including bacteria capable of degrading
hydrocarbons (Zhang et al. 2019; Gorovtsov et al. 2020). The presence of biochar can create
a favorable environment for the growth and activity of these bacteria, thereby accelerating
the process of hydrocarbon biodegradation (Guo et al. 2022).

Biochar was crucial in reducing oxidative stress in oat plants. For both analyzed parameters,
MDA and proline, a reduction to levels greater than 2% of crude oil was observed across
nearly all levels of biochar tested. Under stress conditions, plant cells undergo damage to
plasma membranes due to formation of reactive oxygen species (ROS) and breakdown of
metabolic processes (Sharma et al. 2012). Malondialdehyde is known to be one of the main
markers of oxidative damage to cell membrane lipids (Catyniuk et al. 2016). Its
accumulation can hamper membrane functionality, affecting substance transport, ion
balance, and the cell ability to maintain homeostasis (Morales and Munné-Bosch, 2019).
Similarly, proline is an osmotic stress protectant in response to environmental stress
(Bashir, 2014). Under stress conditions, proline plays an important role in stabilizing cell
membrane and other cellular structures through the synthesis of ROS (Hossain et al. 2014).
Our results are consistent with some studies in the literature, reporting that the addition
of B is beneficial for plant growth in the presence of petroleum derivatives. However, unlike
the only study available regarding this topic (to the best of our knowledge), our results have
indeed shown a reduction in oxidative stress in plants, while Saeed et al. (2021), who
evaluated the effect of adding 1% biochar to the soil on different levels of soil

contamination with diesel (10% and 15%) on the growth of maize plants, reported an
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increase in oxidative stress to the leaves. These results highlight the possible implication of
a dose-dependent response of biochar, as in our study, higher concentrations were tested,
which resulted in a significant reduction in oxidative stress caused by crude oil.

Antioxidants also play a crucial role in the response to oxidative stress. They protect the
cell from damage caused by cytotoxic O, and prevent its conversion to H,0, and O™ in all
organelles (Blokhina et al. 2003). The total antioxidant power assay can be used to estimate
the overall pool of different antioxidants such as flavones, isoflavones, flavonoids,
anthocyanins, coumarins, lignans, catechins, and isocatechins (Aqil et al. 2006). A high level
of antioxidants indicates the prevention of lipid peroxidation and, consequently, oxidative
stress damage to plants (Chakravarty and Deka, 2021). Our findings are consistent with
those of Saeed et al. (2021), who observed an increase in antioxidant compounds in maize
leaves grown with 1% biochar amidst 10% and 15% diesel contamination, and with those
of Fedeli et al. (2023b), who observed an increase in total antioxidant power in oat leaves

with 5% biochar amidst 6% and 10% gasoline contamination.
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5. Conclusion

The use of biochar at concentrations >2.5% proved to be highly advantageous for the
remediation of soils contaminated by crude oil. Compared to traditional remediation
techniques, which often require the use of expensive and potentially harmful chemical
substances, biochar offers a more economical and environmentally friendly alternative.
Specifically, the results suggest that biochar has a beneficial effect on the growth of oat
plants, regardless of the concentration of crude oil tested. Additionally, regarding the
oxidative stress indicators such as malondialdehyde and proline content, biochar showed
a noteworthy decrease, with statistical significance noted at concentrations of biochar
greater than 2.5% and crude oil levels >2% (malondialdehyde: ranging from -25% to -38%;
proline ranging from -33% to -52%). Moreover, adding biochar into the soil boosted the
overall antioxidant capacity, particularly evident at biochar concentrations higher than

2.5% and crude oil levels >2% (ranging from +20% to +98%).
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CHAPTER 3

Bio-based solutions for agriculture: foliar application of wood distillate
alone and in combination with other plant-derived corroborants results in
different effects on lettuce (Lactuca sativa L.)

Summary

Bio-stimulants are meeting a growing success and are gradually replacing synthetic
fertilizers in agriculture. Wood distillate (WD), also known as wood vinegar or pyroligneous
acid, is a by-product of biomass pyrolysis, and is increasingly used as a biostimulant for crop
production. This study investigated whether weekly foliar applications of 0.25% and 0.50%
WD have a differential effect on chlorophyll and sugar content as well as biomass
production in lettuce (Lactuca sativa L.). Moreover, also the additional beneficial effect
from the addition of corroborants of plant origin such as 3% soy lecithin and 5% flavonoid-
rich wood glycolic extract to WD (BF) was investigated. Moreover, also the possible
toxicological concern from some potentially toxic elements (PTEs), namely Cd, Cu, Fe, Pb,
Zn, which may be abundant in WD was verified. After four weeks, we found that 0.25% WD
not only increases lettuce biomass, which has an economic value, but have beneficial
effects also on other qualitative parameters such as sugars and total sweetness. On the
other side, use of 0.5% WD decreased the content of soluble sugars, suggesting an
hormetic-type effect. We did not find evidence of further beneficial effects from the
addition to WD of plant-derived corroborants, nor of any enrichment in the content of the

investigated PTEs.
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1. Introduction
Chemical fertilizers have played an important role in boosting crop productivity and
enabling a growing population to be fed without using additional land (Hera, 1996).
However, their long-term and excessive use has become a major environmental concern
(Sharma and Singhvi, 2017), and at present there is a growing interest for bio-based

alternatives to chemical fertilizers (Vaneeckhaute et al. 2013).

Wood distillate (WD), also known as pyroligneous acid, is a by-product of biomass pyrolysis
for energy production (Grewal et al. 2018; Mohan et al. 2016) and is known to be very rich
in different molecules, such as esters, alcohols, acids, sugars, and phenols (Zulkarami et al.
2011; Mu et al. 2006). There is convincing evidence that WD has a great potential in
agriculture (Grewal et al. 2018; Mmojieje and Hormung, 2015; Namli et al. 2014) because
of its ability to act as a biostimulant for crop, being able to increase biomass (Berahim et
al. 2014; Theerakulpisut et al. 2016) and fruit production (quality, size, and weight)
(Zulkarami et al. 2011; Mungkunkamchao et al. 2016). Moreover, ecotoxicological studies
have confirmed that this product is safe for the environment since it has been shown to
have no adverse effects on aquatic and soil organisms (Hagner et al. 2010a, b), as well as
non-target bioindicators, i.e. lichens, mosses and aquatic ferns (Fackovcova et al. 2020a,
b). Additionally, an investigation on the safety profile of wood distillate excluded
inflammatory and cytotoxic effects at low recommended doses and short-time applications

at higher doses (Filippelli et al. 2021).

Recently, WD has been included in the list of products that can be used in Italy in organic

farming, also in combination with other plant-derived corroborants such as soy lecithin and
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a flavonoid-rich wood glycolic extract, i.e. a product derived from the extraction of wood

with water and glycerin (Italian Ministerial Decree, 2018).

Lettuce (Lactuca sativa L.) has been used as a model crop species to test the effect of 0.2%
WD with and without the addition of 3% soy lecithin on the ability to increase the
photosynthetic performance and the growth of this horticultural plant (Vannini et al. 2021).
The results of this study showed that WD has a positive effect on chlorophyll content
(+54%) and biomass production (+39%), and that the addition of lecithin further increased

biomass production (+51%).

Since based on the indications of the producers WD can be applied at concentrations in the
range 0.2-0.5%, a first aim of this paper was to test whether different doses of WD have a
differential effect on chlorophyll and sugar content as well as biomass production in
lettuce. Moreover, a second aim was to test whether the addition of 3% soy lecithin and
5% flavonoid-rich wood glycolic extract to WD has a further positive effect on the above
parameters. Additionally, it was tested if the treatments with WD may pose some
toxicological concern by checking the concentration of some potentially toxic elements
(PTEs), namely Cd, Cu, Fe, Pb, Zn, which may be abundant in WD (Fackovcova et al. 2020a).
Optimizing the use of WD according to crop needs may provide farmers with the most
efficient use of this biostimulant and may increase the economic return of agricultural

production.
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2. Materials and Methods

2.1. Experimental

Seedlings of Lactuca sativa cv. 'Adela’ sowed and grown together in polystyrene phytocells
in a greenhouse and characterized by an average height of 15 cm were bought from a local
nursery. In the laboratory, the plants were transplanted into plastic pots (10 x 10 x 12 cm)
using potting soil prepared in the Botanical Garden of the University of Siena (main soil
characteristics are provided in Table 1) and then left to acclimatize for one week in a
climatic chamber at temperature = 20+1°C, relative humidity (RH) = 60£2%, light = 400
umol m2 s PAR, photoperiod = 12 h. Seedlings were treated weekly (four times) with foliar
applications (spray) of either mineral water (control), sweet chestnut (Castanea sativa) WD
(BioDea®), or WD with the addition of 3% soy lecithin and 5% flavonoid-rich wood glycolic
extract (hereafter BF; BioDea Flavor®), at concentrations of 0.25% and 0.50%. Analysis of
WD and BF provided by the producer indicates pH in the range 3.5-4.5, density = 1.05 kg/L,

acetic acid in the range 2-2.3%, polyphenols in the range 22-25 g/L.

The treatment solutions (100 mL for each set of six seedlings, statistical replicates) were
sprayed over the whole plant in the late afternoon, following the procedure described by
Vannini et al. (2021). After the treatment, the seedlings were left in the climatic chamber
at the same conditions as described above, randomly rotating their position every two days
to minimize possible micro-environmental effects. The experiment lasted 4 weeks and was

replicated 3 times.
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Table 1. Soil characteristics (mean * standard error).

Soil characteristics

pH 8.07+£0.01
CaCOs (%) 20.3+0.3
Carbon (%) 1.8+0.1
Nitrogen (%) 1.6+0.1
Ca?* (mg/kg) 4013 +19
Mg?* (mg/kg) 124+1
Na* (mg/kg) 324 +16

K* (mg/kg) 168+4

CEC (meqg/100g) 23+0.1

2.2. Chlorophyll content

Measurements of the total chlorophyll content (10 per plant) were carried out using a
chlorophyll content meter (CCM-300, Opti-Science, Hudson, USA), which allows
estimations of the chlorophyll content without damaging the plant leaves. For each plant,
measurements were taken at the apical parts of the three major leaves, avoiding leaf

nerves. The results are expressed on a surface basis (Gitelson et al. 1999).

2.3. Starch content and soluble sugars

Lettuce leaves were removed, dried in a ventilated oven at 30°C for two days, and
pulverized with mortar and pestle. The starch content was determined following the
method described by Loppi et al. (2021). Ground samples (50 mg) were homogenized in 2
mL dimethyl sulfoxide (DMSO). Then 0.5 mL of HCl 8 M was added and samples were placed
in a ventilated oven for 30 minutes at 60°C. After cooling, 0.5 mL of NaOH 8 M and 7 mL of
deionized water were added. Samples were then centrifuged at 4000 rpm for 5 minutes,
and 0.5 mL of supernatant was added to 2.5 mL of Lugol's solution (HCl 0.05 M, 0.03% I,
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and 0.06% KI). After 15 min, samples were read at 605 nm with a UV-VIS
spectrophotometer (Agilent 8453). Quantification was run using a calibration curve (10-
400 pg/mL) prepared with pure starch (Merck). The results are expressed on a fresh weight

basis (mg/g fw).

For the determination of the content of soluble sugars, ground samples (100 mg) were
homogenized in 2 mL of deionized water and then centrifuged at 15,000 rpm for 5 min. The
supernatant was filtered at 0.45 um using a syringe filter and then directly analysed by
HPLC (Waters 600 system) equipped with a Waters 2410 refractive index detector. Sugar
separation was allowed using deionized water as mobile phase, eluted at 0.5 mL/min, and
a Waters Sugar-Pak | ion-exchange column (6.5 x 300 mm) kept at 90°C using an external
temperature controller (Waters Column Heater Module). Sugar quantification was
obtained through calibration curves prepared by dissolving analytical sugars (Merk) in
deionized water at concentrations of 0.1-20 mg/mL. Precision of the analysis, estimated
by the coefficient of variation of 5 replicates, was always >95%. Recoveries were in the

range 94-105%. Results are expressed on a fresh weight basis (mg/g fw).

The total sweetness index (TSI) was calculated according to the formula proposed by

Clarke, (1995):

TSI = (1.00 X [sucrose]) + (0.76 X [glucose]) + (1.50 X [fructose])
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2.4. Dry biomass
Lettuce leaves were removed from the plant and oven-dried at 105°C for 3h. Afterwards

samples were left to stabilize for five minutes and then weighed with a precision balance.

2.5. Chemical analysis

Ground samples (200 mg) were dissolved in 3 mL of 70% HNO3 and 0.5 mL of 30% H,0>
using a microwave digestion system (Milestone Ethos 900) at 280°C and 55 bar [23]. The
content of Cd, Cu, Fe, Pb and Zn was quantified by ICP-MS (Perkin Elmer NexION 350).
Analytical quality was verified using the certified reference material NCS DC 73350 'Poplar
leaves', which indicated recoveries in the range 92-112%. Precision of the analysis was
estimated by the coefficient of variation of 5 replicates and was always >98%. Results are

expressed on a fresh weight basis (ug/g fw).

2.6. Statistical analysis

Since not all variables matched a normal distribution, a non-parametric approach was
adopted (Helsel. 1987), with parameter estimates being expressed by their median value
and the associated error as interquartile range divided by the square root of the number
of observations. The significance of differences (p<0.05) between control and treated
samples was verified with a pairwise permutation t-test, correcting for multiple testing
according to Benjamini and Hochberg, (1995). All calculations were run using the R

software (R Core Team, 2020).
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3. Results

Weekly foliar applications of 0.25% WD and BF both increased the content of chlorophyll
and the amount of biomass produced (mean water content was 96%), with WD showing
the highest efficiency; no statistically significant effect was found for the treatments at

0.50% concentrations (Figure 1).

The starch content of lettuce leaves was increased by both treatments with 0.25% and
0.50% WD and BF (Table 2). On the contrary, these treatments did not show any effect on
the content of sucrose and pectin (Table 2). The response of glucose, fructose and TSI was
more complex, with a decrease compared to control values after treatment with 0.50%
WD, a remarkable increase (14-fold for the sugars, 8-fold for TSI) with 0.25% WD, and no

effect at all for both treatments with BF (Table 2).

The application of WD and BF did not alter the content of Cd, Cu, Fe, Pb and Zn in lettuce

leaves (Table 3).
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Figure 1. Chlorophyll content and biomass (median + error) of lettuce leaves after four weekly foliar
treatments with water (CTRL), 0.25% and 0.5% WD (BioDea Wood Distillate) and BF (BioDea Flavor).

Different letters indicate statistically significant (p<0.05) differences between treatments.
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Table 2. Content of starch and soluble sugars (mg/g fw, median t error), and total sweetness index

(TSI) in lettuce leaves after four weekly foliar treatments with water (CTRL), 0.25% and 0.5% wood

distillate (WD) and WD added with 3% soy lecithin and 5% flavonoid-rich wood glycolic extract (BF).

Different letters indicate statistically significant (p<0.05) differences between treatments.

Starch Sucrose Glucose Fructose Pectin TSI
CTRL 7+0.7a 0.27+0.05a 0.25+0.01a 0.25+0.01a 85%0.4a 0.93+0.02a
WDO0.25% 15+0.8b 0.23+0.03a 3.49+0.67c 347+062c 9.0+03a 7.16 £1.67c
WDO0.50% 15+1.7b 0.22+0.04a 0.18+0.02b 0.18+0.01b 10.2+16a 0.66+0.06 b
BF 0.25% 16+2.2b 0.27+0.04a 0.26+0.06a 0.27+0.05a 11.0+1.1a 0.80+0.08a
BF 0.50% 16+1.4b 0.28+0.03a 0.23+0.02a 0.36+0.06a 11.0+13a 1.20+0.13 a

Table 3. Content of potentially toxic elements in lettuce leaves (mg/kg fw, median + error) after

four weekly foliar treatments with water (CTRL), 0.25% and 0.5% wood distillate (WD) and WD

added with 3% soy lecithin and 5% flavonoid-rich wood glycolic extract (BF). For all elements, no

statistically significant differences between treatments were found.

cd Cu Fe Pb Zn
CTRL 0.007 £0.01 0.44 £0.08 35403 0.022 £ 0.002 4.4+0.5
WD 0.25% 0.008 £ 0.01 0.50 +£0.07 3.6+x04 0.022 £ 0.003 3.6+0.2
WD 0.50% 0.008 £ 0.01 0.40+0.04 43+0.7 0.025 £ 0.009 34+04
BF 0.25% 0.009 £ 0.01 0.52 +0.06 39+04 0.021 + 0.006 4.4+0.5
BF 0.50% 0.008 £ 0.01 0.52 £0.05 3503 0.022 £ 0.007 4.0 +0.5
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4. Discussion

Among the tested treatments, the foliar application of 0.25% WD produced the most
positive effects on lettuce. Specifically, this treatment increased the content of chlorophyll,
starch, soluble sugars and biomass, consistently with the results obtained by Vannini et al.

(2021), which showed increases in chlorophyll and dry biomass using 0.2% WD.

Chlorophyll is a fundamental molecule for plants, responsible for the functionality of
photosynthesis, thus related to energy production and plant growth, a reason why an
increase in chlorophyll also leads to an increase in the produced biomass (Liu et al. 2019).
Our results with 0.25% WD and BF showed a chlorophyll increase by 29-49%, and similar
results have been reported also for mustard and rice after foliar applications of 0.2% WD
(Berahim et al. 2014; Benzon and Lee, 2017), as well as in 4-week-old rice seedlings treated
with 0.33% WD (Theerakulpisut et al. 2016). The 49-73% biomass increase observed in our
lettuce plants treated with 0.25% WD and BF is consistent with similar increases reported
for lettuce (+42%; (Mu et al. 2006)), tomato (27%,; (Liu et al. 2021)), and rice (+20-45%;
(Berahim et al. 2014)) following foliar application of 0.13-0.2% WD. Interestingly, no effect
was found for 0.5% treatments both with WD and BF, suggesting an hormetic-type effect

of these biostimulants.

Some studies reported an increase of soluble sugar in crop plants after the application of
WD, e.g. sweet pepper (Cheon-Soon et al. 2006), tomato (Zhou et al. 2011), eggplant (Zhou
et al. 2013). Using soluble sugars as an indicator of plant productivity we argue that an
increase in their content is likely linked to an increased photosynthetic performance and
consequent plant yields. As a matter of fact, it is well-known that sugars are fundamental

for the stimulation of cell wall synthesis and the interaction with auxins (Paul et al. 2010;
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O’Hara et al. 2013). Our results showed a notable ca. 1400-1500% increase in glucose and
fructose as well as a consequent 770% increase in TSI after treatment with 0.25% WD, while
no effect was found for sucrose. Moreover, BF did not cause any effect, both at 0.25% and
0.5%, while the application of 0.5% WD reduced the content of glucose, fructose and TSI
by ca. 30%. It is possible that this latter dilution is not suitable for lettuce, but more suitable
for more resistant horticultural crops, i.e. plants with a greater leaf thickness or a thicker
waxy cuticle layer, such as cabbage and cauliflower (Martin, 1958). In the literature there
are reports of no effect of WD treatment (Zhang et al. 2020) or even a decrease in leaf
soluble sugar content (Lashari et al. 2014). Nevertheless, besides acting as a biostimulant,
WD is also known to counteract plant pathogens, such as fungi and bacteria (Ratanapisit et
al. 2009; Mourant et al. 2005), and antibacterial activity of wood distillate has been found
at concentrations as low as 0.4% (Misuri and Marri, 2021). Notwithstanding low doses (high
dilutions) of wood distillate can stimulate plant growth and development (Zulkarami et al.
2011; Mu et al. 2006) there is also evidence that much higher doses (lower dilutions) can
cause plant senescence, thus suggesting its potential use as an herbicide (Hagner et al.
2010a). Our results on soluble sugars further suggest an hormetic-type effect of WD, and

the mechanism behind this response deserves further investigation.

All treatments showed a significant >100% increase in the leaf content of starch, indicating
that all of them succeeded in increasing the energy storage for the cellular metabolism.
Starch is the main energy reserve of plants, composed of the two glucose polymers amylose
and amylopectin (Zeeman et al. 2010), which can be accumulated and released in the form
of glucose and maltose during the growth phases of the plant (Fincher, 1989) or locally for
specific processes like nectar production (Razem and Davies, 1999). Studies on the effect
of WD on starch are scanty: Sun-Ok and Dong-Hoon (2005) found that WD concentrations
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up to 0.5% decreased the leaf starch content of the orchid Neofinetia falcata, but increased
its root content. We do not have assayed the root parts, but the starch content of our

control lettuce leaves was consistent with that reported in other studies (Qin et al. 2020).

From a toxicological point of view, all treatments did not alter the content of the
investigated elements in lettuce leaves, confirming the results obtained by Fackovcova et
al. (2020a,b) about the environmental safety of WD. The Fe, Zn, and Cu concentrations of
our samples fall within the ranges reported in literature: from 1.97 to 8.6 mg/kg for Fe
(Freitas et al. 2015; Camejo et al. 2020), among 2.1 to 9.4 mg/kg for Zn (Freitas et al. 2015;
Camejo et al. 2020; Pinto et al. 2014), and from 0.23 to 1.4 mg/kg for Cu (Freitas et al. 2015;
Pinto et al. 2014). Moreover, the concentration of Cd and Pb measured in treated lettuce
plants were well below (one order of magnitude) the threshold limit established by the
European Union for the marketability of broadleaf horticultural crops, i.e. 0.1 and 0.2

mg/kg fw (Commission Regulation, 2006), respectively.
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5. Conclusions

The use of bio-based products such as biostimulants is presently widely investigated
searching solutions to agricultural problems. Here we have shown that weekly foliar
applications of 0.25% WD not only increase lettuce biomass, which has an economic value,
but have beneficial effects also on other qualitative parameters such as sugars and total
sweetness. On the other side, use of 0.5% WD decreased the content of soluble sugars,
suggesting an hormetic-type effect of this biostimulant. We did not find evidence of further
beneficial effects from the addition to WD of plant-derived corroborants such as soy
lecithin and flavonoid-rich wood glycolic extract. Additionally, we did not find evidence of
any enrichment in the content of some PTEs, namely Cd, Cu, Fe, Pb, Zn, which may be

abundant in WD.

Since WDs produced from different types of wood and under different physical conditions
can have different chemical characteristics, it remains to be investigated whether our

results can be generalized to other WDs.
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CHAPTER 4

Hormetic effect of wood distillate on hydroponically grown lettuce

Summary

The addition of biostimulants to nutrient solutions of hydroponically grown crops to speed
up plant growth and improve plant yield and quality has attracting more and more
attention. This study investigated the effects of wood distillate (WD) addition to
hydroponically grown lettuce (Lactuca sativa L.) plants. Two concentrations of WD, 0.2%
and 0.5%, were added to the nutrient solution, and biometric (i.e. leaf fresh weight, root
fresh weight, root length and root surface area), photosynthetic (i.e. chlorophyll a,
chlorophyll b, and carotenoid content) and biochemical (i.e. electrolyte leakage, total
polyphenols, total flavonoids, and total antioxidant power content) parameters were
evaluated. The effects of WD were hormetic, as the 0.2% concentration stimulated
biometric and biochemical parameters, while the 0.5% concentration inhibited plant
growth. Based on these results, it can be suggested that the addition of 0.2% WD to the
nutrient solution has a stimulating effect on the growth of lettuce plants and could be a

successful strategy to boost the yield of crops grown hydroponically.
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1. Introduction

Hydroponics has gained attention for its numerous advantages over traditional soil-based
farming methods. One of the primary benefits of hydroponics lies in its precise control over
nutrient delivery (Sheikh, 2006), which are dissolved in water and delivered directly to the
plant roots. This controlled approach ensures that plants get exactly the nutrients they,
leading to faster growth and higher yields (Hemathiake, 2022), compared to their soil-

grown counterparts (Gashgari et al. 2018; Tocquin et al. 2003).

A further key advantage of hydroponics is the higher water efficiency (Sharma et al. 2018),
compared to the conventional farming, which often requires considerable water supply,
these systems are designed to be highly water-efficient (Sharma et al. 2018), with
recirculation of water and nutrients, reducing overall consumption and waste and making

hydroponics an eco-friendly solution.

Hydroponics also stands out for its space efficiency. These systems can be installed in small
areas, making them ideal for urban agriculture and regions with limited land (Benke and
Tomkins, 2017; Romeo and Vea, 2018). Vertical hydroponic systems maximise space

utilisation, allowing a variety of crops to be grown in defined spaces (Despommier, 2009).

These systems are also crucial given that the estimated loss of cultivated land in Europe is
around 280,000 ha per year (European Commission, 2018). This means that by 2030, the
EU could lose another 4.2 million ha of cultivated land, bringing the total of abandoned
ones to 5.6 million ha. Furthermore, the Food and Agriculture Organisation of the United
Nations (FAQ) estimated that by 2050 agricultural production will have to increase by 60%
to adequately meet the food needs of the world's population, which is why the use of

vertical hydroponic systems can be a very promising solution (FAO, 2012).
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Hydroponic systems minimize the risk of pests and diseases that commonly affect soil-
based plants (Raviv et al. 1998), leading to healthier plants and potentially decreases the
need for pesticides, contributing to more sustainable and chemical-free agriculture. Finally,
hydroponic systems allow efficient resource utilization and consistent year-round

production (Dutta et al. 2023; Knox et al. 2012).

To date, many different nutrient solutions have been proposed for hydroponic systems,
most of them containing only inorganic ions from soluble salts of elements essential for
higher plants. However, there is a growing interest towards the addition of biostimulants
to the hydroponic solution, aiming at increasing crop yield and quality. Although the
combination of hydroponics and biostimulants is considered as a promising eco-friendly
production strategy for vegetables grown in greenhouses (Vernieri et al. 2005), studies
regarding the direct addition of biostimulants to hydroponic solutions are still limited, and

their effects on crop production still need verification.

The utilization of various natural, chemical, and physical agents to improve the quality of
crops is a widely recognized and prevalent practice in the field of horticulture (Marchica et
al. 2021), though its impact on plants is also affected by genotype and environment
(Brezeanu et al. 2022). Wood distillate (WD), often referred to as pyroligneous acid or wood
vinegar, is one of the most interesting biostimulants available on the market. Recently, it
has gained attention for its use on crops via foliar application or fertirrigation (Grewal et al.
2018; Vannini et al. 2022). Wood distillate has potential applications also in hydroponics,
but only few studies investigated its effects, particularly on the photosynthetic parameters

of crops (Chen et al. 2016; Singh et al. 2019).
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One of the primary areas of interest in the use of WD in hydroponics is its capacity to
enhance nutrient uptake by plant roots (Pan et al. 2017). This is attributed to the large
presence of organic compounds within WD, such as acetic acid and various phenolic
compounds (Wei et al. 2010). These substances have been shown to potentially improve
the absorption of essential nutrients by plants, leading to increased yields and quality of
crops (Fedeli et al. 2022; Fedeli et al. 2023). The precise mechanisms through which WD
influences nutrient uptake are still under investigation, but early findings suggest that WD
works as an eustressor, activating various defence mechanisms and physiological
adaptations to cope with the stress, ultimately leading to improved resilience and growth
(Fedeli et al. 2023). Furthermore, WD possesses the ability to stimulate root development,
induce flowering and strengthen plant resilience in the face of various environmental
stressors (Dissatian et al. 2018; Mungkunkamchao et al. 2013; Wang et al. 2019). However,
it is crucial to emphasize that the effects of WD on plants are hormetic, i.e. they depend on
the dosage and are also species-specific (Fedeli et al. 2023; Maresca et al. 2024) and that
excessive concentrations of WD can potentially be detrimental to plants due to its inherent
acidity (de Lima et al. 2019). Consequently, it is crucial to determine the appropriate
concentration of WD that maximizes its beneficial effects while avoiding any negative

impact on plant growth.

Therefore, the aim of this work was to test the effects of the addition of two different
concentration of WD [0.2% (v/v) and 0.5% (v/v)] to the nutrient solutions of an hydroponic
system on lettuce growth by evaluating both biometric (leaf fresh weight, root fresh
weight, root length, root surface area), photosynthetic (chlorophyll a, chlorophyll b, and
carotenoid content), and biochemical (electrolyte leakage, total polyphenols, total
flavonoids, and total antiradical activity content) parameters.
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2. Materials and Methods

2.1 Experimental Protocol and Growing Conditions

The research was carried out in Faculdade de Ciéncias, at the University of Lisboa. Ninety
lettuce (Lactuca sativa L.) seedlings were purchased from a local nursery (Horta do Campo
Grande, Lisbon, Portugal). In the laboratory, after washing the roots with tap water, each
seedling was placed inside a plastic basket filled with sterilized clay and placed in 15
rectangular plastic containers (22 x 8 x 33 cm) with a volumetric capacity of 8 L filled with
a modified Hoagland solution (Table 1) following Cruz et al. (2006). Five of the fifteen
containers were filled only with the nutrient solution, while two different treatments with
wood distillate were applied in the others: WD was added to a final concentration of 0.2%
(v/v) to 5 containers (WD1) and to a final concentration of 0.5% (v/v) to the remaining 5
containers (WD2). The experiment was carried out inside a climatic chamber at a
temperature of 20 £ 1 °C, relative humidity (RH) of 70 £ 2% and photosynthetic photon flux
density (PPFD) of 300 pmol m2 st with a 16/8 hour day/night circle. At three different times
(T1 = 3 days, T2 = 9 days, T3 = 18 days), ten seedlings (statistical replicates) for each
treatment were removed from the hydroponic system and once brought to the laboratory

were either analyzed or stored for later analyses.
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Table 1. Chemical composition of the base nutrient solution.

(wv) %

KNO3 1.5
Ca(NOs)2 4H,0 1
NH4H2PO4 0.5
MgS04 7H20 0.25
KCl 0.5
H3BOs 0.25
MnSOa4 H20 1
ZnS0O4 7H20 1
CuS04 5H,0 0.5
(NH4)sMo702 4H20 0.5
FeNaEDTA 2

2.2.1 Wood Distillate Characteristics

Wood pyrolysis results in two primary residual components: a solid fraction named biochar
and WD, a liquid fraction (Grewal et al. 2018). To maximize the production of WD in
comparison to biochar, the most efficient method involves fast pyrolysis carried out within
the temperature range 350-500°C. This process includes rapidly heating woody biomass
followed by quick cooling. Consequently, around 60-75% of the resulting product
constitutes the liquid phase, while the solid component comprises 15-25%, and the
gaseous component contributes 10-20% to the overall product. The composition of WD
primarily consists of 80—90% water, along with >300 water-soluble organic compounds,
including organic acids, alkanes, phenolics, alcohols, and esters (Wei et al. 2010; Celletti et
al. 2023). It is important to clarify that each WD is different being dependent on the
feedstock used and the operating parameters employed during the pyrolytic process,

resulting in a final product with different chemical characteristics. The WD used in this
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experiment (Distillato di Legno, produced by BioDea® (BioDea, 2023)) was derived from the
pyrolysis of sweet chestnut (Castanea sativa Mill.) wood sourced from residual materials
from forest management and has already been extensively studied for the cultivation of
crops in soil (Fedeli et al. 2023a,b) with important results in terms of yield and nutritional
quality.

2.2. Plant Analysis

2.2.1. Biometric Parameters

Both the leaves and the roots were initially weighed and subsequently promptly frozen at
-80 °C. Photos of the roots of each sample were taken with a digital camera against a black
background (Iphone 14, Apple Inc., California, USA). Subsequently, the root length and the
root area were assessed with the tools (i.e. Segmented line and Threeshold) available
within the Fiji/ImagelJ software calibrating the image scale to the relative pixels, equivalent

to1l mm.

2.2.2. Pigment Content

Foliar pigments were extracted from three leaf discs (@ 2 mm) placed in 2 mL of pure
methanol kept at +4 2C for 24 hours in the dark. After incubation, the absorbance of 200
pL of the sample at 470 nm, 652.4 nm, 665.2 nm, and 700 nm were measured using a UV-
VIS plate reader spectrophotometer. The pigment content was calculated using the

equations by Lichtenthaler & Buschmann (2001):

Chla(ug/cm) == 1672 A665.2 - 916 A652.4

Chly(ng/cm) = 34.09 Agsz4 — 9.16 Ages 2

(1000 A, — 1.63 Chl, — 104.96 Chl,,)
221

Car(x+c) (ug/Cm) =
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2.2.3. Electrolyte Leakage

Electrolyte leakage from leaf tissue was assessed using the method described by Sunkar et
al. (2010). Fresh, young lettuce leaves were carefully cleansed with distilled water (dH20).
Subsequently, uniform pieces of leaf tissue (@ 5 mm) were taken and soaked in 20 mL of
dH,0 at room temperature for two hours. After this soaking period, the initial electrical
conductivity (EC1) of the solutions was recorded using a conductivity-meter. Following this
measurement, the solutions were subjected to a heating process at 90°C for 25 minutes.
Afterwards, the solutions were allowed to cool down to room temperature before a
subsequent electrical conductivity measurement (EC;) was carried out. The electrical

leakage of the samples was quantified as a percentage, and calculated using the formula:

EC1

EL(®) = GG

) x 100

2.2.4. Antioxidant Compounds

For the quantification of the total antiradical activity, 500 mg of freeze-dried lettuce leaves
were subjected to homogenization in 2 mL of 80% (v/v) ethanol, followed by centrifugation
at 15,000 rpm for 5 minutes. An aliquot of the supernatant (200 pL) was mixed with 1 mL
of a solution containing 2,2-Diphenyl-1-picrylhydrazyl (DPPH), which had been previously
prepared by dissolving 1.85 mg of the compound in 50 mL of 80% methanol (v/v). To
facilitate a comparative analysis of the antioxidant potential, a blank and a control were
prepared: the former consisting of 200 uL of 80% (v/v) ethanol in 1 mL of 80% (v/v)
methanol, and the latter involving 200 uL of 80% (v/v) ethanol in 1 mL of the DPPH solution.
After 1 hour of dark incubation, the absorbance was read at 517 nm using a UV-Vis
spectrophotometer (Agilent 8453, Santa Clara, CA, USA). Results were expressed as a

percentage of antiradical activity (ARA%) using the formula (Fedeli et al. 2023):
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ARA% = 100 X [1 — (sample absorbance /[ control absorbance)]

The total polyphenol content (TPC) was measured using the method proposed by Lamaro
et al. (2023). Briefly, 500 mg of freeze-dried lettuce leaves were homogenized in 4 mL of
70% (v/v) acetone, followed by centrifugation at 4000 rpm for 5 minutes. The supernatant
(0.5 mL) was mixed with 3 mL of dH,0, 0.125 mL of Folin-Denis’ reagent (Sigma-Aldrich),
0.750 mL of saturated Na,COs, and finally 0.950 mL of dH,0. After a 30-minute incubation
at 37°C, the samples were centrifuged again at 4000 rpm for 5 minutes, after which the
supernatant was taken and finally the absorbance was measured at 765 nm using a UV-Vis
spectrophotometer (Agilent 8453; Santa Clara, CA, USA). Quantification was made through
referencing the absorbance of the samples to a calibration curve (ranging from 5 to 20 pg
mL1) made with gallic acid (Sigma-Aldrich) used as a standard. Results were expressed as

milligrams of gallic acid equivalent per gram of dry weight (mgeae g* dw).

The total flavonoid content (TFC) was determined following the method proposed by
Heimler et al. (2005). In brief, 500 mg of freeze-dried lettuce leaves were homogenized in
2 mL of 80% ethanol, then centrifuged at 15,000 rpm for 5 minutes. The resulting
supernatant (300 pL) was mixed with 45 uL of a 10% AICl3 solution, 300 pL of a 1M NaOH
solution, and 300 pL of dH;0. Samples were read at 510 nm using a UV-Vis
spectrophotometer (Agilent 8453). Quantification was made through a calibration curve
(ranging from 5 to 200 pg mL?) made with quercetin (Sigma-Aldrich) as a standard, and the
results were presented as milligrams of quercetin equivalent per gram of dry weight (mgae

gldw).
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2.3. Statistical Analysis

To test for significant effects of WD application, we carried out Permutational Uni- and
Multivariate Analyses of Variance (PERMANOVA) on the responses of time and WD
treatment, respectively. Univariate analyses were based on Euclidean distance matrices,
while multivariate ones were based on Bray—Curtis dissimilarity matrices, calculated on
untransformed data. The following settings were used for all tests: 999 unrestricted
permutations of raw data, a = 0.05. Significant terms were then investigated using
posterior pairwise comparisons with the PERMANOVA t statistic and 999 permutations to
test for significant differences between the treatments. All the analyses were performed
using the PERMANOVA routine in the program PRIMER v.6 (Anderson, 2008), including the
add-on package PERMANOVA+ (Clarke, 2006). PERMANOVA correctly calculates an
appropriate pseudo-F statistic for each term in the model for uni- and multivariate
datasets. Moreover, the permutation approach is free from many of the assumptions of

parametric statistics (Anderson, 2008).
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3. Results

The PERMANOVA analysis showed a significant effect of 'time’, 'treatment’, and 'time per
treatment' on the parameters leaf fresh weight, root fresh weight, root length, root surface
area, chlorophyll a, TPC, TFC, and ARA content. For the parameter chlorophyll b, the
analysis showed significance of 'time' and 'treatment’, while for the parameters electrolyte

leakage and carotenoids it only showed significance for 'time' (Table 2).

3.1. Temporal Trends

Leaf fresh weight, root fresh weight, root length, and root area showed similar trend (Figure
1). As expected, all the parameters in control samples (C) increased along time, following
the growth of the plants, and showing significant differences at T3 (Figure 1). The same was
observed in WD1 plants, with only leaf fresh weight increasing also at T2 (Figure 1). WD2
plants showed a different trend with all parameters remaining constant (leaf fresh weight

and root length) or slightly increasing at T3 (root fresh weight and root area) (Figure 1).

The content of chlorophyll a (T1<T2<T3), chlorophyll b (T1=T2<T3) and carotenoids
(T1<T2=T3) increased over time in C plants. Conversely, EL decreased significantly at T3
compared to T1 and T2 (T1=T2>T3; Figure 2). Plants treated with WD1 showed a similar
trend, with a significant progressive increase in time of chlorophyll a (T1<T2<T3),
chlorophyll b (T1<T2=T3) and carotenoids (T1=T2<T3), and a decrease of EL (T1=T2>T3;
Figure 2). In plants treated with WD2, chlorophyll a, chlorophyll b, and carotenoids showed
a significant increase at T2 and T3 compared to T1 (T1<T2=T3), while EL showed a

significant decrease at all three investigated times (T1>T2>T3) (Figure 2).

Regarding the antioxidant compounds (TPC and TFC, both in leaves and roots), C plants

showed a significant increase at all three investigated times (T1<T2<T3), while no
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difference was found in the ARA content in both leaves and roots (T1=T2=T3) (Figure 3).
Plants treated with WD1 also showed a significant increase of TPC and TFC (both leaves and
roots) at all three investigated times (T1<T2<T3). ARA content in the leaves was significantly
higher at T2 and T3 with respect to T1 (T1<T2=T3), while no differences were found in ARA
content in roots over time (T1=T2=T3) (Figure 3). In plants treated with WD2, the leaf
content of TPC and ARA showed a significant decrease in time (T1>T2>T3); the leaf content
of TPC showed a significant progressive decrease with time (T1<T2<T3), and differences

were found for the root content of TPC, TFC, and ARA (T1=T2=T3) (Figure 3).

3.2. Effects of WD

At T1, plants did not show any statistically significant difference in leaf fresh weight
(T1=T2=T3); root fresh weight showed a significant difference between C and WD2
(C=WD1<WD2); root length was significantly higher for WD1 compared to C and WD2
(C=WD2<WD1); root area was significantly higher in C and WD1 compared to WD2
(C=WD1<WD2; Figure 1). No significant difference was found for chlorophyll a, chlorophyll
b, carotenoid, and EL (C=WD1=WD?2) (Figure 2). Regarding the antioxidant compounds, TPC
(leaves and roots) and TFC (leaves) showed significantly higher values for WD1 than for C
and WD2 (C=WD1>WD2); difference did not emerge for the content of TFC (roots) and ARA

(leaves and roots) (C=WD1=WD2) (Figure 3).

At T2, plants showed statistically significant differences in leaf fresh weight between C and
WD2 and WD1 and WD2; significant differences were not found in root fresh weight, root
length, and root area (C=WD1=WD2) (Figure 1). As for the content of chlorophyll g,
chlorophyll b, and carotenoids, a statistically significant difference was found between C

and WD1; furthermore, for chlorophyll b, a statistically significant difference was found
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between WD1 and WD2, and for carotenoids between C and WD2; no difference was found
for EL between treatments (C=WD1=WD2) (Figure 2). Regarding the antioxidant
compounds, TPC and TFC (leaves and roots) and ARA (leaves), statistically significant
differences were found between all treatments with consistently higher values of WD1

(WD1>C>WD2) (Figure 3).

At T3, plants showed statistically significant differences in leaf fresh weight and root fresh
weight between C and WD2 and WD1 and WDZ2; root length and root area showed
statistically significant differences between all treatments with higher values found in WD1
(WD1>C>WD2) (Figure 1). Regarding the chlorophyll a content, statistically significant
differences were found between C and WD2 and WD1 and WD2; differences were not
found in the content of chlorophyll b, carotenoids and EL (C=WD1=WD2; Figure 2).
Regarding the antioxidants compounds, TPC and TFC (leaves and roots) and ARA (leaves)
showed statistically significant differences among all treatments, with higher values found
in WD1 (WD1>C>WD2); on the other hand, ARA content in roots showed statistically

significant differences between C and WD1 and WD1 and WD2 (Figure 3).
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Table 2. Results of the PERMANOVA analyses on leaf fresh weight, root fresh weight, root length,

root area, electrolyte leakage (EL), chlorophyll a, chlorophyll b, carotenoids, leaf total polyphenol

content (TPC), root TPC, leaf total flavonoid content (TFC), root TFC, leaf antiradical activity content

(ARA), root ARA.

Source of variation Leaf fresh weight Root fresh weight Root length Root area

df MS F S F S F MS F
Time 2 16655  35.05**" 1351  37.51*=* 36.32 571*=" 252.54 16.43*=
Treatment 2 81.32 15,154+ 3.26 10.82%*+ 5571 B7g*** 287.37 15,354+
Time x Treatment 4 3898 B.153%=" 169 4753 3226 5.08B*=** T804 5.07=="
Residual 36 475 0.35 .36 15.37
Tota 44
Source of variation EL Chlorophyll @ Chilorophyll b Carotenoids

df MS F S F S F MS F
Time 2 G857 50450 =" 3451  T7.31** 1.35 BE3="" 1.50 15.0g*=*
Treatment 2 58442 2588 2.54 5.63%** 0.63 4.05%== 0.07 1.05
Time x Treatment 4 23716 121 374 B.2ge=* 0.32 204 0.25 3.38°
Residual 36 185.24 0.451 0.18 0.07
Tota 44
Source of variation Leaf TPC Root TPC Leaf TFC Root TPC

af M3 F s F M5 F M3 F
Time 2 0.73 74014 0.99 B4 .53+ 0.18 53.21%=* 1.83 134.4%==
Treatment 2 2.85 2BB.7E" 165 135874+ 077 25B.TL 172 126.64%*=
Time x Treatment 4 0.45 45754 0.33 2853+ 0.15 45,05 0.63 46,25+
Residual 36 0.009 0.02 0.003 0.02
Total 44
Source of variation Leaf ARA Root ARA

af M3 F s F
Time 2 55.33 5.69* 5881 512+
Treatment 2 7883 B1.16**" 1277 10.51*=*
Time x Treatment 4 165.6 17.45%=* 46.46 3.97=*
Residual 36 8.72 11.71
Total 44

*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 1. Leaf fresh weight (A), root fresh weight (B), root length (C), root area (D) of lettuce plants.
C= 0% wood distillate; WD1= 0.2% wood distillate; WD2= 0.5% wood distillate. T1= first harvest
(three days after the start of the experiment); T2= second harvest (nine days after the start of the
experiment); T3= third harvest (eighteen days after the start of the experiment). Different letters
indicate statistically significant differences in the same treatment at different times. Asterisk (*) =
indicates statistically significant differences in treatments at the same time. *= p < 0.05; **=p <

0.01; ***= p < 0.001.
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Figure 2. Chlorophyll a content (A), chlorophyll b content (B), carotenoids content (C), electrolyte

leakage (EL) (D) of lettuce plants. C= 0% wood distillate; WD1= 0.2% wood distillate; WD2= 0.5%

wood distillate. T1= first harvest (three days after the start of the experiment); T2= second harvest

(nine days after the start of the experiment); T3= third harvest (eighteen days after the start of the

experiment). Different letters indicate statistically significant differences in the same treatment at

different times. Asterisk (*) = indicates statistically significant differences in treatments at the same

time. *= p <0.05; **=p <0.01; ***= p <0.001.

91



*%

OCc Owbl BwD2

ARA
(%)

T1 T T3

Figure 3. Total polyphenol content (TPC) (A), total flavonoid content (TFC) (B), antiradical activity
(ARA) (C) of lettuce plants. C= 0% wood distillate; WD1= 0.2% wood distillate; WD2= 0.5% wood
distillate. T1= first harvest (three days after the start of the experiment); T2= second harvest (nine
days after the start of the experiment); T3= third harvest (eighteen days after the start of the
experiment). Different letters indicate statistically significant differences in the same treatment at
different times. Asterisk (*) = indicates statistically significant differences in treatments at the same

time. *=p <0.05; **=p <0.01; ***= p < 0.001.
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4. Discussion

Our findings provide insights into the dose-dependent effects of wood distillate (WD) on
crops grown hydroponically. Only a few studies investigated the addition of WD directly to
the nutrient solution of hydroponic systems, and the results obtained are contrasting. We
observed a hormetic effect: the concentration of 0.2% WD led to a general improvement
of plant growth, while at a concentration of 0.5% WD had adverse effects on plant
development. It is important to note that the biostimulant properties of WD on crops have
been widely reported in the literature, typically falling within the range 0.2-0.5% for both
foliar applications and fertigation (Fedeli et al. 2023; Ofoe et al. 2022). The use of
biostimulants in hydroponic systems has boosting effect not only on plant growth, but also
on crop yield and quality (Adman et al. 2023; Trevisan et al. 2019; Kalozoumis et al. 2021).
In our case, it is evident that WD proved to be an excellent solution for increasing the fresh
weight of plants, but also the development and growth of the roots. Specifically, the root
system plays a fundamental role in the growth of plants in hydroponics, which is even more
important than in traditional soil growing (Lobanov et al. 2021). Our results clearly show
that the addition of WD to the nutrient solution showed a hormetic effect depending on
the concentration used. The plants grown with WD2 showed the first negative symptoms
already at T1, which became increasingly evident at T3 (18 days later). On the other hand,
the results for the treatment with WD1 are completely opposed, resulting at T3 in a general
improvement of all root-related parameters. Consistently with our results, Chen et al.
(2016) investigated the effects of WD addition in hydroponic solution on the growth of
lettuce plants, founding no statistically significant difference between control plants and
plants grown in the presence of 0.25% WD in terms of fresh root weight, whereas higher

concentrations (0.5% and 1%) showed a statistically significant reduction of this parameter.
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This effect of WD on plants is commonly attributed to the different organic and inorganic
components, including polyphenols, tannins, and alcohols (Wei et al. 2010). These
compounds have the remarkable capacity to stimulate plant growth by inducing a specific
form of stress, known as eustress. This eustress, in turn, activates a variety of antioxidant
compounds, which are crucial for the development of primary and secondary metabolic

processes within the plant (Baenas et al. 2014).

Antioxidant compounds play a key role in the development and overall health of plants
(Hasanuzzaman et al. 2019). A primary function is the protection against oxidative stress,
as they neutralise harmful reactive oxygen species, safeguarding plant cells and promoting
their vitality (Manda et al. 2009), also boosting the plant's defence mechanisms. Thus,
when exposed to stressors, pathogens or pests, plants often produce more antioxidants as
part of their response, contributing to their overall health and resilience (Manda et al.
2009). In addition, antioxidant compounds influence various aspects of plant growth and
development by inhibiting the development of pathogens and protecting plants from
disease (Barreca, 2020). Moreover, they are also involved in secondary metabolism,
influencing the production of pigments, alkaloids and other bioactive molecules that have
a major impact on plant-environment interactions (Gulcin, 2020). They contribute to root
development, promoting plant stability and aiding nutrient uptake by protecting root cells
from oxidative damage (Hasanuzzaman et al. 2019). The increase of the root system growth
and antioxidants compound content can enhance yield and crop quality. Increased uptake
of nutrients and water, as well as increased resistance to stress, can result in healthier
plants (Galindo et al. 2022). Our results show that there is a positive correlation between
biometric parameters and the content of antioxidant compounds (i.e. polyphenols,
flavonoids, and total antioxidant power) in the plant. Indeed, the biometric parameters and
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antioxidant pool are statistically higher in plants treated with WD1 than in control plants,
but even more so in plants treated with WD2, where the worst performance has been

observed.

An increase in total polyphenol content (TPC) and total flavonoid content (TFC) has been
demonstrated to be directly connected with the augmentation in antioxidant activity (Aryal
et al. 2019; Chedea and Pop, 2019). Flavonoids and polyphenols, which are often present
in bio-based products, are physiologically active substances having antioxidant and anti-
inflammatory properties (Han et al. 2007). When compared to C and WD2 plants, WD1
plants had an overall rise in both TPC and TFC in roots and leaves. To the best of our
knowledge, this is the first report regarding the impact of WD on these two parameters in
hydroponically grown plants. The effects of WD on antioxidant component level are limited
to plants cultivated in soil. The application of WD at concentrations of 0.2% and 0.4% to
tomato plants increased fruit TPC level, while only 0.4% WD increased ARA (Benzon and
Lee, 2016); however, no increase in TPC was found in the fruits of strawberry (Fragaria x
ananassa), except for chlorogenic acid, whose level doubled compared to the control

(Karlund et al. 2014).
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5. Conclusions

This study suggests that the effects of wood distillate in plants grown in hydroponic systems
is hormetic and thus depends on the specific dosage employed. While a too high
concentration can have a detrimental impact on plant growth, causing partial inhibition, a
proper dose can boost root and foliar development, providing an economically and
environmentally sustainable replacement of traditional fertilizers. Given the pressing
global need for sustainable solutions to address the escalating human population and its
impact on food production, wood distillate represents as a viable option to enhance both

crop yield and quality in hydroponic cultivation.
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CHAPTER 5

Foliar application of wood distillate boosts plant yield and nutritional
parameters of chickpea

Summary

In the quest for eco-friendly products with biostimulant properties, foliar application of
wood distillate (WD) was tested on the growth and yield of chickpea (Cicer arietinum L.).
Wood distillate (pyroligneous acid) is a by-product of plant biomass pyrolysis and is rich in
biologically active substances like polyphenols, alcohols, acids, and esters. In this work,
chickpea plants were sprayed weekly with 100 mL 0.25% (v/v) chestnut (Castanea sativa
Mill.) WD during the whole growing period, and at the end physiological and nutritional
analyses were performed both on the whole plant and on seeds. While plant height and
weight did not change significantly, seeds showed an increase in diameter (+11.2%) and
weight (+33.3%), and in the content of starch (+45.9%), total soluble protein (+12.9%), total
polyphenol (+16.4%), and antioxidant power (+28.4%). Overall, the content of essential
free amino acids increased, except for lysine (-3.4%), phenylalanine (-10.5%), and
methionine (-13.7%). Among all the mineral elements analysed, only potassium and
magnesium decreased in WD-treated plants, although values were within the common
range for chickpea seeds. These results are a clear demonstration of the effectiveness of
the use of WD on increasing the nutritional qualities of the edible parts of crop species,
thus representing a possible solution to counteract human malnutrition and famine as well

as environmental concerns.
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1. Introduction

It is now becoming clear that the massive use of synthetic chemicals commonly used in
agriculture is of major concern for the environment and human health, and there is growing
interest towards the use of natural compounds that could contribute to mitigate and
overcome the negative effects of current agricultural practices (Alewu et al. 2011; WHO,
1990). As a consequence, there is an increasing number of studies focusing on the
evaluation of the potential of bio-based products to replace fertilizers and to improve soil
quality and boost crop plant growth (Becagli et al. 2021; Celletti et al. 2021a), but also
aimed at checking the safety for humans and the environment of these products (Filippelli
et al. 2021; Fackovcova et al. 2020a, 2020b; Celletti et al. 2021b).

One of the most promising bio-based compounds currently being investigated is wood
distillate (WD), also known as pyroligneous acid or wood vinegar. Wood distillate is a by-
product of bio-energy production by pyrolysis of plant biomass (Grewal et al. 2018) and is
rich in numerous bioactive substances (i.e., polyphenols, alcohols, acids, esters) (Zulkarami
et al. 2011; Mu et al. 2006). Wood distillate is used as a biostimulant in agriculture owing
to its ability to enhance quality, size and weight of edible plant parts (Mungkunkamchao et
al. 2013; Zulkarami et al. 2011), to increase plant biomass (Theerakulpisut et al. 2016;
Berahim et al. 2014; Vannini et al. 2021; Fedeli et al. 2022), and even to counteract the
attack of plant pathogens (Ratanapisit et al. 2009; Mourant et al. 2005). Furthermore, WD
has recently been included in the list of products that can be used in organic farming in Italy
(Italian Ministerial Decree, 6793/2018).

Chickpea is the third most widely consumed legume in the world, being cultivated on more
than 11.5 million ha of land and in more than fifty countries in South Asia, Australia, the

Americas, and the Middle East and Southern Europe (FAO, 2011). Chickpea seeds are an
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excellent source of proteins, carbohydrates, and minerals, especially calcium, magnesium,
iron, and zinc (Cabrera et al. 2003). In particular, the quality of proteins of these seeds is
the highest compared to other types of legume seeds (Jukanti et al. 2012).

This aim of this study was to investigate whether foliar application of WD increases the
growth and yield of chickpea (Cicer arietinum L.) plants as well as the nutritional parameters

of the seeds.

2. Materials and methods

2.1. Plant material and growing conditions

Dried chickpea seeds, from a typical variety of Tuscany ("small chickpea from Arezzo")
provided by a local farm, were placed in 50-mL tubes, and then stored at 6°C for three days
for cold stratification (Garcia et al. 2006) to interrupt seed dormancy and promote
germination. Subsequently, seeds were sterilized with 3% (v/v) sodium hypochlorite
(NaClO) for two min and then washed thoroughly with deionized water. Finally, seeds were
allowed to germinate for one week at 15°C in the dark into Petri dishes. All material for
seed germination (i.e., Petri dishes, pipette tips, deionized water, tweezers, and filter
papers) was sterilized using UV lamps for one hour to inhibit the growth of pathogens such
as fungi and bacteria. The resulting seedlings were placed in plastic pots (10x10x12 cm)
filled with soil for two weeks. Afterwards, 20 plants were planted in the ground at the
Botanical Garden of the University of Siena, Italy. Ten plants, randomly selected, were
treated weekly with foliar applications of 0.25% (v/v) chestnut (Castanea sativa Mill.) WD
(BioDea® Wood Distillate) and the remaining ten plants (control) with water. The
experiment lasted four months (March-July 2021) i.e. until all the plants were mostly

(>50%) dry. Analysis of WD provided by the producer indicates the following
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characteristics: pH 3.5-4.5; acetic acid 2-2.3% (v/v); density 1.05 kg/L; and polyphenol
content in the range of 22-25 g/L. After four months of the growing period, whole plants

were harvested and carried to the laboratory for subsequent analyses.

2.2. Plant features
2.2.1. Plant height, plant dry weight, and seeds measurements

Prior to harvest, plant height was measured considering the maximal distance between the
ground level and its apex. After harvest, plants were dried at 40°C for 1 week and then their
total dry weight was measured. The number of pods and seeds, as well as seed diameter

and weight were also determined.

2.3. Nutritional parameters

2.3.1. Sample preparation
Prior to analyses, chickpea seeds from each plant were finely ground with mortar and

pestle.

2.3.2. Soluble sugars and starch

For the determination of the content of soluble sugars, ground samples (100 mg) were
homogenized in 2 mL of deionized water and then centrifuged at 15,000 rpm for 5 min. The
supernatant was filtered at 0.45 um using a syringe filter and then directly analysed by
HPLC (Waters 600 system) equipped with a Waters 2410 refractive index detector. Sugar
separation was allowed using deionized water as mobile phase, eluted at 0.5 mL/min, and
a Waters Sugar-Pak | ion-exchange column (6.5 x 300 mm) kept at 90°C using an external
temperature controller (Waters Column Heater Module). Quantification was obtained
through calibration curves prepared by dissolving analytical sugars (Sigma) in deionized

water at concentrations of 0.1-20 mg/mL.
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The starch content was determined following the method described by Loppi et al. (2021).
Briefly, ground samples (50 mg) were homogenized in 2 mL dimethyl sulfoxide (DMSO).
Then 0.5 mL of HCI 8 M was added and samples were placed in a ventilated oven for 30
minutes at 60°C. After cooling, 0.5 mL of NaOH 8 M and 7 mL of deionized water were
added. Samples were then centrifuged at 4000 rpm for 5 minutes, and 0.5 mL of
supernatant was added to 2.5 mL of Lugol's solution (HCI 0.05 M, 0.03% |, and 0.06% KIl).
After 15 min, samples were read at 605 nm with a UV-VIS spectrophotometer (Agilent
8453). Quantification was run using a calibration curve (10-400 pg/mL) prepared with pure

starch (Merck).

2.3.3. Free amino acids and total soluble proteins

The content of free amino acids (FAAs) was determined by means of a Waters LC1 HPLC
system, equipped with an Agilent column C18 (250 x 4.6 mm with 5 um of particle size),
thermostated at 20°C, and a Waters 470 scanning fluorescence detector (excitation at 250
nm, detection at 395 nm). The solvents used were: (A) 22.9% (w/v) sodium acetate/water,
7.7% (v/v) phosphoric acid/water, and 4.1% (v/v) triethylamine/water; (B) 60% (v/v)
acetonitrile/water. According to the AccQtag protocol, 10 ul of each reconstituted sample
was derivatized with amino acids (Cohen & Michaud 1993), using the AQC fluorescent
reagent and 0.02 M borate buffer (pH 8.6). The concentration of each amino acid was
estimated by matching the area under the chromatogram peak to the standard
(WAT088122, Waters, MA, USA), using the Clarity software (DataApex).

For the total soluble proteins, approximately 50 mg of seed powder were homogenized in
5 mL of deionized water and centrifuged at 4000 rpm for 5 min. Then, 0.4 mL of the
supernatant were added to 1.6 mL of Bradford solution (Sigma-Aldrich). The content was

determined using a UV-Vis spectrophotometer (Agilent 8453; Santa Clara, CA, USA), by
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reading the absorbance of the samples at 595 nm. Quantification was done using a
calibration curve, prepared with concentrations in the range 20-80 pug mL?, of bovine
serum albumin (BSA) (Sigma-Aldrich) as standard. Results were expressed as mg of BSA

equivalent on a dry weight basis (mg BSA eq gt dw).

2.3.4. Vitamin E

The concentration of Vitamin E was determined using 1.0 g of ground seeds; the samples
were homogenized in 1 mL of pure ethanol and centrifuged at 4000 rpm for 10 min. The
supernatant (50 uL) was taken and injected in a Waters 600 HPLC system on Agilent C18
column (250 x 4.6 mm with 5 um of particle size) at a constant flux of 0.5 mL mint. The
running time of analysis was about 30 min, the wavelength was 295 nm using a Waters 996
Photodiode Array Detector (PAD). The mobile phase used was methanol/acetonitrile
(90:10, v/v) with 9 mM triethanolamine (1.29 mL L'). A standard curve of pure tocopherol
(Merck KGaA, Darmstadt, Germany), ranging from 10 to 300 pg mL?, was used for

determining the concentration of vitamin E in the samples.

2.3.5. Total antioxidant power and polyphenols

For the determination of the total antioxidant power, 100 mg of ground seeds were
homogenized in 2 mL of 80% (v/v) ethanol and then centrifuged at 15000 rpm for 5 min.
An aliquot of supernatant (200 pL) was added to 1 mL of 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) solution, previously prepared by dissolving 1.85 mg of this compound in 50 mL of
80% methanol (v/v). To compare the antioxidant power of the samples, a blank and a
control were prepared by adding 200 pL of 80% (v/v) ethanol in 1 mL of 80% (v/v) methanol
and in 1 mL of DPPH solution, respectively. The reaction for all preparations was conducted

in the dark for 1 h and then the absorbance was read at 517 nm with a UV-Vis
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spectrophotometer (Agilent 8453, Santa Clara, CA, USA). Results were expressed as a

percentage of antiradical activity (ARA%), according to the following formula:

ARA% = 100 X [1 — (control absorbance/sample absorbance)]

The total polyphenol content (TPC) was measured following the method described by
Henriquez et al. (2010). Briefly, 100 mg of ground seeds were homogenized in 4 mL of 70%
(v/v) acetone and then centrifuged at 4000 rpm for 5 min. The supernatant (0.5 mL) was
added to 3 mL of deionized water, 0.125 mL of Folin-Denis’ reagent (Sigma-Aldrich), 0.750
mL of saturated Na>COs, and finally 0.950 mL of deionized water. Samples were placed in
an oven at 37°C for 30 min. Afterwards, they were centrifuged at 4000 rpm for 5 min and
their absorbance was read at 765 nm by using a UV-Vis spectrophotometer (Agilent 8453;
Santa Clara, CA, USA). For the quantification, the absorbance of the samples was referred
to a calibration curve (5-20 pg mL?) of gallic acid (Sigma-Aldrich) used as standard. Results

were expressed as mg of gallic acid equivalent on a dry weight basis (mg GAE g* dw).

2.3.6. Mineral elements

About 200 mg of ground seeds were mineralized with a mixture of 3 mL of 70% (v/v) HNO3,
0.2 mL of 50% (v/v) HF, and 0.5 mL of 30% (v/v) H20>, using a microwave digestion system
(Milestone Ethos 900, Metrohm, Australia) at 280°C and 55 bar. The content of Ca, Cu, Fe,
K, Mg, Na, P, S, and Zn were quantified with an Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS, Perkin Elmer NexION 350MA, USA). The analytical quality was
measured using the NCS certified standard reference material DC 73350 “Poplar leaves”;

recoveries were in the range 94-112%. The precision of analyses was estimated by the
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coefficient of variation of 5 replicates and was always > 97%. the results are expressed on

a dry weight basis (mg kg low).

2.4. Statistical analysis

To disentangle the effect of WD treatment on the diameter and weight of chickpea seeds,
a linear mixed-effect model (LMEM) was fitted for each variable, with treatment as fixed
effect plant as random effect (Brauer & Curtin, 2018). For model validation, scatterplots of
the residual and fitted values were used to check for homoscedasticity, and normal
probability (qgnorm) plots as well as the Shapiro-Wilk test to check for normality. Models
were fitted using the restricted maximum likelihood (REML) estimation, and significance of
the models was checked with type Ill Anova using the Satterthwaite method (Luke, 2017).
For all the other parameters analyzed, a permutation t-test was used to check for
differences between WD-treated and control samples. All calculations were run using the

free R software (R Core Team 2021).

3. Results

Foliar application of 0.25% WD significantly increased both the diameter (+11.2%) and
weight (+33.3%) of seeds, but differences in plant height and dry weight, as well as in the
number of pods and seeds, were not statistically significant (Tab. 1).

Plants treated with WD showed a significantly higher content of starch (+45.9%), total
soluble proteins (+12.9%), total polyphenols (+16.4%), and total antioxidant power
(+28.4%), while the content of soluble sugars and vitamin E did not differ (Tab. 2).

The response of FAAs content was complex and a clear trend cannot be displayed; indeed,
after foliar treatment with WD, a group of amino acid followed an increase in their

contents: valine (+187.5%), isoleucine (+168.8%), tyrosine (+136.8%), aspartic acid
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(+105.8%), alanine (+96%), glutamic acid (+55.2%), leucine (+46.2%), threonine (+40%),
serine (+35%), and proline (+18.2%); in contrast, another group followed a decrease in their
contents: lysine (-3.4%), phenylalanine (-10.5%), and methionine (-13.7%) (Fig. 1).

The content of 7 out of 9 mineral elements was similar in seeds from WD-treated and
control plants, while a significant reduction was observed for K (-11.3%) and Mg (-14.1%)

in seeds from WD-treated plants (Tab. 3).

Table 1. Plant height and biomass, number of pods, and number, weight, and diameter of seeds in
chickpea plants after foliar application of water (CTRL) or 0.25% (v/v) wood distillate (WD). All
parameters are expressed as mean * standard error. Different letters indicate statistically

significant differences (p < 0.05).

Physiological parameter CTRL WD
Plant height (cm) 66.8+4.4a 71.2+4.4a
Plant biomass (g) 36.4+7.5a 499+17.2a
Number of pods 85.5+18.8a 76.0£13.3a
Number of seeds 74.0+20.3a 80.3+20.5a

Seed diameter (mm) 6.05+0.22 b 6.73+0.19a
Seed weight (mg) 0.18+0.02 b 0.24+0.02 a
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Table 2. Total soluble sugars, starch content, total soluble proteins, vitamin E, total polyphenol

content (TPC), and total antioxidant power (ARA%) in seeds of chickpea plants after foliar

application of water (CTRL) or 0.25% (v/v) wood distillate (WD). All parameters are expressed as

mean + standard error. Different letters indicate statistically significant differences (p < 0.05).

Nutritional parameter CTRL WD
Total soluble sugars (g 100 g) 1.7+0.1a 1.8+0.1a
Starch content (mg g) 18.3+1.10b 26.6+15a
Total soluble proteins (mg g) 144+04b 16.3+0.6a
Vitamin E (mg 100 g*) 6.8+ 0.66 a 6.7+0.5a
TPC (mg g}) 0.55+0.03b 0.64+0.02a
ARA% 39.6+33b 509+*3.2a

Table 3. Content of mineral elements in seeds of chickpea plants after foliar application of water

(CTRL) or 0.25% (v/v) wood distillate (WD). All parameters are expressed as mean * standard error.

Different letters indicate statistically significant differences (p < 0.05).

Mineral element (mg kg dw)

CTRL

WD

K

p

S
Mg
Ca
Na
Fe
Zn
Cu

14859 +£139a
5216 +133a
3606 + 166 a
1748 £ 29 a
1096 £ 64 a
128 +8a
75t2a
50t2a
11.7+03a

13182 +300 b
4976 +113 a
3413+ 126 a
1502+42 b
1092 £109 a
138+10a
72t2a
46*+3a
10.8+0.6a
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Figure 1. Content of free amino acids in chickpea seeds. Data are reported as ratios between WD-
treated and control plants. Val = Valine; lle = Isoleucine; Tyr = Tyrosine; Asp = Aspartic Acid; Ala =
Alanine; GIn = Glutamic Acid; Leu = Leucine; Thr = Threonine; Ser = Serine; Pro = Proline; Lys =

Lysine; Phe = Phenylalanine; Met = Methionine.

Val
Ile
Tyr
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Ala
Gln
Leu
Thr
Ser
Pro
Lys
Phe
Met

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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4. Discussion

Our results showed a clear positive effect of WD on the yield and nutritional properties of
chickpea seeds. Consistently, a ca. 10% weight increase has been reported for seeds of
rapeseed (Brassica napus L.) after application of 0.25% WD (Zhu et al. 2021).

Starch is the main energy reserve in plants and one of the most important carbohydrates
in chickpea seeds, being also the major source of dietary energy for humans (Salimath et
al. 2007; Mahadevamma et al. 2004). Plants release starch under adverse events and
accumulate it when the conditions become favourable (Fincher, 1989, Thalmann et al.
2017). In our study, the remarkable increase in starch (+45.9%) in WD-treated plants
suggests a very beneficial effect of WD on chickpea. This result is consistent with the

doubled starch content found in 0.25% and 0.50% WD-treated lettuce plants (Fedeli et al.
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2022). Similarly, also Sun-Ok & Dong-Hoon (2005) reported that WD at concentrations
within 0.5% increased the starch content in the roots of the orchid Neofinetia falcata
Thunb. Nevertheless, studies on the effects of WD on starch accumulation are still limited
and this topic deserves further investigation.

A high starch content in seeds is usually associated with a higher concentration of FAAs
since during seed development sugars are mobilized from the leaves to the seeds, where
sugars will be converted into starch which, in turn, will be converted to FAAs, essential for
protein synthesis (Fait et al. 2006; Weber et al. 2005), thus likely indicating an overall plant
well-being. To the best of our knowledge, this study is the first one documenting an effect
of WD in modulating the content of FAAs. It is well known how WD improves plant
photosynthetic efficiency and chlorophyll content (Fedeli et al. 2022; Vannini et al. 2021),
by positively affecting sugar and FAA content. In our results, the content of some FAAs was
increased sharply, in others increased but only slightly and, in the remaining was reduced
to a short extent with respect to the control. The different trend depends on each amino
acid since everyone plays a specific role in plant physiological activities. For example,
methionine (Met) is the first amino acid for the protein synthesis (Amir et al. 2019) and acts
as a precursor for the synthesis of other amino acids (such as isoleucine, leucine, and valine)
(Matityahu et al. 2013), and of secondary metabolites, specifically antioxidant compounds
(such as glutathione) (Matityahu et al. 2013; Levine et al. 1996). Therefore, a decrease in
Met content could be linked to a differential increase in the content of other FAAs, soluble
protein, and antioxidant power in WD-treated samples. Otherwise, among the FAAs whose
content was increased, valine, isoleucine, and leucine are used as alternative energy
sources by the plant (Binder 2010), thus an increase in their content indicates a successful

plant performance.
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Proteins are a main class of nutrients in chickpea seeds, which usually have a soluble
protein content of 12-13% up to 29%, generally twice and even thrice than in cereals
(Salimath et al. 2007). In our study, the treatment with WD increased the total content of
soluble proteins by 12.9%. Similar effects were also reported for tobacco (Nicotiana
tabacum L.) leaves and rapeseed seeds treated with 0.25%-0.3% WD (Mao et al. 2019; Zhu
et al. 2021). Since the consumption of legume proteins is an effective and sustainable
alternative to those of animal origin, boosting the protein content of legumes could help
to feed an exponentially growing population, compensating for the forecasted shortage of
animal proteins, (Smiglak-Krajewska & Wojciechowska-Solis, 2021), and alleviating the
problem of human famine and malnutrition (Maphosa et al. 2017). At the same time, since
legume production has a low environmental impact, allocating agricultural land to the
cultivation of legumes rather than to animal breeding would reduce water consumption,
greenhouse gas emissions, and preserve soil health and quality (Szczebyto et al. 2020;
McDermott et al. 2017; Aleksandrowicz et al. 2016).

There is evidence that an increased antioxidant activity is directly correlated with an
increase in TPC (Chedea & Pop, 2019). Indeed, polyphenols are biologically active
substances, commonly contained in bio-based products, with anti-inflammatory and
antioxidant properties (Han et al. 2007). Our chickpea plants treated with WD produced
seeds with a higher TPC (+16.4%) and ARA% (+28.4%) compared to the controls. Studies
concerning the effects of WD on these two parameters in plants are scanty. Benzon et al.
(2016) showed that applications of WD at concentrations 0.2% and 0.4% to tomato plants
increased TPCin fruits, while only 0.4% WD increased ARA%. Karlund et al. (2014) evaluated
the effect of WD on strawberry (Fragaria x ananassa), but, in this case, it was not found an

increase in TPC in fruits, except for chlorogenic acid, whose level doubled compared to the
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control. Nevertheless, TPC levels found in our control and treated seeds are consistent with
those reported for several varieties of chickpea (Segev et al. 2010; Salgado et al. 2001). The
increase in antioxidant power observed in WD-treated samples may be related to an effect
stimulatory on plants induced by WD treatment, known as eustress. Indeed, it is known as
common horticultural practice the application of natural, chemical, and physical agents for
increasing the quality of plant species (Marchica et al. 2021), since the defence mechanisms
are induced and thus the antioxidant compounds’ production is enhanced (Baenas et al.
2014). Recently, Vannini et al. (2022), demonstrated how foliar application of 0.2% WD can
also protect lettuce plants exposed to concentrations of 60 ppb of O3, by increasing the
antioxidant power and caffeic acid and quercetin contents in WD-treated compared to
control plants. Further studies will be required for confirming the possible role of WD as an
eustressor, as some studies are demonstrating an increase in the content of antioxidant
machinery due to WD application on plants (Benzon et al. 2016; Karlund et al. 2014).

Overall, the foliar treatment with WD did not cause any change in the mineral composition
of chickpea seeds, and only K and Mg contents showed a significant reduction. A reduction
of K and Mg in plants is often associated with Na excess and salinity (Renault et al. 1999),
and there is evidence that the content of sugar and starch decreased significantly during K
and Mg deficiencies (Koch et al. 2019). Since the Na concentration of the pure WD used in
this study is 0.33 g/L (unpublished data), which is below the 0.5 g/L "no risk" limit set by
FAO (Brouwer et al. 1985) for irrigation water, since sugars were not reduced while starch
was increased in seeds from treated plants, and since the concentrations of Kand Mg found
in our samples fall in the ranges reported in the literature for chickpea seeds, 8160-15800

mg kg for Kand 1525-1902 mg kg for Mg (Wang & Daun, 2004, Ray et al. 2014). However,
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recently, the application of 1% WD showed to significantly reduce the concentration of K
at leaf level, but not at root and stem levels of citrus rootstocks (Najafi-Ghiri et al. 2022).

Although not statistically significant, plant biomass also increased (+37%) following the
application of 0.25% WD. This trend is consistent with the results reported in the literature
for several crop plants: lettuce (Lactuca sativa L.) +39% (Vannini et al. 2021), +49% (Fedeli
et al. 2022), +42% (Mu et al. 2006), tomato (Solanum lycopersicum L.) +27%

(Mungkunkamchao et al. 2013), rice (Orzya sativa L.) +30% (Berahim et al. 2014).

5. Conclusions

Collectively, the present study clearly evidenced the beneficial effect of WD application on
physiological aspects of chickpea plants. Specifically, plants treated with foliar applications
of 0.25% WD increased the yield parameters (seed weight and diameter) and nutritional
properties (content of starch, soluble protein, TPC, and total antioxidant power). In
addition, all FAAs analyzed showed an increase in their content except for lysine,
phenylalanine, and methionine. Finally, WD treatment did not affect the content of mineral
elements, except for K and Mg whose content was reduced. Being chickpea seeds an
excellent source of proteins, carbohydrates, and minerals, they provide an effective and
sustainable alternative to animal consumption for human nutrition. The application of this
eco-safe, bio-based product in agriculture can thus potentially contribute to the
achievement of United Nations sustainable development goals (SDGs) related to food
security, ending world hunger, promoting sustainable agriculture and counteracting

climate change.
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Thesis Discussion

CHAPTERS 1 and 2

Various approaches have been suggested for remediating contamination from petroleum
and its derivatives, such as the use of surfactants and microbial activities (Liu et al. 2021,
Huang et al. 2019). Recently, Saeed et al. (2021) have investigated the use of biochar as an
eco-friendly product for the bioremediation of diesel-contaminated soils for the first time.
Due to its ability to reduce the uptake of organic and inorganic contaminants by plants in
polluted soils (Lu et al. 2015; Oliveira et al. 2017; Vannini et al. 2021), biochar can be
effectively used for the bioremediation of soils contaminated by petroleum and fuels,
though there is currently a lack of information on this aspect. It is widely reported in the
literature (e.g., Blanco-Canqui, 2019; Laird et al. 2010) that biochar has a high water
retention capacity, so maintaining constant water content across treatments was
necessary to avoid introducing an additional variable that could influence the results.

Obviously, in real field conditions, it is impossible to keep soils at a constant water content.

There is a significant gap in the scientific literature regarding the effects of biochar on plant
growth in soils contaminated by petroleum and its derivatives. Our findings are consistent
with those of Saeed et al. (2021), who investigated the use of biochar for the
bioremediation of diesel-contaminated soils in a pot experiment with the addition of 10%
and 15% diesel fuel into the soil, with and without the addition of 1% (w/w) biochar.
Overall, a positive effect was observed in plants grown with biochar, particularly in terms
of fresh weight, at both 10% (+25.5) and 15% (18.2%) diesel concentrations. Additionally,
chlorophyll content increased at all diesel concentrations in the soil, with an average

increase of about 10% (Saeed et al. 2021). There is also evidence that the addition of
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biochar significantly increased the antioxidant content in plants, as well as several other
parameters, such as proline, total amino acids, soluble sugars, and total proteins

(Chakravarty and Deka 2021).

Biochar played a crucial role in reducing oxidative stress in oat plants. For both parameters
analyzed, MDA and proline, a reduction to levels greater than 2% of crude oil was observed
for almost all levels of biochar tested. Under stress conditions, plant cells experience
damage to plasma membranes due to the formation of reactive oxygen species (ROS) and
the breakdown of metabolic processes (Sharma et al. 2012). Malondialdehyde is known to
be one of the main markers of oxidative damage to cell membrane lipids (Catyniuk et al.
2016). Its accumulation can impair membrane functionality, affecting substance transport,
ion balance, and the cell's ability to maintain homeostasis (Morales and Munné-Bosch,
2019). Similarly, proline acts as an osmotic stress protectant in response to environmental
stress (Bashir, 2014). Under stress conditions, proline plays an important role in stabilizing
cell membranes and other cellular structures by synthesizing ROS (Hossain et al. 2014). Our
results are consistent with some studies in the literature, reporting that the addition of
biochar is beneficial for plant growth in the presence of petroleum derivatives. However,
unlike the only study available on this topic (to the best of our knowledge), our results have
shown a reduction in oxidative stress in plants, whereas Saeed et al. (2021), who evaluated
the effect of adding 1% biochar to soil at different levels of diesel contamination (10% and
15%) on the growth of maize plants, reported an increase in oxidative stress in the leaves.
These results highlight the possible implication of a dose-dependent response of biochar,
as in our study, higher concentrations were tested, which resulted in a significant reduction

in oxidative stress caused by crude oil.
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CHAPTERS 3,4, and 5

Wood distillate is widely acknowledged for its biostimulant properties in agriculture,
enhancing plant growth, yield, and quality through various application methods including
foliar spray, soil drench, or hydroponic nutrient solutions. This natural product contains a
wide array of organic and inorganic compounds such as polyphenols, tannins, and alcohols,
which play pivotal roles in stimulating plant metabolism and enhancing resilience to
environmental stressors (Wei et al. 2010; Benzon et al. 2016). Studies have shown that WD
applications at concentrations typically ranging from 0.2% to 0.5% can significantly improve
chlorophyll content, photosynthetic efficiency, biomass production, and nutritional
attributes across various crops (Vannini et al. 2021; Fedeli et al. 2022).

This research provides further insights into the dose-dependent effects of WD on the
growth of plants grown in both soil and hydroponics, focusing on CHAPTERS 3 and 4 on
lettuce plants and CHAPTER 5 on chickpea plants, evaluating in all the cases the yield and
the nutritional properties of the crop investigated.

Specifically, in CHAPTER 3, the foliar application of 0.25% WD yielded the most beneficial
effects on lettuce grown in soil, consistent with findings by Vannini et al. (2021). This
treatment notably increased chlorophyll, starch, soluble sugars, and biomass. Previous
studies have also reported elevated levels of soluble sugars in various crops following WD
application, such as sweet pepper (Cheon-Soon et al. 2006), tomato (Zhou et al. 2011), and
eggplant (Zhou et al. 2013).

In CHAPTER 4, a dose-dependent response of WD in hydroponic systems was observed on
lettuce plants, where a 0.2% concentration enhanced plant growth while 0.5% exhibited

negative effects on development (Chen et al. 2016). This underscores that adding WD to
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nutrient solutions can improve not just plant growth, but also crop quality. Significant
enhancements in fresh weight and root development were specifically noted, crucial for
efficient nutrient uptake in hydroponic setups (Lobanov et al. 2021). Moreover, the plants
grown in the presence of 0.2%WD showed an overall rise in both TPC and TFC in roots and
leaves. To the best of our knowledge, this is the first report regarding the impact of WD on
these two parameters in hydroponically grown plants.

Finally, CHAPTER 5 explored the effects of WD on chickpea plants and seeds, suggesting
positive impacts on seed yield and nutritional properties, including an increase in starch,
and total soluble protein content. Similar benefits have been observed in other crops such
as rapeseed and tobacco (Mao et al. 2019; Zhu et al. 2021). Furthermore, WD appears to
enhance antioxidant activity, polyphenol, and flavonoid content in seeds, all critical factors
for plant health and resilience (Baenas et al. 2014; Karlund et al. 2014). Our findings
indicated that the treatment with WD significantly increased the content of certain free
amino acids (FAAs), while the effect on others was less pronounced. Conversely, some FAAs
showed slight reductions. These varying trends are likely influenced by the specific roles
that each amino acid plays in the physiological processes of plants. The foliar application of
WD did not alter the mineral composition of chickpea seeds, except for notable reductions

in the levels of K and Mg.
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Thesis Conclusion

Biochar appears as a type of vegetal charcoal, with a highly porous structure that gives it a
great capacity to retain water and nutrients. This makes it useful in agriculture to enhance
soil fertility and its ability to retain moisture. Additionally, biochar is considered an
important strategy for carbon storage, and also used for the remediation of contaminated
soils. Soil contamination with petroleum and its derivatives, like gasoline, adversely affects
oat plant growth, photosynthesis, and oxidative balance. However, the research of this
doctoral thesis provides the first evidence that biochar offers a promising solution to
mitigate these harmful effects of petroleum and gasoline contamination by enhancing

plant growth and reducing oxidative stress in plants.

Differently, WD serves as a versatile biostimulant in agriculture, providing substantial
benefits to plant growth, yield, and quality through various application methods such as
foliar spray, soil drench, and hydroponic solutions. WD's complex composition, which
includes polyphenols, tannins, and alcohols, plays a pivotal role in stimulating plant
metabolism and enhancing resilience to environmental stressors. The research of this
doctoral thesis supports that WD applications within concentrations ranging from 0.2% to
0.5% consistently enhance chlorophyll content, photosynthetic efficiency, biomass
production, and nutritional attributes across diverse crop species, in both traditional (soil)

and innovative (hydroponic) cultivation methods.
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