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A B S T R A C T   

Increasingly severe drought driven by climate change is harming crop quality and productivity, making it crucial 
to find nature-based solutions like wood distillate (WD) to aid crops withstand these stressful conditions. This 
study investigated the effects of WD application on the growth and stress responses of lettuce (Lactuca sativa L.) 
under drought conditions. The experiment included periodic measurements of plant growth-related parameters 
and stress indices to evaluate the effectiveness of WD in mitigating drought-induced damage. The results showed 
a significant increase (13–26 %) in fresh biomass of the aboveground portion of lettuce treated with WD, 
indicating the potential of WD as a biostimulant to promote plant growth. In addition, treatment with WD led to 
a significant increase in total soluble protein content (14–28 %), showing a possible positive effect on protein 
synthesis. The enhancement of anti-radical activity (measured in terms of DPPH) following the application of WD 
up to 42 % reflected the ability of the plant to scavenge harmful reactive oxygen species and alleviate oxidative 
stress. The observed reduction (up to 19 % in comparison with control) in MDA content also confirmed the 
effectiveness of WD in protecting the integrity of plant cell membranes from oxidative damage. Despite the 
beneficial effects on anti-radical activity, the total content of the antioxidant compounds (phenols and flavo
noids) decreased with the use of WD (5–14 %), most likely suggesting complex interactions between WD and the 
biosynthesis of these secondary metabolites. The study showed the positive effect of WD application on the 
growth and stress tolerance of lettuce plants under drought conditions. These results can provide new insights 
into sustainable agricultural practices and the potential application of WD as a nature-based and effective means 
to improve crop productivity, especially in water scarce areas.   

Introduction 

Drought is exerting a profound impact on the physiological well- 
being of plants even in natural ecosystems. This has far-reaching im
plications for ecosystem management and conservation efforts 
(Munné-Bosch and Villadangos, 2023). Alarming trends show that the 
intensity and frequency of drought events have surged in recent decades, 
and climate change continues to exacerbate this trend (Jafari et al., 
2018; Gonźalez-Villagra et al., 2022; Yang et al., 2023a). Climate change 
is exacerbating the risk of expansion in arid and semi-arid zones, leading 
to more rapid and severe drought occurrences (Li et al., 2024). These 
sensitive areas, with fragile ecosystems, are particularly vulnerable to 

the impacts of climate-induced drought (Yang et al., 2023b). 
Such extreme drought events have adverse effects on plant physi

ology and growth, leading to reduced productivity and increased mor
tality (Yang et al., 2023a). In addition, the sensitivity of vegetation to 
soil moisture and drought is generally increasing (Li et al., 2024). Thus, 
it has become crucial to unravel the physiological mechanisms behind 
how plants respond to extreme drought, as this knowledge is paramount 
in predicting plant performance under the looming specter of climate 
change. Therefore, the quest for novel and effective methodologies to 
combat these unfavorable conditions becomes ever more pressing. 
Although water scarcity presents itself as a shared challenge, certain 
regions (especially those in the Mediterranean area in addition to arid 
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and semi-arid areas) exhibit higher susceptibility to drought, therefore, 
the quest for novel and effective solutions to combat these unfavorable 
adverse conditions becomes ever more pressing. In this context, the 
utilization of eco-friendly processes, providing renewable energy and 
green products, and the adoption of sustainable practices in agriculture 
have attracted substantial global attention (Cândido et al., 2023). One 
such promising nature-based solution is wood distillate (WD), 
commonly known also as wood vinegar or pyroligneous acid. 

Wood distillate, a by-product of woody biomass pyrolysis for green 
energy production, boasts a diverse composition, encompassing organic 
acids, aldehydes, ketones, phenols, and furans (Zhang et al., 2020). 
While the chemical composition of WD mainly depends on the heating 
rate, temperature, and raw materials (Wang et al., 2019), the intricate 
richness in WD composition has opened possibilities for its application 
in various sectors, particularly in agriculture, where it serves as a sus
tainable additive and alternative to conventional synthetic agrochemi
cals, such as pesticides and fertilizers (Tiilikkala et al., 2011). The 
natural acidity of WD can help balance soil pH, prevent ammonium loss, 
reduce N2O and CH4 emissions, enhance nutrient availability, and 
change the composition of soil microbes (Lee et al., 2021; Yuan et al., 
2022). Wood distillate gained more attention recently in different sec
tors such as in reducing water pollution, mitigating soil contamination, 
promoting environmental sustainability, and food and health industries 
(Mhamdi, 2023). Although its relative high application cost is a limi
tation to use it in agriculture, increasing biochar production with 
developed technologies and expansion of the use will make it more 
accessible and cost-effective (Liu et al., 2021). The wood distillate 
market is expected to reach USD 80 million by 2030, with a compound 
annual growth rate (CAGR) of 6.80 %, starting at USD 53.4 million in 
2023 (Singh, 2024). 

Previous research has demonstrated numerous agricultural benefits 
from WD application, with notable effects including heightened crop 
productivity, stimulated nutrient uptake, and enhanced photosynthetic 
rates (Aremu et al., 2012; Grewal et al., 2018; Jamil et al., 2014; Zhu 
et al., 2021; Vannini et al., 2022; Ofoe et al., 2022). The versatile 
application of WD can span from seeds immersion to leaf spraying, soil 
spraying, and drip methods such as fertigation (Cândido et al., 2023). 
These studies have predominantly focused on assessing the final effect of 
WD at the later stages of experimentation, with less emphasis on 
monitoring changes over time in measured parameters. Consequently, 
an important research gap lies in understanding the effect of WD on 
plant drought tolerance, which warrants a more comprehensive 
investigation. 

In this study, we have selected lettuce (Lactuca sativa L.) as model 
plant species due to its global significance as one of the most widely 
cultivated leafy vegetables (Cassetari, 2010). Additionally, lettuce is an 
ideal candidate for studying the effect of WD under varying drought 
conditions since it exhibits sensitivity to drought stress (Sorrentino et al., 
2020) and needs ample water and nutrient supply to growth, especially 
in warmer conditions (Dilbar et al., 2021). The aim of the study is to 
examine the effects of WD application at various time points on lettuce 
(Lactuca sativa L.) performance and growth under different drought 
stress scenarios. 

Material and methods 

Wood distillate 

The WD used in this study was provided by BioDea® (Arezzo, Italy) 
and derived from the steam distillation of sweet chestnut (Castanea 
sativa Mill.) sap. The WD exhibited the following characteristics: pH of 
3.5 – 4.5, density of 1.05 kg L − 1, acetic acid content of 2 – 2.3 %, 
polyphenol content of 23 – 26 g L − 1, and <1 mg L − 1 of potentially toxic 
elements. The element concentration in pure WD determined by atomic 
absorption spectroscopy was as follows: Fe 3.2 ± 0.05 mg L − 1, Na 4.9 ±
0.4 mg L − 1, K 32.9 ± 0.6 mg L − 1, Ca 944.2 ± 5.3 mg L − 1, Zn 3.6 ± 0.1 

mg L − 1, and Mg 16.0 ± 1.0 mg L − 1 (Carril et al., 2023). 

Plant growth and treatments 

Lettuce (Lactuca sativa L., cv. Ranger) seedlings of uniform size, were 
sourced from a local nursery and transplanted individually into black 
plastic pots, each containing 140 g of a commercial growing medium 
(VigorPlant Italia srl). 

The experimental growth design consisted of two main treatments, 
namely control (C, only water) and WD application. Each main condi
tion was subjected to three different drought levels: no stress (NS, irri
gation at 70 % of water holding capacity - WHC), moderate stress (MS, 
irrigation at 50 % of WHC), and high stress (HS, irrigation at 30 % of 
WHC), as shown in Fig. 1. Seedlings were cultivated in a climate 
chamber under controlled conditions, with a photoperiod of 16/8 h 
(day/night), temperatures of 24/20 ◦C (day/night), a photosynthetically 
active radiation (PAR) light intensity of 250 μmol m − 2 s − 1, and a 
relative humidity of 70 %. 

Pots were initially irrigated at 70 % of WHC with either water or 0.5 
% (v/v) WD, depending on the treatment. Wood distillate was applied 
fertigating soil once per week, instead of regular irrigation, for four 
weeks. The desired concentration of WD was chosen based on the results 
of Ofoe et al. (2022) and Celletti et al. (2023a) showing WD efficiency on 
plant growth by fertirigation. Throughout the experimental growth 
period (lasted four weeks), the soil moisture was maintained by daily 
weighing each pot and adjusting water additions to the desired stress 
conditions. The drought stress was initiated 15 days after transplanting, 
and subsequent sampling and analyses were performed at specific time 
intervals: first harvest (T1) at the beginning of the imposition of drought 
stress (15 days after transplanting - DAT), second harvest (T2) after one 
week of stress (22 DAT), and third harvest (T3) after two weeks of stress 
(30 DAT). 

Growth and physiological analyses 

Leaf chlorophyll content was measured using a non-destructive 
portable chlorophyll content meter (CCM, model 300, Opti-Science 
Inc., Hudson, NH, USA), and expressed on a surface basis (mg.m − 2). 
Twelve measurements were randomly taken on the three youngest fully 
expanded leaves (four measurements per leaf) and averaged for each 
plant. The fresh biomass of lettuce leaves was weighed and immediately 
frozen at − 20 ◦C until further analyses. 

Biochemical analyses 

The total content of soluble proteins was determined in lettuce leaf 
extracts using the Bradford method (Bradford, 1976), with bovine serum 
albumin as standard. The extracts were obtained following the method 
reported by Celletti et al. (2023b). The absorbances of samples were 
read at 595 nm using a UV–Vis spectrophotometer (8453, Agilent, Santa 
Clara, CA, USA). 

Anti-radical activity (ARA) in lettuce leaves indicative of total anti
oxidant power, was spectrophotometrically measured at 517 nm via 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) assay according to Fedeli et al. 
(2023). 

Lipid peroxidation level was estimated as malondialdehyde (MDA) 
content, a biomarker of cell membrane oxidative damage, according to 
Zhang et al. (2021). The absorbance was measured in the leaf super
natants at 450, 532 and 600 nm using a UV–Vis spectrophotometer 
(8453, Agilent, Santa Clara, CA, USA). 

The contents of total phenolics (TPC) and flavonoids (TFC) were 
determined in the extracts of lettuce leaves, previously dried in the dark, 
according to Borella et al. (2023). TPC and TFC were quantified with the 
Folin-Ciocalteu method (Al-Duais et al., 2009) and an aluminum chlo
ride colorimetric method (Chang et al., 2002), respectively. Absorbances 
of the samples were read at 760 and 415 nm, respectively, using a 
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UV–Vis spectrophotometer (8453, Agilent, Santa Clara, CA, USA). 

Statistical analysis 

To assess the significance of differences between drought conditions 
in the WD treatment and corresponding conditions in the C treatment at 
each harvest time, a paired student’s t-test for normally distributed data 
and Wilcoxon’s test for non-normally distributed data were performed. 
Normality of the data was verified with the Shapiro-Wilk test. LSD-test 

(Least significant difference) and Kruskal-Wallis’s along with Conover- 
Iman tests were used as a post-hoc test for the one-way analysis of 
variance (ANOVA) between different treatments in each harvest time for 
normally and non-normally distributed data, respectively. Additionally, 
a three-way analysis of variance (3-way ANOVA) was conducted to 
explore the relationships between multiple variables (treatment, 
drought, and time). Pearson correlation coefficient analysis was also 
performed to test correlation between different measured parameters. 
Statistical analyses and heatmap illustrations were performed using the 

Fig. 1. Experimental growth scheme, showing WD application, different drought levels and sampling/analyses times. (created by Biorender.com).  

Fig. 2. Relative change (%) of growth parameters in WD treatment in comparison with C treatment. * = significant (p < 0.05) difference between WD treatments 
with the same control treatments in terms of time and drought conditions. NS= no stress, MS= moderate stress, and HS= high stress. Line “0″ is considered as control 
treatment. Error bars showed standard errors for replicates of each treatment. 
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dplyr, agricolae, vegan, ggplot2, fmsb, outliers, plotly and corrplot 
packages of the R statistical software (R Core Team, 2023). A p-value <
0.05 was considered statistically significant. 

Results 

Growth and biochemical parameters 

In general, the results of the experiment revealed that wood distillate 
(WD) application significantly increased biomass and anti-radical ac
tivity while mitigating biomass loss and malondialdehyde (MDA) con
tent under high drought stressful conditions. The results of the 
experiment, as depicted in Figs. 2-4, reveal the dynamics of fresh 
biomass in the aerial part of lettuce plants over time (Fig. S.1). Notably, 
the application of WD under different stressful conditions led to a sig
nificant increase in biomass compared to the control (C) (Fig. 2.a). 
Particularly promising was the observation that WD application miti
gated biomass loss under high stressful conditions (WD-HS-T3). 

The total soluble protein content exhibited a similar increasing trend 
in both WD and C treatments, with a significant rise observed at the end 
of the experiment (Fig. 2.b). However, it is noteworthy that the total 
soluble protein content increased over time but decreased with the in
tensity of drought stress (Fig. S.1). 

In terms of total chlorophyll content, while results showed a slight 
increase in WD-treated plants in no stress conditions, no significant 
change was observed in the WD-treated plants compared to the control 
under stressful conditions (Figs. 2.c, 4 and S.1). 

The stress indices obtained from the experiment are presented in 
Figs. 3 and 4, and they reveal interesting insights into the effects of WD 
application on various stress-related parameters. 

The anti-radical activity, expressed as ARA (%), displayed a signifi
cant increase in WD-treated plants (Fig. 3.a). Moreover, the difference 
between WD-treated and control plants became more pronounced with 
increasing drought stress intensity. Similar to total soluble protein 
content, anti-radical activity exhibited an increasing trend over time and 
decreased with the severity of drought stress (Fig. S.1). 

The content of malondialdehyde (MDA) was significantly reduced at 

the end of the experiment by WD application (Fig. 3.b). Notably, the 
differences between WD treatments and their respective control became 
more apparent in the later stages of the experiment, while no significant 
differences were observed in the first two harvests (T1 and T2). Addi
tionally, MDA content showed no significant difference between treat
ments without drought stress. One the other hand, total phenol and 
flavonoid contents displayed a significant decrease in WD-treated plants 
(Figs. 3.c, 3.d). However, both these compounds increased over time and 
with increasing drought intensity (Fig. S.1). 

Overall, the results indicated that WD application influenced growth 
parameters positively, leading to increased biomass and enhanced anti- 
radical activity; moreover, WD application mitigated the adverse effects 
of drought stress, as evidenced by the reduced levels of MDA content 
(Fig. 4). In addition, the same trend as MDA has been observed in total 
phenol and flavonoid contents. 

Interactions of treatment, time, and drought conditions 

The results of the 3-way ANOVA analysis highlighted significant 
effects of various factors on the investigated parameters (Tab. S.1 and 
Fig. 5). The WD treatment showed a substantial influence on most pa
rameters, including fresh weight, protein content, DPPH, MDA, TPC, and 
TFC. Drought stress also exhibited a considerable impact on the plant 
responses, significantly affecting all parameters. On the other hand, time 
also played a critical role, showing significant effects on all analyzed 
parameters. The interactions among these factors further shape the plant 
responses. The interaction between treatment and drought significantly 
affected DPPH and TFC. The interaction between treatment and time 
significantly influenced DPPH and TPC. In addition, the interaction 
between time and drought significantly affected chlorophyll, proteins, 
DPPH, MDA, TPC and TFC. It is evident that the experimental conditions 
had a profound impact on the physiology, biochemistry, and antioxidant 
activity of lettuce plants. Furthermore, the results of Pearson correlation 
analysis between the investigated parameters (Fig. S.2) indicated a 
positive correlation between fresh weight and protein content and 
DPPH, as well as a negative correlation of DPPH with MDA, TPC and 
TFC. 

Fig. 3. Relative change (%) of stress indices in WD treatment in comparison with C treatment. * = significant (p < 0.05) difference between WD treatments with the 
same control treatments in terms of time and drought conditions. NS= no stress, MS= moderate stress, and HS= high stress. Line “0″ is considered as control 
treatment. Error bars showed standard errors for replicates of each treatment. 
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Fig. 4. Heatmap of the change percentage in different time and drought conditions in WD treatments in comparison with control treatment. FW= fresh weight, Pro=
Protein, CC= chlorophyll, DPPH = anti-radical activity, MDA= malondialdehyde, TPC= total phenol content, and TFC= total flavonoid content. NS= no stress, MS=
moderate stress, and HS= high stress. Green color showed increase and red color showed decrease of WD-treated plants in comparison with control. Intensity of the 
color showed the amount of difference. 

Fig. 5. Heatmap of p-values for 3-Way ANOVA in interactions of treatment, time, and drought conditions. FW= fresh weight, Pro= Protein, CC= chlorophyll, DPPH 
= anti-radical activity, MDA= malondialdehyde, TPC= total phenol content, and TFC= total flavonoid content. * = significant (p < 0.05) difference in interactions of 
different conditions. 
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Discussion 

The observed results can be explained by understanding the potential 
mechanisms and physiological responses of lettuce plants to WD appli
cation under drought stress conditions. In the following, there are some 
possible reasons for the observed outcomes. 

Physiological and biochemical parameters 

The negative effects of drought stress on both wild and cultivated 
plants are widely documented in the literature (e.g., Griesser et al., 
2015; Dehghani Bidgoli et al., 2018; Liu et al., 2023; Yavuz et al., 2023). 
According to the present results, drought stress decreased the biomass 
production of lettuce, while WD application determined a significant 
increase in plant growth. Several studies mentioned and confirmed the 
positive effects of WD application on plant growth and biomass pro
duction (Wang et al., 2019; Vannini et al., 2022; Jindo et al., 2022; 
Fedeli et al., 2022; Celletti et al., 2023a). WD contains a wide array of 
organic compounds, such as organic acids, phenols, and plant growth 
regulators (Wei et al., 2010). These compounds might act as bio
stimulants, enhancing nutrient uptake, and promoting cell division and 
elongation, resulting in increased biomass even under drought stress 
conditions. In addition, WD may trigger stress-related signaling path
ways in plants (Xia et al., 2015), leading to the activation of stress 
tolerance mechanisms, such as the production of osmoprotectants, an
tioxidants, and heat shock proteins. These mechanisms can help the 
plant to cope with drought-induced oxidative damage and maintain 
better growth. 

The significant increase in fresh biomass of the aerial part of lettuce 
plants with WD application, particularly under drought stress condi
tions, highlights the potential of WD as a biostimulant for enhancing 
lettuce growth. The observed prevention of biomass loss in WD treat
ment under high stress compared to the control without drought stress 
(WD-HS-T3 vs. C–NS-T3) indicated that WD might play a crucial role in 
mitigating the adverse effects of water scarcity on plant development. 
This finding suggests that WD could be an effective tool to improve crop 
productivity in regions vulnerable to drought, especially arid and semi- 
arid regions. 

Proteins play vital roles in various physiological processes, including 
cell structure, enzymatic activities, and stress response (Chi et al., 2019). 
WD might stimulate the expression of genes involved in protein syn
thesis and increase the availability of amino acids, leading to enhanced 
protein production in plants (Fačkovcová et al., 2020). In addition, 
antioxidant properties of WD may reduce oxidative damage to proteins, 
preserving their structure and functionality, and consequently 
increasing the total soluble protein content, as observed in this study. 
The significant increase in total soluble protein content with WD 
application supports the idea that WD acts as a growth promoter and 
aids in the accumulation of essential plant proteins. The improvement in 
total soluble protein content with WD treatment further underlines its 
potential as a beneficial biostimulant to enhance crop performance. 
Similar results are reported by Zhu et al. (2021), Celletti et al. (2023a), 
and Ofoe et al. (2023), who studied the effects of WD on rapeseed, basil, 
and tomato, respectively, reporting that WD application increased the 
protein content. 

While WD showed positive effects on other growth parameters, its 
impact on chlorophyll content, if any, was minimal, possibly due to the 
specific nature of the drought stress applied in the experiment, fertirri
gation application of WD or the specific interactions between WD and 
the chlorophyll biosynthesis pathways. On the other hand, plant efforts 
to deal with stressful conditions can lead to increased chlorophyll con
centrations in the lettuce leaves under the drought stress (Urban et al., 
2017; Ofoe et al., 2022). Although, a lot of studies showed the positive 
impact of WD (mostly foliar) application on chlorophyll content (e.g., 
Vanini et al., 2022; Fedeli et al., 2022), but there was no significant 
difference between WD and related control conditions for chlorophyll 

content in this study. The same results are observed by Becagli et al. 
(2022), Ofoe et al. (2022), and Celletti et al. (2023a) that WD applica
tion as fertirrigation has no significant impact on the chlorophyll con
centration in beans cultivated in open field, and in tomato and basil 
plants cultivated under controlled conditions, respectively. 

WD likely contains compounds with strong antioxidant properties 
(Mathew et al., 2015), such as phenols and other bioactive molecules 
(Rabiu et al., 2021). These antioxidants can scavenge free radicals and 
reactive oxygen species (ROS) (Grewal et al., 2018), reducing oxidative 
stress and enhancing the overall antioxidant capacity of the plant. 
Drought stress is known to increase the production of ROS, leading to 
plant cell membrane oxidative damage (Miller et al., 2010). WD appli
cation might help neutralize these ROS, thereby preventing cellular 
damage (Loo et al., 2007) and maintaining higher antioxidant activity in 
lettuce plants. The observed increase in anti-radical activity, as 
measured by ARA (%), with WD application indicates that WD has 
strong antioxidant properties. This property can scavenge harmful free 
radicals and ROS, reducing oxidative stress in lettuce plants exposed to 
drought stress conditions. These results are in line with those obtained 
by Kang et al. (2012) on rice, Vannini et al. (2022) on lettuce, Ofoe et al. 
(2023) on tomato, and Celletti et al. (2023a) on basil. The cumulative 
effect of WD on antioxidant activity over time and under drought stress 
intensity suggests a consistent positive response, making it a promising 
natural solution to combat oxidative stress-induced damage in crops. 

Malondialdehyde is a by-product of cell membrane lipid peroxida
tion, which occurs due to oxidative stress (Giera et al., 2012). The 
observed decrease in MDA content in WD treatments suggested that WD 
may have suppressed lipid peroxidation and thus cell membrane damage 
(Mahmud et al., 2020), possibly due to its antioxidant properties. WD 
may also activate specific enzymatic pathways that scavenge lipid per
oxides and protect cellular membranes from oxidative destruction 
(Mathew et al., 2015). Under stressful conditions, such as drought, plant 
cells will generate excessive free radicals through various ways, which 
can trigger membrane lipid peroxidation and damage the membrane 
system (Bolwell and Wojtaszek, 1997). The main reaction is by ROS 
promoting the peroxidation of unsaturated fatty acids in membrane 
lipids to produce MDA (Chen et al., 2020). MDA content increased by 
drought stress and over time (Hosseini et al., 2018). Fan et al. (2022) 
documented a similar MDA increase in tomato under drought stress. On 
the other hand, Chen et al. (2020) showed a decrease in MDA content by 
WD application in grapevine. As well, Wang et al. (2019) expressed that 
WD application can decrease H2O2 and MDA content in wheat under 
drought stress. Increasing drought stress causes a steady increase in 
MDA content (Zuo et al., 2013). The significant decrease in MDA content 
with WD application, particularly at the end of the experiment, high
lights the ability of WD to mitigate lipid peroxidation and oxidative 
stress under drought conditions. The reduced MDA content suggests that 
WD application may effectively protect cellular membranes from 
oxidative damage, further contributing to improved plant health and 
stress tolerance. 

Although drought stress caused a significant increase in TPC and TFC 
(Shang et al., 2002; Yang et al., 2018; Dehghani Bidgoli et al., 2019), the 
observed decrease in TPC and TFC with WD treatment indicates a 
complex response. While WD positively influences antioxidant activity, 
the reduction in these secondary metabolites may suggest their 
involvement in other metabolic processes triggered by WD application. 
Further research is needed to understand the intricate interactions be
tween WD and the biosynthesis pathways of these compounds. Never
theless, there are some studies indicating a reduction in TPC and TFC in 
plant tissues when macro- and micronutrient availability is high (Ibra
him et al., 2010; Bustamante et al., 2020). The decrease in total phenolic 
and flavonoid contents in WD treatments could be due to the altered 
metabolic pathways induced by WD. Some phenolics and flavonoids 
might be utilized in other physiological processes operated by WD, 
leading to lower accumulations in leaves. In addition, there is another 
possible hypothesis: since WD is rich in phenols and flavonoids and these 
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compounds could be absorbed by the plant, it did not need to produce 
these compounds to deal with the stressful conditions. Although this 
issue is not yet fully investigated, Ofoe et al. (2022) found similar re
ductions in TPC and TFC of tomato following 0.5 % WD application. 

It is important to note that the exact mechanisms underlying the 
observed results may be complex and multifaceted. Plant responses to 
WD application and drought stress can vary depending on plant species, 
the concentration of WD used, and the severity of drought stress applied. 
Further research and analysis are thus necessary to delve deeper into the 
specific molecular pathways and mechanisms responsible for these 
outcomes. 

Interaction of treatment, time and drought conditions 

The results of the 3-way ANOVA analysis provide valuable insights 
into the impact of different experimental conditions on plant-related 
parameters. The treatments applied to the plants significantly affected 
various aspects, including fresh weight, protein content, antioxidant 
activity (DPPH), and the production of phenolic and flavonoid com
pounds. These findings suggest that specific treatments can influence 
plant growth, protein synthesis, and antioxidant defenses, leading to 
potential health benefits through enriched bioactive compounds, as 
mentioned by López-Galiano et al. (2019) and Seleiman et al. (2021). 

Drought stress emerges as a prominent factor affecting plant 
response, as it significantly impacted most analyzed parameters, indi
cating hampered growth, increased protein content, and enhanced 
antioxidant activity under water-limited conditions (Kapoor et al., 
2020). Moreover, the time factor also played a critical role (Vice
nte-Serrano et al., 2012), showing significant effects on all parameters 
studied. The observed variations over time reflect the dynamic nature of 
plant responses during the different stages of the experiment. Addi
tionally, the interactions between treatment, drought stress, and time 
further shape the plant behavior, underscoring the complexity of their 
interactions. The similar results are observed by Jurado-Mañogil et al. 
(2024) studying hormonal, enzymatic and osmoregulatory response to 
drought in Prunus species over the time. Understanding these intricate 
relationships can aid in devising targeted approaches to optimize plant 
growth, nutrient content, and antioxidant potential, with potential im
plications for agricultural and health-related sectors. However, further 
research is necessary to understand the underlying molecular mecha
nisms behind these observed effects and to generalize the findings across 
different plant species and experimental settings. 

Conclusions 

The outcomes of this study demonstrated that the application of 0.5 
% WD had a significantly positive impact on the growth and stress 
tolerance of lettuce plants exposed to drought conditions. This treatment 
leads to increased fresh biomass, preventing biomass loss in stressed 
plants and showcasing its potential as a stress alleviator with economic 
relevance. 

WD acts as a growth promoter, enhances antioxidant activity, and 
helps mitigate oxidative stress, contributing to improved plant perfor
mance. These findings could have significant implications for sustain
able agriculture by providing a nature-based and effective approach to 
enhance crop productivity and stress tolerance. Future research could 
focus on unraveling the molecular mechanisms behind the effects of WD, 
optimizing application rates, investigating its use on different crop va
rieties, and in field settings, studying its interaction with soil microbiota 
and exploring long-term effects. 

Overall, these findings highlight the potential of WD as a valuable 
biostimulant in sustainable crop management and agriculture in the face 
of an ever-changing climate, particularly in arid, semi-arid or drought- 
prone regions, where it can enhance plant growth and alleviate the 
detrimental effects of drought stress. 
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Munné-Bosch, S., Villadangos, S., 2023. Cheap, cost-effective, and quick stress 
biomarkers for drought stress detection and monitoring in plants. Trends Plant Sci. 
https://doi.org/10.1016/j.tplants.2023.01.004. ISSN 1360-1385.  

Ofoe, R., Qin, D., Gunupuru, L.R., Thomas, R.H., Abbey, L., 2022. Effect of pyroligneous 
acid on the productivity and nutritional quality of greenhouse tomato. Plants 11 
(13), 1650. https://doi.org/10.3390/plants11131650. 

Ofoe R., Mousavi S.M.N., Thomas R.H., Abbey L., 2023. Foliar application of 
pyroligneous acid acts synergistically with fertilizer to improve the productivity and 
phytochemical properties of greenhouse-grown tomato. https://doi.org/10.21203 
/rs.3.rs-2640142/v1 (preprint). 

Rabiu, Z., Hamzah, M.A.A.M., Hasham, R., et al., 2021. Characterization and anti- 
inflammatory properties of fractionated pyroligneous acid from palm kernel shell. 
Environ. Sci. Pollut. Res. 28, 40535–40543. https://doi.org/10.1007/s11356-020- 
09209-x. 

Seleiman, M.F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., 
Dindaroglu, T., Abdul-Wajid, H.H., Battaglia, M.L., 2021. Drought stress impacts on 
plants and different approaches to alleviate its adverse effects. Plants 10, 259. 
https://doi.org/10.3390/plants10020259. 

Shang, X., Wang, Y., Yan, X., 2002. Effect of soil moisture on growth and root-salidroside 
content in Rhodiola sachalinensis. Plant Physiol. Commun. 39, 335–336. https://doi. 
org/10.5555/20043091573. 

Singh, S., 2024. Wood vinegar Market Research Report information by pyrolysis type 
(slow pyrolysis, fast pyrolysis and intermediate pyrolysis), by application 
(agriculture, animal feed, food & beverages, and others), and by region (North 
America, Europe, Asia Pacific, and rest of the world)_ Market forecast till 2030. 
Market Res. Future. ID: MRFR/AGR/5795-HCR.  

Sorrentino, M., Colla, G., Rouphael, Y., Panzarová, K., Trtílek, M., 2020. Lettuce reaction 
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