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Abstract

Pyroligneous acid (PA) is a known biostimulant in agriculture, but its effects on metabolite accumulation in grape berries 
and wine are not well understood. This study investigated the impact of varying PA concentrations (0%, 2%, 4%, 8%, and 
12%) on metabolite profiles in grape wine (Vitis vinifera cv. KWAD7-1). Using a randomized complete block design, PA was 
applied to grape leaves at 14-day intervals. Wine samples were analyzed using NMR spectroscopy, identifying 52 metabolites 
across seven compound groups. The 12% PA treatment resulted in the highest oBrix content: 0.14-fold higher than the control. 
This treatment significantly (p<0.05) altered the concentrations of organic acids, increasing most except for malic and acetic 
acids, which decreased by 0.16-fold and 0.60-fold, respectively. Notably, 12% PA increased total amino acid content by 5.96-
fold compared to the control and enhanced glucose and fructose contents by 0.25- and 1.40-fold, respectively. A 0.53-fold 
increase in myo-inositol was also observed with 12% PA, suggesting potential improvements in nutritional value. Principal 
component analysis revealed distinct metabolic profiles for grapes treated with 12% PA, characterized by elevated levels of 
phenolics, alcohols, volatiles, and carbohydrates. These findings suggest that PA application can be used to manipulate grape 
wine metabolites, potentially enhancing sensory attributes and nutritional value. This study provides insights into the use of 
PA as a tool for modulating wine quality to meet consumer preferences.
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Abbreviations

NOESY: Nuclear Overhauser Effect Spectroscopy; FID: Free 
Induction Decays; PCA: Principal Component Analysis.

Introduction

Wine grape (Vitis vinifera L.) is one of the most important 
economic berry crops in the world. It is used in the food and 
beverage sector to make salads, bakery products, juice, and 

wine Zoffoli J, et al. [1,2]. In Canada, the grape industry is a 
growing sector with a current production area of more than 
13,000 ha in 2021, which generated a total revenue of about 
9 billion Canadian dollars Statistic Canada [3]. Nova Scotia 
is one of the grape-growing and wine-producing provinces 
and is also known for its high-quality wine Diez-Zamudio F, 
et al. [4]. Grape wine quality is significantly influenced by the 
compositions of the primary and secondary metabolites in the 
berries. Like most plants, these metabolites are determined by 
genotypic characteristics, climatic, edaphic and management 
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factors Gutiérrez-Gamboa G, et al. [5]. Metabolites involve a 
diverse range of species-specific compounds that determine 
the flavour and chemical quality of the berry, and fall into 
various phytochemical categories including alkaloids, 
terpenes, tannins, sterols, saponins, and phenolics Zhang 
C, et al. [6,7]. Metabolites such as anthocyanins, stilbene 
(resveratrol), and flavonoids have a significant impact on the 
nutritive value and sensory properties (i.e., colour, taste, and 
aroma) of wines Velić D, et al. [8]. As a result, there has been a 
surge in scientific investigations focused on the development 
of grape production strategies with a specific emphasis on 
enhancing the chemical composition and quality of grape 
berries.

Innovative agronomic strategies to improve grape berry 
yield and quality such as alternate furrow irrigation Du 
TS, et al. [9], multifunctional irrigation system Davide B, et 
al. [10], integrated and organic pest management Perria R, 
et al. [11] and bio-organic fertilization Li X, et al. [12] have 
been reported but not much on biostimulants. The interplay 
between cultivation practices and plant physiological 
responses driven by primary and secondary metabolism 
can influence not only crop yield but also, the chemical 
composition of berries Bredun MA, et al. [13]. Biostimulants 
are substances that have the ability to stimulate physiological 
processes associated with water and nutrient absorption 
and assimilation, abiotic stress tolerance and plant health 
resulting in an overall invigorating effect Perria R, et al. [11]. 
One of such biostimulant is pyroligneous acid (PA).

The application of PA, a natural source of biostimulant has 
become a useful approach for the sustainable management 
of crops, and it is targeted to benefit plant nutrient uptake, 
reduce the application of conventional (inorganic) fertilizers 
and improve crop quality characteristics Grewal A,et al. 
[14,15]. PA, also known as wood vinegar, is a condensed 

smoke obtained from burning organic materials such as 
tree branches, wood chips and other crop residues in the 
absence of oxygen Ofoe R, et al. [14,16]. The benefits of 
PA can be extended beyond enhancing plant growth to the 
management of plant diseases Ratanapisit J, et al. [17,18] due 
to its antimicrobial properties Souza-Silva A, et al. [19,20] 
action as organic fertilizers, and indirect enhancement of soil 
health by improving soil microbial activity [21].

Foliar application of PA was found to improve the growth 
and yield of soybean (Glycine max) Travero JT, et al. [22], 
cucumber (Cucumis sativus), lettuce (Lactuca sativa), cole 
(Brassica oleracea) Jun M, et al. [23] and rockmelon (Cucumis 
melo) Zulkarami B, et al. [24]. Recently, PA has been shown 
to improve nutritive value such as elemental composition, 
total phenolics and flavonoids contents of tomato (Solanum 
lycopersicum) Ofoe R, et al. [25]. This suggests that the 
biostimulatory effect of PA could have a positive impact on the 
chemical composition as well as organoleptic properties of 
fruits including grape berries, which can impact grape wine. 
However, there is limited to no research on PA effect on grape 
berry and wine. Therefore, the present study determined 
the effect of PA on metabolites accumulation in grape wine 
following foliar application of different concentrations of PA.

Materials and Methods

Study Area

The experiment was carried out between May and August 
2021 in Jost Vineyard, Malagash (latitude 45°46’N; longitude 
63°25’W; altitude 45 m above sea-level) in Nova Scotia, 
Canada (Figure 1). The grape (Vitis vinifera cv. KWAD7-1) 
plants were approximately 23 years old. The mean annual 
precipitation and temperature during the study ranged from 
4.5 to 9.8 mm and 9.5° to 20°C, respectively [26]. 

Figure 1: Location of the Experimental Vineyard from Google Earth. The Vineyard Boundaries are Shown with Four Yellow 
Points.

https://medwinpublishers.com/OAJAR/


Open Access Journal of Agricultural Research 3

Nutsukpo EB, et al. Biostimulatory Activity of Pyroligneous Acid Enhanced Metabolites 
Accumulation in Grape Wine. J Agri Res 2024, 9(3): 000370.

Copyright© Nutsukpo EB, et al.

Experimental Treatment, Design and 
Management

The PA was obtained from Proton Power Inc. (Lenoir 
City, USA) and was prepared from white pine (Pinus strobus) 
biomass using fast pyrolysis. The mass yield of PA produced 
from 40,000 MT of pine wood biomass was 10% with a 
density of 1.0 g/cc and a moisture content of 85% Ofoe R, 
et al. [25]. Dilutions of the PA and water were prepared by 
using the raw PA (100%) and water to obtain the various 
concentrations on volume per volume (v/v) basis. The 
concentrations of PA were 0% (i.e., only water as control), 
2%, 4%, 8%, and 12% applied to the leaves of the plants at 
a 14-day interval. The treatments application commenced at 
the buds break stage where we applied 2 L of each treatment 
to the plants. At the vegetative stage and reproductive 
stages 6 L and 8 L of each treatment were applied to the 20 
plants used respectively. Each application was made eight 
times before final harvesting, thus, 16 weeks after the first 
treatment application. The experimental treatments were 
arranged in randomized complete block design (RCBD) 
with four replications and five plants for each treatment per 
replication (N = 20). The planting distance was 1.2 m between 
plants and 3 m between plant rows. The plants were rainfed 
throughout the study. Weed control and pruning were done 
when necessary.

Harvesting and Wine Processing

The grape berries were hand-harvested at maturity 
16 weeks after treatment application when the berries 
were soft to touch and the average oBrix was 18. The oBrix 
content of the harvested berries was measured using a 
handheld refractometer (Atago, Japan). Juice pH, salinity, 
total dissolved solids (TDS), and electrical conductivity 
(EC) were determined with a multi-purpose pH meter (EC 
500 ExStik II S/N 252957, EXTECH Instrument, Taiwan). 
All measurements were performed in three replicates in 50 
mL beakers a method used by Ofoe R, et al. [27] with slight 
modification. Grapes with physical appearance that meet the 
market quality (i.e., disease-free and no bruises) were selected 
for the study. Samples of the harvested grape berries (1 kg/
treatment) were immediately transported to the Plant Stress 
and Physiology Laboratory in the Department of Plant, Food, 
and Environmental Sciences for wine processing following 
Bravo JL [28] protocol with slight modifications. Briefly, 
the grape berries were gently isolated from the pedicel and 
thoroughly rinsed with cold water. The grape berries were 
crushed into juice, centrifuged for 1 hr and fermented. The 
wine was stored in 30 mL glass vials at 4°C for 10 months 
before analysis at the The Metabolomics Innovation Center, 
Department of Biological Sciences, University of Alberta, 

Edmonton, Canada.

Metabolic Analysis of Wine Using Nuclear 
Magnetic Resonance Analytical (NMR) Assay

Targeted quantitative metabolomics approach was 
used to analyze the wine samples Saude EJ, et al. [29,30]. 
In brief, 200 µL of wine samples were added to 50 µL of a 
standard buffer solution (54% D2O:46% 0.2 mM (KH2PO4 
+ KH2PO4 at pH 7.0, v/v) containing 5.84 mM DSS-d6, 5.84 
mM 2-chloropyrimidine-5 carboxylate (phasing compound). 
The wine sample (250 µL) was then transferred into 3mm 
Sample Jet NMR tube for subsequent spectral analysis. 
All 1H-NMR spectra were collected on a 700 MHz Avance 
III (Bruker) spectrometer equipped with a 5 mm HCN 
Z-gradient pulsed-field gradient (PFG) cryoprobe. 1H-NMR 
spectra were acquired at 25°C using the first transient of 
the Nuclear Overhauser Effect Spectroscopy (NOESY) pre-
saturation pulse sequence (noesy1dpr), chosen for its high 
degree of quantitative accuracy Saude EJ, et al. [29]. All the 
free induction decays (FID) were zero-filled to 250 K data 
points. The singlet produced by the DSS methyl groups was 
used as an internal standard for chemical shift referencing 
(set to 0 ppm) and for quantification. All 1H-NMR spectra 
were processed and analyzed using an in-house version of 
the MAGMET automated analysis software package using a 
custom metabolite library. MAGMET was used for qualitative 
and quantitative analysis of an NMR spectrum by automatically 
fitting spectral signatures from an internal database to the 
spectrum. Each spectrum was further inspected by an NMR 
spectroscopist to minimize compound misidentification and 
misquantification. Typically, all of the visible peaks were 
assigned and most of the visible peaks were annotated with 
a compound name. It has been previously shown that this 
fitting procedure provided absolute concentration accuracy 
of 90% or better [30].

Data Processing and Analysis

Data obtained from the NMR analysis were subjected to 
bivariate correlation analysis, and a multivariate statistical 
analysis of grouped compounds, and two-dimensional 
principal component analysis (PCA) using XLSTAT version 
2022.3 (Addinsoft, New York, USA).

Results and Discussion

PA Effect on Grape Juice Quality Indices

Grape juice quality indices were significantly (p<0.05) 
improved with the varying rates of PA (Table 1). 
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PA oBrix pH Salinity (mg/L) TDS (mg/L) EC (mS/cm)
0% 16.9d 3.03a 3195.0a 4040.0a 5.79a
2% 18.4b 2.89b 2687.5b 3527.5c 4.97c
4% 17.9c 3.05a 2680.0b 3530.0c 4.96c
8% 18.4b 2.80c 2005.0c 2850.0d 4.06d

12% 19.3a 2.85bc 3070.0a 3877.5b 5.55b
p-value 0 0 0 0 0

Means that do not share a letter are significantly (p < 0.05) different according to Fisher least significant difference (LSD). 
Table 1: PA Altered the Grape Juice Quality Indices.

Brix content was increased in PA treated juice compared 
to the control. The application of 12% PA recorded the 
highest Brix content followed by 8% and 2%, and 4% PA 
which were 0.14-, 0.09-, and 0.06-folds higher than 0% PA 
respectively. The juice pH was influenced by the varying 
rates of PA application. The 4% PA slightly increased the 
juice pH content but was not significantly (p>0.05) different 
from the 0% PA. The 12%, 8% and 2% significantly (p<0.05) 
decreased the pH content by approximately, 0.06-, 0.08-, and 
0.06-folds respectively compared to the 0% PA. The salinity 
of the grape juice was reduced at 12% PA application but 
was statistically the same as the 0% PA. The 8%, 4% and 
2% PA significantly compared) decreased the salinity by 
approximately, 0.37-, and 0.16-folds respectively compared 
to the 0% PA. PA at 12% significantly (p<0.05) reduced the 
total dissolved solids (TDS) followed by 4% and 2%, and 8% 
which were 0.04-, 0.13-, and 0.29-folds lower than the 0% 
PA. the electrical conductivity (EC) also followed the same 
trend as TDS. 12% PA in this case, significantly (p<0.05) 
decreased EC by approximately 0.04-fold, followed by 4% 
and 2%, 0.14-fold and 8% by 0.30-fold compared to 0% PA. 
Varying rates of PA significantly (p<0.05) influenced tomato 
fruit juice oBrix, pH, salinity, total dissolved solids, electrical 
conductivity, and titratable acidity [27].

Metabolite Profile

The profiles of grape wine metabolites showed variations 

corresponding to the different PA application rates. These 
differences in the overall metabolite compositions implied 
variations in plant primary metabolism as a response to 
the varying levels of PA application. The NMR analysis of 
the wine conducted in this study quantified 52 metabolites. 
These metabolites were categorized into seven (7) different 
compound groups i.e., organic acids, amino acids, sugars 
(alcohol and carbohydrates), nucleotides, phenolic, and 
volatile (Figures 2,4-6) according to the 500 MHz NMR Wine-
Beer-metabolite list. The others were classified as other 
metabolites namely betaine, choline, glycerol, trigonelline, 
2,3-butanediol, acetoin, and ethyl acetate (Figure 7).

Organic Acids: Organic acids play a crucial role in grape 
juice and wine as they influence the chemical composition 
and preserve the beverage Silva FLDN, et al. [31,32]. These 
group of compounds impact various aspects of wine quality 
such as the appearance, pH, titratable acidity, and sensory 
attributes such as taste. Their presence and composition 
directly contribute to the overall quality and characteristics 
of wine Lima MMM, et al. [33]. In the present study, organic 
acids were the predominant group of metabolites, which 
constituted approximately, 0.37-fold of the total metabolites 
identified (Figure 2).
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Figure 2: Effects of Foliar-Applied Pyroligneous Acid (PA) on Organic Acid Concentrations in Grape Wine. Concentrations 
(µm/L) of Organic Acids (A-E) in Grape Wine Produced from Vitis vinifera Cv. KWAD7-1 Vines Treated with Varying Levels of 
Pyroligneous Acid (PA). PA Treatments (0%, 2%, 4%, 8%, and 12%) Were Applied to Grapevine Leaves at 14-day Intervals 
throughout the Growing Season. The Control (0%) Received Only Water. Bars Represent Mean Values ± Standard Error.

The total acid quantified per PA concentration ranged 
from 0.13 to 7066 µM/L (Figure 2) A total of 19 individual 
organic acids were identified and quantified, which included 
lactic, succinic, gallic, oxalic, tartaric, malic, fumaric, 
formic, citric, and acetic acids. The concentrations of these 
organic acids were found to be influenced by the varying 
concentrations of PA treatments applied. Among the various 
organic acids identified, tartaric and malic acids were the 
primary contributors to the acidity of the grape wine Silva 
FLDN, et al. [31] (Figure 2). These acids play a significant 
role in the organoleptic properties of wine including color, 
aroma and taste Volschenk H, et al. [34]. In addition, tartaric 
and malic acids exert crucial influence on preserving the 
biochemical stability and antibacterial activity of wines, 
respectively Ivanova-Petropulos V, et al. [34,35]. All the PA 
concentrations showed a positive influence on wine tartaric 
acid, with the highest concentration (7066 µM/L) observed 
in response to the 4% PA. The application of 12% PA 
increased the concentrations of all the detected organic acids 
except for malic and acetic acids, which exhibited reductions 

of 0.16-fold and 0.60-fold, respectively, compared to the 0% 
PA. Conversely, the concentrations of malic acid decreased 
across all PA applications compared to 0% PA with the 12% 
PA treatment having the least effect. The observed reduction 
in malic acid across all PA levels suggests that PA may have 
inhibited malic acid biosynthesis and vacuolar accumulation 
Volschenk H, et al. [34]. Alternatively, it is possible that PA 
treatment increased the degradation of malic acid through 
the activity of malate dehydrogenase via respiration at the 
stage of colour change of the grapes. This effect could be 
attributed to the higher demand for respiratory substrates in 
the grape berry during the maturation and ripening stages of 
the berries Volschenk H, et al. [34]. Similarly, the application 
of PA at resulted in reduced concentrations of acetic acid, 
which is considered as one of the main organic acids and a 
key indicator of the vinegary perception of wine Scutarașu 
EC, et al. [36]. The observed decrease in acetic acid could be 
attributed to the effects of malolactic fermentation, which 
may be influenced by the levels of malic acid present Lima 
MMM, et al. [33,34,36] although acetic acid and malic acid 
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are positively correlated (Figure 3). Based on the correlation 
analysis, increase in tartaric acid had a negative effect on 

malic and acetic acids concentrations.

Figure 3: A Heat Map of Grape Wine Metabolite Profile Correlation Matrix between Individual Metabolites of Grape Wine. The 
Red Color Represents a Strong Negative Association, and the Green Color Represents a Strong Positive Association.

Amino Acids: Eleven amino acids i.e., glycine, tyrosine, 
phenylalanine, alanine, proline, isoleucine, glutamine, 
leucine, valine, arginine and 4-aminobutyrate were detected 

in the wine with concentrations ranging from 1.5 to 1725 
µM/L (Figure 4) under the conditions of the present study.
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Figure 4: Effects of Foliar-Applied Pyroligneous Acid (PA) on Amino Acid Concentrations in Grape Wine. Concentrations 
(µM/L) of Amino Acid (A-C) in Grape Wine Produced from Vitis vinifera Cv. KWAD7-1 Vines Treated with Varying Levels of 
Pyroligneous Acid (PA). PA Treatments (0%, 2%, 4%, 8%, and 12%) Were Applied to Grapevine Leaves at 14-day Intervals 
Throughout the Growing Season. The Control (0%) Received Only Water. Bars Represent Mean Values ± Standard Error.

Amino acids are the most essential compounds in wines 
as they contribute to the enhancement of the wine quality and 
promote human health Gutiérrez-Gamboa G, et al. [5]. Amino 
acids play a vital role in the synthesis of proteins within 
the human body in addition to the production of peptide 
hormones and certain neurotransmitters Gutiérrez-Gamboa 
G, et al. [5]. According to RM Callejón, et al. [37] amino acids 
in wines originate from various sources including those 
naturally present in grapes and those that can be partially or 
completely metabolized by yeast during fermentation. Thus, 
these nitrogenous compounds play a pivotal role as primary 
sources of nutrition for yeasts throughout the fermentation 
process in wines, constituting between 0.2- and 0.5-folds 
of the total compounds of wine. PA enhanced the overall 
concentration of amino acids i.e., the 2%, 4%, 8%, and 12% 
PA resulted in respective increases of 2.05-, 0.65-, 0.95-, and 
5.96-folds in the total amino acid content compared to the 0% 
PA. Interestingly, the 12% PA showed a remarkable increase 
of 1.28-fold in total amino acid content compared to the 
2% PA. These findings imply that the adoption of a 12% PA 
for grape production can potentially enhance fermentation 
process in winemaking and improve the quality of the wine. 
Similarly, all the PA treatments resulted in an exponential 
increase in glycine, while a reduction was observed in 
tyrosine level (Figure 4). This could be due to the negative 
correlation between glycine and tyrosine as previously 
shown (Figure 3). For glycine, an increment of about 195-, 
107-, 117- and 574-folds were stimulated by the application 
of 2%, 4%, 8%, and 12% PA, respectively compared to the 
0% PA. Proline is known for its function as a non-sugar 
sweetener in wine while glutamic acid contributes to the 
perception of savory taste Wine Australia [38]. Notably, 

the 12% PA resulted in appreciable amounts of proline and 
glutamic acid i.e., 0.46-fold and 0.29-fold increase compared 
to the 0% PA. The observed increase in the concentrations of 
glycine, proline and glutamic acid may be attributed to the 
positive correlation among them (Figure 3). These findings 
indicate that the 12% PA potentially enhanced the sensory 
attributes of the grape wine under the conditions of the 
present study.

Carbohydrates and Alcohols: Glucose and fructose are the 
predominant sugars in grapes, while sucrose is present in 
trace amounts in most grape cultivars M Jordão, et al. [39] as 
found in the present study (Figure 5).
 

Figure 5: Effects of Foliar-Applied Pyroligneous Acid 
(PA) on Carbohydrates and Alcohols Concentrations in 
Grape Wine. Concentrations (µm/L) of Carbohydrates 
and Alcohols (A-E) in Grape Wine Produced from Vitis 
vinifera Cv. KWAD7-1 Vines Treated with Varying Levels of 
Pyroligneous Acid (PA). PA Treatments (0%, 2%, 4%, 8%, 
and 12%) Were Applied to Grapevine Leaves at 14-Day 
Intervals Throughout the Growing Season. The Control 
(0%) Received Only Water. Bars Represent Mean Values ± 
Standard Error.
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The non-detection of sucrose can be ascribed to sucrose 
transported from the leaves were accumulated in the grape 
berry vacuoles and was mainly hydrolyzed to glucose and 
fructose by the activity of vacuolar acid invertase RP Walker, 
et al. [40]. In addition to glucose and fructose, xylose and 
trehalose were also detected (Figure 5). Sucrose was not 
detected during the ripening process; grape berry sugars 
undergo changes in composition and can be influenced by 
environmental factors and viticulture management practices 
M Jordão, et al. [39]. The results showed that the 12% PA 
increased glucose and fructose contents by about 0.25- and 
1.40-folds, respectively compared to the 0% PA (Figure 5). 
The quantity of sugars, particularly glucose and fructose 
present in the grape juice can be directly associated with 
the resulting alcohol, especially ethanol and myo-inositol 
contents of the wine (Figure 3). Seven individual alcohols, 
namely; ethanol, propanol, methanol, isobutanol, isoamyl 
alcohol, phenylethanol, and myo-inositol were detected 
(Figure 5). Ethanol emerged as the predominant compound, 
and its concentration increased by 0.44-fold with the 
application of 12% PA compared to the 0% PA.

It is important to note that higher ethanol content 
in wine can lead to reduced aromatic complexity, while 

simultaneously increasing perceived sensations of “hotness” 
and “bitterness” [41]. The 4% PA resulted in a 0.25-fold 
decrease in ethanol content compared to the 0% PA. These 
findings indicate that the application of PA can be utilized to 
manipulate the overall sensory perception of wine grapes and 
potentially meet consumer preferences [39]. Furthermore, 
the 12% PA contributed to about 0.53-fold increase in myo-
inositol compared with the 0% PA (Figure 5), suggesting 
the possibility of enhancing wine nutritive value. Myo-
inositol has shown efficacy in managing polycystic ovary 
syndrome (PCOS) in women [42]. It also plays a crucial role 
in mediating signal transduction in response to hormones 
and neurotransmitters, and participating in osmoregulation 
[43,44]. Additionally, myo-inositol has been explored as a 
potential treatment for Type 2 diabetes [45].

Nucleotides, Phenolics and Volatiles: The 12% PA resulted 
in a remarkable increase of 1.02-fold in catechin concentration, 
and a 0.31-fold increase in acetone concentration compared 
to the 0% PA (Figure 6), and the two compounds had a strong 
positive correlation between them (Figure 3).

Figure 6: Effects of Foliar-Applied Pyroligneous Acid (PA) on Nucleotides, Phenolics and Volatile Concentrations in Grape 
Wine. Concentrations (µm/L) of Nucleotides, Phenolics and Volatile in Grape Wine Produced from Vitis vinifera Cv. KWAD7-1 
Vines Treated with Varying Levels of Pyroligneous Acid (PA). PA Treatments (0%, 2%, 4%, 8%, And 12%) Were Applied to 
Grapevine Leaves at 14-day Intervals Throughout the Growing Season. The Control (0%) Received Only Water. Bars Represent 
Mean Values ± Standard Error.

Catechin is known for its role in the oxidative stability 
and organoleptic properties of wine and plays a crucial role in 
enhancing consumer sensory experience [46]. Additionally, 
it exhibits a range of health benefits and biological activities 
such as antioxidant, antibacterial, anti-inflammatory, and 
anti-carcinogenic properties [47]. Acetone, a volatile organic 
compound, contributes to aroma and flavor profile of 
wines. Its presence in wine grapes is influenced by factors 
such as grape variety, vineyard management practices, and 

winemaking techniques [48]. Hence, the application of PA 
holds potential as a cultivation technique to enhance the 
contents of catechin and acetone in wine grapes, thereby 
improving the nutritive and sensory properties of the 
resulting wine. All the PA treatments reduced the nucleotides, 
uridine, and uracil concentrations (Figure 6) although 
they are essential in contributing to the overall quality and 
sensory properties of wine [49,50]. 
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Other Metabolites: Based on the Canadian 500 MHz Wine-
Beer-metabolite list, betaine, choline, glycerol, trigonelline, 

2,3-butanediol, acetoin, and ethyl acetate are categorized as 
other metabolites (Figure 7). 

 
    

Figure 7: Effects of Foliar-Applied Pyroligneous Acid (PA) on Other Metabolites Concentrations in Grape Wine. Concentrations 
(µm/L) of Other Metabolites (A-C) in Grape Wine Produced from Vitis vinifera Cv. KWAD7-1 Vines Treated with Varying Levels 
of Pyroligneous Acid (PA). PA Treatments (0%, 2%, 4%, 8%, and 12%) Were Applied to Grapevine Leaves at 14-day Intervals 
Throughout the Growing Season. The Control (0%) Received Only Water. Bars Represent Mean Values ± Standard Error.

The PA treatments influenced the concentrations of 
these compounds in the grape wine. Interestingly, the 12% PA 
appreciably increased the concentrations of betaine, choline 
and 2, 3-butanediol by 0.16-fold, 0.31-fold and 0.53-fold, 
respectively compared to the 0% PA. Betaine, choline and 2, 
3-butanediol had a significant (p<0.05) positive correlation 
among them (Figure 3). Choline is an essential nutrient that 
can be acquired from diet and by de novo biosynthesis. The 
former is recommended to ensure sufficient supply to meet 
human requirements as it plays important role in brain 
and memory development in the fetus and in repairing 
fatty liver and muscle damage in adults [51]. Additionally, 
betaine plays a crucial role in the donation of methyl 
groups to homocysteine, which facilitate the conversion of 
homocysteine into the essential amino acid, methionine 
[51,52]. Moreover, 2, 3-butanediol is a metabolite produced 

during malolactic fermentation during the process of wine 
production. It is a neutral compound that has the potential 
to contribute to the aroma and flavor of wine [34] and also, 
serves as a metabolizable energy source for human nutrition 
[53]. As a result, the presence of metabolites such as choline, 
betaine, 2,3-butanediol, and other unknown compounds 
in the wine may contribute to enhancing its nutritional 
value. These metabolites can potentially provide additional 
nutritional benefits to wine consumers.

Principal Component Analysis (PCA)

To further assess the association between the metabolites 
and PA treatments, a 2-dimensional principal component 
analysis (PCA) was performed (Figure 8).
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Figure 8: A Two-Dimension Principal Component Analysis Biplot Showing Relationships Amongst the Different Grape Wine 
Metabolites Comprising Total Organic Acids, Amino Acids, Alcohol, Carbohydrate, Nucleotide, Phenolics, Volatile, Other 
Compounds. PA Treatments (0%, 2%, 4%, 8%, And 12%) Were Applied to Grapevine Leaves at 14-day Intervals.

The first and second principal components (PC1 and 
PC2) accounted for 81.8% and 15.6%, respectively explaining 
about 97.3% of the total variations in the dataset. The results 
indicated a positive correlation between the PA application 
to grape plants and the improvement of the grape wine 
metabolites (Figure 8). Based on the PCA results, grape berry 
from plants treated with 2% PA, 4% PA, and 8% PA clustered 
together suggesting that these three treatments had similar 
metabolic compositions, which were distinct from the 
samples treated with 12% PA. Furthermore, the 0% PA can 
be associated with increased organic acids, total nucleotides, 
and other compounds. This suggests that the absence of PA 
treatment led to a distinctive metabolic composition. On the 
other hand, the 12% PA can be associated with phenolics, 
alcohols, volatiles, and carbohydrates, which indicates the 
marked impact of the 12% PA on the accumulation of these 
compounds in the wine. Catechin, acetone, ethanol, propanol, 
methanol, isobutanol, isoamylalcohol, phenylethanol, xylose, 
glucose, fructose, trehalose, and myo-Inositol are important 
classes of compounds that contribute to the sensory 
properties, flavor, aroma, and overall quality of wine [54].

Conclusion

In this study, 52 metabolites were identified in grape 
wine, and can be grouped into seven different chemical 
compounds i.e., alcohols, carbohydrates, organic acids, amino 
acids, phenolics, volatiles, nucleotides and uncharacterized 

(unknown) group. The results indicated that different 
rates of PA application had varying effects on the metabolic 
composition of the wine. The application of 12% PA 
increased the concentrations of glycine, proline, glutamic 
acid, glucose, fructose, ethanol better than the other PA 
treatments. Myo-inositol, catechin, acetone, choline, betaine, 
and 2, 3-butanediol whiles it reduced the concentration of 
acetic acid and malic acid. Thus, the 12% PA resulted in a 
distinct metabolic profile characterized by elevated levels 
or altered compositions of phenolics, alcohols, volatiles, and 
carbohydrates, which may have implications for the sensory 
attributes and quality of the wine. Further studies should be 
conducted to evaluate the effect of PA on grape juice sensory 
quality i.e., the taste, colour, and aroma.
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