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Abstract: Zucchini (Cucurbita pepo subsp. pepo) is a seasonal vegetable (also known as cour-
gette) characterized by health properties due to the content of several bioactive molecules.
For this reason, the consumption of zucchini is highly recommended as a part of the
Mediterranean diet. The aim of this study was to evaluate the possible influence of a
specific compost supply for shifting the characteristics of an integrated agriculture toward
a biodynamic standard following Demeter® certified rules. In particular, an approach
based on 'H-Nuclear Magnetic Resonance (NMR) spectroscopy and multivariate statistical
analysis (MVA) was applied to analyze the differences between the metabolic profiles of
the zucchini samples (with the same cultivar, Vitulia), obtained from three different agro-
nomical practices: two focused agricultural systems (compost supplied and integrated), as
well as the used benchmark (Demeter biodynamic certified). The obtained results showed
that the samples from the plots managed with biofertilizer from compost showed similar
behaviour to the samples managed under Demeter biodynamic certification, with higher
content of some amino acids, such as arginine, and lower content of sugars than the samples
from integrated farming. The concentration of twenty elements was then determined using
inductively coupled plasma atomic emission spectroscopy (ICP-AES). The averaged results
of the elemental data appear almost parallel to the trend observed with the metabolomics
approach. In the present case, the use of a specific compost as a biofertilizer has shown to
promote the transition to the quality standards of the Demeter certification, significantly
improving the crops’ sustainability.

Keywords: zucchini; 'H-NMR spectroscopy; metabolomics; agricultural practices;
sustainability; food products; nutraceutical properties

1. Introduction

Zucchini (Cucurbita pepo subsp. pepo) is a seasonal vegetable (courgette) characterized
by health properties due to its content of several bioactive molecules such as phenolic
compounds and organic acids [1]. Specifically, the nutraceutical and health potential of
zucchini is due to the presence not only of these components, but also of water-soluble and
liposoluble vitamins, and mineral salts, specifically potassium [2,3]. For this reason, the
consumption of zucchini and other seasonal vegetables is highly recommended as part
of the diet, particularly the Mediterranean diet [4,5]. The composition of vegetables, as
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important components of the Mediterranean diet, determines not only the quality and
safety of the product, but also its nutritional properties [6]. Moreover, the Mediterranean
diet is considered a sustainable diet due to its significant nutritional and health benefits,
minimal environmental effects and abundance of biodiversity, strong socio-cultural food
values, and local economic advantages [7].

Therefore, it is important to evaluate the composition of foods, and specifically of
vegetables, because they are an essential part of the sustainable Mediterranean diet. In
addition, the consumption of “natural” food products has been increasingly encouraged
since the negative effect of agriculture on the environment has increased with the inten-
sification of food production [8]. On the other hand, the characteristics of zucchini and
other vegetables are influenced not only by climatic and environmental conditions [9] but
also by cultivation methods [10]. This encourages the application of more sustainable and
eco-friendly agricultural practices, which limit or avoid the use of synthetic chemicals [11].

Among the most sustainable agricultural practices, the application of the biodynamic
method [12] and the use of compost as a fertilizer [13] are considered in contrast with
integrated agriculture. Specifically, biodynamic agriculture is described as “an uninte-
grated agriculture method of agriculture” (Steiner, 1924) and is currently considered “one
of the approaches of organic agriculture” [14,15]. This method was established by the
international certification mark Demeter® [16]. It is based on a closed production system
that aims to replicate an agroecological model focused on reducing energy consumption
and enabling high levels of efficiency [15] and positive environmental impact [12]. Bio-
dynamic agriculture is kind of organic agriculture because they share some principles,
but Demeter’s production rules further provide for restrictions on many organic farming
practices [15]. The International Federation of Movements for Organic Farming (IFOAM)
defined the main differences between the Demeter® standards and the organic production
standards [17]. Demeter® rules also prescribe the use of specific biodynamic preparations
(Table S1) [11,18]. In the present work, the general definition of biodynamics specifically
refers to the organic certified Reg. CE 848/18 [19] Demeter®-compliant [16] production
rules. Meanwhile, composting can be defined as the “process whereby microorganisms
convert organic material into a biostable product” [20]. The increasing use of compost
in agriculture necessitates an assessment of its environmental benefits and impacts com-
pared to other crop improvers and soil fertilizers [21]. The quality of composts made
from different organic wastes depends on the composition of the raw material used [22].
Therefore, compost supply process has many advantages such as the recovery of organic
waste and the improvement of the chemical-physical and biological properties of the soil,
with environmental, agronomic, and economic benefits [23]. In this study, the effect of a
specific compost supply (Bio Vegetal) was evaluated. Bio Vegetal is a biofertilizer enriched
with humus and live microorganisms; it was designed to restore the natural equilibrium
of the soil, improving the vegetative state of the plants and increasing the productivity of
the crop (Table S2) [24]. This compost is produced by the Apulian farm Tersan, using an
industrial composting method under controlled conditions, which are characterized by
greater speeds than the natural process [25].

On the other hand, industrialised production has some advantages, such as yield
maximisation, but it involves the use of chemical substances [26]. Thus, although the
industrial model can achieve high yields and profits in the short term, they depend on high
long-term costs [27] and are associated with losses related to soil fertility, biodiversity, and
the nutritional quality of crops [28]. Indeed, integrated agriculture, or the industrial model,
involves using a considerable amount of chemical fertilizers and pesticides to increase
production [29]. For this reason, both in public debate and in the scientific literature,
disputes about the future are increasingly focused on the comparison between “alternative”
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and “integrated agriculture” [30]. In this respect, biodynamic agriculture and composting
are sustainable methods for food production as alternative approaches.

Therefore, the aim of this study was to evaluate the effects of different agricultural
practices on zucchini’s metabolic profiles and related nutritional properties by using an
untargeted 'H-NMR-based metabolomics approach [11,31,32]. The untargeted approach
was here carried out via the 'H-NMR-data-based metabolic fingerprinting of the samples
for comparative purposes. The subsequent profiling of the significant discriminant assigned
metabolites with relative quantification was then calculated as fold change ratios [33,34].
Metabolomics is a scientific method used in food sciences for evaluating the authenticity
and traceability of agri-food products [35,36]. Among the analytical techniques used in
metabolomics, NMR is one of most widely applied for food science and nutrition research
because it is a non-invasive, powerful, and dependable quantitative method that offers an
examination of each molecular element within an elaborate matrix [11,32,37-41].

The 'H-NMR metabolomic approach has already been used to study the variations in
zucchini’s metabolic profiles, focusing on the possible effects of different water irrigation
systems [31] and storage conditions (with the zucchini packed in both compostable and
plastic containers) [3]. Using the same metabolomic approach, Picone et al. and Gallo et al.
studied the possible effects of biodynamic vs. organic [42], and organic vs. conventional [43]
agricultural methods, respectively, on table grapes. More recently, the metabolomics
approach was applied to investigating the effects of biodynamic, organic, and integrated
agriculture on table grape juice [11]. Furthermore, the metabolic profiles of other agri-food
matrices produced using different agricultural practices have been investigated. Thus, the
metabolic profiles of Brassica oleracea [44] and early potatoes [45], grown using organic and
conventional methods, were investigated. To the best of our knowledge, this is the first
study selectively focused on the possible influence of a specific compost supply [24] in terms
of shifting the characteristics of integrated agriculture toward a biodynamic that refers to
the organic certified Reg. CE 848/18 [19] Demeter®—compliant [16] production rules.

2. Materials and Methods
2.1. Zucchini Samples’ Origin, Collection, and Preparation

A specific investigation was carried out into zucchini juices samples from the same
cultivar Vitulia (Syngenta CV 2832), (Figures 1 and S1), obtained using the three investigated
cultivation methods (biodynamic, compost supplied, and integrated agriculture). Three
replicates were obtained from each of the five selected zucchini samples, representative of
the cultivation methods (15 samples/method), for a total of 45 samples.

Figure 1. Zucchini of the cultivar Vitulia (Syngenta CV 2832) described in this study.

The plant material was obtained from the same nursery, which is certified in organic
farming (Azienda Agricola Junior Plant Fasano, Brindisi, Italy), and it was then transplanted
in the two collaborating specialised Italian farms, located in the south of Italy (Apulian
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Region). Lacalamita Rosa (Castellaneta, Taranto, Italy) provided the biodynamic farming
while Tenuta Pinto (Mola di Bari, Bari, Italy) was involved in the compost-supplied and
integrated agriculture trials. Their geographical coordinates are, respectively, 40°34'45" N
16°56'26" E altitude 70 m (biodynamic farm) and 41°01’45” N 17°02'57" E altitude 117 m
(biofertilizer from compost-supplied and integrated agriculture management) (Figure S2).
In the present investigation, biodynamics refers to the organic certified farm Lacalamita
Rosa (Castellaneta, Taranto, Italy) Reg. CE 848/18 [19] following Demeter production
rules (Biodynamic Federation Demeter International) [16]. The used soils were managed
according to the Demeter standard protocol in operation since 2005.

At the Lacalamita Rosa farm in the countryside of Castellaneta (TA) in Contrada
Salesiani, seedlings were transplanted in the first ten days of May. At the Tenuta Pinto
farm, the plots were defined and fertilization was prepared in April 2023 for the compost-
supplied experiments; meanwhile, in the other plots (integrated agriculture), pre-transplant
fertilization was carried out according to ordinary farming practices. The transplanting
of nursery seedlings was also performed in the first ten days of May for the Tenuta Pinto
farm experiments.

Sample collection occurred at the two farms on 21 June 2023. On the same day,
samples, provided by the Apulian farmers with their informed consent, were delivered
to the Department of Biological and Environmental Sciences and Technology laboratories
(University of Salento) and stored at —20 °C until further processing.

2.2. NMR Chemicals and Reagents

All chemical reagents for analysis were of analytical grade. Deuterium oxide (99.9 atom
%D) containing 0.05% wt 3-(trimethylsilyl)propionic-2,2,3,3 d4 acid sodium salt (TSP) potas-
sium phosphate monobasic was purchased from Armar Chemicals (Dottingen, Switzerland).
Sodium azide was purchased from J.T. Baker (Phillipsburg, NJ., USA).

2.3. Sample Preparation and NMR Spectroscopy

Juice was obtained from the zucchini samples for each different cultivation by pressing
10-15 g of flesh with peel. Each juice sample was prepared in three replicates obtained
from each of the five zucchinis that were representative of a specific cultivation method;
analytical reproducibility was evaluated by overlapping technical replicates in MVA (PCA
and PLS-DA) score plots [32]. For 'H-NMR direct analysis of the zucchini juices, 100 uL
of 90 mM KH,PO, buffer in D,O (pH 6), containing 0.05% w/v TSP-d4 (sodium salt of
trimethylsilylpropionic acid) as an internal standard and Sodium azide to prevent mi-
crobial contamination [46], were added to 900 uL of juice and subsequently centrifuged
at 10,000 rpm for 5 min at room temperature (23 °C). Then, 600 puL of the supernatant
was placed into a 5 mm NMR tube. A Bruker Avance III 600 Ascend NMR spectrometer
(Bruker Italia, Milano, Italy), operating at 600.13 MHz and equipped with a BBO probe
with a z-axis gradient coil and automatic tuning-matching (ATM), was used to perform
all measurements. Experiments were run at 300 K in automation mode after individual
samples were loaded on a Bruker Automatic Sample Changer, interfaced with the software
IconNMR version 5 (Bruker) software. For each sample, the acquisition of the 'H-NMR
spectra was executed with pulseprogram zgcppr (Bruker) to suppress the water signal, in a
spectral window of 20.0276 ppm (12,019.230 Hz), 64 scans and a 90° pulse of 10.160 psec.
After acquisition, standard processing procedures were performed on the acquired free
induction decay (FID), using TopSpin 3.6.1 software (Bruker, Biospin, Italy). These included
the application of an apodization function with a line broadening of 0.3 Hz and the Fourier
transform (a mathematical operation that converts the free induction decay into a spec-
trum of frequencies), followed by phase and baseline correction. All NMR spectra were
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calibrated using the internal standard signal TSP (8 = 0.00 ppm). The metabolites were
identified and assigned based on 2D NMR spectral analysis (2D 'H Jres, 'H COSY, 'H-13C
HSQC and HMBC). The assignments were confirmed by a comparison with data from
the literature [31,32]. The acquisition and processing of the 2D spectra were performed
as follows:

First, 2D homonuclear shift correlation (cosygpprqf Bruker standard pulse program),
which was carried out with presaturation during relaxation delay. This was obtained
with spectral width in both dimensions 12,019 Hz (20.028 ppm), 8 scans, 16 dummy scans,
2048 data points in f2, 512 increments in f1; data were processed with an unshifted sine-bell
squared (QSINE) window function in both dimensions before the Fourier transform.

Then, the 'H homonuclear J-resolved spectrum (Bruker jresqf pulse program). We
used a spectral width of 12,019 Hz for the f2 dimension (chemical shifts axis) and 80 Hz for
f1 (spin-spin coupling constant axis), 16 scans, 16 dummy scans, 2048 data points in f2, and
256 increments in f1. There was a 2 s relaxation delay with a total acquisition time of 4 h
and 11 min. The spectrum was processed with zero filling in f1 to 4096 real data points,
with unshifted sine-bell squared window (QSINE) functions in both dimensions before the
Fourier transform.

Then, the 'H-!3C gradient-selected HSQC spectrum (Bruker hsqcetgpsisp2.3 pulse
program) was acquired via 'H-13C decoupling, 9 and 45 kHz spectral widths in the 'H and
13C dimensions, respectively, 8 scans, 16 dummy scans, 2048 data points in 2, 1024 incre-
ments in f1, forward linear prediction with 32 coefficients, and zero filling to 4096 data
points for the f1 dimension. Unshifted sine-bell squared (SINE) window functions were
also applied in both dimensions before the Fourier transform.

The 'H-'3C HMBC spectrum was obtained with 9 and 45 kHz spectral widths in
the 'H and '3C dimensions, respectively, 4 scans, 4 dummy scans, 2048 data points in
{2, 512 increments in f1, forward linear prediction with 32 coefficients, and zero filling to
4096 data points in f1. Unshifted sine-bell squared (SINE) window functions were also
applied in both dimensions before the Fourier transform.

The resulting 2D spectra are reported as Figures S3-56.

2.4. NMR Data Processing and Statistical Analysis

After the spectral data processing step, 'H-NMR spectra were segmented in rectan-
gular buckets (0.04 ppm width) and integrated using the Bruker Amix 3.9.14 (Analysis
of Mixture, Bruker BioSpin GmbH, Rheinstetten, Germany) software to transform the
NMR spectra into a format suitable for multivariate analysis. The process involving the
segmentation of each NMR spectrum into regions or histograms with a fixed base width of
0.04 ppm is also known as “normal rectangular bucketing”. The residual water spectral
region was excluded from the buckets; the reduced spectra and the remaining 233 buckets
in the range 10.00-0.50 ppm were then normalized to the total intensity (to reduce small
differences between samples due to the metabolite concentration and/or experimental
conditions) and subsequently mean centred to reduce the variability and noise in the data.
The Pareto scaling method was then applied (for the optimal accounting of small and
large variables), which involved dividing each variable by the square root of the variable
standard deviation centred around the mean value [47,48].

Therefore, the data table, obtained with all the standard aligned and bucket-
reduced NMR spectra and composed of rows (observations/samples) and columns (vari-
ables/buckets), was used in the multivariate data analysis. Each bucket, in a bucket row
of representatives of the spectrum, was labelled with the central chemical shift value for
its specific 0.04 ppm width. The integral values of each row of buckets represent the
variability of each sample that can be used for statistical analysis. After data processing,
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MVA was performed using Simca-P version 14 (Sartorius Stedim Biotech, Umea, Sweden)
software. Specifically, unsupervised (principal component analysis, PCA) and supervised
(orthogonal partial least squares discriminant analysis, OPLS-DA) pattern recognition
methods were used to examine the intrinsic data variation. From the data table, PCA can
extract and show systematic variation in an X-data matrix without using group identity
information to build the model. Indeed, PCA was the first analysis performed because
it is the basis of multivariate analysis [49] and provides an overview of all observations
in the data table [48]. Moreover, PCA is generally used to obtain a general description
of the samples’ distribution and their possible grouping in homogeneous clusters [50].
PCA can also be used to detect groupings, trends, and outliers [51]. After observation
of the PCA, to further maximise the separation between classes of samples, OPLS-DA
was applied. OPLS-DA is a potent technique for the interpretation and classification of
sample sets. This supervised analysis is an extension of PLS-DA (partial least squares dis-
criminant analysis) modelling [52]. PLS-DA is the regression extension of the PCA, which
gives the maximum covariance between the measured data (variable X, metabolite matrix
bucket in NMR spectra) and the response variable (variable Y, class matrix) [53]. Therefore,
they are used to discriminate samples grouped into classes with different characteristics.
OPLS-DA can detect the most discriminating variables, filtering the variation that is not
directly related to the focused discriminant response. The part of the variance useful for
predictive comparisons is separated from the non-predictive part, which is then considered
orthogonal. As a result, the interpretability of the model is greatly improved [54]. The
statistical models were validated using the internal cross-validation default method (7-fold)
and further evaluated with permutation tests (100 permutations), which are all available
on the SIMCA-P software version 14 [48]. The quality of the models was described using
the R?, Qz, and p[CV-ANOVA] parameters. R? is a cross-validation parameter defined as
the part of the variance in the data explained by models; it indicates the goodness of fit. Q?
represents the portion of variance in the data predictable by the model. It is a measure of
the predictive ability of the model, describing how well it can predict correct classifications
for a test sample. The minimal number of components required can be easily defined since
the R?(cum) and Q*(cum) parameters demonstrate completely differing behaviours as the
model complexity increases [55]. In the supervised analysis, the cross-validated variance
analysis (CV-ANOVA) provides a p-value that describes the level of significance of the
separation of groups [54,55]. Moreover, permutation tests and CV-ANOVA were used to
validate the predictive capacity and statistical significance of the OPLS-DA models. Addi-
tionally, the p-values of CV-ANOVA below 0.05, and all permuted R? and Q? values with
the intercepts of R? and Q? values on the Y-axis being <0.5 and <0, respectively, indicate a
good fit for the OPLS-DA models [48]. Finally, the model’s predictive ability was confirmed
using a misclassification table with Fisher’s exact test [56].

In order to find the discriminating metabolites responsible for the separation between
the classes of samples, the tools available on the SIMCA-P software were used. For the PCA
model, a loading scatter plot was used to show the contribution of the original variables
that describe each sample (buckets obtained from NMR spectra) and define the samples’
position in the score scatter plot. Another tool often used for the OPLS-DA model with
two classes is the S-line plot. This method visualizes the centred loading vector p(ctr),
coloured according to the absolute value of the correlation loading p(corr) and distributed
as positive and negative values (with reference to the two compared classes) in a form
similar to the original spectra. The relative changes in the metabolite content between the
two groups of samples was quantified as the ratio of the standardized median intensity of
the corresponding selected buckets (representative of specific NMR undistorted signals
for each discriminating metabolite) in the pairwise comparisons (fold change) [37,57]. The
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statistical significance of the differences for each variable of the two groups in the pairwise
comparison was evaluated using the Student t-test. In order to classify a difference as
statistically significant, in this work, only metabolites with p-values < 0.05 (confidence level
95%) were considered [11,32]. Moreover, only metabolites with a VIP (variable importance
in projection), estimated from all extracted components, and a correlation coefficient p(corr),
respectively, with absolute values higher than 1.0 and 0.5 were considered as possible
significant discriminants and included in the relative quantification [58].

2.5. Measurement of Element Content via ICP-AES Analysis

A total of twenty elements were analysed in the zucchini samples: calcium (Ca),
phosphorus (P), cadmium (Cd), copper (Cu), manganese (Mn), iron (Fe), chromium (Cr),
cobalt (Co), nickel (Ni), lead (Pb), potassium (K), magnesium (Mg), barium (Ba), strontium
(Sr), beryllium (Be), lithium (Li), tellurium (Te), thallium (T1), arsenic (As), and zinc (Zn).
The concentrations were determined using inductively coupled plasma atomic emission
Spectroscopy (ICP-AES), by following the standard procedures. Three replicates were
obtained from each of the five selected zucchini samples that were representative of the
cultivation methods (15 samples/method) for a total of 45 samples. The zucchini were
washed with water and wiped to remove all the soil particles. For each sample, 0.5 g of
fresh weight was mixed with 4 mL H,O, and 6 mL HNOj at 180 °C for 10 min, using
a microwave digestion system (Milestone START D) [59]. The sample was then cooled,
diluted with ultrapure water to a final volume of 20 mL, and filtered through Whatman
No. 42 filter papers, and the final solutions were subsequently analysed using a Thermo
Scientific iCAP 7000 ICP-AES spectrometer to determine the elemental content. The element
concentrations were expressed as mg/kg dry weight (ppm) and results are presented as
the mean (£standard deviation) for the different measurements obtained for each of the
three cultivation methods [60]. Mean values were compared using ANOVA followed by
Tukey’s HSD test at (p < 0.05) [59] using the MetaboAnalyst 6.0 software [61].

3. Results and Discussion
3.1. '"H-NMR Spectrum of Zucchini Juice Sample and Assignment of the Peaks

A spectroscopic fingerprinting of all detectable metabolites in zucchini juice is shown
in a typical 'H-NMR spectrum. The peaks of the main metabolites and relative expansions
of significant spectral regions are labelled in Figure 2a—c. In the aliphatic region (range
0.9-3.1 ppm), it is mainly amino acids and organic acids that can be observed (Figure 2a).
The most intense peaks were assigned to malate, but a great variety of other signals of
lower intensity are also present. These correspond to isoleucine, leucine, valine, threonine,
alanine, arginine, y-aminobutyrate (GABA), glutamine, acetate, aspartate, asparagine and
citrate. The middle region (range 3-5.5 ppm) (Figure 2b) is mostly characterized by the
presence of carbohydrates with sugar resonances, such as «-f3-glucose, fructose, sucrose,
and myo-inositol, which represent the most intense peaks. In the aromatic region (5-10 ppm)
(Figure 2c), together with other amino acids (histidine, phenylalanine, tyrosine, tryptophan),
there are also signals attributable to nucleoside derivatives and non-aromatic compounds
such as fumarate. Furthermore, the presence of phenolic compounds such as epicatechins
and trigonelline can be observed. In particular, trigonelline is an alkaloid compound with
important nutraceutical properties; it is produced by the methylation of nicotinic acid and
present in considerable quantities in many plants [62,63]. A summary of the assigned peaks
is reported on Table 1.
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Figure 2. TH-NMR spectra (600 MHz, D,0) of zucchini juice samples in (a) the aliphatic region, (b) the
carbohydrate region, and (c) the aromatic region. Significant assigned signals are labelled for the
detected metabolites. Abbreviations are as follows: ala, alanine; arg, arginine; asn, asparagine; asp,
aspartate; eth, ethanolamine; FA, fatty acids; GABA, y-aminobutyrate; glc, glucose; gln, glutamine;
his, histidine; isoleu, isoleucine; leu, leucine; myo-ins, myo-inositol; phe, phenylalanine; thre, threonine;

tyr, tyrosine; trp, tryptophan; val, valine.
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Table 1. 'H and !3C chemical shifts of the assigned metabolites of the zucchini juice sample.

Multiplicity *;

Metabolites Assignment H ppm J (Hz) 13C ppm
v'-CH; 1.05 d [7.0] 20
Valine v-CH3 0.99 d[7.0] 193
B-CH 227 m :
. v-CHj 1.01 d[7.2] 19
Isoleucine 5-CH, 0.94 £7.36] 13.08
. v-CH; 0.96 d 23
Leucine v'-CHs 0.97 d 23
B-CHs 1.17 t[7.26]
Ethanol o-CH, 3.66 q
. v-CH; 133 d [6.28]
Threonine B-CH 495 m 22
-CH
Alanine ffxCH3 1.47 D[7.3] 19.3
COOH 3.77 q 179.3
N v-CH, 1.72 m 30
Arginine B-CH, 1.90 m 26.9
B-CH, 1.90 o 26.63
o-CH, 2.30 37.05
GABA SCH. 3.0 tt[[77~545;] 4229
-COOH : 184.6
Acetate 3-CHs 1.92 S
. v-CH, 2.44 (m) m 33.84
Glutamine B-CH, 2.14 (m) m 29
g‘,%ﬁ 431 dd [10; 3] 7o
Malate 5-CH 2.70 dd [15.1; 3.15] "
2.40 dd [15.2; 10]
-COOH 183
Citrate CH, 2.54 d
B-CH 2.80 dd [17.9; 3.7] 39.4
Aspartate B/-CH 2.64 dd 39.4
J—— B-CH 2,94 [16.7; 4.2] dd g;i
parag B'-CH COOH 2.83[16.6; 7.4] dd e
Ethanolamine CH,-NH, 3.12 t 44
Choline N(CH3)3 3.20 s 56
C2H 4.07 t
Myo-inositol C4H 3.62 t 7
C5H 3.28 t
C1H 4.64 d[8.3] 0
-glucose C3H 3.48 dd o
C2H 3.26 t[8.0]
w-glucose C1H 5.23 d [3.74] o5

C2H 3.51 t
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Table 1. Cont.
Metabolites Assignment H ppm MulJtl(va;lzc)lty ’ 13C ppm
S G1H 5.38 d [3.8]
rcrose G2H 3.55 dd
C3H 4.11 78
o/ B-fructofuranose C5H 384 33
C5H 4.02 71
B-fructopyranose CH,-6,6' 3.70 634
CH,-1,1 3.72;3.58 ’
. 1 C5H, ring 7.90 d [8.84]
Uridine C6H, ring 591 d [7.97]
C2H, ring 8.35 S
Adenosine CHS, ring 8.27 s
C1'H, ribose 6.07 d
o, p-C=C 138
Fumarate _COOH 6.52 s 178.4
. CHS5, ring 7.53 d
Uracil CHS6, ring 58 d
N-CH 9.12 S
Trigonelline CH-3,5 8.85 t
CH-5 8.10 dd
i1 CH2-ring 8.0 s
Histidine CH4-ring 7.14 s
CH4, ring 7.72 d
Tryptophan CH?7, ring 7.55 d 131
CHS5, ring 7.19 d
Torosine CH2, CH6, ring 7.19 d [8.3] 133
yros CH3, CH5 ring 6.90 d[8.0] 118
CH4, ring 7.38 m
Phenylalanine CH3,5-ring 743 m 132
CH2,6-ring 7.33 m 132.3

* Letters in parentheses indicate the peak multiplicities: s, singlet; d, doublet; t, triplet; dd, doublet of doublet;
m, multiplet.

3.2. Statistical Analysis

With the aim of discovering a possible natural grouping of zucchini juice samples,
an unsupervised PCA analysis was applied to the 'H-NMR-spectra-derived dataset. In
the resulting PCA model (R2X (cum) = 0.912, Q*(cum) = 0.849), the total variance of 91.2%
was explained by five components describing the samples’ distribution in the model space
(t[1], t[2], t[3], t[4] and t[5], accounting for 51%, 19.7%, 10.7%, 6.43%, and 3.36% of the total
variance, respectively). In particular, the t[1]/t[2] score plot for the unsupervised model
showed three clusters of zucchini juice samples (Figure 3a). Specifically, the samples of
zucchini produced via biodynamic agriculture appear to be grouped in a single cluster
along negative values of the principal component t[1], while the compost-supplied and
integrated agriculture samples constitute two further groups along positive values of t[1].
These latter groups are further discriminated along the t[2] component, at positive (compost
supplied) and negative (integrated) values. By exploring the loading scatter plot for the
PCA model (Figure 3b), it was possible to identify the metabolites responsible for the
observed discrimination along the t[1] and t[2] components of the PCA from their specific
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buckets related to the corresponding NMR signals. Zucchini samples from biodynamic
agriculture, grouped at t[1] negative values, are characterized by high levels of amino acids
such as leucine (0.98 ppm), glutamine (2.14, 2.42, 2.46 ppm), and GABA (2.3, 3.02 ppm),
as well as organic acids such as malate (2.38, 2.7 ppm), citrate (2.54 ppm), and fumarate
(6.54 ppm). On the other hand, at positive values of t[1], the samples from compost-supplied
and integrated agriculture groups are characterized both by a high relative content of
monosaccharides, such as « and 3-glucose (loadings at 5.22 and 3.26 ppm, respectively),
and fructose (4.1 ppm). In particular, samples from the compost-supplied method, grouped
at positive values of t[2], are characterized by their high relative content of « and -
glucose (loadings at 5.22 and 3.26 ppm, respectively). On the other hand, the samples from
integrated agriculture, grouped at negative values of t[2], are characterized by high relative
content of fructose (4.1 ppm). Therefore, the unsupervised PCA analysis showed a natural
separation of the zucchini samples, indicating differences in their metabolic profiles related
to the different agricultural practice. These results are in agreement with those of other
similar studies, in which unsupervised PCA showed a clustering of samples according to
the different agricultural practices employed, confirming that the metabolomic profile is
influenced by the type of crop used. In fact, in early potatoes and in table grapes, it was
revelated that the metabolome depends on the crop management strategies used [11,43,45].
On the other hand, in Brassica oleracea, the PCA score plot did not show a clear grouping
according to the cultivation [42].
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Figure 3. (a) PCA t[1]/t[2] score plot for zucchini juice samples based different cultivations (five com-
ponents give RZX (cum) = 0.912, Q? (cum) = 0.849); (b) loading scatter plot for the PCA model;
(a) coloured according to the correlation scaled coefficient (p(corr) > 10.51). The colour bar associated
with the plot indicates the correlation of the segregated metabolites between groups.

In order to further investigate the specific differences in metabolites linked to the differ-
ent agricultural practices (biodynamic, compost supplied, integrated agriculture), pairwise
OPLS-DA supervised analyses were performed to compare the cultivation methods. The
score plots of the resulting models (Figure 4a,c,e) showed, in all the pairwise comparisons
(biodynamic vs. compost supplied, biodynamic vs. integrated agriculture, compost sup-
plied vs. integrated agriculture), a good separation along the predictive component, as
proved by the resulting descriptive (R?X, R?Y) and predictive (Q?) parameters values of the
models (Table 2). Interestingly, the results of the pairwise supervised comparisons showed
the best differentiation (Q*(cum) = 0.853) between the biodynamic and compost-supplied
classes. This is followed, in order of the decreasing discrimination and predictive ability of
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the models, by comparisons between the biodynamic and integrated agriculture samples
and the compost-supplied and integrated agriculture samples.
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Figure 4. Pairwise OPLS-DA analysis comparisons between zucchini samples from different cate-
gories. (a) OPLS-DA score plot (30 samples) 1 + 2 + 0 components; R2X(cum) = 0.741, RZY(cum) =
0.933, Q*(cum) = 0.853. (b) S-Line for the model (a). (c) OPLS-DA score plot (30 samples) 1 + 2 +
0 components; R2X(cum) = 0.725, RZY(cum) = 0.888, Q%(cum) = 0.733. (d) S-Line for the model (c).
(e) OPLS-DA score plot (30 samples) 1 + 2 + 0 components; R%X(cum) = 0.646, R*Y(cum) = 0.831,
Q?(cum) = 0.684. (f) S-Line for the model (e).
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Table 2. Descriptive and predictive model parameters used to assess the robustness of the pairwise
OPLS-DA analysis models. One predictive and two orthogonal components were considered for
each model.

Pairwise
Comparison

RZX (cum) R?Y (cum) Q? (cum)

Permutation Test CV- Fisher’s
R?; Q2 Intercepts  ANOVA Probability *

Biodynamic vs.

Compost
Supplied

0.741 0.933 0.853 0.24; —0.522 1.66 x 1078 2.7 x 1078

Biodynamic vs.

Integrated
Agriculture

0.725 0.888 0.733 0.265; —0.685 1.21 x 1075 2.7 x 1078

Compost
Supplied vs.
Integrated
Agriculture

0.646 0.831 0.684 0.269; —0.536 740 x 107> 6.4 x 107

* From Fisher’s exact test displayed in the misclassification table (SIMCA-P software).

Moreover, by examining the corresponding S-line plots (Figure 4b,d,f) for each of the
pairwise OPLS-DA models, the discriminating metabolites responsible for differentiations
were identified.

In the biodynamic vs. compost-supplied comparison, the S-line plot for the OPLS-DA
model (Figure 4b) showed a higher relative content of amino acids (asparagine, GABA,
arginine, threonine, leucine) and organic acids (fumarate, malate, pyruvate) for biodynamic
samples with respect to the compost-supplied samples which, in turn, are characterized by
higher relative content of «/{3-glucose and fructose.

In the biodynamic vs. integrated agriculture comparison, the S-line plot for the OPLS-
DA model (Figure 4d) indicates that the biodynamic samples contain more amino acids
(asparagine, glutamine, arginine, threonine, leucine) and organic acids such as fumarate
and malate. On the contrary, the integrated agriculture samples have a higher relative
content of o/ 3-glucose, fructose, and ethanol.

Lastly, in the comparison of the compost-supplied vs. integrated agriculture samples,
the S-line plot for the OPLS-DA model (Figure 4f) showed that the compost-supplied sam-
ples are characterized by their higher relative content of amino acids such as ethanolamine,
glutamine, and arginine. On the other hand, the integrated agriculture samples are charac-
terized by their higher content of organic acids (fumarate, malate), the amino acid GABA,
and sugars (a/3-glucose and fructose), and the constant presence of ethanol. Further-
more, the compost-supplied samples exhibited higher content of polyphenols (at 6.86 and
7.58 ppm), as observed by the broad signals in the spectra. Interestingly, as previously
reported, organic zucchini fruits were characterized by significantly higher content of
phenolic acids and flavonoids when compared to the integrated agriculture fruit [64].

Moreover, in order to have a complete view of the differences between the zucchini
samples from the different cultivation methods, statistically significant metabolites are
graphically represented (Figure 5).
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Figure 5. Graphic representations of the quantitative differences in discriminating metabolites for
comparisons (a) biodynamic vs. compost supplied, (b) biodynamic vs. integrated agriculture, and
(c) compost supplied vs. integrated agriculture. Strong discriminating (| p(corr) | > 0.5 and VIP > 1)
metabolites were selected for fold change ratios. The x-axis reports significant (p value < 0.05) log,
(fold change) values.

For each pairwise comparison (for biodynamic vs. compost-supplied, biodynamic vs.
integrated agriculture, and compost-supplied vs. integrated agriculture OPLS-DA models),
quantitative estimation of the discriminating metabolite differences was performed by
calculating the fold change (FC) ratios of NMR signals related to the buckets’ integrated
values. Strong discriminating (I p(corr) | > 0.5 and VIP > 1) metabolites were selected for
the calculation of FC ratios. Interestingly, statistically significant (p value < 0.05) differences
between discriminating metabolites were obtained for each pairwise comparison.

In the biodynamic vs. compost-supplied comparison (Figure 5a), a higher significant
content of amino acids (leucine, isoleucine, threonine, alanine, arginine, GABA, asparagine)
and the organic acids malate and fumarate could be observed in biodynamic samples,
while the compost-supplied samples exhibited a higher significant content of fructose and
o/ B-glucose.

Similar findings are shown in the comparison between biodynamic and integrated
agriculture (Figure 5b), where the biodynamic samples resulted in a higher significant con-
tent of amino acids (leucine, threonine, alanine, arginine, glutamine, asparagine, tyrosine)
and organic acids (malate and fumarate). On the other hand, the integrated agriculture
samples showed, with respect to the biodynamic samples, a higher significant content of
fructose and o/ 3-glucose and the presence of ethanol.

Finally, in the comparison between the compost-supplied and integrated agriculture
samples (Figure 5c), the compost-supplied samples displayed a higher significant content
of amino acids (arginine, glutamine) and ethanolamine. On the other hand, the integrated
agriculture samples showed a higher significant content of the amino acid GABA, organic
acids (malate and fumarate), sugars (fructose and «/(3-glucose), and ethanol.

These results are consistent with other studies on the differences between samples
produced using different agronomic practices. For example, Picone et al. reported that
biodynamic samples of grape berries showed a lower content of sugars and a higher content
of amino acids (isoleucine, GABA) and organic acids (malate), as compared to organically
cultivated samples [42]. In zucchini crops, high amino acid content was described as
being linked to elevated protein turnover [31]. Furthermore, for biodynamic samples,
asparagine shows the highest content among the detected amino acids with respect to
the other cultivation methods. Asparagine carries out an important function for nitrogen
storage and transport in plants, but various mechanisms and factors that lead to the
accumulation of asparagine [65]. Additionally, among other amino acids, GABA in plants
has multiple functions in both non-stress and stress conditions. It influences the growth
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and development of plants during the crop cycle and its accumulation can help to respond
to pathogens and insects [66]. Therefore, the lower GABA content in the compost-supplied
samples, with respect to the biodynamic and integrated agriculture samples, could be
explained by the specific probiotic supply that may generate a triple positive effect (plant
growth promotion, induction of resistance to abiotic stress, induction of resistance to biotic
stress). Regarding the presence of organic acids, the biosynthesis and release of organic
acids are stimulated by environmental stress [67], and organic acids impact the organoleptic
properties of fruits and vegetables, such as their colour, flavour and aroma [68]. Moreover,
we observed a trend in the compost-supplied samples (like the biodynamic samples), in
particular regarding the content of some amino acids and sugars. This key observation is
interesting, since the present study focuses on the evaluation of the effect of compost supply
with respect to integrated agriculture, using the biodynamic foodstuff as a benchmark.
For this reason, in the present experimental design, the compost-supplied and integrated
agriculture samples share the same soil. Specifically, both the biodynamic and compost-
supplied samples are characterized by high arginine content. Arginine is one of the amino
acids that is essential in the mechanism of resistance to fruit diseases, as it participates in
various biochemical defence processes in plants [69]. Furthermore, a general increase in
sugar content for the integrated agriculture products compared to the other agricultural
practices can be observed; this accords with the results for table grapes described by Gallo
et al. [43]. Moreover, the higher content of fructose in the integrate zucchini samples is in
agreement with the findings of Lucarini et al. in the comparison of organic and conventional
Brassica oleracea [44]. In our case, the higher content of sugars observed in the integrated
agriculture zucchini samples could explain the increased ethanol production, compared to
the biodynamic and compost-supplied samples. In fact, more ethanol was observed in the
integrated agriculture samples in all the comparisons. Ethanol is an important signal of
changes in metabolic profiles [70], being the consequence of sugar fermentation during fruit
ripening [71]. In another study, where the biodynamic samples were grown in the same
soil used for the biodynamic samples in this research, higher ethanol levels, ascribable to a
possible increased yeast presence, were found in the biodynamic samples with respect to
organic and integrated table grapes, where the sugar content did not constitute a limiting
factor [11].

3.3. Element Content in Different Zucchini Samples

Furthermore, the determination of the concentration of significant elements (Ca, P, Cu,
Fe, Ni, Pb, K, Mg, Ba, Sr, and Zn), (p < 0.05), was carried out via ICP-AES analysis (Figure 6)
(Table S3). The averaged results obtained using the elemental data for each class of the
investigated samples appear almost parallel to the trend observed when applying MVA
to the NMR data set (Figure S7). Moreover, it should be noted that, in this study, only the
integrated and compost-supplied products share the same soil, with the Demeter-certified
product used as a benchmark originating in a different area. In particular, the biodynamic
samples show specific differences with respect to the compost-supplied and integrated
products; these are possibly related to both the cultivation method and the soil features.
Interestingly, although biodynamic agriculture focuses on a limited or absent external
supply to the soil, the general trend for P, K, and Mg (which are among the most abundant
detected elements) shows a consistent increase for biodynamic cultivation products with
respect to the others. Moreover, in the biodynamic products, Ca also increases as compared
to integrated agriculture cultivations, but it shows slightly lower values if compared to
the compost-supplied variety. A similar behaviour is also observed for the less abundant
elements, in particular, for Fe, Zn, Cu and Sr, which exhibit higher concentrations in the
biodynamic samples with respect to compost-supplied and integrated zucchini samples.
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Further results that could be highlighted are the relatively close, although smaller (except
for Ca), concentration values of the most abundant detected elements (P, K, Ca, Mg),
together with Fe, Zn, and Cu, obtained for the compost-supplied products with respect to
the integrated agriculture products. This finding may indicate that, at least in the present
case, the compost supply does not significantly decrease the key element accumulation in
the products with respect to integrated agriculture farming. Finally, the roughly similar
concentrations observed for the remaining elements (Ni, Pb, Ba, and Sr) only show a limited
significant increased accumulation of Pb for the compost-supplied group with respect to
integrated products, which remain comparable with the results of the biodynamic samples.
These results are generally aligned with those of other studies focused on the differences in
key nutrient content between organic and integrated agriculture methods. In particular,
the higher content of specific key elements, such as Ca, K, Mg, Na, P, and S, in organic
fresh vegetables (cabbage, kohlrabi, Brussels sprouts, beetroot, carrot, potato, and onion)
with respect to those produced conventionally, was observed [72]. On the other hand, in
leeks, only K was significantly influenced by the management system, showing a higher
concentration in organic agriculture with respect to conventional system [73]. In tomatoes,
the analysis of the element content showed significant differences in Ca, Na, Fe, and
Zn concentrations between biodynamic and conventional tomatoes, while no important
differences were observed between biodynamic and organic ones [74]. Furthermore, in
potatoes, organic cultivation has produced tubers with mineral content different to that of
conventional crops [75].
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Figure 6. Concentration of significant elements in zucchini samples expressed in ppm. Data were
obtained using the ICP-AES technique and are expressed as means + standard deviations. Ca:
calcium; P, phosphorus; Cu, copper; Fe, iron; Ni, nickel; Pb, lead; K, potassium; Mg, magnesium; Ba,
barium; Sr, strontium; Zn, zinc. Bars represent standard errors. Different letters indicate statistical
significance at p < 0.05.

For all other elements analysed (Cd, Mn, Cr, Co, Be, Li, Te, Tl, and As), the results
indicate concentrations below the sensitivity limit of the used detection method. Changes in
the content of elements (macronutrients and micronutrients) related to the use of fertilizers
have already been reported for agricultural products [76]. Moreover, it was observed that
organic farming led to improved soil health conditions [77]. On the other hand, integrated
practices and, specifically, land tillage on both organic and integrated agriculture farms
degraded the soil organic matter by reducing mineral absorption [77]. Meanwhile, microbial
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inoculants and compost could increase the content of crop micronutrients, reconstituting
soil organic matter, on both organic and integrated agriculture farms [77]. In this respect,
our findings indicate that compost supply is a viable alternative to integrated management
for improving key nutrient element uptake in food production. Furthermore, our study
showed clear results in terms of the superior performances obtained in term of key elements
uptake with biodynamic cultivation, and possibly ascribable to its specific microbiota
profile [78]. Therefore, in the present case, the use of a specific compost as a biofertilizer was
shown to favour the transition to the quality standards of Demeter production, significantly
improving crop sustainability [79].

4. Conclusions

Our findings demonstrated that the metabolic profiles of zucchini samples, although
they were from the same cultivar Vitulia, are significantly influenced by different agri-
cultural practices. Our results showed that the samples from the plots managed using
biofertilizer from compost showed similar behaviour to the samples managed according to
the principles of Demeter biodynamic certification, with higher content of specific amino
acids, such as arginine, and lower content of sugars than the samples from integrated
farming. Our research suggests that the use of a specific compost as biofertilizer could
affect the metabolic profiles of the analysed samples, exhibiting significant discriminating
metabolites (sugars, amino acids, and organic acids) that could represent a possible marker
combination, which is also related to the quality of zucchini. Moreover, the results of
the elemental analysis indicate compost supply to be a viable alternative to integrated
management for improving key nutrient element uptake in agriculture crops. Therefore,
in the present case, the use of a specific compost as a biofertilizer was shown to favour
the transition to the quality standards of Demeter certification, significantly improving
crop sustainability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods14060919/s1, Figure S1: Photo of cultivar Vitulia (Syn-
genta CV 2832) zucchini described in this study. From https:/ /agronotizie.imagelinenetwork.com/
agronomia/2010/05/11/zucchino-otto-nuove-varieta-targate-syngenta /9325 (accessed on 5 March
2025). Figure S2: Cultivation soil for zucchini samples. They refer to two collaborating specialised
Italian farms, located in the south of Italy (Apulian Region). Lacalamita Rosa (Castellaneta, Taranto,
Italy) provided the biodynamic farming while Tenuta Pinto (Mola di Bari, Bari, Italy) was involved in
compost-supplied and integrated agriculture trials. (a) Biodynamic soil; (b) compost-supplied soil; (c)
integrated agriculture soil. Figure S3: 'H-'H cosy spectrum of a representative zucchini juice sample.
Figure S4: 'H-J-resolved spectrum of a representative zucchini juice sample. Figure S5: 'H-13C
hsqc 2D spectrum of a representative zucchini juice sample. Expansions in the 0.5-3; 3-4.5; and 6-9
spectral regions are represented. Figure S6: 'H-13C hmbc 2D spectrum of a representative zucchini
juice sample. Expansions in the —0.5-4.5 and 5-7.5 spectral regions are represented. Figure S7: (a)
PCA score plot for all measured elements. (b) Loading scatter plot for the model. Table S1: List of
biodynamic preparations and their effects. Table S2: Technical data sheet of compost-supplied “Bio
Vegetal”. Bio Vegetal is a biofertilizer with organic substances and 200 types of live microorganisms.
Table S3: Concentrations of significant elements in zucchini samples expressed in ppm. Data were
obtained using the ICP-AES technique and are expressed as means + standard deviations. Results
are presented as the mean (+standard deviation) of different measurements for each of the three
cultivation methods. Ca: calcium; P, phosphorus; Cu, copper; Fe, iron; Ni, nickel; Pb, lead; K,
potassium; Mg, magnesium; Ba, barium; Sr, strontium; Zn, zinc.
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