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Abstract 

Background  A number of Italian grape berry varieties, such as Fiano (F) and Pallagrello Nero (P), represent National 
strategic products. Therefore, it is important to identify soil conditions emphasizing their peculiar characteristics 
as well as find innovative and sustainable treatments improving their compositional and nutraceutical quality. The 
field spray preparation 500 is a biodynamic product that is presumed to serve as biostimulant on the vine. However, 
so far, the scientific results probing its effectiveness are still lacking. Moreover, it is necessary to establish a reliable 
relationship between the grape quality and the spatial microvariability of the vineyard’s soil. On this basis, the main 
objective of this work consisted in correlating structural and morphological characteristics (via MRI), the primary 
metabolome (via semi-solid state HRMAS NMR) and important nutraceutical parameters (total phenols and antioxi-
dants via DPPH assay) of F and P grapes with both the action of preparation 500 biostimulant and the vineyard soil 
microvariability, based on soil apparent electrical conductivity.

Results  HRMAS enabled the identification of the primary metabolome of F and P. The elaboration of 1H NMR 
spectra through chemometrics revealed significant changes in F and P grapes, accounting for both soil microvari-
ability and the application of field spray (the latter also confirmed by PLS-DA and Heat-map clustering). Interest-
ingly, for both F and P it was observed a significantly lower content of carbohydrates after biostimulant treatment 
while MRI revealed diagnostic structural and internal details of intact grapes. The combined use of proton parametric 
indices, such as relaxation times and diffusion coefficients, indicated alterations induced in grapes by both the spatial 
microvariability of the soil and the effects of investigated biostimulant. Interestingly, a tight correlation was found 
between MRI transverse relaxation time and the contents in total phenols and antioxidants.

Conclusions  Our results have proven that both soil spatial microvariability and the application of field spray prepa-
ration 500 significantly affect the structural, metabolomic and nutraceutical characteristics of grapes. Moreover, 
the preparation 500 treatment has increased the nutraceutical value of grapes. Importantly, these data may be poten-
tially used to promote and protect biodynamic grape and predict the quality of the resulting wines.
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Introduction
About 7.5 million hectares of fertile soils, in the world, 
are vocated to the cultivation of Vitis vinifera and are 
mostly concentrated in China, Italy, USA, France, Spain 
and Turkey [1]. Over the 93% of these vineyards is com-
posed by vine cultivars producing quality grapes suitable 
for the wine industry. Italy represents the second world 
producer of wine, following the France, with an average 
production in 2021 of over 50.2 million hecto-liters [2]. 
From a qualitative point of view, many Italian wines are 
classified as excellent, as proved by the assignment of 
329 D.O.C. (Controlled Designation of Origin) and 70 
prestigious D.O.C.G. (Controlled and Guaranteed Des-
ignation of Origin) quality labels [3]. A large interest is 
thus addressed by grape and wine producers towards 
the identification of innovative agronomic strategies 
and advantageous soil conditions useful to improve vine 
productivity and promote the attainment of quality and 
excellent grapes.

In this perspective, the use of efficient biostimulants 
can promote vines growth and increase their ability to 
deal with negative factors affecting their physiology 
and performances, such as deficiency of soil nutrients 
and water, pathogens attack and adverse microclimatic 
conditions. In fact, biostimulants can activate mecha-
nisms eliciting a response in vines, making them more 
efficient in exploiting soil resources [4–7]. It is note-
worthy the fact that effective organic biostimulants 

may contribute to mitigate the adverse effects due to 
the incessant onset of climate changes [8]. Biodynamic 
products, which are obtained in respect of the princi-
ples of circular economy and sustainability, may repre-
sent suitable candidates for this purpose. For example, 
it has been proved that the application of a biodynamic 
treatment on soil and vines may improve grape produc-
tion and quality, representing an alternative approach 
to traditional methods often responsible to determine 
relevant environmental impacts [9, 10]. In particular, 
the field spray preparation 500 (p500) is an organic 
product deriving from the biochemical stabilization 
of cow manure, carried out in respect of biodynamic 
principles [11]. This product has a complex molecular 
structure, with an overall low hydrophobic character 
and composed mostly by aromatic derivatives, polysac-
charides, and alkyl compounds [12]. It has been proved 
that the application of p500 can positively influence the 
wheat by promoting plant and root growth and increas-
ing the seedling vigor [13]. Recently, a model devel-
oped based on proton liquid-state nuclear magnetic 
resonance (NMR) proves that the molecular composi-
tion of grapes, cultivated according to a biodynamic 
method including the p500 treatment, exhibits a profile 
significantly different than for grapes resulting from a 
traditional organic management [14]. However, so far, 
the literature probing the effectiveness of p500 as bio-
dynamic biostimulant is still poor. Therefore, further 
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investigations are required to confirm and consolidate 
the beneficial and effective role of this product.

On the other hand, there is a growing interest related 
to the use of fast, reliable and georeferenceable methods 
to better understand the correlations existing between 
wine quality and the properties characterizing the terri-
tory of grape origin. In this context, the electromagnetic 
induction (EMI) method, typically adopted to conduct 
precision agriculture, represents a very promising tech-
nique allowing the evaluation of soil apparent electrical 
conductivity (ECa) and its representation through intui-
tive responsive maps. EMI is very advantageous because 
permits to predict several soil conditions and proper-
ties, such as the content in water, organic matter, active 
clays and salts, as well as individuate buried rocks at a 
soil depth which, depending on the selected frequency 
for the measurement, may explore up to 1.5–2 m [15, 16]. 
Conceptually, the EMI technique involves the generation 
of a primary magnetic field, developed from a moving 
transmitter and oriented towards the soil. The presence 
of conductive components in soil produces secondary 
currents that, in turn, develop a secondary induced mag-
netic field. The detection and the quantification of the 
latter is finally exploited to extrapolate the soil electri-
cal conductivity [15–17]. Recently, ECa maps have been 
also used to correlate the spatial variability of soil physi-
cal properties with site-specific crop responses, including 
biological parameters [18] and total soil respiration [19]. 
It has been found that plant growth parameters, such as 
height, leaf area index and dry matter, well correlate with 
soil patterns identified through ECa maps for crops such 
as winter barley, winter wheat and sugar beet [20]. Simi-
larly, a close relationship between ECa maps and maize 
plant height has recently been established in field experi-
ments [21]. A significant correlation has been also found 
between soil microvariability detected via EMI and the 
molecular quality of Aglianicone grapes in different vin-
tages [22].

On this basis, the purpose of this work was to inves-
tigate on the possible effects induced by the p500 treat-
ment on model autochthonous Italian vine cultivars 
(Pallagrello Nero and Fiano), in open field tests, account-
ing also for the spatial microvariability of vineyards 
revealed by EMI method. The influence of both p500 
treatment and soil microvariability was verified by exam-
ining (i) representative nutraceutical parameters; (ii) the 
primary metabolome; and (iii) microstructure and mor-
phological traits of studied grapes.

In particular, grape metabolome was unraveled 
by means of high-resolution magic angle spinning 
(HRMAS) NMR spectroscopy, in the semi-solid state 
[23, 24]. This technique permits to obtain NMR spectra 
through the direct exam of fresh and intact tissues, in a 

relatively rapid way, with a resolution very similar to that 
attainable via high-resolution liquid-state NMR [23, 25]. 
HRMAS represents a very innovative and powerful tech-
nique which has been already used with success mostly 
to investigate on the quality and the origins of relevant 
agro-food products, such as tomato [26], persimmon 
[27], sweet pepper [28], and maize [29]. However, despite 
its undisputable potential, HRMAS is still underutilized, 
in the fields of food and agricultural chemistry, while it 
would be useful to explore its unexpressed potential.

The analysis of grape microstructure and morpho-
logical traits was carried out by means of magnetic reso-
nance imaging [30–32]. This technique is based on the 
quantification and the spatial location of water protons 
and enables the acquisition of detailed morphological 
images (resolution of tens of micrometers) of internal 
sections of intact tissues. In addition, the adoption of 
specific experiments permits to extrapolate multiple and 
complementary information informing directly on the 
composition and dynamics of the water molecules in the 
examined tissue and indirectly on sample microstructure 
[30, 33]. Up to date, MRI has been used to examine sev-
eral important aspects of relevant agro-food products, 
such as tomato [34, 35], radish [36], kiwi [33, 37, 38] and 
apple [39–41]. MRI is a very powerful imaging technique 
which so far has been largely used in the medical diag-
nostics and pharmacological fields. However, similar to 
HRMAS, MRI potential in the fields of food and agricul-
tural chemistry is still underutilized. Therefore, a further 
objective of this work was to reveal and demonstrate the 
suitability and potential role of MRI and HRMAS NMR 
spectroscopy for investigating on grapes and providing 
useful information.

Experimental section
Fiano and Pallagrello Nero vineyards and p500 treatment
The grapes of white Fiano (F) and black Pallagrello (P) 
were produced by the biodynamic farm “I Cacciagalli”, 
located in Teano (Caserta, Italy). Vineyards soil is only 
few meters shallow, exhibits a slightly acid pH and is 
characterized by a silty clay texture. F and P grapes were 
sampled on the 3rd and the 16th of September 2021, 
respectively, at the full maturation of fruits, which was 
established on the basis of sugar content (16°Bx for F and 
21°Bx for P).

Half of F and P vineyards were treated with field spray 
preparation 500 (p500), purchased from the association 
“Agriculture living” and dynamized in the farm immedi-
ately before the soil application. The latter occurred in 
full compliance with the guidelines provided by the Ital-
ian association DEMETER. The product was sprayed on 
the soil on the 1st of December 2020 and 14th of April 
2021, using a dose of 250–300 g/ha (Supporting Tab. 1). 
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The grape samples were collected from plants insisting 
on soil sites treated (T, treated with 500) and untreated 
(C, control) with p500. For each cultivar and treatment, 
at least 100 berries were taken from 5 different plants. 
Samples were stored at the temperature of − 20  °C until 
the analysis.

Soil mapping via electromagnetic induction technique
Vineyard’s spatial variability was measured by using a 
multi-frequency EMI sensor (GSSI Profiler EMP-400) 
equipped with a 1.2 m coil spacing [15, 22].

The measurements were performed on the 16th of Sep-
tember 2020, by setting the vertical dipole mode (VDP), 
and a frequency of 13 kHz. Such a frequency resulted the 
best compromise to examine that portion of soil typi-
cally explored by the roots of the vine (estimated mag-
netic field penetration depth of about 1.5 m). ECa values 
(expressed as mS/m) were obtained by collecting data 
every 0.75 s, in continuous mode, walking along each row 
of the vineyard and at a speed of about 4–5 km/h.

The acquisition points were georeferenced using the 
Tripod Data System Recon Personal Digital Assistant, 
accompanied by both an integrated Bluetooth service and 
HoluxTM Wide Area Augmentation System Global Posi-
tion, with a horizontal dilution of differential correction 

accuracy. Collected data were then used to develop ECa 
(apparent electrical conductivity) maps of F and P vine-
yards. To ensure maximum georeferencing accuracy, the 
coordinates of the ECa values were determined consid-
ering at least 8 satellites. ECa maps were generated by 
using MagMap2000c and Surfer Golden© and applying 
the kriging method (single cell 1 × 1  m). Abnormal ECa 
data acquired in proximity of vineyard metal rollers were 
removed. Grape berries, for both varieties and as a func-
tion of p500 treatment, were sampled by plants insist-
ing on vineyards sites characterized by the highest (H, 
high, relative range 10.42–14.87  mS/m) and the lowest 
(L, low, relative range 8.7–11.45 mS/m) ECa values. Spe-
cifically, samples were collected at high ECa values (PC3 
and PT1, 14.84 and 10.31  ms/m; FC1 and FT1, 12.42 
and 13.27  ms/m) and at low ECa values (PC5 and PT1, 
11.45 and 10.31 ms/m; FC3 and FT5, 8.7 and 9.55 ms/m) 
(Fig. 1). For each cultivar, at least 100 berries were taken 
from 5 different plants. Samples were stored at the tem-
perature of − 20 °C until the analysis. All sample typolo-
gies and respective labels are listed in Supporting Tab. 1.

Titratable acidity
For each thesis, 25 grapes were thawed and pressed until 
to obtain a juice, which was then filtered under vacuum 

Fig. 1  ECa map of Pallagrello Nero (P, on the left) and Fiano (F, on the right) vineyards obtained by electromagnetic induction technique (13 kHz). 
The color scale is described in the legend and shifts progressively from red (low ECa values, 5.37 mS/m) to blue (high ECa values 16.49 mS/m) 
as a function of site-specific electrical conductivity. The image also specify the plots either treated (T) or not (C) with p500
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(cellulose acetate filters, Whatman 41, 20  μm pores). 
Then, a volume of 2 ml of filtered juice was diluted with 
98  ml of deionized water, added with phenolphthalein 
indicator and titrated, under magnetic stirring, with 
a solution of NaOH 0.1  M. The titratable acidity was 
expressed as equivalents of tartaric acid (g/l). 3 replicates 
were analyzed for each grape type.

Grape extraction and quantification of total phenols 
and antioxidants
For each thesis, 20 grapes were thawed and blended, 
through an immersion mixer, until the material was com-
pletely crushed. Then, 5 g of blended material were put in 
contact with 20 ml of a 70% (v/v) ethanol solution, ultra-
sonicated (ARGO LAB DU-32) for 4 min at 30 °C and left 
under magnetic stirring for 17 h and 30 min, at 4  °C, in 
absence of light. Afterwards, a centrifugation (10 min at 
6000 rpm) was carried out to isolate supernatant which 
was finally filtered, under vacuum, and stored at the tem-
perature of − 20 °C, until further analyses.

The content in total phenols was determined by using 
the Folin–Ciocalteu assay and was expressed as gallic 
acid (GAE) equivalents. The reaction was performed by 
adding, progressively, 0.2 ml of ethanolic extract, 0.5 ml 
of Folin–Ciocalteu reagent (diluted 1:3 with bi-distilled 
water), and 0.5 ml of a Na2CO3 solution (10% w/v). After 
the addition of each component, the mixture was agi-
tated for about 10 s, through a vortex, and held for about 
4 min, in absence of light. Finally, the mixture was diluted 
with 3.9  ml of bi-distilled water and the reaction was 
left to proceed for 2 h and 30 min, at 25  °C, in absence 
of light. Each experimental set consisted of 4 replicates 
and 2 blank samples. For the latter, the volume of grape 
extract was replaced by the same volume of ethanol 70% 
solution. The reaction product was examined with a spec-
trophotometer (Thermo Spectronic 20 Genesys) by set-
ting it at a wavelength of 765 nm. The absorbance values 
were then converted in GAE through a comparison with 
a calibration curve, built by launching the reaction with 
increasing amounts of gallic acid (range 0–1 mg GAE per 
ml of extract; r2 = 0.9804). The values were expressed in 
mg of GAE per g of fresh mass.

The antioxidants content was measured by the free 
radical scavenging assay via DPPH (2,2-diphenyl-1-pic-
rylhydrazyl), and the results were expressed as ascorbic 
acid (AAE) equivalents. The procedure was carried out 
by diluting 0.125 ml of extract with 4.325 ml of metha-
nol and adding 0.5  ml of DPPH solution (2.18  mM in 
MeOH). The mixture was agitated for about 10  s, and 
then the reaction occurred for 30  min, in absence of 
light. The results were read with a spectrophotometer 
(Thermo Spectronic 20 Genesys) at the wavelength of 

517  nm. Each experimental set consisted of 4 repli-
cates and 2 blank samples. For the latter, the volume of 
ethanolic extract was replaced by the same volume of 
ethanol 70% solution. The absorbance values were then 
converted in AAE through a comparison with a calibra-
tion curve, built by launching the reaction with increas-
ing amounts of ascorbic acid (range 0–960 μg AAE per 
ml of extract; r2 = 0.9938). The values were expressed in 
µg of AAE per g of fresh mass.

HRMAS NMR spectroscopy
Per each representative sample, three berries were 
thawed before HRMAS NMR analysis. After few min-
utes, each berry was dissected, and few aliquots of 
grape pulp were sampled per berry. The material was 
merged and homogenized. About 30 ± 1 mg of homoge-
nized sample was inserted into an HRMAS-NMR rotor 
(4  mm in zirconia; 50  μl). Few tens of microliters of a 
phosphate buffer solution (pH 6.8, 0.05  M), prepared 
entirely with deuterated water (99.8% D2O/H2O), were 
then added to the rotor, by removing possible relatively 
large air bubbles. The latter was finally closed with a 
special external cap equipped with fins, serving as tur-
bine and necessary to trigger sample rotation [23, 24].

HRMAS NMR experiments were conducted on a 
500  MHz spectrometer (11.7 Tesla, Bruker Oxford 
spectrospin, Illinois) equipped with a 1H–13C HRMAS 
probe. The experiments were conducted at a tempera-
ture of 22 ± 1 °C, at a rotation rate of 5 kHz and examin-
ing at least 4 replicates for grape typology.

1H NMR spectra were acquired by applying the on-
resonance presaturation technique, to suppress the 
water signal, and setting 16k of acquisition points, 
5  s of recycle delay, 8 dummy scans and 256 effective 
scans. To assign the most intense NMR signals and to 
support the identification of grapes metabolomic fin-
gerprint [22], 1D proton-decoupled 13C spectra and 
two-dimensional spectra were also acquired for several 
representative samples of F and P. The bidimensional 
spectra consisted in homonuclear 1H–1H correlation 
spectroscopy (COSY), total correlation spectroscopy 
(TOCSY) and nuclear Overhauser effect spectroscopy 
(NOESY) and heteronuclear 1H–13C heteronuclear 
single-quantum coherence (HSQC) and heteronu-
clear multiple-bond coherence (HMBC) [42]. All 2D 
NMR spectra were set up with 16 dummy scans, 64 
scans, 2048 acquisition points for 256 experiments, and 
spectral windows of 16 and 300  ppm, respectively, for 
hydrogen and carbon nuclei (in the case of heteronu-
clear experiments). All spectra were processed (Fourier 
transform, phase, and baseline corrections) by using 
Bruker TopSpin software (v. 4.1).
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Magnetic resonance imaging (MRI) of grape samples
MRI experiments were performed at a temperature of 
25 ± 1 °C on a wide-bore Bruker Avance 300 MHz magnet 
(Bruker Isospin, Rheinstetten, Germany), equipped with 
a μ-imaging MICRO 5 probe and operating at a proton 
frequency of 300.13  MHz. For each analysis, one grape 
berry was loaded into a sterilized 25  mm tube (Norell, 
borosilicate). An inert and soft material was put on the 
bottom and on the top of the tube to stabilize vertically 
the grape, during the analysis, and avoid the possible 
interference of water exuded from grape. Then, each tube 
was tightly closed to minimize the grape water evapora-
tion (Supporting Fig. S1).

Three types of MRI experiments were launched to 
identify longitudinal spin–lattice (T1) and transverse 
spin–spin (T2) relaxation times as well as self-diffusion 
coefficients (DIFF), respectively. T2 experiments were 
acquired by applying a multi-slice–multi-echo pulse 
sequence, setting a recycle delay of 6  s, 4 scans and 18 
sub-experiments, each of them characterized by an 
increasing number of spin–echoes (the total spin–echo 
duration varied gradually and progressively from 12 to 
216 ms, in 18 experiments) [30–32]. The data were fitted 
according to the following equation:

where M0 and Mt represent the resulting magnetiza-
tion intensity at the minimum spin–echo delay and after 
the ith spin–echo interval, respectively. The 2D images 
extrapolated from this experiment, at the shortest spin–
echo duration (12 ms), was exploited for morphological 
evaluations.

T1 experiments were acquired by applying an inversion 
recovery pulse sequence and performing experiments at 
increasing repetition times, which gradually varied from 
700 to 7500 ms. The experiments were set with an echo 
time of 65 ms and 4 scans. The data were fitted according 
to the following equation:

where M0 and Mt represent the resulting magnetization 
intensity at the minimum repetition time and after the 
ith delay, respectively.

The self-diffusion coefficients (DIFF) were extrapolated 
from a pulse sequence based on the use of pulsed field 
gradients and integrated with stimulated echoes. The 
experiment was set with a recycle delay of 6 s, 6 scans, a 
delay of 4 ms for the two gradients (δ, little delta), 13 ms 
as interval (Δ, big delta) between the first (encoding) 
and second (decoding) gradient. The strength of gradi-
ents increased progressively (100, 400, 750, 1000, 1500, 
2168  s  mm−2) in 6 experiments. The data were fitted 
according to the following equation:

(1)Mt = M0 exp (−t/T2),

(2)Mt = M0[1− exp (−t/T1)],

where M0 and Mt represent the resulting magnetiza-
tion intensities after the application of the weakest gra-
dient and that at the ith strength, respectively, γ is the 
gyromagnetic ratio of hydrogen, G is the intensity of the 
pulsed field, δ is the duration of the gradient, and Δ is the 
time interval between the first (encoding) and second 
(decoding) gradient.

All MRI images resulted from the acquisition of 6 
interlaced axial slices, with a thickness of 1  mm, a vis-
ual window of 18 × 18  mm2 (Supporting Fig. S2, on the 
left). The images consisted of a matrix 256 × 256 for T1 
and T2 experiments and a matrix 128 × 128 for DIFF 
experiments.

Bruker’s Paravision 6.0.1 software was used to process 
MRI data, obtain images and perform the data fittings. 
Calculations for the fittings were carried out by exam-
ining and averaging, per sample, 12 regions of interest 
(ROI) distributed over 4 slices. Briefly, 4 representative 
slices, per sample, were considered and, for each of them, 
3 circular ROIs (area ≈ 0.4  cm2; Supporting Fig. S2, on 
the right) were selected (3 ROIs × 4 slices × sample). At 
least 4 replicates were acquired for each type of grape.

Multivariate analysis
For each replicate, all HRMAS NMR proton signals 
included in the spectral range 7.766–0.764  ppm were 
assigned and integrated by creating buckets with variable 
width and sized to include whole peaks (either singlets or 
multiplets, depending on compound structure). For each 
grape variety (F and P), it was produced a data matrix 
composed of 43 variables (integrations) per a total num-
ber of observations accounting for both p500 treatment 
(Control vs Treatment), and the ECa values (L vs H) of 
soil sites (at least 4 replicates per sample typology).

For each 1H NMR spectrum, the area corresponding 
to each single integration was normalized, with respect 
to the sum of the individual areas (expressed in %), and 
Pareto-scaled to prevent the underestimation of relatively 
low intense NMR signals [43, 44]. The F and P matrixes 
(either whole spectrum or containing only significant 
variables, depending on the elaboration phase) were elab-
orated through multivariate statistic techniques. Princi-
pal component analysis (PCA) was used to identify the 
variables (loading-vectors) discriminating different grape 
types. The ANalysis Of VAriance (ANOVA) test was 
applied to assess the significance (Tukey and Benjamini–
Hochberg FDR tests, both set at an α confidence level of 
0.05) by which the most relevant variables (extrapolated 
through the evaluation of PCA loading-plots) contrib-
uted to differentiate the composition of grape types [43, 
44].

(3)Mt = M0 exp
[

−γ 2
G

2δ2(�− δ/3) D
]

,
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Heat-map variable analysis and partial least square dis-
criminant analysis (PLS-DA) were applied by considering 
the variables significantly involved in the discrimination 
among the samples. For Heat-map clustering, the values 
were centered, reduced and displayed as colors ranging 
from red (relatively higher) to yellow (relatively lower) 
through orange (intermediate values). Samples were 
clustered using Euclidean’s distance. PLS-DA permit-
ted to assess the ability to objectively and significantly (α 
confidence level of 0.05) discriminate the composition 
of different grapes by providing the % of correct sample 
classification, and the receiver operator characteristics 
(ROC) curve [43]. It was also performed a cross-valida-
tion (CV) session based on the PLS-DA test. In particu-
lar, the method consisted in building a validation set, 
achieved by dividing all samples in either a training (dis-
criminant model composed by samples which had been 
classified a priori) or a test (cross-validation composed by 
unclassified samples) set. The distribution of samples into 
the two different sets was conducted accounting for the 
number of replicates per sample type and aimed to main-
tain a number of replicates in the training set > 70%. This 
validation was repeated 5 times by randomly inverting, 
per each grape type, the samples included in the training 
and test sets. The larger the percentage of correct classi-
fication of test set samples, the better the discrimination 
extent among of samples. One representative score-plot, 
out of the five obtained, was shown for P and F PLS-DA 
cross-validations [43].

The values resulting from MRI experiments (T1, T2 
and DIFF) were subjected to the analysis of variance 
(ANOVA) statistical test to verify the significance (Tukey 
and Benjamini–Hochberg FDR tests, both set at an α 
confidence level of 0.05) by which the variables contrib-
uted to differentiate the different types of grapes.

PCA, ANOVA, PLS-DA and Heat-map tests were car-
ried out by the XLStat software (v.2019, Addinsoft, Paris, 
France).

Results and discussion
HRMAS NMR spectroscopy
Semi-solid state HRMAS NMR spectroscopy repre-
sents a very innovative and powerful technique which, 
despite its undisputable potential, is still underuti-
lized in the fields of food and agricultural chemistry. 
HRMAS permits to obtain NMR spectra by the direct 
exam of fresh and intact tissues, relatively rapidly and 
with a resolution very similar to that attainable via 
NMR in liquid-state and high resolution [24, 25]. On 
this basis, such a technique was exploited to identify 
the primary metaboloma of Fiano and Pallagrello Nero 

grapes and research possible correlations with both soil 
electrical conductivity and the treatment based on the 
biodynamic preparation 500 biostimulant.

Initially, the most appropriate rotor spin rate was 
established. In fact, if, on one hand, the NMR spectral 
resolution of a sample analyzed in the semi-solid state 
can be improved by increasing the spin-rate, on the 
other hand, an excessively high rotational speed can 
alter the integrity of the sample, penalizing reliability, 
spectral quality and reproducibility [24, 25]. Therefore, 
through a preliminary set of tests, we found that the 
best compromise consisted in a spin rate of 5 kHz.

Different  regions of the 1H HRMAS NMR spectrum 
of a representative F berry is shown in Fig. 2. The iden-
tification of the most intense proton signals found in 
both grapes types permitted to define their primary 
metaboloma [4, 22, 44–46]. Figure 2 reports the assign-
ment of the main proton signals detected, almost exclu-
sively, in the two regions of alkyl (0.5–2.5  ppm) and 
hydroxyalkyl (2.5–5.5 ppm) protons. Most of predomi-
nant signals were attributed to multiplets in carbohy-
drates such as glucose, fructose and sucrose, followed 
by xylose but with a content significantly lower. Sev-
eral amino acids were found in P and F berries, and 
consisted in proline, asparagine, GABA, glutamate, 
arginine, lysine, alanine, threonine, and valine. The 
metabolomic profile was also composed by alcohols, 
like methanol and ethanol, organic acids, such as tar-
taric, succinic and malic acids, and other compounds 
such as choline and lipid molecules (broadened signals 
in the alkyl region). Except for very weak and broad-
ened signals, which were attributed to tryptophan and 
phenylalanine, there were no relevant peaks and mul-
tiplets at low field frequencies, and, in particular, in the 
aromatic region. This was explained by the fact that the 
examined tissue consisted in grape mesocarp, which 
notoriously lacks of phenolic and polyphenolic com-
pounds (i.e., tannins and anthocyanins). In fact, the lat-
ter ones are expected to be much more concentrated 
in the grape skin and pips. The profile of the primary 
metabolome of F and G grapes was thus defined and, 
from a qualitative point of view, the same compounds 
were detected in both grape varieties. Subsequently, a 
semiquantitative comparison among the integrations of 
F and G spectra was conducted aiming to find signifi-
cant, objective, and diagnostic characteristics related 
to both the soil spatial variability (based on ECa values 
detected via EMI technique) and the action exerted by 
the p500 application. It is important to underline that 
the studied grapes were harvested in the same vintage 
(September 2021), from the same vineyards and the 
same type of soil, managed by the same producer, and 
grown in the same microclimatic conditions.
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Soil spatial microvariability
In order to correlate soil vineyard microvariability with 
the primary metabolome of studied grapes, we elabo-
rated the integrations of their HRMAS NMR spectra 
via principal component analysis (PCA). The latter is an 
unsupervised multivariate statistical analysis enabling the 
rapid identification of statistical groups of observations 
characterized by specific peculiarities. It allows an effec-
tive exploration of very large data matrices, providing, in 
a single output (namely score plot), clear information on 
systematic variations induced by specific conditions and/
or treatments, and revealing, at the same time, the varia-
bles responsible for these discriminations [43]. Therefore, 
1H NMR  HRMAS spectra of F samples collected from 
plants located in the soil sites characterized by a low 
(L, 9  mS/m) or high (H, 13  mS/m) ECa responses were 
thoroughly compared via PCA. Figure 3a, b shows both 
the PCA score-plots and the most significant spectral 

comparisons between Fiano samples, for both control 
and p500-treated plants. The score-plot displayed in 
Fig.  3a refers to FC samples and results from the linear 
combination of the line PC1 and PC2, explaining 44.18 
and 24.03% of total system variability, respectively. The 
fact that both L and H groups were placed in mark-
edly different regions of the score-plot, indicated neat 
and peculiar differences in their primary metabolomas. 
Firstly, the metabolites mostly representing the PC1 and 
PC2 were individuated by examining the respective PCA 
loading-plot. Then, the metabolites responsible to signifi-
cantly discriminate L from H were selected via ANOVA 
test. FC collected in L sites exhibited a lower content in 
amino acids, such as proline, glutamate, GABA, alanine, 
valine, and threonine, associated  with a lower content 
in ethanol and lipids (differentiation expressed along 
the PC1). Also the lower content in xylose permitted 
a collocation of L samples at higher PC2 values, thus 

Fig. 2  1H HRMAS NMR spectrum of a representative sample of PALLAGRELLO grape berry. The figure reports an expansion and magnification 
(entity of magnification is reported in parentheses) of the following spectral regions: 0.4–3.1 ppm (× 16); 3.2–4.8 ppm; 5–5.6 ppm. Red boxes include 
an additional magnification of the regions 5.26–5.52 ppm (× 128) and 4.35–4.55 ppm (× 4). The figure reports the name of compounds attributed 
to the signals. The abbreviations G, F, S and Xil refer to carbohydrates glucose, fructose, sucrose and xylose, respectively
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contributing to the discrimination. On the right-side of 
Fig.  3a it is exhibited a comparison among the spectral 
regions (3 replicates per grape type) including the NMR 

signals mostly involved in the discrimination between the 
two types of grapes.

Figure  3b reports a comparison between L and H 
Fiano samples resulting from treatment with biodynamic 

Fig. 3  PCA score-plot obtained by comparing 1H HRMAS NMR spectra of Fiano (F) and Pallagrello (P) mesocarp tissues, sampled from vineyard 
sites characterized by high (H) and low (L) ECa values, and collected from plants untreated (a, c) and treated with the biostimulant p500 (b, d). In 
green, along the edges of score-plots, are reported the name and the orthogonal direction of the most significant loading vectors responsible 
for the discrimination between the compared types. On the right side of each score-plot they are shown the NMR peaks mostly involved 
in the discrimination between the grape types (3 replicates # per type)
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p500. Again, the combination of PC1 and PC2 (respec-
tively, 40.93 and 23.93% of the total explained variability) 
implied a clear differentiation between FT_L and FT_H. 
The discrimination occurred only along the PC1 and was 
due to the fact that FT_H samples exhibited a higher 
content in fructose, lysine, lipids, and valine, accompa-
nied by a lower amount of GABA, threonine, and ala-
nine. Again, the spectral comparison in the right-side of 
the figure highlights the neat semiquantitative differences 
between the two types of grapes. These results proved 
that, in all cases, the metabolome of F samples changed 
significantly, as a function of soil electrical conductivity, 
thus proving that the factors which determined a differ-
ence of 4 mS/m between the ECa values of L and H sites 
are sufficient to affect the vine metabolism.

The score-plot exhibited in Fig.  3c informs on the 
metabolome of Pallagrello grapes (untreated with p500) 
as a function of different ECa responses. Only the combi-
nation PC4 and PC7 (explaining the 14.68% of total vari-
ability) allowed a discrimination between H and L, and 
was exclusively due to a significantly higher content of 
malic acid in PC_L samples.

In case of P samples treated with the biostimulant p500, 
it was detected a neat discrimination as a function of soil 
ECa responses (Fig. 3d). The discrimination occurred by 
combining the PC1 (43.47%) with the PC2 (27.41%) and 
was ascribed to the higher content in GABA, proline, 
asparagine, malate, glutamate, alanine, ethanol, lipids, 
and valine in PT_H samples. Interestingly and in agree-
ment with the results concerning F berries treated with 
p500 (Fig.  3b), also in PT samples it was recorded an 
over-expression of several amino acids. Another com-
mon aspect is that valine and lipid compounds resulted 
higher than in L, for both FT_H and PT_H. Also for P 
grapes, the different ECa values revealed soil sites with 
different characteristics and affecting differently the 
grape metabolism.

The soil spatial variability identified by EMI tech-
nique is mainly attributable to the overall distribution 
in active clays, water, and organic matter which contrib-
ute to increase the apparent electrical conductivity [16]. 
Our results, based on sites with ECa values at least of 
8  mS/m and characterized by an average difference of 
4 mS/m, proved that investigated soil sites experimented 
specific soil conditions which, not only were indirectly 
revealed by EMI, but also significantly impacted on both 
vine physiology and grape metaboloma. In fact, in all of 
studied cases, it was verified that at different ECa values 
corresponded systematically a different metaboloma. In 
addition, such a discrimination resulted even more pro-
nounced for samples subjected to biostimulant treat-
ment. Interestingly, this outcoming well agrees with a 
recent paper focusing on Aglianicone black grapes [22] 

and proving the existence of a tight and systematic cor-
relations between the composition of Aglianicone grapes, 
revealed via HRMAS NMR, and ECa soil data.

Effects induced by p500 treatment on grape metabolome
PCA was also exploited to investigate on possible effects 
induced by the action of the biostimulant p500 on the 
composition of the two varieties of grapes F (Fig. 4a) and 
P (Fig. 4b). Interestingly, both varieties of grapes showed 
an enhanced p500-dependent change in the primary 
metaboloma. The score-plot differentiating FC from FT 
grapes was obtained by combining PC1 and PC2 (56.67% 
of the total system variability explained; Fig.  4a). The 
discrimination occurred along the bisector direction 
between the second and the fourth quadrant and was 
determined by a higher content in proline, glutamate, 
GABA, alanine, ethanol, and lipids, in samples resulting 
from p500 treatment, accompanied by a lower content in 
sucrose and fructose. For P samples, the neat differentia-
tion occurred along the PC1 (48% of the total variability 
of the system; Fig. 4b). Analysis of the loading-plot, com-
bined with the ANOVA test, revealed that the PC sam-
ples exhibited a significantly lower content in metabolites 
such as glucose, fructose, proline, glutamate, lysine, ala-
nine, threonine, and lipids.

These outcomes suggest that, for both P and F grapes, 
the p500 treatment may promote the expression of sev-
eral amino acids as well as can impact on carbohydrates 
contents. As compared to the control, the p500 induced 
an increase of proline, glutamate and lipids for both 
FT and PT. However, the influence induced by p500 on 
vine metabolism seems to vary as a function of the vari-
ety. A certain influence of biodynamic products on the 
expression of amino acids have been already observed 
previously. For example, Picone and coworkers [14], in 
agreement with our results on FT, have demonstrated 
that the concentration of GABA, in treated grapes, was 
significantly higher than the grapes subjected to tradi-
tional organic treatment, as well as it was proved that 
biodynamic treatments positively elicited the production 
of isoleucine and valine [47].

Heatmap (Fig.  5) not only confirmed the discrimina-
bility of explored samples, by clusterizing control and 
p500 samples into two distinct groups for both P and F 
samples, but also highlighted, in a direct and simple way, 
the semiquantitative response (red to yellow scale) of 
the variables significantly involved in the grape type dis-
crimination. In case of F samples, the map underlined 
a lower content in sucrose and fructose in FT samples, 
accompanied by a larger amount of glutamate, pro-
line, lipids, alanine ethanol and GABA (Fig. 5a). In case 
of Pallagrello grapes, the heat map confirmed the pro-
nounced difference in the primary metabolome induced 
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Fig. 4  PCA score-plot obtained by comparing 1H HRMAS NMR spectra of Fiano (F, a) and Pallagrello (P, b) mesocarp untreated (Control) and treated 
with p500 (p500). In green, along the edges, are reported the name and the orthogonal direction of the most significant loading vectors 
responsible for the discrimination between the compared types
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by p500 treatment. In fact, most of PT samples exhib-
ited a higher abundance of fructose and glucose, as well 
as a higher  expression of several compounds, including 

amino acids and lipids. Finally, it was applied the cross-
validation test of PLS-DA to further prove the capacity of 
the used analytical approach to discriminate control from 

Fig. 5  Heatmap of Fiano (F, a) and Pallagrello (P, b) grapes untreated (C) and treated (T) with p500. The values for variables were centered, reduced 
and displayed (see legend) as colors ranging from red (relatively higher) to yellow (relatively lower) through orange (intermediate values). Both 
samples and variables were clustered by applying the Euclidean’s distance. G, a-G, F and S refer to glucose, alfa-glucose, fructose and sucrose, 
respectively. Several metabolite were cited more than once when more than one NMR signal contributed to heat map clusterization
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p500-treated Fiano and Pallagrello grapes in a reliable 
way. The test was successful since in each of five cross-
validations, the “unknown” replicates were classified cor-
rectly at the 100%. In Supporting Fig. S3 are reported the 
outputs of one representative cross-validation test for 
both Fiano (Supporting Fig. S3a–c) and Pallagrello grapes 
(Supporting Fig. S3d–f). The figure includes the PLS-DA 
cross-validation score-plot, the PLS-DA receiver opera-
tor characteristics (ROC) curve in which the area under 
the curve corresponded to 1 and the PLS-DA cross-val-
idation results. In conclusion, these outcomes showed 
unequivocally that biostimulant preparation 500, when 
applied with appropriate times, methods, and amounts, 
can influence the primary metabolism of vines, with 
effects which reflect on the berry composition and with 
possible implications on grape and wine quality. This 
finding is very important because permits to candidate 
the proposed HRMAS-based metabolomic approach as a 
reliable tool to prove objectively the biodynamic nature 
of the product, thus permitting to protect biodynamic 
producers as well as permit them to valorize and pro-
mote their products.

Titratable acidity, contents in total phenols and antioxidant 
agents
The titratable acidity of grape is an important parameter 
because is related to the pH, accounts for content in weak 
acids, impacts on organoleptic properties and influences 
the winemaking process. It is mostly influenced by pre-
dominant organic acids which are represented by tartaric 
acid (0.2–1.0%, on fresh weight), followed by malic, suc-
cinic and citric acid [48]. It is reported that the content 
of tartaric acid, generally ranging between 3 and 9  g/l, 
depends on the variety, production area, vintage, and ter-
roir [14, 48–51].

F grapes exhibited a significantly higher titratable acid-
ity than the P one (Table 1). This was expected, due to the 
fact that the pH of white grape berries is typically more 
acid than the red ones. Moreover, samples FT_L, PT_H 
and PT_L showed the highest values for F and P variety, 
respectively. Importantly, all of these samples resulted 
from the p500 treatment, thus suggesting a possible 
role of this biostimulant in eliciting an accumulation of 
organic acids in grapes. The titratable acidity did not vary 

among P samples, with an average value of 3.86 g/l. Con-
versely, this parameter varied markedly among F samples, 
as a function of both p500 treatment and soil ECa values. 
In detail, FT_L was characterized by the highest titratable 
acidity, which corresponded to 5.62 g/l. Interestingly, the 
slightly but significantly higher titratable acidity of PC_L 
than PC_H is in line with the highest content in malic 
acid for PC_L already observed by HRMAS NMR.

The content in total phenols was evaluated in all inves-
tigated grapes through the Folin–Ciocalteu assay. As 
expected, the black grape berries P exhibited significantly 
higher contents in total phenols than the white berries 
F, with average values of 1.455 and 0.655 mg GAE/g FW, 
respectively. These values are in line with the content 
in total phenols for red grapes, which generally ranges 
within 1.2 and 3.35 mg GAE/g FW, while, for white ber-
ries, the range is typically included between 0.32 and 
2  mg GAE/g FW [52–55]. The highest contents in total 
phenols were observed for F and P grapes treated with 
p500, as compared to the respective control (Fig. 6). The 
assumption of food rich in total phenols is important 
due to the beneficial properties of these compounds. In 
fact, they may serve as powerful antioxidants, prevent 
inflammations, stimulate positively the nervous system, 
prevent cardiovascular diseases and seem to be related 
to anti-tumor activity [56]. On this basis, it is possible to 
conclude that the application of biodynamic treatment 
not only influenced the primary metabolome of F and P 
grapes, but also implied an increase in their nutraceutical 
and healthy value.

In addition, it was found also a neat correlation 
between the phenols content and site-specific ECa 
responses. In fact, except for FT_H and FT_L which did 
not vary at all among each other, FC_L was significantly 
higher than FC_H. Conversely, in case of Pallagrello sam-
ples, the total phenols responses changed significantly, as 
a function of ECa values, by exhibiting the highest con-
tents in case of PC_H and PT_L (Fig. 6b).

The DPPH assay was carried out to quantify the free 
radical scavenging activity in studied grapes. It was 
detected a significant amount of antioxidants in both 
varieties (Fig.  6c, d) with higher average values for P 
grapes. While the differences in antioxidants for P types 
were very small, although significant, a more enhanced 

Table 1  Titratable acidity (g/l of tartaric acid equivalents) of Fiano (F) and Pallagrello Nero (P) grape berries, collected from soil sites 
characterized by low (L) and high (H) ECa levels, and treated (T) or not (C) with p500

The results are expressed as average of 3 replicates and are associated to standard deviation. The letters in parantheses indicate the ANOVA results, where different 
letters refer to significant differences (p<0.001)

PC_H PC_L PT_H PT_L FC_H FC_L FT_H FT_L

Titratable 
acidity

3.78 ± 0.002 (f ) 3.81 ± 0.001 (f ) 3.93 ± 0.0001 (e) 3.93 ± 0.0009 (e) 5.50 ± 0.02 (b) 5.04 ± 0.008 (c) 4.87 ± 0.0009 (d) 5.62 ± 0.0009 (a)
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difference was observed for F grapes. Part of these 
responses well agrees with the results observed for the 
total phenols, since most of the antioxidant activity deriv-
ing from the assumption of grapes, is actually ascribable 
to phenolic and polyphenolic compounds. The antioxi-
dant activity in red grape berries ranges between 2244 
and 3154 μg of AEE/g FW [56, 57], while the average con-
tent of antioxidant agents in white berried grapes typi-
cally is included within 1233 and 1408 μg of AEE/g FW. 
Again, in agreement with the total phenols, the samples 
FT_H and PT_L, both resulting from the treatment with 
the biodynamic product, gave, in absolute, the highest 
responses in antioxidant activity, with values of approxi-
mately 1718 and 3419 μg AAE/g FW, respectively. These 
results were even higher than those typical for red and 
white berries. About the correlation with ECa vineyard 
responses, in case of Pallagrello the values varied slightly, 
as a function of ECa values, with L samples giving the rel-
atively higher values. In case of Fiano grapes, the changes 
ascribable to site-specific ECa values, were much more 
pronounced, with the highest values observed for FC_L 
and FT_H.

MRI analysis of Fiano and Pallagrello grape berries
MRI was exploited to examine the inner morphology of 
intact berries of Fiano and Pallagrello cultivars. In Fig. 7 
are shown the MRI images related to the central slices of 
representative Fiano (a) and Pallagrello Nero (b) grape 
berries. MRI images clearly permitted to distinguish the 
three main morphological tissues composing this fruit. 

In fact, the thin outer darker layer is composed by the 
exocarp and the epidermis, whereas the mesocarp corre-
sponds to the large area occupied by intense and whitish 
signals due to the high water content. The seeds are neatly 
identifiable in the endocarp by the presence of dark semi-
ellipsoidal areas, characterized by a relatively darker and 

Fig. 6  Contents in total phenols (up, mg GAE/g FW) and antioxidants (down, µg AAE/g FW) of Fiano (F, on the left; a, c) and Pallagrello Nero (P, 
on the right; b, d) grapes. The bars on the top of each histogram represent the respective standard deviations. The labels L, H, C and T refer to low 
soil ECa levels, high soil ECa levels, control and p500 treatment, respectively

Fig. 7  Spin-density images of two different slices of representative 
Fiano (a, b) and Pallagrello Nero (c, d) grapes. The images were 
obtained by setting a total spin–echo duration of 12 ms
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external area (the tegument) and relatively greyish and 
lighter area (the endosperm contained in the seeds). The 
latter ones appear significantly darker than the surround-
ing mesocarp tissue being poorer in water and richer in 
oils and polyphenols. Furthermore, it was also possible 
to appreciate the vascular system and, in particular, the 
peripheral vascular bundles, branching out in proximity 
of the exocarp, the central fibrovascular bundles, devel-
oping below the cercine, and the bundles directly con-
nected to the seeds (Fig.  7; supporting videos 1 and 2). 
These images suggest that MRI can reveal anatomical 
details of intact in vivo or ex vivo samples, with a resolu-
tion of tens of microns. This is important because paves 
the way to its use to investigate on the early detection 
of treatment-related effects on inner grape morphologi-
cal traits. It is important to underline that, to date, only 
one research group [58] has successfully attempted to use 
MRI to investigate on grape berries, by detecting inter-
esting effects exerted on Nero di Troia grapes as a func-
tion of different fertilizers. Although this further proves 
the potential role of MRI in studying grapes, on the other 
hand, it certifies how the MRI potential to examine grape 
is still largely unexpressed and unexplored, thus requir-
ing further validations.

Firstly, MRI images of F and P were accurately com-
pared. There were only appreciated morphometric differ-
ences between the two cultivars, with the diameter and 
volume of P berries and seeds (detected in integer berry) 
appearing significantly larger than F grapes. However, 

from a qualitative and morphological point of view, no 
relevant and reproducible differences were appreciated 
as a function of both p500 treatment and soil electrical 
conductivity.

Therefore, the next step consisted in examining hydro-
gen relaxation times (T1 and T2) and self-diffusion coeffi-
cients to obtain information on grape microstructure and 
on behavior, mobility and nature of the water molecules 
in the grapes mesocarp. Since these MRI parameters are 
notoriously very stable and constant, their possible and 
pronounced variation is diagnostic of an alteration in 
the tissue under examination [30]. These changes can 
be attributed, directly or indirectly, to factors such as: a 
sharp variation in the content of free water; change in 
microstructure and therefore in the confinement of water 
molecules; alteration in the consistency of the material; 
thickening of vascular bundles and so on [29–31].

In Fig.  8 and Sup. Table  S2 are reported the results 
concerning T1, T2 and self-diffusion coefficients of F 
grapes. Differently than for MR images, MRI paramet-
ric data revealed singular and interesting responses 
depending on both p500 treatment and soil microvari-
ability (Sup. Table  S3). T2 values ranged between 39.56 
and 53.22  ms and the differences among the F types 
resulted statistically significant in all cases (Fig. 8a, Sup. 
Table  S2). Even though this is only a preliminary study, 
it suggests the potential use of this single parameter as 
an innovative and diagnostic element of quality, useful 
to serve as supporting data to discriminate, trace and 

Fig. 8  Average proton longitudinal spin–lattice (T1 in ms; a), transversal spin–spin (T2 in ms; b) and self-diffusion coefficients (DIFF in mm2/s * 10–3, 
c) of Fiano grapes (control, FC, and treated, FT), collected in vineyard sites characterized by low (L) and high (H) apparent soil electrical conductivity. 
The bars at the top of each histograms indicate the respective standard deviation
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identify grapes treated or not with preparation 500 and/
or sampled from micro-areas characterized by different 
soil properties. Interestingly, while p500 led to the high-
est T2 value, in case of high ECa values, it was detected 
the lowest value in case of grapes treated with p500 but 
sampled at soil sites with the lowest electrical conductiv-
ity. For T1 relaxation times (Fig.  8b, Sup. Table  S2), the 
values ranged between 1220 and 1489  ms. The T1 val-
ues for FT_H and FT_L did not differ from each other, 
while a neat difference was observed between FC_H and 
FC_L samples, which exhibited a gap of 269  ms, with 
FT_H characterized by a longitudinal relaxation time of 
1489  ms. Finally, the diffusion coefficients varied from 
1.213 to 1.413 mm2/s * 10–3 (Fig. 8c, Sup. Table S2). Inter-
estingly, the results followed a trend similar to that of T2 
results with the longest relaxation time recorded for sam-
ples collected at high ECa values and resulting from p500 
treatment. For samples collected at points characterized 
by low ECa values, no differences were found between 
treated (FT_L) and untreated plants (FC_L), with values 
averaging around 1.3 mm2/s * 10–3.

Our results suggested that MRI proton relaxation 
times and diffusion coefficients are capable to appre-
ciate grape structural properties and characteristics, 
which depend on conditions and factors affecting the 
vine phenological development during the fruit pro-
duction. In fact, the application of p500 as well as dif-
ferent soil electrical conductivity were capable to 
induce pronounced changes in Fiano grapes, leading to 
relatively small but statistically significant inter-class 
differences (Sup. Table S3). In addition, the fact that all 
replicates (per berry and per ROI) exhibited a very low 
intra-class variance certified an excellent and promising 
reproducibility for such innovative analytical method. 
A variation in relaxation times and in water diffusiv-
ity may be explained by factors such as a change in the 
content and confinement of free water in the berries; 
alteration in the grape microstructure; development of 
a denser and thicker vascular system, with consequent 
impact on mesocarpic water mobility; modification in 
fruit consistency. The systematic change observed for 
these parameters permitted to conclude that they cor-
related with both p500 treatment and soil ECa, and in 
particular to conditions such as: (1) different bioacces-
sible water in soil, which directly influenced soil ECa 
values and indirectly the water content of the fruit, thus 
implying a higher dry weight; (2) a different and site-
specific content of organic matter (excluding the role 
of active clays content which were assumed constant 
within the examined F vineyard); (3) the impact of the 
biodynamic treatment on the bioavailability of water 
and/or nutrients, inducing an alteration that varied 

depending on spatial microvariability; (4) the action 
of biodynamic treatment serving as a primer to shift 
and enrich the vine rhizospheric microbial commu-
nity, with an influence on nutrient and water uptake as 
well as their respective physiology; (5) the greater bio-
availability of iron (presumably related to the induced 
presence of siderophore microorganisms) capable to 
imply a more efficient uptake of this ferromagnetic 
element, known to promote an artificial shorten-
ing (i.e., not related to the tissue itself ) of relaxation 
times. Although, at the moment, we cannot discrimi-
nate among these factors, we can assume that most of 
these concurred to determine the observed results as 
well as  we can hypothesize to perform, in the future, 
further experiments aimed to delve deeper into these 
aspects. It is important to emphasize that the content 
in antioxidant activity and total phenols for FT_H sam-
ple resulted, absolutely, the highest. This outcome per-
mits to infer that Fiano grapes treated with preparation 
500 and developed in points characterized by relatively 
higher ECa values yielded grapes with a neatly superior 
nutraceutical quality. Consequently, we found that MRI 
T2 relaxation times and diffusion coefficients of FT_H 
showed a similar trend, exhibiting the highest values 
for both parameters. This original evidence suggests 
that these MRI parameters may serve as indirect mark-
ers of nutraceutical quality. Consistently, the absolutely 
lowest value found in T2 was that of FC_H samples, 
which was also the sample with the markedly poorest 
content in antioxidants and total phenols. Again, this 
finding suggests a possible correlation between nutra-
ceutical quality of Fiano and MRI T2.

The analytical approach conducted for Fiano grapes 
was attempted  similarly also for Pallagrello grapes. 
This notwithstanding, it was not possible to obtain reli-
able and useful MRI data with an acceptable variance. 
In fact, differently than for the Fiano variety, all exam-
ined Pallagrello berries tended to collapse drastically 
in the MRI tube before the end of all MRI experiments 
(each series of MRI experiments required 8  h of con-
tinuous acquisition time) (Supporting Fig. S4). At the 
end of the analysis we incurred in these problems: (a) 
a general collapse of the entire berry, whereas in MRI 
analysis it is required to maintain the sample motion-
less throughout the whole experiments [29–31]; (b) a 
relevant amount of juice exuded from the berry on the 
bottom of the tube; (c) a greater susceptibility to patho-
gens attack; and (d) a drastically reduced consistency of 
the berry. Except for just few and not statistically rel-
evant samples, all these conditions concurred to make 
Pallagrello samples (and presumably all grape varieties 
with similar characteristics) unsuitable for this type of 
MRI experiments.
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Conclusions
In this work we used an innovative analytical approach 
to verify a possible impact exerted on grape fruit by 
the application of biodynamic p500 biostimulant and 
accounting for the vineyard spatial variability revealed by 
the soil electrical conductivity. We focused on two varie-
ties of grapes very representative of the Italian excellent 
wine production, namely Pallagrello Nero and Fiano, 
and evaluated (i) the primary metabolome of grapes via 
HRMAS NMR; (ii) the main parameters representative 
of chemical and nutraceutical quality of grapes (titrat-
able acidity; content in total phenols and polyphenols via 
FOLIN; content in antioxidant compounds via DPPH) 
(iii) grape microstructural and morphological character-
istics via MRI. It is noteworthy to point out that the use 
of HRMAS NMR and MRI represent a relevant techno-
logical innovation. In fact, despite their indisputable abil-
ity to enable the NMR analysis of fresh and intact samples 
without residing into preliminary sample manipulations, 
they are still inexplicably unexplored and underestimated 
in the field of food chemistry.

This work confirmed the validity and reliability of the 
HRMAS technique in analyzing grape berry. In fact, per-
mitted to detect the primary metabolome of Fiano and 
Pallagrello grapes, identifying the main amino acids, 
alcohol, organic acids, carbohydrates, and nitrogen com-
pounds related to the primary metabolism of grapes. The 
elaboration of proton spectra of the different types of 
grapes investigated through advanced and multivariate 
statistical techniques proved, objectively, that the proper 
application of the biostimulant p500 influences the pri-
mary metabolism of plants, with effects which affetto 
the primary metabolism of grape. Moreover,  grape ber-
ries collected in vineyard sites characterized by different 
ECa values exhibit a systematically different metabo-
lome. Also chemical and nutraceutical parameters were 
significantly impacted by these factors. In particular, the 
highest nutraceutical values were recorded for Pallagrello 
and Fiano grapes both treated with p500 and collected at 
points characterized by low and high ECa values, respec-
tively. In fact, the former contained 1.76 mg GAE/g and 
3372.45  µg AAE/g, while the latter 0.89  mg GAE/g and 
1717.97 µg AAE/g. Importantly, this proved that, at cer-
tain soil conditions, the biodynamic p500 may signifi-
cantly improve the nutraceutical quality of this fruit.

MRI not only enabled to exam of the main struc-
tural characteristics of integer grape berries, but also 
permitted to extrapolate important water paramet-
ric data, such as proton relaxation times and diffusion 
coefficients, which were found to correlate with both 
p500 application and soil electrical conductivity. It was 
hypothesized that these variations in grape reflected 

the biotic and abiotic conditions experienced by the 
vine during the development of the examined fruit, 
such as different water and nutrients availability in 
soils, the action exerted by p500 as a primer to alter and 
enrich the microbial community at the rhizospheric 
level and so on. It is noteworthy that T2 results showed 
a trend very similar with that of diffusion coefficients 
and that high values correlated with the highest content 
in total phenols and antioxidant. This outcome candi-
dates this MRI parametric data as potential marker for 
grape nutraceutical quality. However, as demonstrated 
by the application of MRI on P grapes, a limitation of 
the method is that it can be applied, in a reliable way, 
only on grape varieties capable to remain mostly unal-
tered at 25 °C for at least 8 h (such as Fiano).

In conclusion, our findings have shown how the spa-
tial microvariability of the soil and the use of p500 can 
affect the molecular, structural and nutraceutical char-
acteristics of Pallagrello Nero and Fiano grapes, with 
effects that can presumably reflect on the quality of the 
resulting wines.

The proposed approach represents an efficient solu-
tion to indirectly valorize biodynamic grapes and 
wines. Moreover, the identified metabolomic finger-
print of p500 grapes may serve as a useful tool to help 
biodynamic producers to (i) promote their products via 
molecular traceability, (ii) contrast possible frauds and, 
importantly, (iii) objectively demonstrate the use of the 
declared biodynamic treatment.
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