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ABSTRACT

This study aimed to discriminate red wines obtained from organic and biodynamic management by means of
proton nuclear magnetic resonance (*H-NMR) and metabonomic investigation. Red wines were produced from
Sangiovese grapes over the three harvests 2010-2012 from two parcels of a vineyard, managed according to or-
ganic (ORG) or biodynamic (BIO) protocol, respectively. Every year the vinifications were performed with
commercial selected yeasts (CSY) according to the organic protocol. Moreover, in 2012, CSY vinification was
flanked by a spontaneous vinification (SPO) carried out by microorganisms naturally present on the grapes.
To gain information about the effects of production year, vineyard management, vinification protocol and
vines site in the field on the wine characteristics, proton nuclear magnetic resonance spectra were registered
by means of a spectrometer operating at 600 MHz and multivariate analysis was carried out. Production
year and vinification protocol were found to be the factors affecting most the characteristics of wine me-
tabolome. Vineyard management seemed to have more limited consequences on the wine composition, with
effects on some aminoacids (proline, aspartic acid and valine), alcohols and some polyphenols. The latter
observation could not be considered as certain, as vines site in the field acted, in this respect, as a con-
founding element.
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1. Introduction duced with sustainable management are or are not detri-
mental to human health [3-5].

In studies performed by, Mulero ef al. [6,7], in organic
and conventional viticulture the antioxidant activity, an-
thocyanins, hydroxycinnamic acids, trans-resveratrol,
flavonols and total amount of phenolic compounds were
similar in wine grapes at the moment of the harvest, in
wine at the end of fermentation and at six months storage.
Similar results were obtained by Tinttunen & Lehtonen
[8], although a significantly greater concentration of
trans-resveratrol was detected in organic wines com-
pared to conventional wines. Recently, Mulero et al. [9]
found that different vinification practices (prolonged
maceration or enological enzymes addition or traditional
"Corresponding author. procedures) did not affect antioxidant activity, total phe-

Besides the well-known organic viticulture, more re-
cently the biodynamics approach is receiving increasing
attention from both the consumers [1] and the grape
growers [2]. Biodynamic agriculture differs from tradi-
tional organic systems primarily in the use of fermented
preparations considered to stimulate the soil nutrient cy-
cle and to encourage photosynthesis and the optimal
evolution of compost. Currently little is known about the
effect of non-conventional vine management on wine
characteristics and the limited outcomes concerning ei-
ther organic wine or wine produced by biodynamic ma-
nagement are finalized to demonstrate that wines pro-
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nolic compounds, anthocyanins, hydroxycinnamic acids
and stilbenes in organic wine, up to three months storage.
A comparative study on cold pre-fermentative and tradi-
tional maceration carried out on Tempranillo organic
wines showed that low temperature may play a positive
effect on phenolic composition and level of anthocyanin
stabilization through copigmentation reactions [10]. The
Mid Infrared (MIR) spectroscopy allowed to discriminate
organic wines from conventional (73% - 100%) based on
spectral area related to ethanol, glycerol, sugars, aromatic
groups associated with phenolic compounds, organic
acids and aldehydes [11]. With regards to biodynamic
viticulture and winemaking the information is very li-
mited. Studies reported a potential higher risk for human
health due to mycotoxins formation in biodynamic man-
agement compared to conventional, integrated and ge-
netically modified management and a lower health effect
due to sulfur dioxide [12]. Tassoni ef al. [13] showed that
in conventional, organic and biodynamic wines the level
of biogenic amines were comparable and always below
the limit of risk for human health.

At today, the European regulation (Reg. EC 203/2012)
clearly define the “organic wine” that must be produced
with organic grape only (Reg. EC 834/2007) and limit
the amount of sulfur dioxide that can be used during the
vinification. On the contrary there is a lack of official
European regulation for biodynamic viticulture and wi-
nemaking, thus the producers interested in this sustaina-
ble approach must refer to protocol proposed by private
organizations which encourage spontaneous fermentation,
instead of the use of commercial selected Saccharomyces
scerevisiae yeasts. The spontaneous grape must fermen-
tation was found to be dominated by the Saccaharomyces
cerevisiae strains as well, even if other yeasts species
(e.g. Hanseniaspora and Candida) are present at large
extent [14]. The autochthonous yeasts are considered to
improve the organoleptic quality of organic wines [15],
although the consumers does not consider the “taste” as a
predictor of choice between organic and other wines
[16].

The present study aimed to compare organic and bio-
dynamic red wines, by focusing the attention on the two
key aspects of wine production: the agricultural man-
agement and the winemaking practices. To highlight how
field management and vinification protocols influenced
wine characteristics, a metabonomic approach was fol-
lowed [17] by studying the characteristics of the wine
metabolome mostly influenced by the factors under con-
sideration. The metabolome of wine can be defined as
the comprehensive qualitative and quantitative overview
of its metabolites [18]. Being downstream of genome,
transcriptome and proteome [19] of both grape and fer-
mentative microorganisms, it can be considered as the
best representation of any chemical and biological trans-
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formation having an effect on its characteristics. To cha-
racterize the wines metabolome proton nuclear magnetic
resonance (‘H-NMR) was applied. NMR spectroscopy is
an investigation technique that, with a minimum sample
preparation, offers the possibility to obtain quantitative
and structural information of virtually any molecule cha-
racterized by protons. Moreover the only variables mod-
ulating an NMR spectrum are the solvent, the magnetic
field, and the pulse sequence employed to transfer mag-
netization to the observed nuclei, with little instrument
drift readily achievable [20]. Through wine metabolom-
ics based on 'H-NMR, Lopez-Rituerto et al. [21] were
recently able to discriminate wines produced by wineries
operating in the same terroir. Through metabolic profiles
observations, Picone ef al. [22] were able to demonstrate
the substantial equivalence between transgenic and con-
trol grapes.

To the best of the authors’ knowledge this is the first
published metabonomic study trying to offer an insight
about the differences between organic and biodynamic
wines.

2. Materials and Methods
2.1. Experimental Design

Two hectares of Sangiovese grapes vineyard were
equally divided in two parcels of 1-ha each devoted to
either organic (ORG) or biodynamic (BIO) management.
The two rows devoted to the same management were 2.8
m apart, while the distance between the rows devoted to
the two managements were 10 rows apart, corresponding
to 28 meters (Figure 1). Until 2007 the entire vineyard
was carried out in organic in accordance with Reg. EC
834/2007, then in 2008 the conversion to BIO manage-
ment started with the use of specific biodynamic prepara-
tions during the vegetative stage [23], including the ap-
plication to the soil of cow manure (active principle
“500” at 100 g-ha ') and “fladen” (cow manure enriched
with basalt powder and eggshell at 100 g-ha™'), and the
application to the canopy of finely ground quartz powder
(active principle “501” at 5 g-ha'). About 200 kg of
grapes were collected during each harvest (from 2010 to
2012) from two rows either with organic or biodynamic
management and processed using selected yeasts ac-
cording to the organic protocol from the Italian associa-
tion for Organic Agriculture (AIAB). In 2012 further 200
kg of grapes from both trials (ORG, BIO) were collected
and processed using spontaneous fermentation according
to the biodynamic protocol. As a consequence from 2010
and 2012 a total of 16 fermentation trials and corres-
ponding samples were obtained.

2.2. NMR Sample Preparation and Spectroscopy
Each wine sample (800 pl) was added to 160 pl of 1 M
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Figure 1. Schematic representation of the vineyard.

phosphate buffer in deuterium oxide (D,0), containing
3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt
(TSP) 10 mM. The spectra were recorded at 298K with
an AVANCE spectrometer (Bruker, Milan, Italy) at
600.13 MHz. The HOD residual signal was suppressed
by applying the first increment of the NOESY pulse se-
quence and a spoil gradient [24]. The peaks were as-
signed by comparison with the literature and Amix soft-
ware data bank (ver. 3.9.7, Bruker, Italy).

2.3. Data Processing and Preparation for
Chemometrics

The spectra were baseline-adjusted by means of the si-
multaneous peak detection [25] and baseline correction
algorithm (SPDBC) implemented in the baseline R
package [26]. Briefly, the algorithm tries to iteratively
locate peaks as consistent deviations from noise and in-
terpolate over the spectra after peak removal. To each
spectrum a linear correction was then applied to make the
points pertaining to the baseline randomly spread around
zero. The spectra were overall corrected for errors in
chemical shift misalignments concerning some pH-depen-
dent signals using an in-house modified version of Cor-
relation Optimized Shifting (i-Coshift) [27] able to per-
form the Co-shift in localized regions of the spectrum.
The shift misalignments were further reduced by sum-
ming up the points over “bins”, spectra portions of equal
length. The extreme portions of the spectra and the resi-
dual HDO signal were excluded. In order to correct ver-
tical scale errors originating from the different water
content among the samples, the spectra were then norma-
lized by means of the PQN algorithm [28], which calcu-
lates on a point by point basis the factor that most proba-
bly needs to be applied in order to superimpose the spec-
tra to a reference.

2.4. Statistical and Chemometrics Tools

The analysis of variance (ANOVA) was used to deter-
mine whether there were significant differences between
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the means of three or more independent groups.

The multivariate analysis of the data revolved around
Principal Component Analysis (PCA) and Hierarchical
Cluster Analysis (HCA). PCA, the election approach for
exploratory data analysis, calculates and sorts in de-
creasing order linear combinations of the original varia-
ble, called principal components, on the basis of their
ability to explain the samples variance. This usually leads
to simple models displaying the intrinsic data structure of
the data by means of low dimensional orthogonal projec-
tions. The representation of the samples in this space (the
so called score plot) highlights the similarities and dif-
ferences among the groups. The representation of the
coefficients assigned to the original variables to obtain
the principal components (the so called loadingplot) al-
lows the identification of the NMR peaks, thus the sub-
stances, which contribute mostly to the variance of the
samples. If principal components accounting for suffi-
ciently high samples total variance are considered, noise
characterizing the measurements is excluded from the
computation, with virtually no loss of information.

HCA was performed trough the “hclust” R function,
by calculating the similarity among the samples based on
their Euclidean distance in the space constituted by the
NMR spectra. The branches of the obtained tree were
ordered so that the tighter clusters appeared on the left
side.

3. Results
3.1. Overview of the Factors

An example of the '"H-NMR spectra registered on the
samples obtained during the present investigation is
shown in Figure 2. The spectrum is dominated by etha-
nol signals. The region between ¢ 0.8 and 4.0 ppm gives
information about amino acids and organic acids like
succinate, acetate and tartrate. The region J 4.0 - 5.5 ppm
is considered to be the region mainly giving information
about the anomeric protons of carbohydrates, where only
glucose was highlighted as example. Although polyphe-
nols showed far less intense peaks than most of the pre-
viously cited molecules, their characterization and quan-
tification was possible due to signals in the peculiar
spectrum region between 5.5 and 8.5 ppm (Figure 2(b)).
The most intense signals were ascribed to gallic acid, and
peaks from trans-caffeic acid, siringic acid and resvera-
trol were also identified, the latter particularly interesting
for its healthy properties [29,30].

To gain information about the driving factor (between
production year, management, vinification protocol and
plants position in the field) on the wine composition, the
NMR spectral points were treated as variables to build a
principal component analysis (PCA) model. To avoid
that the overwhelming concentration of ethanol could

FNS



Metabonomic Investigation by "H-NMR to Discriminate between Red Wines from Organic and Biodynamic Grapes 55

()

Tartrate
Ethanol
Glycerol

Methanol

Lactate

Fructose
Arginine

1,2-Propanediol
Phenylethylalcohol

| I Ascorbate

Lactate
Ethanol
Propanol

Succinate
Acetate

2-Methyl-butanol

Alanine

roline

GABA
Ethylacetate
Proline

:

Propanol

4 3 1
Chemical shift (ppm)
2
(b) =)
L
2 ©
F
- <
2 o
2 =
g S
&
a8 Q T
] c [®; )
ce| @ < @
] o << <) O o
® ? 03| 5 & S
B <z llos | F £ ]
£ OO > —_ © (&)
= < [|1-=F o U
] o (] 0 = sl T
£ e c Eo (B o=
o = = SE [V o
c 2 o YE o
2 S s TS 2
] 2 2 Q
w = = o
e A o
A B e B e L
10 9 8 7 6 5

Chemical shift (ppm)

Figure 2. Example of the "H-NMR spectra of ORG wine.

hide interesting features, two models were built on poly-
phenols and carbohydrates regions, respectively (Figure
3). The production year resulted as the most important
factor, with 2012 samples clearly separated from the oth-
ers. The loadingplots of variables superimposed to the
scoreplots of samples showed that the main variations
regarded molecules pertaining to different chemical class-
es and present in quite low concentration, suggesting that
the production year influenced a wide pool of metabolic
cycles. Despite the predominance effect of the produc-
tion year, the importance of other variables was visible,
especially when the carbohydrates region was considered.
The 2012 samples, in particular, spread along the second
PC, accounting for the 20.3% of the total variance, ac-
cording to production protocol and, to a minor extent, to
vineyard management.
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3.2. Effect of Vineyard Management

To focus on the effects of vineyard management, only
the wines produced with commercially selected yeast
(CSY) were examined and each point of the NMR spec-
trum was considered as a variable to build a two-ways
Anova model, with vineyard management and production
year as studied factors.

Trans-caffeic acid concentration was always high on
biodynamic wines, whereas the opposite was found for
glutamine (Table 1). This inverse relationship is intri-
guing in sight of the observations of Melgarejo et al. [31],
whom found that some polyphenols are able to target
enzymes of biogenic amines biosynthetic pathways. It is
necessary to keep in mind that the biodynamic protocol
was introduced in 2008 in the organically managed vi-
neyard, thus the years 2010 is considered “conversion”
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Figure 3. Biplot of PCA models built on the NMR spectra regions of phenols and carbohydrates of 2010 (@); 2011 (X);
ORG-CSY 2012 (&), ORG-SPO 2012 (M), BIO-CSY 2012 (A) and BIO-SPO 2012 (O) wines.

Table 1. Concentration (M/I) of the compounds with significant differences (p < 0.05) ascribable to vineyard management, as
assessed by a two ways Anova model. The concentration of each compound was calculated from the NMR signal (ppm) as due

to a single proton.

Biodynamic (BIO)

Organic (ORG)

Assignment (chemical shift) 2010 2011
Trigonelline (9.10) 1.762E-07 8.04E-07

X (7.93) ND ND
X (7.14) 1.25E-05 1.24E-05
trans-Caffeic acid (6.34) 4.60E-07 1.19E-06
Itaconic acid (5.37) 2.50E-06 2.30E-06
Acetoine (4.46) 2.02E-05 2.81E-05
Phenyl-ethanol (2.87) 4.33E-05 4.75E-05
Aspartate (2.80) 2.20E-05 2.19E-05
X (2.61) 4.99E-05 4.81E-05
Glutamine (2.43) 6.60E—05 4.69E-05
GABA (2.21) 4.88E-05 3.34E-05
Proline (1.95) 4.36E-06 3.94E-06
2-Methyl-butanol (1.39) 3.50E-05 5.15E-05
Valine (1.06) 4.07E-05 5.35E-05
Unident. Alcohol (0.86) 4.31E-05 3.58E-05

2012 2010 2011 2012
2.07E-07 1.86E-07 8.31E-07 5.25E-07

ND 1.54E-07 2.56E-07 2.03E-07
4.08E-05 1.38E-05 1.32E-05 4.65E-05
6.00E-07 5.93E-08 7.04E-07 4.32E-07
1.37E-06 3.20E-06 2.87E-06 2.85E-06
4.64E-05 3.12E-05 3.02E-05 1.49E-04
2.90E-05 4.57E-05 4.85E-05 1.15E-04
4.85E-06 1.67E—-05 2.14E-05 4.34E-06
1.70E-04 3.81E-05 4.11E-05 1.01E-04
3.27E-05 8.28E—-05 6.39E—-05 3.71E-05
6.49E-05 4.75E-05 2.65E-05 3.46E-05
4.11E-05 8.34E-06 3.99E-06 5.34E-05
1.20E-03 2.40E-05 3.43E-05 7.37E-04
6.08E—-05 4.44E-05 7.70E-05 6.65E-05
2.70E-04 4.64E-05 3.82E-05 2.76E-04

year. The entire NMR spectra signal of wines from 2010
to 2012 was considered as a direction of a multidimen-
sional space and the Euclidean distance between samples
here represented was calculated. Table 2 shows the ra-
tion between inter-group and intra-group distance. When
the full spectrum, dominated by ethanol signals, or car-
bohydrates region only were considered, no bright corre-
lation appeared between this ratio and production year,
suggesting that the sugars to ethanol conversion was only
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limitedly affected by the switch from organic to biody-
namic management. When polyphenols region was con-
sidered, at the opposite, the ratio between inter and in-
tra-group distance increased along the years, reaching 9.5
times in 2012, suggesting a discrimination connected to
management practices in the phenylpropanoid pathway
[32]. In this respect it should be noticed that biodynamic
wines showed along the three studied years a progressive
decrease in glutamine concentration, reinforcing the idea
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of an antagonistic effect exerted by polyphenols.

3.3. “Within-Field” Variability

When a vineyard is divided into portions to assess the
influence of different managements on the plants yield or
grapes and wine characteristics, it cannot be ignored that
the within-field effect may act as a confounding of the
performed observation. With the wording “within-field
effect”, the ensemble of differences from plant to plant
modulated by the position in the field is typically consi-
dered, related to sun exposition, ground composition or
water availability. In other words, as brilliantly summa-
rized by Bramley [33], vineyards are variable. To gain a
first impression about the existence of characteristics of
the grapes metabolome modulated by the position in the
field, differences were looked for between rows A and B
cultivated according to the same protocol.

The two-ways Anova model, set up to hive off the
production year effect from the within-field effect, re-
vealed that wines produced from grapes picked from row
A, oriented westward, were characterized by a signifi-
cantly higher concentration of trigonelline and a lower
concentration of trehalose than wines from row B (Table
3). As rows A and B were 3 m apart, and the two couples
of rows were almost 30 m apart, the hypothesis that this
result was probably due to the sun exposure, more than
field characteristics, is formulated.

3.4. Biodynamic vs. Organic Vinification Protocol

To highlight the effects of the vinification protocol on the
wine metabolome, the PCA was performed on the NMR
spectra of the 2012 samples (Figure 4(a)). The first
component of the corresponding scoreplot, accounting
for the 51.8% of the total variance of the dataset, was
indeed dominated by the effect of vinification protocol.
In this respect, tyrosine seemed to play the major role, as
highlighted by the loadingplot superimposed to the sco-
replot, with high concentration obtained with the organic
vinification protocol. Along the second principal com-
ponent, accounting for 23.9% of the total samples va-
riance, a clear pattern can be observed modulated by the
vineyard management, so that ORG grapes were high in
resveratrol and low in trans-caffeic acid content. The
dendogram of cluster analysis has further improved the
possibility to simultaneously and separately observe the
two patterns generated by the vineyard management and
by the vinification protocol (Figure 4(b)), In fact, the
plot of samples Euclidean distances in the space built on
the points constituting the NMR spectra showed a clear
branches separation that reflect the greater effect of the
vinification protocol compared to the vineyard manage-
ment, with the row effect still visible, even if to low ex-
tent.
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Table 2. Differences between ORG and BIO wines ex-
pressed as intergroup/intragroup Euclidean distance ratio.
For a direct comparison, such ratio has been set to 1 for
2010 and accordingly scaled for the following years.

Full Carbohydrates Polyphenols
Year ? .
spectrum region region
2010 1.00 1.00 1.00
2011 1.15 0.66 1.03
2012 1.12 1.02 9.50

Table 3. Concentration (M/I) of wine compounds with sig-
nificant differences (P < 0.05) ascribable to row of origin, as
assessed by a two-ways Anova model. The concentration of
each compound was calculated from the NMR signal (che-
mical shift: ppm) as due to a single proton.

Trigonelline (8.79) Trehalose (5.18)

Year Row A Row B Row A Row B
o 2010 4.01E-07 1.65E-07 9.07E-06 3.46E-05
g
gﬂ 2011 1.25E-06  7.74E—08 2.26E—05 3.82E-05
O 2012 435E-07 3.51E-07 3.04E-05 3.49E-05
Lo 2010 7.04E-07  3.42E-07 5.50E-06 2.50E-05
g g 2011 2.05E-06  8.63E—08 3.91E-05 5.39E-05
M = 2012 7.57TE—07  3.58E—08 2.81E—05 3.29E-05
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Figure 4. Biplot of the first two PCA components (left) and
dendrogram based on the Euclidean distances (right) cal-
culated on the centered NMR spectra of samples collected
in 2012. Legend: ORG-CSY 2012 (&), ORG-SPO 2012 (m),
BIO-CSY 2012 (&) and BIO-SPO 2012 (O0).
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