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Introduction

Fresh fruits are a rich source of vita-
mins, mineral salts, antioxidants
and fibres. Numerous chemical and
chemical-physical analytical meth-
ods have been used to control quality,
authenticity and origin of these prod-
ucts.! Among these methodologies,
the nuclear magnetic resonance-based
(NMR-based) metabolomic approach
occupies a prominent position, since, as
a non-specific high-throughput analyti-
cal method, it has the advantage of
being capable of detecting signals due
to many different classes of compounds
(widely ranging in concentration, with
different chemical structures and
physicochemical properties) in the
same measurement. Many applica-
tions have been reported in the litera-
ture? that show the potential of the NMR
metabolomic approach in fruit investiga-
tions.The monitoring of the metabolic
profiling of fruits may also be useful
for industries which use fruit-derived
nutrients in food production. As case
study examples, we report here on the
NMR study of kiwifruits and peaches.*™

6 SPECTROSCOPYEUROPE

Materials and methods
Kiwifruits and peaches were hand-
harvested in an experimental field
located in the Lazio district, Italy. Rather
simple, direct and rapid sample prepara-
tion procedures without prerequisite deri-
vatisation of components were applied.
Fresh-cut pulp was frozen in liquid N,,
finely powdered and submitted to an
extraction according to the modified
Bligh—Dyer methodology.*5” All NMR
spectra of fruit aqueous extracts were
recorded at 27°C on a Bruker AVANCE
600 spectrometer operating at the proton
frequency of 600.13 MHz. Non-invasive
measurements in the field were carried
out using a portable unilateral® NMR
instrument from Bruker Biospin.

Results and discussion

In Figures 1(a) and (b), the '"H NMR
spectra of aqueous extracts of kiwifruits
and peaches are shown, together with
the vertical scale-expansions of aromatic
spectral regions. Each fruit type shows a
characteristic set of primary metabolites
(amino acids, sugars, organic acids)
which are almost ubiquitous and some

compounds which are specific to the fruit
type, which can therefore be considered
“markers” of the product. These “mark-
ers” are species-specific secondary
metabolites usually present in low
concentrations; nevertheless, they are
often important from the nutritional point
of view. The NMR methodology enables
primary and secondary metabolites to be
identified using 1D and 2D experiments,
spiking experiments and utilising litera-
ture data.

In the case of kiwifruits, about 40
water-soluble metabolites, includ-
ing carbohydrates (glucose, sucrose,
galactose, fructose, xylose, raffinose,
mannose, fructose-6-phosphate and
glucose-6-phosphate) and amino-
acids (alanine, glutamine, glutamate,
threonine, arginine, asparagine,
aspartate, valine, leucine, isoleucine,
lysine, tryptophane, ~-aminobutyrate,
histidine and phenylalanine), organic
acids (malic, citric, quinic, ascorbic,
lactic, shikimic acid) and other metab-
olites such as myo-inositol, choline,
03-B-D-glucopyranosyl-trans-caffeic
acid, O*-3-p-glucopyranosyl-cis-caffeic
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Figure 1."H NMR 600 MHz spectra of aqueous extracts of: (a) Hayward kiwifruits and (b)
Flaminia peach fruits. In the insets, vertical scale-expansions of the aromatic spectral region are

shown.

acid, adenosine tri-phosphate, uridine,
3-O-a-L-thamnopyranosylquercetin, neo-
chlorogenic acid and epicatechin have
been assigned as being present.

In the case of peach fruits, water-
soluble metabolites belonging to differ-
ent classes such as organic acids
(citric, fumaric, malic, quinic, shikimic
and succinic acid), sugars (fucose,
fructose, fructose-6-phosphate,
glucose, glucose-6-phosphate,
rhamnose, sucrose and xylose), amino
acids (alanine, asparagine, isoleucine,
threonine, valine and phenylalanine) and
other metabolites such as myo-inositol,
choline, trigonelline, catechin, chlorogenic
and neochlorogenic acids, adenosine
tri-phosphate, uridine, orthophosphate
and a-L-glycerophosphorylcholine have
been identified as being present.

The NMR metabolomic approach,
together with suitable statistical analy-
ses, has deepened our knowledge of
some important aspects of the inves-
tigated foodstuffs. In the case of kiwi-
fruits, the metabolic profiles of aqueous
extracts of three different kiwifruit vari-
eties grown in ltaly, namely Hayward
(Actinidia deliciosa), Zespri Gold
(Actinidia chinensis) and CL.Gl (a
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controlled crossbreed from different
species of Actinidia deliciosa) kiwifruits

have been compared and monitored
over a season (from June to December)
to investigate the kiwifruit composition of
the three varieties at different harvesting
times. As expected, in the three cultivars,
the content of sugars such as sucrose,
glucose and fructose increases during
fruit growth, reaching the highest value
in December. During the early stages of
fruit development, quinic acid represents
the highest proportion of the total acids
content. In all three cultivars, a wide
concentration difference between quinic
and shikimic acids is found, the average
concentration of quinic acid being about
two orders of magnitude higher than
that of shikimic acid. In Hayward and
Cl.Gl varieties, shikimic acid disappears
at stages of development later than July.
In Figure 2, the results obtained from
subjecting the NMR data, relative to the
three varieties sampled in (a) June and
(b) December, to principal component
analysis (PCA) are reported. In June, as
well as in December, Zespri kiwifruits are
always well separated along PC1 from
the other two cultivars, whereas Hayward
and CI.Gl show a separation along PC2
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Figure 2. PCA applied to the intensity of selected "H NMR resonances in the spectra of (a) and
(b) kiwifruits, and (c) peach aqueous extracts. (a) Kiwifruits sampled in June and (b) kiwifruits
sampled in December. The different varieties of kiwifruits and peaches are shown beneath the

figure. Adapted from References 4 and 5.
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Figure 3. (a) Measurements in the field on entire kiwifruits attached to a tree made with a portable unilateral NMR instrument. Average T, values,
(b) T,, and (c) T,, measured on nine kiwifruits (Zespri) vs the harvesting month (the error bars represent the maximum error calculated with the
error propagation theory). Adapted from Reference 4.

only in June, see Figures 2(a) and (b).
This finding is in agreement with the
common origin of CL.GI and Hayward as
they are both varieties of A. deliciosa. In
June, the separation of the Zespri vari-
ety from the other two varieties is domi-
nated by two groups of amino acids;
in fact, asparagine, glutamine, histi-
dine, triptophane and arginine show
higher levels in Zespri than in CI.Gl and
Hayward, whereas isoleucine and alanine
show the opposite behaviour. Fructose
shows a higher level in Zespri than in
Cl.Gl and Hayward, whereas sucrose and
glucose show the opposite behaviour.
Other metabolites such as malic acid
and O*-3-D-glucopyranosyl-trans-caffeic
acid show higher levels in Zespri than
in the other kiwifruits. Hayward and
CL.Gl immature kiwifruits show the pres-
ence of a flavonoid derivative, namely,
3-0-a-L-thamnopyranosylquercetin
that is absent in the Zespri variety. In
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contrast, Zespri kiwifruits display the
presence of neochlorogenic acid, which
can be considered a specific marker of
this variety. In Hayward and CI.GI kiwi-
fruits, a significant amount of epicatechin
is also detected in August® whereas, in
Zespri, the amount of this compound
is found to be low over the season. In
December, most of the amino acids
along with adenosine triphosphate (ATP)
and sucrose have a higher level in Zespri
than in the other two varieties, whereas
glucose and myo-inositol still show a
higher level in Hayward and CL.GI than
in Zespri fruits.

Together with the metabolic profile,
the water status of the kiwifruits’ outer
pericarp has also been monitored**
over the season directly on the intact
fruit. Measurements of the T, spin—spin
relaxation time were made by means of
a portable unilateral NMR instrument in
a fully non-invasive way, see Figure 3(a).

The portable NMR instrument allows one
to obtain information on the relaxation
properties of the kiwifruit texture. As is
well known, water compartmentalised in
heterogeneous systems, such as food-
stuffs, gives rise to multi-exponential
decays characterised by multiple time
constants. In the three varieties, the two
T, components, namely T, ascribed to
protons in cytoplasm and extracellular
space and T,, ascribed to protons in
vacuole, become longer over the season.
This tendency towards longer T, relaxa-
tion times later in the season is consist-
ent with a change in the fruit texture
occurring during fruit development. On
average, from October to February, in
Hayward and CL.GI T,, relaxation times
appear very sensitive to the kiwifruit
developmental stage, whereas constant
values are measured at times earlier than
October. In Zespri kiwifruits, see Figure
3, a net, sharp lengthening of both T,,
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and T,, occurs between October and
November. This behaviour possibly
accounts for a sharp transition in the
Zespri water state, which would be in
agreement with the earlier maturation of
the Zespri variety relative to the Hayward
and CL.Gl varieties.

In the case of peaches, the metabolic
profiles of two varieties, Percoca
Romagnola 7 and Flaminia, with differ-
ent susceptibilities to Mediterranean
fly (Ceratitis capitata) attack have
been compared. Mediterranean fly
(medfly) is a species of fly widespread
throughout tropical Africa, Australia, the
Mediterranean area and in some regions
of North, Central and South America. If
uncontrolled, the damage due to medfly
attack can spread to up to 100% of the
crop. The metabolite profiling of peach
aqueous extracts analysed using PCA
has allowed the comparison between

the two varieties. The PCA plot reported
in Figure 2(c) shows a clear grouping of
the samples according to the variety. The
levels of glucose, xylose, myo-inositol,
choline, isoleucine and valine are higher
in Flaminia than in Percoca Romagnola 7
samples, whereas the levels of fumaric
acid, alanine, quinic acid, sucrose, fucose
and chlorogenic and neochlorogenic acid
are higher in Percoca Romagnola 7 than
in Flaminia samples. It is worth noting
that the pulp of Percoca, the more resist-
ant variety, presents greater amounts
of alanine, quinic acid, chlorogenic and
neochlorogenic acid than Flamina.
These compounds are reported to be
related to the defence against fungal
and insect attacks in other members of
the Rosaceae family,® suggesting that
the phenylpropanoid pathway is at least
partially involved in the repulsion of C.
capitata.
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Conclusion

The NMR results discussed here show
that NMR methodologies play an impor-
tant role in fruit characterisation as they
yield a comprehensive metabolic profile
of the analysed samples, provide direct
structural information regarding individ-
ual metabolites in the mixture and also
give information regarding the water
state in the tissue. NMR-based meta-
bolic profiling may be a useful tool in
discriminating various fruits varieties, in
investigating nutritional properties, in
monitoring the development of the fruit
and in assessing the optimum harvest-
ing time.
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