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Featured Application: The present work, based on a multivariate approach, may represent a rapid,
effective, and low-cost tool, preliminary to genetic analysis, for the assessment of the traceability
and quality of Castanea spp. nuts with no information on their origin.

Abstract: The phytochemical characterization of Castanea spp. fruits is very important for the
development of effective strategies for the biodiversity conservation and traceability of chestnuts,
as the chestnut is one of the most important Italian and European nut and forest species. In this
study, several cultivars of C. sativa (sweet chestnuts and “marrone-type”), C. crenata, and hybrids
of C. sativa × C. crenata were characterized by spectrophotometric (Folin–Ciocalteu assay for the
total polyphenolic content and ferric reducing antioxidant power test for the antioxidant capacity)
and chromatographic (high-performance liquid chromatography coupled to a diode array UV-
Vis detector) protocols to define their phytochemical composition and nutraceutical properties.
The phytochemical results were then used to build a multivariate statistical model (by principal
component analysis) and obtain an effective and rapid tool to discriminate unknown cultivars
(i.e., no information about their origin) belonging to different species. The multivariate approach
showed that the genotype was a significantly discriminating variable (p < 0.05) for the phytochemical
composition. Polyphenols (in particular, phenolic acids and tannins) have been identified as the
main bioactive classes with the highest discriminating power among the different genotypes. The
total polyphenol content (TPC) and antioxidant capacity (AOC) showed a rich presence of bioactive
compounds (74.09 ± 15.10 mgGAE 100 g−1 DW and 11.05 ± 1.35 mmol Fe2+ kg−1 DW, respectively),
underlining the potential health benefits and functional traits of chestnuts. The principal component
analysis applied to phytochemical variables has proved to be an excellent and effective tool for
genotype differentiation to be used as a preliminary method for identifying the species of Castanea
spp. fruits with an unknown origin. The present study showed that a multivariate approach, based on
phytochemical data and preliminary to genetic analysis, may represent a rapid, effective, and low-cost
tool for the traceability and quality evaluation of chestnuts from different species and hybrids with
no information on their origin.

Keywords: chestnut; phytochemicals; statistical model; biodiversity; multivariate approach

1. Introduction

The chestnut has always represented an excellent multi-functional resource for many
countries in the world. Centuries of co-existence influenced the territory and the genetic
performance of the Castanea genus, particularly adaptable and diversified [1], configuring a
production sector with specific traits. The form and tree shape of Castanea spp. are different.
C. sativa (European chestnut) are tall, slender, and upright plants; they can exceed 30 m
height (400 years of age) and be very vigorous. Other species have round foliage and a
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smaller size. In particular, C. crenata (Japanese chestnut) does not normally exceed 8–10 min
in height, even if it can reach 15 m, and 60 cm in diameter [1].

The most valuable species is the European chestnut (C. sativa), especially the “marrone-
type” chestnut, characterized by a high price in the market. However, from the late 19th
century to nowadays, chestnut orchards have been endangered by the spread of pests
and diseases, such as ink disease (Phytophthora cambivora), cortical cancer (Cryphonectria
parasitica), and Asian chestnut gall wasps (Dryocosmus kuriphilus), because of a rapidly
changing environment. Therefore, many traditional cultivars have been replaced by Euro-
Japanese hybrids (C. sativa × C. crenata), such as “Bouche de Betizac”, to improve the
resistance to gall wasps and increase plant density [2]. Compared to sweet chestnuts
and “marrone-type” chestnuts, these hybrids have early production, larger nuts, high
moisture content, and they are often polyembryonic; thus, they are more suitable for fresh
consumption than for “marrons glacés” or industrial processing [3].

The economic interest for Castanea spp. nuts in the food industry increased the demand
for selected cultivars, which is also driven by several research studies on the potential
positive health benefits that can be derived from the consumption of fresh and processed
chestnut products. Chestnuts are nutritionally very similar to wheat or rice. The water con-
tent is quite modest (about 50%). Fresh chestnuts have a high calorie content (150–230 kcal
for every 100 g of edible product); good fibre content (7–8%); excellent carbohydrate con-
tent (about 35–50%); a fair quality protein content (from 1.60 to 4.20 g/100 g); a low fat
percentage (0.53–1.25 g/100 g); and a moderate percentage of mineral elements, such as
potassium (320–490 mg/100 g), calcium (15–30 mg/100 g), sodium (2–15 mg/100 g), and
phosphorus (30–100 mg/100 g); it also has a good content of hydrosoluble vitamins (e.g., C,
B1, and B2) [4]. It is very important to preserve and valorize traditional genotypes and their
typical uses, reducing the loss of local germplasm. In Italy, there are 231 local traditional
cultivars (data from National Register of Fruit Trees, 2020) and 15 Protected Designation
of Origin (PDO) and Protected Geographical Indication (PGI) products. The study of
Alessandri et al. [5] showed a high level of differentiation among the sweet chestnuts,
frequently propagated by seeds, and a good similarity to the wild chestnuts; on the other
hand, “marrone-type” chestnuts present a more homogeneous genome due to the clonal
propagation, applied to preserve high-quality productions.

The increased market demand and consumer awareness stimulate the development of
reliable methods for the cultivar description and identification, and for the characteriza-
tion of the fruit traits for the selection of high-quality products (e.g., good sensorial and
qualitative properties, high bioactive compound content) [4]. Many studies to protect and
valorize traditional ecotypes have developed methods for traceability, based on genetic
analysis [5–7] or using near-infrared spectroscopy coupled with chemometrics [8]. In
combination with agronomic and morphological observations, the use of microsatellite
molecular markers has also highlighted the geographical distribution of allelic richness
and phenotypic variation in the stress response of chestnut populations, defining suitable
breeding areas [9–12].

The chestnut agrobiodiversity influences nut composition, nutritional and technolog-
ical traits, and the synthesis of secondary metabolites with high nutraceutical potential,
as emerged from several chemical studies [4,13–16]. Therefore, it is very important to
recognize the factors that mainly influence the chestnut quality to select the best cultivars
and agrotechniques, according to pedoclimatic conditions and commercial use (e.g., fresh
market, industrial processing, livestock feed, etc.). Moreover, the phytochemical characteri-
zation of fruits from Castanea spp. may be very important for the development of effective
strategies for the biodiversity conservation and traceability valorization of chestnuts.

This study aimed to provide a traceability tool based on secondary metabolite quan-
tification that may be effective and rapid in discriminating cultivars and selecting the most
interesting one for a specific purpose. Chromatographic and spectrophotometric analyses
were performed to define the nut composition (phytochemical fingerprint), as well as verify
and quantify the content of antioxidant compounds useful to prevent chronic diseases and
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important in preservation and transformation processes [17,18]. The obtained results were
used to define the structure of a predictive and screening model by a multivariate statistical
approach (principal component analysis) to distinguish cultivars with unknown origins
based on genotype (“species” level), reducing the number of samples to be subjected to
genetic analysis, with cost and time savings.

2. Materials and Methods
2.1. Plant Material

From September to October 2021, chestnuts were collected from the germplasm repos-
itory (Castanetum) of the Chestnut R&D Center—Piemonte, located in Chiusa di Pesio
(CN) in Piedmont (North-Western Italy) (44◦19′ N, 7◦40′ E; elevation 575 m above sea
level). The area is characterized by a temperate climate, with an average annual rainfall of
approximately 1350 mm, very important for the high-water requirements of Castanea spp.
(Figure 1).
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Figure 1. Meteorological data recorded in 2021 by the weather station located in the Castanetum; the
numbers above the columns indicate the number of rainy days in the corresponding month. Source:
ARPA Piedmont.

The soil is classified as a well-draining Entisol with a sandy-loam texture, abundant in
the skeleton (>35%), but with limited depth (<25 cm). Despite this limitation, moderate
summer temperatures and high rainfall in the area enable a balanced growth of the trees.
Additionally, the soil is favorable for the growth of chestnut trees because of its very low
levels of carbonates and a pH range between 4.5 and 6.5.

In the Castanetum, the plants grow up in the same pedoclimatic conditions and they are
grafted on the same clonal rootstock, significantly reducing their variability due to environmental
factors, and highlighting the differences derived from the genotype. The orchard layout is
8.0 m × 11.5 m and each cultivar is represented by 3 individuals. The inter-row is grassed and
the row is covered with mulch; irrigation is only for emergency purposes.

The fruits were grouped in accordance with their genotype in four groups: Japanese
chestnuts (C. crenata), Euro-Japanese hybrids (C. sativa× C. crenata), and European chestnuts
(C. sativa sweet chestnuts and C. sativa “marrone-type”), as shown in Table 1.



Appl. Sci. 2023, 13, 12524 4 of 20

Table 1. List of Castanea species and respective cultivars subject to analysis.

Species Cultivar Origin ID Sample

1

C. crenata

Ginyose

Japan, Korea, North-East
China, Taiwan

D18

2 Ishizuki F23

3 Ishizuki Precoce O15

4 Ishizuki Tardiva E17

5 Tsukuba G14

6

C. sativa × C. crenata

Bouche de Bétizac France I10

7 Colossal East USA M22

8 Lusenta Italy (Piemonte) M15

9 Maridonne

France

J14

10 Marigoule J13

11 Marissard N14

12 Marlhac K05

13 Marsol F06

14 Precoce Migoule G18

15 Vignols I17

16

C. sativa
(sweet chestnuts)

Biancole della Garfagnana Italy (Toscana) B03

17 Bouche Rouge France (Ardèche) I18

18 Castagna della Madonna

Italy (Piemonte)

G01

19 Ciapastra T02

20 Contessa L02

21 Dorée de Lyon Central-West France H23

22 Epinerere Italy (Valle d’Aosta) M16

23 Gabiana

Italy (Piemonte)

O03

24 Garrone Rosso I03

25 Gentile P12

26 Judia Portugal (Padrela) F21

27 Laguepie France H24

28 Longal Portugal (Terra Fria) E16

29 Marrubia Italy (Piemonte) Q13

30 Neirana Italy (Piemonte) U09

31 Nerone Italy (Toscana) H08

32 Primemura Italy (Piemonte) X05

33 Primitiva di Roccamonfina Italy (Campania) I07

34 Pugnenga Italy (Piemonte) P04

35 Rossane
Italy (Valle d’Aosta)

N13

36 Rouffinette O11

37 Ruiana Italy (Piemonte) T11

38 Savoye France (Dordogne, Lot, Cantal) J16

39 Tarvisò
Italy (Piemonte)

U06

40 Tempuriva O12

41 Toumive France (Cantal-Mourjou) D11
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Table 1. Cont.

Species Cultivar Origin ID Sample

42

C. sativa
(“marrone-type”)

Marron Buono (di Marradi IGP) Italy (Toscana) C03

43 Marron Comballe France (Ardèche) G19

44 Marron de Chevanceaux France (Charente-Maritime) L14

45 Marron de Goujounac France (Ardèche) F20

46 Marron de Lyon Central-West France G23

47 Marrone della Val di Susa
Italy (Piemonte)

P16

48 Marrone della Val Pellice V07

49 Marron de Redon France (Ardèche) K22

50 Marrone di Castel del Rio Italy (Emilia-Romagna) G08

51 Marrone di Chiusa Pesio Italy (Piemonte) G02

52 Marron d’Olargues France (Hérault) F18

53 Marron Sauvage France (Ardèche) K20

After a manual sampling, the fruits of each cultivar were stored at 4 ◦C and 95%
relative humidity and gradually used for the extract preparation before chemical analysis.

2.2. Sample Preparation

The fruits were manually peeled, removing the pericarp and episperm. The raw nuts
were cut into regular cubes (about 4 × 4 mm) until there was a weight of approximately
150 g for each sample, dried in an oven at 40–50 ◦C for 48 h until a stable weight was
achieved, and then ground to fine pounder, which was stored at room temperature in
sealed plastic bags until extraction.

2.3. Extraction Protocols

Polyphenols, monoterpenes, and organic acids were extracted with a mixture of
methanol, deionized water, and 37% hydrochloric acid (95:4.7:0.3, v/v/v) through pre-
injection filtration using circular filters (0.45 µm PTFE membrane). Sugars were extracted
through maceration in an 80% ethanol solution. Following homogenization and centrifuga-
tion, the samples were stored at 4 ◦C with 95% relative humidity until analysis. Ascorbic
and dehydroascorbic acid were extracted through a solvent composed of hydrochloric
acid (0.1 M), ethylenediaminetetraacetic acid (EDTA, 0.05%), and sodium fluoride (4 mM)
in 5% methanol and 95% deionized water. The two components of vitamin C (ascorbic
and dehydroascorbic acids) were determined separately by adding o-phenylenediamine
(OPDA), which reacts with dehydroascorbic acid to form 3-(1,2-dihydroxy ethyl)furo [3,4-
b]quinoxaline-1-one (DFQ).

2.4. Spectrophotometric Analysis

The method applied for the quantification of total phenols (TPC) follows the Slinkard
and Singleton protocol [19] with the Folin–Ciocâlteu reagent. The results were expressed
in equivalents of gallic acid (GAE) per 100 g of dry product (DW). The absorbance was
measured at a wavelength of 760 nm with ultraviolet/visible (UV-Vis) spectrophotometry.
The antioxidant activity (AOC) was evaluated through the FRAP (ferric reducing antioxi-
dant power) assay according to the Benzie and Strain method [20], modified by Pellegrini
et al. [21]. The obtained values were expressed in millimoles of Fe2+ ions per kg of dry
product (DW). The quantification was carried out by spectrophotometry at a wavelength
of 595 nm.
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2.5. Chromatographic Analysis

Chromatographic analysis was performed using an Agilent Technologies HPLC system
(series 1200) coupled with a UV-Vis diode array detector (Santa Clara, CA, USA). Six
different chromatographic methods were followed (reported in Supplementary Materials,
Table S1).

The quantification of analytes was performed using external standard calibration
curves; standard solutions were prepared at known concentrations for each analyte of
interest, according to Donno et al. [22]. In total, the selected compounds were 31, expressed
in mg/100 g of dry product (DW) or g/100 g of DW (in the case of sugars): 5 classes of
polyphenols (benzoic acids, cinnamic acids, catechins, tannins, and flavonols), vitamin C
(ascorbic and dehydroascorbic acids), monoterpenes, organic acids, and sugars.

2.6. Data Analysis

The results of the chemical analyses were subjected to a one-way analysis of vari-
ance (ANOVA), followed by Tukey’s honest significant difference (HSD) post-hoc test, to
determine statistically significant differences (p ≤ 0.05) among the cultivars for each inves-
tigated molecule. IBM SPSS Statistics 22.0 was used for statistical calculations. Moreover,
a multivariate principal component analysis (PCA) on the correlation matrix (Varimax
rotation) was also performed using Minitab 18.0 to observe the distribution of the con-
sidered cultivars and their correlations based on their chemical composition. Bartlett’s
test of sphericity (BTS) and the Kaiser–Meyer–Olkin index (KMO) were used on the same
matrix. The phytochemical variables (TPC, AOC, phytochemical classes) were standardized
(Z-score) and recombined based on their level of correlation into principal components
corresponding to an eigenvalue greater than or equal to 1 and capable of explaining at
least 60% of the total variance. First, PCAs were individually performed on each genotype
group (C. sativa sweet chestnuts and “marrone-type”, Euro-Japanese hybrids, and Japanese
chestnuts) to detect the most representative cultivar for each group. A second PCA was
then carried out using the cultivars selected from the previous multivariate analysis to
define a statistical preliminary model for the traceability evaluation and the detection of
the genotype (“species” level) of unknown samples.

3. Results
3.1. Total Polyphenol Content and Antioxidant Capacity

Chestnuts are excellent sources of bioactive compounds and are low in fat content
if compared with other nuts (almonds, hazelnuts, and walnuts). Since healthiness has
become an important trait that influences the purchase and consumption of food products
over recent decades [23], it is relevant to highlight the quality of chestnuts and their
potential as functional foods. One of the most important phytochemical classes of secondary
metabolites in plants is polyphenols. They are the main group of biologically active non-
nutrients detected in plant materials and foods, which have antioxidant, anti-bacterial,
and anti-cancer properties, and protective effects against several chronic diseases [24].
Previous studies have reported values ranging from 196 to 431 mgGAE 100 g−1 dry weight
(DW) in Spanish cultivars [25], a range from 500 to 3282 mgGAE 100 g−1 DW in Turkish
cultivars [26], and a range from 103 to 219 mgGAE 100 g−1 DW in C. mollissima cultivars [27],
demonstrating a high TPC variability in the fruits of Castanea spp. On the same cultivar,
“Judia”, Dinis et al. [28] found that the extracts from the coldest location had 50.5% more
total phenolics content than the ones from the hottest location, showing a significant impact
of climatic environmental factors on the synthesis of polyphenols. Moreover, most of the
genotypes presented polyphenolic levels similar to hazelnut ones [29,30] and higher than
walnut ones [31]. In the present study, different cultivars are grown on the same clonal
rootstock and in the same pedoclimatic and agronomic conditions to evaluate the genetic
differences. Figures 2 and 3 show the total polyphenol content (TPC) and antioxidant
capacity (AOC) values for a selection of cultivars. Figures S1 and S2 (Supplementary
Materials) report the values for all the analyzed cultivars.
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The obtained TPC mean values (Figure 2) ranged from 191.44 ± 17.95 mgGAE 100 g−1

DW, for the flour derived from “Ruiana” cv (Piemonte Region), to 28.72 ± 16.56 mgGAE
100 g−1 DW, for the Tuscan cultivar “Marrone di Marradi”, in accordance with previous
studies [4,13]. Overall, Japanese chestnuts presented lower values than the other chestnuts
(with an average of 59.03 mgGAE 100 g−1 DW), followed by the “marrone-type” group (e.g.,
the French cultivar “Marron de Lyon” presented a TPC value of 176.26 ± 15.44 mgGAE
100 g−1 DW, similar to the higher values of sweet chestnuts and Euro-Japanese hybrids).
In agreement with Ciucure et al. [14], “Marissard” cv showed the highest TPC value in
Euro-Japanese hybrids (163.91 ± 15.23 mgGAE 100 g−1 DW). It is worth noting that, as
the study of Uzun [32] reported, total phenolics decrease during cold storage after the
harvesting; therefore, this aspect may have affected the measures.
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Figure 3. Antioxidant activity of 35 chestnut cultivars. Different letters for each cultivar indicate the
significant differences at p < 0.05. Red color: “marrone-type” chestnut (MT); purple color: sweet
chestnut (SC); orange color: Euro-Japanese hybrid (EH); blue color: Japanese chestnut (JC). The
dashed line indicates the average.

The antioxidant capacity (AOC) is generally due to the content of polyphenols, vita-
mins, monoterpenes, and organic acids. These free-radical scavenging antioxidants prevent
functional loss and damage to biological membranes, detoxify enzymes, maintain health,
and reduce the risk of disease [33]. To evaluate this parameter, there are several methods,
which give different units of measurement, so it is difficult to compare the values with ear-
lier studies. In the present work, the FRAP assay was applied; this method assesses the
reduction of metal ions; even if it underestimates the real biological antioxidant capacity and
the synergistic health-promoting properties, this screening method was used because it is
simple, low-cost, and fast. The FRAP value (expressed as ferrous iron equivalents) allows
an efficient comparison of different samples of natural products [34]. The obtained results
(Figure 3) showed that all the Japanese cultivars had similar values, lower than the average of
the other groups. The Euro-Japanese hybrids were more similar to the European chestnuts,
with good AOC in the “Lusenta” cv (14.65 ± 1.85 mmol Fe2+ kg−1 DW) and “Maridonne” cv
(13.57 ± 2.63 mmol Fe2+ kg−1 DW). The lowest value was detected in “Bouche de Bétizac”
cv (6.54 ± 0.36 mmol Fe2+ kg−1 DW), as also reported by Beccaro et al. [4], and in the Por-
tuguese “Longal” cultivar (3.47± 0.72 mmol Fe2+ kg−1 DW). Among the C. sativa cultivars,
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“Epinerere” had 16.07 ± 1.34 mmol Fe2+ kg−1 DW, followed by “Pugnenga”. The cultivars
“Ciapastra”, “Gabiana”, “Garrone Rosso”, and “Ruiana” showed statistically similar values.
“Marrone-type” cultivars presented a good antioxidant capacity, similar to sweet chestnuts,
with a maximum value in “Marrone della Val Pellice” cv (15.34± 2.69 mmol Fe2+ kg−1 DW).

3.2. Phytochemical Composition and Nutritional Properties

The phenolic compounds were grouped into the following classes to define the con-
tribution of each class to the total polyphenolic composition: benzoic acids (ellagic acid
and gallic acid), cinnamic acids (caffeic, coumaric, ferulic, and chlorogenic acids), catechins
(catechin and epicatechin), flavonols (hyperoside, isoquercitrin, quercetin, quercitrin, and
rutin), and tannins (castalagin and vescalagin). Quercetin and quercitrin were not detected
in chestnut extracts, whereas gallic acid was only quantified in very small amounts in the
Japanese cultivar “Ginyose”. The complete phytochemical composition in chestnut extracts
is shown in Table S2 (Supplementary Materials).

The results showed a predominance of cinnamic acids in comparison to flavonols
(Table S2) in all the analyzed chestnut groups. European chestnuts presented the
highest values of cinnamic acids, in particular, the sweet chestnut cultivar “Pugnenga”
(62.89 ± 0.22 mg 100 g−1 DW). Generally, chlorogenic acid was the main component,
as reported in Figure 4, except in “Ishizuki Tardiva” (in this cultivar, it was not de-
tected). The mean amount of chlorogenic acid in Euro-Japanese hybrids (10.88 mg
100 g−1 DW) was higher than the data reported by Ciucure et al. [14] for the same
cultivars, suggesting that the geographic location played a significant role. This com-
pound can be also found in green coffee extracts and tea, and it has been investigated
in several medical studies. It was demonstrated that chlorogenic acid is an antioxidant
agent and it can perform crucial roles in lipid and glucose metabolism regulation,
contributing to weight reduction and the prevention of obesity-related diseases [35].

Flavonols, mainly hyperoside, were detected in trace amounts or were absent in
Japanese chestnuts, as well as in Euro-Japanese hybrids; significant amounts were only
identified in “Lusenta” cv. On the other hand, the class was detected, although in low
amounts, in most of the European chestnuts. Hyperoside seems to be an effective protection
against inflammatory vascular damage; thus, it may be useful in the treatment of severe
vascular inflammatory diseases such as septic shock [36].

Benzoic acids (Table S2) were only represented by ellagic acid, and they are the class
that mostly differentiated the cultivars within the “marrone-type” group. Ellagic acid
was almost absent in the Japanese cultivars; the Euro-Japanese hybrids with the highest
amounts were “Marlhac” and “Vignols” cv, whereas this compound was detected in trace
amounts in “Maridonne” and “Precoce Migoule” cv. The highest values were identified in
C. sativa cultivars, in particular, in “Rossane” (26.73 ± 0.02 mg 100 g−1 DW), but also in
“Contessa”, “Neirana”, “Pugnenga”, “Ruiana”, and “Tarvisò” cv. Benzoic acids are very
important compounds in human nutrition because of their anti-cancer, anti-atherosclerotic,
anti-inflammatory, anti-hepatotoxic, and anti-HIV properties [37].

Catechin and epicatechin (Table S2), molecules involved in the inhibition of lipid
peroxidation and the prevention of oxidative stress-induced diseases [38], were quantified
in different proportions: in European chestnuts, the two compounds were present in similar
amounts, whereas in other cases, they presented different levels. They represented an
important class, not only in terms of their contribution to the total polyphenol content,
but also as markers to distinguish the several cultivars. The Japanese cultivar “Ginyose”
showed a very high value (73.09 ± 4.26 mg 100 g−1 DW) compared to the other ones.

The main tannins detected in Castanea ssp. (Table S2, Figure 5) are hydrolysable ellagi-
tannins (castalagin and vescalagin), which are effective antagonists against viruses, bacteria,
and eukaryotic microorganisms [39]. The Euro-Japanese hybrids showed very high amounts
of tannins, especially “Vignols” (34.97 ± 0.24 mg 100 g−1 DW), “Lusenta”, and “Maridonne”
cv. Except “Marrone di Marradi” and “Marrone di Chiusa Pesio” cv, “marrone-type” cultivars
presented lower values than other chestnuts, and this is probably the cause of the lower epis-
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perm adherence [40]. The castalagin content strongly differentiated the varieties, placing them
in statistically different groups, whereas vescalagin was not defined as a good marker.
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After sugars and organic acids, monoterpenes (Table S2, Figure 6) represented one
of the most abundant class of compounds in chestnuts; monoterpenes mostly influence
the flavor and intensity of the chestnut aroma during consumption, and they also present
specific antioxidant, antibacterial, anti-inflammatory, and anti-cancer activities [41,42].
Consistent with other studies [4,43], the main monoterpene was limonene; in the case
of “Ishizuki” and “Ginyose” cv, this molecule represented all the detected aromatic com-
pounds. Some cultivars were partially characterized by the presence of γ-terpinene (e.g.,
“Contessa”, “Neirana”, “Tarvisò”, and “Maridonne” cv). Phellandrene and sabinene were
often detected, but at a very low level, especially in Japanese chestnuts. The Euro-Japanese
hybrids also presented low levels in terpenes, except for “Vignols” cv (901.68 ± 4.21 mg
100 g−1 DW), followed by “Maridonne”. The European chestnuts were the most aromatic
group, with very high values in “Tarvisò”, “Longal”, and “Garrone Rosso” cv. Some studies
showed that the aromatic properties of foods depend not only on the presence of single
volatile compounds or on their levels, but it may be due to the synergistic and additive
effects of these molecules (e.g., terpenes, terpenoids, organic acids, etc.) on the odor and
aroma receptors in humans. For these reasons, the good aromatic properties of sweet
chestnuts, if compared to other genotypes, may be due to specific terpenic and organic
compounds and to their combination in the nuts [16,44,45]. In some cultivars (e.g., “Dorée
de Lyon”, “Gentile”, and “Rossane”), no high content was detected. Although the content
was lower than sweet chestnuts, good levels were obtained in the “marrone-type” cultivars,
in particular, in “Marrone di Castel del Rio” (530.06 ± 25.98 mg 100 g−1 DW).
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In this study, vitamin C content (Table S2) mainly referred to the oxidized form
(dehydroascorbic acid, DHAA), whereas ascorbic acid (AA) was only detected in a few cases
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(e.g., some “marrone-type” chestnuts and in the Euro-Japanese hybrid cultivar “Lusenta”).
De Vasconcelos et al. [24] showed a similar significant decrease in ascorbic acid during the
processing steps, whereas dehydroascorbic acid was less involved in this process. Other
studies have verified and confirmed that the vitamin C content decreases after drying. The
amount detected by Nguyen [46] in the fresh fruit of C. sativa was reduced by more than
30% after drying at 50 ◦C, and more than 40% after storage in sealed plastic bags at 30 ◦C
for 12 months. In the present work, “Ishizuki Precoce” was the only Japanese cultivar with
a quantified amount of vitamin C (7.40± 0.26 mg 100 g−1 DW). However, the highest levels
were observed in the Euro-Japanese hybrid “Vignols” cv (12.32 ± 0.01 mg 100 g−1 DW),
followed by “Lusenta”. For C. sativa cultivars, the results were very heterogeneous: “Dorèe
de Lyon” (6.87± 0.09 mg 100 g−1 DW), “Savoye”, and “Toumive” presented good amounts;
no vitamin C was detected in “Biancole”; and the “Contessa”, “Neirana”, and “Ruiana”
cv. “Marrone-type” cultivars showed higher mean values than European chestnuts, with
a maximum in “Marrone di Chiusa Pesio” (7.62 ± 0.41 mg 100 g−1 DW). The vitamin C
values were similar to the walnut and almond ones [47,48].

Table S3 in the Supplementary Materials reports the nutritional properties of the
chestnut extracts.

The composition of the organic acids (Figure 7) was highly variable and specific to
each cultivar. In general, the least abundant compounds were oxalic and tartaric acids. The
mean amounts in Japanese cultivars and sweet European chestnuts were similar (727.33 and
758.16 mg 100 g−1 DW, respectively) and lower than Euro-Japanese hybrids (1012.98 mg
100 g−1 DW) and “marrone-type” (939.29 mg 100 g−1 DW). The Euro-Japanese hybrid
“Precoce Migoule” cv showed the highest content (1879.03 ± 4.06 mg 100 g−1 DW), as
reported by Beccaro et al. [4], and other important amounts were detected in “Marsol”,
“Vignols”, and “Marissard” cv. Moreover, the group of European chestnuts showed a very
wide range between the maximum value (1449.85 ± 0.66 mg 100 g−1 DW in “Laguepie”)
and the minimum one (172.38 ± 55.48 mg 100 g−1 DW in “Gentile”). Other varieties
rich in organic acids were “Rouffinette”, “Primitiva di Roccamonfina”, and “Toumive”,
whereas “Judia” and “Tempuriva” were similarly detected in trace amounts. Gonçalves
et al. [49] reported 146 ± 11.1 mg 100 g−1 DW for citric acid and 384 ± 4.02 mg 100 g−1

DW for malic acid in the “Judia” cultivar, a higher value than the levels detected in this
study, as well as for in “Longal” cv. In this case, the method of extraction may be an
important factor influencing the organic acid content. The “marrone-type” chestnuts
also showed a good number of organic acids, especially in “Marrone della Valle di Susa”
(1809.85 ± 70.63 mg 100 g−1 DW), “Marrone della Val Pellice”, and “Marron Sauvage”.
Organic acids are antioxidant molecules, sometimes used in pharmacological trials, as
shown by some studies [50]; these compounds, together with fiber, can synergistically
exert a biological action to maintain the digestive system in good health conditions. They
increase the bioavailability of mineral elements (e.g., iron and calcium) in the diet. In
particular, high levels of quinic acid may be metabolized to hippuric acid, which is useful to
alleviate infections in the urinary tracts [51], whereas citric acid plays an important role in
regulating the functioning of the urinary tract by inhibiting the adhesion of calcium oxalate
crystals to renal epithelial cells [52]. Although the content of organic acids and their profile
may well discriminate between different cultivars based on genotype, this variability may
be also due to other factors: indeed, the levels of organic acids, as other volatile compounds,
are influenced by conservation methods, drying, and extraction protocols [53].

This study confirmed that sucrose was the main component of the sugar class (Figure 8),
in accordance with previous studies [3,25,54]. However, sucrose was not quantified in
“Tsukuba”, “Colossal”, “Bouche Rouge”, and “Marrone di Castel del Rio”, probably due
to hydrolysis during the storage. Neri et al. [54] identified 14.96 ± 0.46 g 100 g−1 DW for
sucrose, 2.22 ± 0.21 g 100 g−1 DW for fructose, and traces of glucose. Glucose and fructose
were always detected in the analyzed extracts. A predominance of fructose over glucose
was only observed in a few European cultivars, such as “Bouche Rouge”, “Marrone di
Chiusa Pesio”, “Garrone Rosso”, and “Gabiana”. This trait was relevant to define some
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chestnut cultivars as a potential functional food for consumers with type-2 diabetes because
fructose presents a lower glycemic index than glucose, allowing better control of the insulin
response and keeping a lower postprandial glycemic peak [55]. C. sativa cultivars and Euro-
Japanese hybrids showed a similar range of sugar content (maximum values: 51.83 ± 0.02 g
100 g−1 DW for the hybrid “Vignols”, 57.19 ± 3.74 g 100 g−1 DW for the sweet chestnut
“Pugnenga”, and 52.43 ± 2.52 g 100 g−1 DW for “Marron de Redon”). The group with the
lowest sugar content was the Japanese chestnuts. The chestnuts presented higher values
compared to the sugar levels of other tree nuts such as walnuts and almonds [56,57].

3.3. Multivariate Analysis

PCA is a tool to reduce multidimensional data, such as chemical fingerprinting,
to lower dimensions with minimal loss of information. Many applications are often
associated with chemical characterization, such as classification and clustering; PCA is
a useful tool for identifying patterns and estimating missing data. These applications
may improve traceability and quality control, as well as be used as preliminary tools for
genetic analysis. In this study, the main aim was to use phytochemical data and create a
multivariate statistical tool to be applied to unknown chestnuts to define their genotype
(“species” level).

A PCA for each chestnut group was performed (three repetitions per cultivar), as
shown in Figure 9, to create a reliable final model. The five cultivars that were more
clustered to the plot center were selected as the most representative of the group.
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Figure 9. Principal component analysis (PCA) score plots of the four groups of analyzed chestnuts.
Three repetitions were considered for each cultivar. From the left, on the top, Japanese chestnuts
(total variance: 91.9%) and Euro-Japanese hybrids (total variance: 75.8%) are shown; on the bottom,
“marrone-type” (total variance: 66.9%) and sweet chestnuts (total variance: 62.4%) of the European
cultivars. Total variance was reported for eigenvalues greater than or equal to 1.
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The score plot of the Japanese chestnuts showed that the cultivars were rather clus-
tered, indicating a low phytochemical variability. However, “Ginyose” cv was described
by specific traits compared to the other ones, due to its high content of polyphenolic
components, especially catechins and benzoic acids. The distribution of Euro-Japanese
hybrids showed that “Lusenta” and “Vignols” cv were not related to other cultivars in the
same group. For this reason, “Bouche de Bétizac”, “Colossal”, “Maridonne”, “Marigoule”,
and “Marissard” cv were selected, as they are most closely clustered on the plot. The
less representative cultivar for European sweet chestnuts was “Pugnenga”, maybe due to
its higher sugar and cinnamic acid content than the other cultivars, whereas Portuguese
chestnuts (“Judia” and “Longal” cv) presented a similar phytochemical profile. “Contessa”,
“Gabiana”, “Garrone Rosso”, “Ruiana”, and “Savoye” cv were placed by the PCA in the
most central part of the score plot. In the group of “marrone-type” cultivars, the varieties
from Central Italy (“Marrone di Marradi” and “Marrone di Castel del Rio”) were the most
different. The French ones were mainly placed in the upper part of the distribution, except
“Marron Sauvage” cv, which was more similar to “Marrone della Val Pellice” cv. The most
representative cultivars were “Marron Comballe”, “Marron de Lyon”, “Marron de Redon”,
“Marrone di Chiusa Pesio”, and “Marrone della Val di Susa”.

The phytochemical data of the selected cultivars were then analyzed as variables by
an overall PCA, building the final model to discriminate the different chestnut genotypes
(Figure 10).
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Figure 10. Distribution of the most representative cultivars (three repetitions) for each group in the
principal components plane. Blue color: Japanese chestnut (“Ginyose”, “Ishizuki”, “Ishizuki Precoce”,
“Ishizuki Tardiva”, “Tsukuba”); green color: sweet chestnuts (“Contessa”, “Gabiana”, “Garrone Rosso”,
“Ruiana”, “Savoye”); fuchsia color: “marrone-type” chestnuts (“Marron Comballe”, “Marron de Lyon”,
“Marron de Redon”, “Marrone di Chiusa Pesio”, “Marrone della Val di Susa”); grey color: Euro-Japanese
hybrids (“Bouche de Bétizac”, “Colossal”, “Maridonne”, “Marigoule”, “Marissard”).

The identified four principal components (PCs) represented 75% of the total variance
with eigenvalues greater than or equal to 1 (from PC1 to PC4. the contribution was
27.1%, 21.3%, 14.3%, and 12.3%, respectively) (Figures 10 and 11). Then, the components
were simplified to the main two PCs, maintaining almost 50% of the total variance; PC1
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showed a correlation with the content of cinnamic acids, vitamin C, tannins, and catechins,
whereas PC2 was related to flavonols, monoterpenes, and benzoic acids. In the loading
plot (Figure 11), the phytochemical classes are displayed as vectors in the PCA plane.
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Based on the obtained score plot (Figure 10), the different Castanea species were dis-
tributed along the horizontal axis (PC1): C. crenata cultivars were on the left of the plot, the
European chestnuts (“chestnut-type” and “marrone-type”) on the right, and Euro-Japanese
hybrids in the middle. This distribution is associated with the content of vitamin C (in-
creasing to the right) and the composition of cinnamic acids and tannins. The cultivars
belonging to the same species were vertically distributed (PC2); therefore, variables re-
lated to PC2 were more discriminant for intraspecific characterization, especially benzoic
acids and flavonols for the group of “marrone-type” cultivars. The spatial placement
suggested that Euro-Japanese hybrids were more similar to the European chestnuts than
to the Japanese chestnuts in terms of chemical profile. Since the aim of the breeding work
was to obtain genotypes with improved disease tolerance, maintaining nut quality com-
parable to that of the European chestnuts [58], this result seems to be a validation of this
purpose. Furthermore, the PCA plots provided information about specific biomarkers for
each group: “marrone-type” cultivars and Euro-Japanese hybrids presented higher sugar
content, Japanese cultivars were mainly characterized by catechins content, and European
sweet chestnuts were mainly characterized by monoterpenes content.

Some unknown or unsafe cultivars, always collected in the germplasm repository
of the Chestnut R&D Center, were considered and then added to the model to test its
effectiveness; the results of morphological and genetic analysis confirmed the genotype
reported by the placement in the score plot. For example, the sample O14, defined as
“Ishizuki Precoce” cv, was placed on the top right in the PCA score plot, not in the
C. crenata group, even if amounts of some bioactive compounds were consistent with
the chemical profile of the other C. crenata cultivars. This result confirmed that the evalua-
tion of single markers is not enough to distinguish cultivars with an unknown origin, but it
is necessary for a multivariate evaluation. Further genetic analysis proved that this sample
did not match with the “Ishizuki Precoce” cv, supporting the efficacy of the statistical
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multivariate model. Moreover, unsafe samples B4 and T11, incorrectly reported as C. sativa
“chestnut-type” cultivars in the list of Chestnut R&D Center, were included in the Euro-
Japanese group by the PCA model. This result was confirmed by the morphological and
genetic analysis. Finally, sample O2 (described as C. sativa “chestnut-type” in the list) and
samples V7, W6, and X3 (reported as C. sativa “marrone-type” in the list) were confirmed
in their original description both by the PCA model and morpho-genetic analysis. In any
case, further unknown or unsafe cultivars will be tested in the future to confirm these
preliminary results.

4. Conclusions

The findings of this study on the phytochemical composition and nutritional prop-
erties of different chestnut cultivars provided valuable insights into the potential health
benefits and functional traits of chestnuts. The high values of total polyphenolic content
(TPC) and antioxidant capacity (AOC) confirmed good levels of bioactive compounds, in
particular, phenolics. Both for TPC and AOC, C. crenata showed lower levels than other
cultivars; however, Euro-Japanese hybrids presented amounts similar to European chest-
nuts. Catechins, cinnamic acids, and tannins were the main polyphenols, with a critical
role as a tool to distinguish the different varieties. Benzoic acids were only represented
by ellagic acid, and they were the class that mostly differentiated the cultivars within the
“marrone-type” group. This latter chestnut group presented a lower quantity of tannins
than the other groups. In general, castalagin strongly differentiated the cultivars, whereas
vescalagin was not defined as a good marker. Similar to sugars and organic acids, monoter-
penes represented one of the most abundant classes of compounds in chestnuts, mainly
limonene, with European chestnuts being the most aromatic. Good levels of vitamin C
were also quantified.

Principal component analysis (PCA) was applied to reduce multidimensional data
and identify specific patterns within the chestnut species and hybrids, defining a statistical
model to evaluate the different chestnut groups based on phytochemical composition.
Clusters among species and hybrids were primarily associated with cinnamic acids, vitamin
C, tannins, and catechins, whereas flavonols, monoterpenes, and benzoic acids were more
discriminant for intraspecific characterization. Moreover, the PCA was also useful to
identify specific biomarkers for each group. The final PCA model was also integrated with
unknown or unsafe cultivars from the Chestnut R&D Center to test its effectiveness as a
multivariate statistical tool. The genotype suggested by the placement in the PCA plot was
confirmed by morphological and genetic analysis. Moreover, this approach demonstrated
the value of a multivariate evaluation rather than a single marker discrimination.

However, further studies on the relationships among the main phytochemicals will be
necessary to define the structure of predictive screening models for the differentiation of
chestnut cultivars of unknown origin, which may allow reducing the number of samples to
be subjected to genetic analysis, saving costs and time. By analyzing many cultivars grown
under the same pedoclimatic conditions and on the same rootstock, this study confirmed
the hypothesis that the genotype plays an important role in chemical composition. These
findings highlight the potential for the valorization of chestnut quality by improving the
traceability of production and ecotype characterization and contributing to the preservation
of agrobiodiversity within the Castanea genus.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/app132212524/s1: Figure S1: Total polyphenol content of the 54 chestnut
cultivars; Figure S2: Antioxidant activity of the 54 chestnut cultivars; Table S1: Chromatographic
conditions of the used methods; Table S2: Chestnut phytochemical class profiles; Table S3: Nutritional
properties of analyzed chestnut cultivars.
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