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Abstract: Castanea sativa Mill. is a valuable species with historical and economic importance in Europe,
particularly in the Mediterranean area. In Italy, chestnut cultivation has been developed for centuries,
leading to the recognition of more than 300 varieties. Nevertheless, a profusion of local names has
been assigned by growers, causing the occurrence of synonyms and homonyms across the country.
This research focused on genetic characterization and identification using 21 single sequence repeats
(SSRs) for four chestnut varieties (i.e., Pastinese, Nerattino, Carpinese, and Rossola) commonly used
for flour production in the Tuscan Apennine Mountains (Pistoia Province). A comprehensive number
of 55 accessions identified by local growers as belonging to the four varieties were analyzed, in
addition to a few “Marrone” accessions as outgroups. The 21 microsatellites were highly informative,
detecting 98 alleles and displaying an average polymorphism information content (PIC) equal to 0.582.
In addition, a considerable amount of genetic diversity was revealed, as shown by the heterozygosity
levels (He = 0.634 and Ho = 0.475). The STRUCTURE analysis provided clear distinctions among
the different varieties, splitting them into four separate groups. This result was also confirmed by
UPGMA dendrogram and principal co-ordinates analysis (PCoA). However, one accession (Carp_5),
previously identified as Carpinese, showed an allelic profile attributable to Pastinese, suggesting
that farmers might have performed mislabeling or grafting propagation errors. Thus, our results
confirm the use of SSRs to allocate the accessions of different varieties, uncovering possible synonyms
and homonyms. Specifically, in the context of the Pistoiese mountain region, this tool can favor
the traceability of processed products, such as flour, enhancing the quality and economic value of
the local market. Lastly, our findings have revealed a considerable genetic variability within the
Tuscan chestnut varieties whose preservation is mandatory to face climate change challenges through
sustainable forest management practices.

Keywords: Castanea sativa; genetic diversity; microsatellites; cultivar identification; germplasm

1. Introduction

The European or sweet chestnut (Castanea sativa Mill.) is the sole species of the genus
Castanea (Fagaceae; x = 12, 2n = 24), which is widespread in Europe, especially in the
Mediterranean region from the Iberian Peninsula to the Caspian Sea [1,2]. Chestnut cul-
tivation has an ancient history, being a pre-eminent and essential food source of rural
mountain populations in many countries for centuries [3,4]. Once imported into Italy by
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the Greeks about 5000 years ago [5], the sweet chestnut was expanded into Europe by
the Roman Empire, reaching the current areas of cultivation. [6–9]. Moreover, during the
Middle Ages, chestnut production intensified in many mountain areas, such as in the Italian
Apennines [7], leading to a diversification of the final product as well as of the adopted
varieties [3]. Nowadays, chestnut trees have been cultivated in Italy for over 2000 years.
They can be found in many Italian regions, thriving in natural forests, specialized orchards,
and, often, in mixed situations due to the partial or periodic abandonment of harsh moun-
tain territories resulting from societal and economic changes that have occurred in the last
decades [10].

On the other hand, along with the diffusion and cultivation of chestnut, a wide range
of European C. sativa varieties were selected in relation to the suitability of this species
to produce both wood and fruit [11]. Indeed, due to the different Italian environmental
conditions in many regions, more than 300 varieties have been detected and are widespread
in the whole country [3,12]. As a matter of fact, a plethora of local names have been
attributed to chestnut populations based on their morphological traits. This led to a varietal
misunderstanding with a large number of homonyms and synonyms diffused in all Italian
territories [13–15], including Tuscany, as reported by Breviglieri [16]. Nowadays, the
Italian national and Tuscan regional policies are supporting the recovery of old chestnut
orchards, as well as the establishment of new plantations aiming to take advantage of
the multipurpose functions of this species related to environmental aspects (e.g., CO2
sequestration and soil conservation), social wellbeing (e.g., recreation and leisure areas),
economic reasons (e.g., income increase in mountain marginal areas), human diet, etc. [17].
In this regard, and to obtain commercial quality certification (e.g., the European Protected
Designation of Origin), it is necessary to select true-to-type accessions as mother plants for
further agamic nursery filiation.

Thus, chestnut varietal characterization has been carried out in the last decades
using different approaches [18,19] as tools to support traditional identification based on
the morphological and pomological descriptors developed by the International Union
of New Varieties of Plants (UPOV) [14,20]. Many studies have focused on recognition
using chemical and enzymatic assays [4,21–26]. Another interesting procedure is based
on the application of molecular markers such as RAPDs, ISSRs, EST-SSRs, and AFLPs,
which have been used in many pieces of research to detect the genetic diversity of different
chestnut varieties and cultivars [3,27–31]. Among them, the most used and reliable tool
is focused on simple sequence repeats (SSRs), which are broadly adopted to also assess
the genetic variability of many fruit species [32–38]. In this context, their application in
C. sativa germplasm has already been developed, leading to the genetic characterization
of several varieties in the whole of Europe [3,39–43]. Specifically, SSR markers have
been previously used to elucidate the relationships among European and Italian chestnut
varieties [5,44–47] and assess the genetic diversity of cultivars and accessions across Italy,
spanning from the southern to northern regions [15,19,48–50]. These investigations allowed
for the identification of redundant accessions, homonyms, synonyms, and intra-varietal
clones. Notably, the varietal panorama of Italian chestnuts is quite complex, encompassing
numerous traditional dominant cultivars derived from the selection of a vast array of native
ecotypes that have adapted to diverse geographic regions. Particularly in Central Italy, the
application of SSR markers has enabled the accurate identification of predominant varieties
from the Tuscan-Emilian Apennines area [19,48,49]. Alessandri et al. [49] examined the
genetic diversity of 134 C. sativa accessions in the Emilia-Romagna region, establishing
guidelines for the characterization and varietal certification of chestnut varieties in that
specific area. Furthermore, Cavallini et al. [50] employed SSR markers to detect adaptive
genetic variations among chestnut-grafted trees at a small geographical scale within the
Tuscan region.

Tuscany is renowned for its extensive cultivation of chestnut trees, particularly in the
Apennine area. It covers approximately 177,000 hectares (ha), 33,000 ha of which are used
for chestnut fruit production [51]. However, only 32 ha of them are intensively cultivated,
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and the rest are largely abandoned. Tuscany is also the region with the highest number
of cultivated varieties (26.9% of the total in Italy) [52]. It holds the highest number of
associations of chestnut fruit producers (11), accounting for almost 70% of the total in Italy.
Additionally, there are six consortia and co-operatives, as well as 31 municipalities, that
are dedicated to the promotion of chestnut cultivation. The regional authority promotes
local varieties and implements measures to prevent and safeguard the health of Tuscan
chestnut orchards. Although there are five designated origins, including two for chestnut
flour (PDO Garfagnana Neccio Flour and PDO Lunigiana Chestnut Flour), currently, there
is no recognition for the “Sweet Chestnut Flour from the Pistoiese Mountains”, but only an
“Area Mark” (“Marchio d’area”), for which the production area falls within the province of
Pistoia, covering approximately 53,767 ha. The flour is produced using traditional local
methods and technologies in drying facilities called “metati” and traditional mills. The
flour is obtained through the processing of chestnuts from 12 local varieties, each one with
a specific flavor.

This study examined a collection of 55 accessions supposedly belonging to four vari-
eties commonly used in this area to produce chestnut flour: Carpinese, Pastinese, Rossola,
and Nerattino. While it might be challenging to distinguish these varieties based on tree
characteristics, their fruits exhibit various distinctive traits. There is very little informa-
tion available in the literature about these cultivars, and many of the available sources
on the web are unreliable and often contradict each other. Nevertheless, like other tra-
ditional cultivars, they are named according to their geographic origin, ripening period,
and nut traits.

Carpinese, also known as Carrarese, is one of the most important and renowned
varieties spread along the Tuscan-Romagnolo Apennines. It exhibits resistance to cold
winters but is highly susceptible to wind damage [53], as well as attacks from the invasive
Asian chestnut gall wasp (Dryocosmus kuriphilus) [54]. The nut has a light, glossy brown
color with no striations, and its shiny appearance distinguishes it from other cultivars. It
is generally an earlier variety of good quality, suitable for flour production and for fresh
consumption, although the skin is difficult to peel [55]. The shelf life of the nut after
treatment in a burr chestnut store or through curing is good [56]. The tree does not exhibit
strong alternating fruit production, which is around 110 fruits per kilogram. Carpinese has
been demonstrated to have exceptional nutritional and nutraceutical properties, including
macronutrient minerals, total phenolic content, and high sucrose content [57]. It is recog-
nized as the sweetest and most aromatic variety; however, due to its high sugar content,
flour made exclusively from this variety may have abnormal flavors.

Pastinese, also known as Pastanese, Pastenese, Pastonese, or Pelosa [58], is widely
cultivated in the Garfagnana area, Pistoia, Romagna, and the Monte Amiata region. It
is a late-ripening variety. The leaves start to develop between late April and early May,
and flowering occurs between early June and the first decade of July [53]. It produces
oval-shaped fruits with a dark brown color. Notably, it has a remarkable ability to bear a
substantial amount of fruit. The flour derived from Pastinese chestnuts is renowned for its
excellent quality and prolonged shelf life. Nevertheless, it tends to rapidly lose its sensory
attributes, which limits its utilization as a standalone ingredient.

Rossola is a cultivar with a significant number of synonyms, such as Rossole, Rossolo,
Rossella, and Rossolino, depending on the cultivation area [53]. The variety is named after
the reddish skin with faint striations and the round shape of its fruits. Its nuts have a good
flavor, and they peel well [55]. Due to its resilient and tough leaves, this variety displays
resistance against attacks from the chestnut gall wasp, making it difficult for the insect
to lay its eggs [54]. It is widespread in Garfagnana, Lunigiana, and Val di Bisenzio [59].
The production is approximately 106 fruits per kilogram. It is a medium-early variety of
good quality, thanks to its low internal skin presence. It is primarily used to produce dried
chestnuts and flour [60]. The flour produced from Rossola chestnuts is darker in color but
equally sweet and flavorful.
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The Nerattino variety (or Neratina, Nerattina Sambucano) is an original variety from
the Tuscan-Emilian Apennines, mainly cultivated in the province of Pistoia. It is an early
variety that produces small, dark, round-shaped fruits of good quality. It has very high
productivity, and the skin peels well, making it suitable for baking and it is also used for
flour. In addition, the cultivar is highly resistant and adaptable to adverse conditions [61]
and less susceptible to attacks from the chestnut gall wasp when compared to Carpinese
and Pastinese [48].

Finally, Marrone Fiorentino, also known as Casentinese or, more generally, Tuscan
chestnut, is considered the “typical” chestnut and was used in this study as a reference
for the classification of other Italian varieties [62]. This group includes numerous varieties
characterized by high-quality products, which have different names depending on the
region but have been found to share a common origin based on genetic analysis [56]. The
fruit stands out for its large size (approximately 55–60 fruits per kilogram) and is used
for fresh consumption and candying. It is highly appreciated for its delicate flavor, good
culinary properties, and good shelf life, and is also well-regarded in foreign markets [60].

By using SSR markers, the main objective was to investigate the genetic variability
on a set of 55 accessions, named after the suggestions of local growers, and clustering this
diversity according to each indicated variety. This is essential to determine the amplitude of
sampling for preserving historical regions’ germplasm and also to establish traceability for
chestnut specimens and products. In order to achieve this objective, a set of 21 SSR markers,
previously designed for Castanea sativa, Quercus robur, and Quercus petrae [63–65], were
employed to enhance the identification of genetic diversity among the chestnut varieties.
Thus, this research can help growers, providing them with certified and selected plant
material from these renowned areas for further processing, thereby ensuring the production
of high-quality PGI chestnut flour that meets consumer expectations. It is worth noting
that among the ancient chestnut trees selected by Beghé et al. [19] in the province of Parma,
only the Carpinese and Rossellina ecotypes were included. To the best of our knowledge,
no similar studies have been conducted on specimens from the Tuscan-Emilian Apennines
area in the province of Pistoia.

2. Materials and Methods
2.1. Plant Material

In this study, 48 chestnut accessions were sampled in four localities in the Northern
Tuscan Apennines, Pistoia, Italy (altitude ~ 500–800 m asl; latitude, DMS co-ordinates
44◦3′26.64′′ N), locally known as ‘Cutigliano’, ‘Torri di Popiglio’, ‘Pian del Meo’, and ‘Monte
Pidocchina’. ‘Cutigliano’ and ‘Pian del Meo’ are ~5 km away from ‘Torri di Popiglio’,
whereas ‘Monte Pidocchina’ is located ~16 km from the others. The work focused on
characterizing four local varieties (i.e., Carpinese, Pastinese, Rossola, and Nerattino), which
are the most widespread ecotypes usually used as food sources, particularly for flour
production. The sampling was carried out in 2021 with the support of the Associazione
dei Castanicoltori della Montagna Pistoiese. Cultivar correspondence for each accession
was determined based on local farmers’ knowledge and evaluations of the morphological,
phenological, and agronomic characteristics, following the UPOV descriptor list. Az. Agr.
Fiori Rita (Molazzana, Lucca, Italy), provided two certified specimens, including one
Rossola and one Carpinese sample. In addition, five “Marrone” accessions were also added
to the analysis as outgroups. Three accessions were collected from Az. Agr. Rossi Renato
(Poppi, Arezzo, Italy), while the other two specimens were taken from a local farmer (Borgo
San Lorenzo, Florence, Italy). All the information about the accessions studied is reported
in Table S1.

2.2. DNA Extraction and Quantification

The young leaves (collected at the end of April) from each accession were reduced to
a fine powder (approximately 20–30 mg) with tungsten carbide beads in liquid nitrogen
using a tissue homogenizer (Tissue Lyser, Qiagen, Hilden, Germany). DNA was extracted
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according to the cetyltrimethylammonium bromide (CTAB) technique [66] with minor
modifications. DNA quality and quantity were determined with agarose gel electrophoresis
and a Qubit 1.0 fluorometer (Invitrogen, Waltham, MA, USA), respectively.

2.3. PCR Reaction and Genotyping

The microsatellite regions of the chestnut accessions were amplified using 21 SSR
primer pairs (Table 1), which were previously developed for chestnut [63], Quercus robur [64],
and Quercus petraea [65].

Table 1. List of primer sequences of Castanea sativa for microsatellite loci, with corresponding
annealing temperature and length range of the amplicons.

Primer
Name Primer Sequence (5′ → 3′) Repeat Motif Annealing

Temperature (◦C)
Product

Size Reference

CsCAT1 F: GAGAATGCCCACTTTTGCA
R: GCTCCCTTATGGTCTCG (TG)5TA(TG)24 50◦ 190–224 [63]

CsCAT14 F: CGAGGTTGTTGTTCATCATTAC
R: GATCTCAAGTCAAAAGGTGTC (CA)22 58◦ 133–161 [63]

CsCAT15 F: TTCTGCGACCTCGAAACCGA
R: GCTAGGGTTTTCATTTCTAG (TC)12 50◦ 125–135 [63]

CsCAT16 F: CTCCTTGACTTTGAAGTTGC
R: CTGATCGAGAGTAATAAAG (TC)20 50◦ 130–147 [63]

CsCAT17 F: TTGGCTATACTTGTTCTGCAAG
R: GCCCCATGTTTTCTTCCATGG (CA)19A(CA)2AA(CA)3 58◦ 138–160 [63]

CsCAT2 F: GTAACTTGAAGCAGTGTGAAC
R: CGCATCATAGTGAGTGACAG (GA)16 55◦ 200–233 [63]

CsCAT3 F: CACTATTTTATCATGGACGG
R: CGAATTGAGAGTTCATACTC (AG)20 50◦ 208–258 [63]

CsCAT34 F: TGAGCAAGGATGGATGATGAG
R: GGTGGTCATCATGACTGCATC (GT)23 50◦ 168–188 [63]

CsCAT41 F: AAGTCAGCAACACCATATGC
R: CCCACTGTTCATGAGTTTCT (AG)20 50◦ 200–235 [63]

CsCAT5 F: CATTTTCTCATTGTGGCTGC
R: CACTTGCACATCCAATTAGG (GA)20 55◦ 221–245 [63]

CsCAT6 F: AGTGCTCGTGGTCAGTGAG
R: CAACTCTGCATGATAAC (AC)24AT(AC)4 50◦ 158–194 [63]

CsCAT7 F: GAACATGATGATTGGCCTC
R: CCAAACATGACATATGTCCC (TG)8CG(TG)4 50◦ 190–226 [63]

CsCAT8 F: CTGCAAGACAAGAATTACAC
R: GAATAACCTGCAGAAGGC (GT)7(GA)20 50◦ 188–212 [63]

QpZAG110 F: GGAGGCTTCCTTCAACCTACT
R: GATCTCTTGTGTGCTGTATTT (AG)15 53◦ 210–230 [65]

QpZAG119 F: GATCAACAAGCCCAAGGCAC
R: GGCATGTGTATTGAAAGCTGTA (GA)24 55◦ 210–223 [65]

QpZAG16 F: CTTCACTGGCTTTTCCTCCT
R: TGAAGCCCTTGTCAACATGC (AG)21 55◦ 158–162 [65]

QpZAG36 F: GATCAAAATTTGGAATATTAAGAGAG
R: ACTGTGGTGGTGAGTCTAACATGTAG (AG)19 57◦ 211–223 [65]

QrZAG121 F: GGCATGTGTATTGAAAGCTGTA
R: GTACCCAAGATGTAAAATCACCC (GA)23 55◦ 215–223 [64]

QrZAG15 F: CGATTTGATAATGACACTATGG
R: CATCGACTCATTGTTAAGCAC (GA)15 55◦ 118–132 [64]

QrZAG20 F: CCATTAAAAGAAGCAGTATTTTGT
R: GCAACACTCAGCCTATATCTAGAA (TC)18 55◦ 159–179 [64]

QrZAG75 F: ACCGCCTATCTCAACCAGAG
R: GTCCGAGAATCATCATTAAAGG (GA)57 55◦ 112–166 [64]

Forward primers were labeled with a fluorescence tag (6-FAM, HEX, and TET) (Eu-
rofins Genomics, Ebersberg, Germany), and amplifications were composed of 1X GoTaq



Agronomy 2023, 13, 1947 6 of 17

Buffer (Promega, Madison, WI, USA), 2 mM MgCl2, 0.2 mM dNTPs, 0.2 µM of each primer,
20 ng of extracted DNA, and 1.2 U of GoTaq DNA Polymerase (Promega, Madison, WI,
USA), reaching a final volume of 25 µL. Subsequently, a Primus 96 advanced (PEQLAB
Biotechnologie Gmbh, Erlanger, Germany) was used to perform thermal reactions based
on 5 min denaturation at 95 ◦C; 35 cycles of 40 s of denaturation at 95 ◦C, 40 s of primer
annealing at the proper temperature for each pair, 40 s of extension at 72 ◦C and a 7 min
final extension at 72 ◦C. The labeled PCR products were genotyped on ABI3130xl (Applied
Biosystems Inc., Waltham, MA, USA) using a performance-optimized polymer (POP7). The
subsequent fragment analysis was performed with GeneMapper 4.0 software (Applied
Biosystems Inc., Waltham, MA, USA).

2.4. Data Analysis
2.4.1. Genetic Diversity Parameters for the SSR Loci

In the entire population, the SSRs detected for the 21 primers pairs were analyzed with
GenAlEx 6.5 [67], computing the number of alleles (Na), the effective number of alleles (Ne),
major allele frequency (Fa), the expected (He) and observed (Ho) heterozygosity and the
Fixation index (F). Moreover, the Polymorphic Information Content (PIC) was calculated
with PowerMarker 3.25 [68].

2.4.2. Population Structure Analysis

The population structure was revealed using a Bayesian approach implemented in
STRUCTURE 2.3.4 [69]. The effective number of populations (K), presumably ranging
from 1 to 10, was determined using an admixture model. In this model, 300,000 burn-in
periods followed by 600,000 Markov chain Monte Carlo (MCMC) iterations were computed
10 times for each K. No prior information was added regarding cultivar or origin (popinfo
= 0, popflag = 0). The most suitable K was identified with the ∆K of the Evanno method [70]
using the software STRUCTURE HARVESTER 0.6.93 [71]. This result was converted into a
bar plot using the R-package pophelper 2.3.1 [72]. Accessions were grouped in a specific
cluster with a coefficient of membership greater than 0.65.

Moreover, the STRUCTURE results were validated using clustering analysis on the
basis of the genetic distances among the specimens. Particularly, an unweighted-pair group
method with arithmetic mean (UPGMA) phylogenetic tree was assembled, in accordance
with Bruvo’s genetic distance [73], with 1000 bootstraps permutations using the R-packages
adegenet 2.1.3 [74] and poppr 2.9.3 [75]. The resulting dendrogram was graphically edited
with the software Interactive Tree OF Life (iTOL) 5 [76]. Furthermore, a matrix based on
Jaccard genetic distances was estimated with the R-package vegan 2.5.7 [77], and a principal
co-ordinates analysis (PCoA) was constructed using adegenet 2.1.3 [74], ade4 [78], and
adegraphics 1.0.16 [79] in R-project.

2.4.3. Genetic Distances and Analysis of Molecular Variance

The coefficient of membership obtained using STRUCTURE was used to subdivide
the specimens into populations and to calculate the genetic diversity among the groups.
Particularly, GenAlEx 6.5 software [67] was also used to compute the pairwise Nei’s unbi-
ased genetic distances as well as to determine the variation among and within populations
through the analysis of molecular variance (AMOVA), FST, and gene flow (Nm). AMOVA
was computed with 999 permutations. Nm was calculated from FST using the formula Nm
= [(1/FST) − 1]/4. In addition, two pairwise matrices for both FST and Nm were generated
using GenAlEx 6.5 software [67].

3. Results
3.1. SSRs Descriptive Genetic Parameters

All the 21 SSR primer pairs provided polymorphic loci for a total of 98 detected alleles,
with an average of 4.667 alleles per locus (Na), varying from 2.000 (CsCAT15) to 9.000
(CsCAT3), as shown in Table 2. Moreover, the effective number of alleles (Ne) showed
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a mean of 2.965, ranging from 1.855 (QrZAG121) to 4.608 (CsCAT14). The major allele
frequency (Fa) ranged from 0.291 (CsCAT14) to 0.717 (QrZAG121), with an overall average
of 0.492. The mean observed heterozygosity (Ho) was 0.475, varying from 0.000 (QrZAG75)
to 0.800 (CsCAT7, CsCAT8), and was lower than the expected in heterozygosity (He),
showing values in the range between 0.461 (QrZAG121) and 0.783 (CsCAT14) with an
average of 0.634. Furthermore, the mean fixation index (F) was 0.247, with values extending
from −0.102 (QpZAG36) to 1.000 (QrZAG75). Finally, with regard to the polymorphism
information content (PIC), for which the average amount was 0.582, CsCAT15 showed the
lowest value (0.374), whereas CsCAT14 had the highest value (0.748).

Table 2. Descriptive genetic parameters for each SSR locus in the 56 C. sativa accessions. The number
of alleles (Na), the effective number of alleles (Ne), the major allele frequency (Fa), the observed (Ho)
and the expected heterozygosity (He), the fixation index (F), and the polymorphism information
content (PIC) are detailed.

Locus Na Ne Fa Ho He F PIC

CsCAT1 4.000 2.485 0.527 0.400 0.598 0.331 0.526
CsCAT14 5.000 4.608 0.291 0.727 0.783 0.071 0.748
CsCAT15 2.000 1.994 0.527 0.400 0.499 0.198 0.374
CsCAT16 5.000 1.955 0.691 0.527 0.488 −0.080 0.455
CsCAT17 5.000 3.491 0.391 0.564 0.714 0.210 0.665
CsCAT2 6.000 2.373 0.600 0.218 0.579 0.623 0.533
CsCAT3 9.000 4.495 0.327 0.231 0.778 0.703 0.746
CsCAT34 4.000 3.691 0.315 0.407 0.729 0.441 0.678
CsCAT41 5.000 2.365 0.600 0.255 0.577 0.559 0.530
CsCAT5 8.000 3.810 0.418 0.655 0.738 0.113 0.703
CsCAT6 4.000 3.784 0.318 0.418 0.736 0.432 0.687
CsCAT7 5.000 3.723 0.373 0.800 0.731 −0.094 0.687
CsCAT8 5.000 3.769 0.345 0.800 0.735 −0.089 0.690

QpZAG110 4.000 2.469 0.582 0.655 0.595 −0.100 0.548
QpZAG119 5.000 3.359 0.445 0.418 0.702 0.405 0.657
QpZAG16 3.000 2.243 0.604 0.566 0.554 −0.022 0.492
QpZAG36 3.000 2.046 0.655 0.564 0.511 −0.102 0.458
QrZAG121 5.000 1.855 0.717 0.396 0.461 0.140 0.435
QrZAG15 3.000 2.458 0.555 0.564 0.593 0.050 0.527
QrZAG20 5.000 3.203 0.427 0.418 0.688 0.392 0.634
QrZAG75 3.000 2.098 0.623 0.000 0.523 1.000 0.453

Mean 4.667 2.965 0.492 0.475 0.634 0.247 0.582

3.2. Population Structure Analysis

The population structure of 55 C. sativa accessions was determined using the STRUC-
TURE 2.3.4 software [69]. The optimal number of populations detected was five, according
to the ∆K of the Evanno method [70], which showed a sharp peak at K = 5 (Figure S1). The
result almost confirmed the varietal correspondence, as indicated by the local farmers. In
this context, the STRUCTURE analysis was able to identify the five considered varieties:
Nerattino, Pastinese, Rossola, Carpinese, and Marrone (Figure 1). Indeed, the first cluster
was composed of all Nerattino accessions, which showed a coefficient of membership
greater than 0.90. In addition, all Pastinese samples were gathered in the second arrange-
ment, with a high coefficient of membership (~greater than 0.88), except for Past_7, which
revealed an association equal to 0.70. Surprisingly, Carp_5, which was previously estab-
lished as Carpinese, exhibited a genetic fingerprinting similar to Pastinese, being clustered
with the second group. Moreover, the third group comprised all the Rossola specimens
(membership coefficient >0.95) collected in the Pistoia area (Ross_1, Ross_2, Ross_3, and
Ross_4), as well as the sample originated from a local nursery (Ross_N). The fourth cluster
was composed of all Marrone outgroups, while the fifth group consisted of all Carpinese
accessions with a membership greater than 0.65.



Agronomy 2023, 13, 1947 8 of 17

Agronomy 2023, 13, x FOR PEER REVIEW 8 of 18 
 

 

0.88), except for Past_7, which revealed an association equal to 0.70. Surprisingly, Carp_5, 

which was previously established as Carpinese, exhibited a genetic fingerprinting similar 

to Pastinese, being clustered with the second group. Moreover, the third group comprised 

all the Rossola specimens (membership coefficient >0.95) collected in the Pistoia area 

(Ross_1, Ross_2, Ross_3, and Ross_4), as well as the sample originated from a local nursery 

(Ross_N). The fourth cluster was composed of all Marrone outgroups, while the fifth 

group consisted of all Carpinese accessions with a membership greater than 0.65. 

 

Figure 1. Bar plot of the estimated five populations predicted by STRUCTURE software. Each color 

shows the coefficient of membership to the five clusters for the 55 C. sativa accessions. The 

population name at the bottom of the plot is the previous assignment carried out at the sampling 

time. 

The result obtained by a Bayesian approach was confirmed using a clustering 

analysis based on the genetic distances among the 55 C. sativa specimens, as revealed by 

the UPGMA dendrogram generated in accordance with Bruvo’s genetic distances (Figure 

2). The overall average genetic distance was equal to 0.166, ranging from 0.000 (observed 

in the pairs Carp_1 and Carp_2, Carp_4 and Carp_N, Ross_3, and Ross_1, as well as the 

group Past_2, Past_3, Past_4, Past_5) to 0.823, as was noticed between Marr_4 and Past_10. 

The UPGMA dendrogram showed the same clustering for STRUCTURE. The first cluster 

(I) was composed of all Marrone accessions, which resulted in being the most distant 

group in the considered population. Otherwise, the four other groups comprised the 

chestnut ecotypes. Particularly, the second arrangement (II) included all Carpinese 

specimens except for Carp_5, which was also clustered in the dendrogram with all 

Pastinese samples (V), even though it was recognized. The other two groups (III and IV) 

consisted of all Rossola and Nerattino accessions, respectively. The cophenetic correlation 

coefficient was equal to 0.95, confirming the robust consistency and reliability of the 

dendrogram.  

Figure 1. Bar plot of the estimated five populations predicted by STRUCTURE software. Each color
shows the coefficient of membership to the five clusters for the 55 C. sativa accessions. The population
name at the bottom of the plot is the previous assignment carried out at the sampling time.

The result obtained by a Bayesian approach was confirmed using a clustering analysis
based on the genetic distances among the 55 C. sativa specimens, as revealed by the
UPGMA dendrogram generated in accordance with Bruvo’s genetic distances (Figure 2).
The overall average genetic distance was equal to 0.166, ranging from 0.000 (observed in
the pairs Carp_1 and Carp_2, Carp_4 and Carp_N, Ross_3, and Ross_1, as well as the group
Past_2, Past_3, Past_4, Past_5) to 0.823, as was noticed between Marr_4 and Past_10. The
UPGMA dendrogram showed the same clustering for STRUCTURE. The first cluster (I)
was composed of all Marrone accessions, which resulted in being the most distant group
in the considered population. Otherwise, the four other groups comprised the chestnut
ecotypes. Particularly, the second arrangement (II) included all Carpinese specimens except
for Carp_5, which was also clustered in the dendrogram with all Pastinese samples (V),
even though it was recognized. The other two groups (III and IV) consisted of all Rossola
and Nerattino accessions, respectively. The cophenetic correlation coefficient was equal to
0.95, confirming the robust consistency and reliability of the dendrogram.

Another clustering analysis was achieved using principal co-ordinates analysis (PCoA)
according to Jaccard distances, as shown in Figure 3. Figure 3a reveals the plot between the
first two co-ordinates, while Figure 3b displays the representation between Co-ordinate 1
and Co-ordinate 3. The first three co-ordinates explained 21.18%, 18.30%, and 13.04% of
the total variation, respectively, describing 52.52% of the whole variance together. When
considering both plots, PCoA evidently separated the 55 C. sativa into five distinct groups,
confirming the results previously observed, as well as the assignment performed by the
local farmers. The first two co-ordinates distinguished the Carpinese, Pastinese, and
Nerattino varieties, located at the top left, top right, and middle bottom left of the plot,
respectively (Figure 3a). In addition, the Carp_5 accession was grouped with the Pastinese
cultivars, as was already noticed in the STRUCTURE and UPGMA dendrogram. Otherwise,
Marrone and Rossola were not clearly separated by the first two co-ordinates, overlapping
in the plot’s center. The segregation of Rossola and Marrone can be observed in Figure 3b,
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displaying the first and third co-ordinates. Indeed, Marrone was located at the bottom of
the plot, evidencing the greatest distance among the groupings, while the other four groups
were found around the center of the figure.
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Branches are colored differently to highlight the five different clusters obtained. Main clusters are
indicated with I, II, III, IV, and V.

3.3. Nei’s Unbiased Genetic Diversity among the Five Varieties

The five populations obtained from the STRUCTURE and the clustering analyses
were considered to assess Nei’s genetic diversity among groups. Particularly, Table 3
describes the pairwise matrices of Nei’s unbiased genetic distances (above diagonal) and
Nei’s unbiased genetic identity (below diagonal). The maximum distance was detected
between Marrone and Carpinese (1.239). Conversely, the lowest distance was observed
between Nerattino and Pastinese (0.280). Marrone showed a high genetic distance from all
the other varieties, particularly Nerattino (1.078), Rossola (1.062), and Pastinese (0.977). The
greatest genetic identity (below diagonal) was found among the Nerattino and Pastinese
cultivars (0.756), with the lowest one between Marrone and Carpinese (0.290).

Table 3. Pairwise Nei’s unbiased genetic diversity (above diagonal) and genetic identity (below
diagonal) among the five analyzed C. sativa varieties.

Carpinese Pastinese Nerattino Rossola Marrone

Carpinese * 0.488 0.624 0.589 1.239
Pastinese 0.614 * 0.280 0.316 0.977
Nerattino 0.536 0.756 * 0.485 1.078
Rossola 0.555 0.729 0.616 * 1.062
Marrone 0.290 0.377 0.340 0.346 *

* value = 0 considering the genetic diversity (above diagonal), while = 1 considering the genetic identity
(below diagonal).
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carried out by local farmers.

3.4. Differentiation Among and Within Populations

The interpopulation divergence was evaluated through the AMOVA, FST, and gene
flow (Nm). The AMOVA uncovered that 33% of the total genetic variation was detected
among the five varieties, whereas 67% was observed within populations (Table 4). Moreover,
a low overall Nm value (0.498) was noticed, with FST showing a considerably high value of
0.334 (p-value < 0.001).

Table 4. Analysis of the molecular variance (AMOVA), FST, and Nm of the five populations of C. sativa.

Source df SS MS Est. Var. % FST Nm

Among Pops 4 223.526 55.881 2.463 33%
Within Pops 105 515.729 4.912 4.912 67%

Total 109 739.255 7.375 100% 0.334 *** 0.498

*** p-value < 0.001.

Regarding the pairwise analysis, the pairwise FST (above diagonal) and Nm (below
diagonal) indices among the five populations are shown in Table 5. The pairwise FST (above
diagonal) revealed the lowest value between Rossola and Pastinese (0.184), whereas the
highest FST index was noticed between Marrone and Carpinese varieties (0.534). On the
other hand, the pairwise gene flow (Nm) reported below in the diagonal was the greatest
among Rossola and Pastinese (1.111), with Marrone and Carpinese having the lowest
pairwise value, accounting for 0.218.
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Table 5. Pairwise FST (above diagonal) and pairwise Nm (below diagonal) among the five chestnut
populations (p-value < 0.001).

Carpinese Pastinese Nerattino Rossola Marrone

Carpinese 0.000 0.283 0.418 0.393 0.534
Pastinese 0.632 0.000 0.198 0.184 0.364
Nerattino 0.348 1.012 0.000 0.350 0.509
Rossola 0.386 1.111 0.463 0.000 0.476
Marrone 0.218 0.436 0.242 0.275 0.000

4. Discussion

This research was based on molecular analysis using a set of 21 SSRs. This marker set
differed, in part, from those considered in previous studies [15,19,44,49] due to the absence
of markers belonging to the EMCs series, which have been reported to result in lower
polymorphism. Particularly, this set has a reduced mutation rate because of their intrinsic
characteristic of trinucleotide SSRs in comparison with dinucleotide microsatellites [19].
Thus, considering the relatively small number of accessions analyzed, dinucleotide markers
from the QpZAGs and QrZAGs series, previously used for SSR genotyping in Castanea spp.
and other related species [80–82], were added to the 13 CsCAT primers, increasing the total
number of markers to 21. In this context, the use of SSRs designed in a different genus,
such as Quercus, may increase the uncovering of diversity due to a major phylogenetic
distance and a diverse homozygote pattern [39]. Indeed, while this number exceeds
the ideal range of 15–16 markers suggested by Urrestarazu et al. [83] for this type of
analysis, it allowed for the amplification and visualization of a high number of alleles
(4.7 alleles per locus on average), characterizing all the considered accessions. This average
number of alleles observed was in line with the results reported by Beghè et al. [19],
who used 8 SSRs to analyze 54 ancient local ecotypes from the Emilian Apennines in
Northern Italy (4.7 alleles per locus). However, it was lower compared to the results
obtained by Martin et al. [15], with 7 SSRs for 94 individuals supposedly belonging to
26 Italian traditional varieties (7.4 alleles per locus) by Marinoni et al. [84], who examined
the genetic variability of 68 Piedmont chestnut individuals using 10 SSRs (8.0 alleles per
locus), and by Alessandri et al. [49], who noted 16 SSRs on 134 chestnut accessions from the
Tuscan-Emilian Apennines supposedly corresponding to 21 varieties (8.2 alleles per locus).
The discovered difference in allele richness was influenced by the number of accessions
analyzed. Indeed, when a large number of samples and varieties were considered, there
was a notable increase in the total number of alleles. However, the number of effective
alleles (Ne), which represents the expected number of alleles in a population with equal
allele frequency distribution and the same heterozygosity [85,86], aligned with values
reported in other studies. For instance, although Mattioni et al. [87] observed a higher total
number of alleles (7.6 alleles per locus) in their study, which included 223 accessions from
10 different sites across Italy, the Ne (averaging 4.2 alleles per locus) aligned with the mean
value we observed (2.97 alleles per locus). Moreover, our result was in line with the one
obtained by Beghè et al. [19], who detected 3.04 effective alleles per locus.

The good quality of this microsatellite set was confirmed by polymorphism informa-
tion content (PIC), which indicates a marker’s informativeness. Indeed, a PIC value greater
than 0.5 is considered highly descriptive, while values lower than 0.25 do not properly
explain the considered population [88]. Specifically, the average PIC value (0.582) observed
in this study was comparable to the one detected by Alessandri et al. [49], who noticed a
mean of 0.683. Additionally, our result was in line with the ones obtained by Alessandri
et al. [5], who revealed an average PIC value of 0.735 in a study focused on the genetic
characterization of 630 accessions of wild chestnut trees widespread throughout Italy and
Spain. In our study, CsCAT3 emerged as one of the most polymorphic loci (PIC = 0.746),
confirming the data previously observed by many authors [5,15,49,89,90]. By concentrating
on the specific CsCAT3 locus, it was possible to differentiate the studied ecotypes by identi-
fying six unique alleles. Hence, this locus proved crucial in distinguishing these ecotypes
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as it exhibited alleles that were absent in other accessions. The presence of private alleles
was also found in other 13 SSR loci (i.e., CsCAT1, CsCAT2, CsCAT5, CsCAT8, CsCaT14,
CsCAT16, CsCAT41, QrZAG20, QrZAG75, QrZAG121, and QpZAG119) for a total of
23 private alleles, including the ones for CsCAT3. In our study area, where we aimed to
identify genotypes within a geographically limited germplasm, the presence of loci with
rare or unique alleles holds significant importance. This underscores the effectiveness
of discrimination and the informative nature of these 21 SSRs. The efficiency of the mi-
crosatellite set was further supported by the average heterozygosity values (Ho = 0.475 and
He = 0.634). These values align with those obtained by Beghè et al. [19], Mattioni et al. [87],
and Cavallini et al. [50] from several chestnut populations in Central Italy by means of six
to eight SSRs.

The cluster analyses (Figures 1–3) confirmed a significant level of genetic diversity
among the five ecotypes under study, with the Marrone type exhibiting particularly high
diversity. Each cluster consisted of accessions from a specific chestnut ecotype, except for
Carp_5, which was grouped with the Pastinese types, leading to the hypothesis of incorrect
labeling by the growers or a potential mistake during plant propagation through grafting.
Therefore, the reliability of SSR markers in accurately identifying C. sativa varieties functions
as valuable complements to traditional morphological and pomological analyses, which
are not always accurate. The AMOVA, FST, and Nm results observed in the accessions
from the Pistoia Apennines evidenced that the considered varieties were clearly genetically
distinct, with low gene flow between chestnut populations. Indeed, the detected FST value
of 0.334 is considerably high compared to the 0.25 threshold proposed by Wright [91] for
differentiation among populations.

In our study, we observed that the within-population genetic distance was mini-
mal (0.12) for the Marrone group, while it remained reduced but ranged between 0.18
and 0.20 for the Rossola, Nerattino, Pastinese, and Carpinese collections. Interestingly,
prior studies have demonstrated a notable level of genetic uniformity within the Marrone
group, which comprises different varieties and ecotypes known for producing high-quality,
mono-embryonic fruits [3,15,92]. This Marrone group is believed to have emerged through
intentional selection by growers aiming to preserve desirable traits and facilitate clonal
propagation. During this process, growers chose mother plants according to unique traits
found exclusively in specific varieties. This selection might have significantly contributed
to restricting hybridization between accessions, thus reducing gene flow. The subsequent
cultivation of these selected clones in diverse geographical areas has led to variations in the
morphological characteristics of the nuts, resulting in distinct denominations, but preserv-
ing restricted genetic variability, generating mostly synonyms [5]. However, the mountain
region of Central Italy is rich in autochthonous chestnut populations, and the domestication
of chestnuts for flour production was achieved through the selection of wild individuals,
originating from seeds that were subsequently grafted by farmers to produce fruits with
desired characteristics. These practices have played a significant role in preserving a con-
siderable level of genetic diversity, as observed in our investigation, and explain why trees
of the same variety do not possess identical genotypes as they were not grafted from the
same mother plant [50]. Pereira-Lorenzo et al. [90] and Alessandri et al. [5] also suggested
that hybridization may have been a significant factor in the diversification process, which
also explains the remarkable diversity observed in small geographical regions.

Our study provides additional evidence supporting the prevalence of polyclonal
cultivars in chestnut species, as we observed several cases where specific accessions were
identified as heterogeneous clones that were all clustered within the same variety. Despite
the limited genetic dissimilarity observed among these accessions, the exact causes of these
variations remain uncertain. It is challenging to determine whether these variations arise
from somatic mutations, which are commonly observed in species propagated vegetatively
over extended periods [93], or if they are consequences of using scions taken for grafting
many decades ago, which might have originated from different mother plants. These
mother plants may have exhibited slight genetic variations among themselves, but the
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resulting offspring plants share the same desirable characteristics that distinguish them as
a specific variety.

5. Conclusions

This study focused on genetic characterization by means of SSR markers of four
old chestnut varieties, which have local importance for flour production, in the Pistoia
Apennine mountains: Pastinese, Carpinese, Nerattino, and Rossola. Our findings highlight
the invaluable importance of the Tuscan Apennine Mountain as a vital reservoir of genetic
diversity within the chestnut populations. Preserving this diversity is crucial for the long-
term maintenance of biodiversity, especially in the face of expected adverse conditions
arising from climate change and its associated biotic and abiotic impacts. Hence, the
implementation of in situ conservation practices becomes crucial in preserving genetic
variability within chestnut forests and their natural habitats. By adopting sustainable
management and protection strategies, such as establishing protected areas, devising
sustainable forest plans, and promoting natural regeneration, we can effectively safeguard
the diverse genetic pool of chestnut varieties within their native ecosystems.

In this context, employing efficient and reliable molecular markers plays a pivotal role
in identifying genetic variations and improving the sustainable management of chestnut
forests. In addition, these markers enable the traceability of chestnut products, particularly
flour, leading to an increase in their economic value by incorporating quality and origin
markers (i.e., high-quality PGI chestnut flour), which are currently underexplored in various
Italian chestnut-growing territories.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13071947/s1, Figure S1: The ∆K of the Evanno method [70]
calculated for the 55 C. sativa accessions; Table S1: List of 55 Castanea sativa accessions sampled in
this study, their identification (ID) code, putative cultivar name, location, GPS co-ordinates, and the
province of geographic origin.
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