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Abstract: A phylogeographic study on the chloroplast DNA of natural white oak forests (Quercus
subgen. Quercus, sect. Quercus) was carried out to identify possible haplotype-structured distribution
within the Italian Peninsula, Sicily, and Sardinia. Sixty white oak populations belonging to Q. frainetto,
Q. robur and the collective groups Q. petraea and Q. pubescens were considered and analyzed by
combining five Chloroplast Simple Sequence Repeat (cpSSR) markers. A total of 28 haplotypes
were detected. Central and southern Italy displayed the highest variability (14 and 10 haplotypes,
respectively), followed by northern Italy (7), Sardinia (7), and Sicily (5). A complex geographical
structure of the haplotype distribution emerged, highlighting (i) a high number of low-frequency
haplotypes; (ii) the marked isolation of Sardinia; (iii) the occurrence of haplotypes widely distributed
throughout the Italian Peninsula; (iv) the idiosyncrasy of Sicily, which exhibits exclusive haplotypes,
and haplotypes shared with Sardinia and the rest of the Italian Peninsula. The haplotype distribution
was also found to be partially related to the taxonomic identity of the specimens, with the following
features emerging: a geographic separation between the central Italy and southern Italy Q. frainetto
populations, an unexpected discontinuity between the Calabrian and Sicilian Q. petraea subsp. aus-
trotyrrhenica populations, and the absence of the most common haplotype among the Q. pubescens
populations of central and southern Italy.

Keywords: cpDNA; genetic structure; geographical isolation; paleogeography; phylogeography;
Quercus

1. Introduction

Progressing toward a comprehensive assessment of forest biodiversity is crucial to
achieving modern and effective governance of territories and landscapes, especially in
Southern Europe, which is a too often overlooked long-term repository of molecular, tax-
onomical, and ecological diversity [1]. The genus Quercus is divided into two subgenera,
Cerris and Quercus, and includes more than 400 species [2,3]. It has a mainly Northern
Hemisphere distribution, denoting great adaptive plasticity within a wide range of habitats
from the desert and Mediterranean maquis to the subtropical rainforest. At the European
level, Quercus is a dominant genus and constitutes a great part of the forests of Central
and Southern Europe from sea level to the montane belt [4]. The white oaks (Quercus
subgenus Quercus sect. Quercus) comprise the most important species characterizing the
Temperate deciduous forests’ biome in Central and Southern Europe, representing a very
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important natural, scientific, economic, and social resource [5]. The actual number of
species belonging to white oaks in Europe is a source of great debate among European
taxonomists, especially as regards the species composition of the collective groups of Q.
pubescens and Q. petraea [6–11]. Italy hosts about 1.2 M ha of wooded land dominated by
white oaks [12], and consequently, it plays a leading role in this debate. Moreover, some
white oak taxa currently considered valid species in the floras and checklists of several
S European countries (i.e., Quercus congesta, Q. dalechampii, and Q. virgiliana), together
with other critical oaks endemic to southern Italy, Sicily, and Sardinia (i.e., Q. amplifolia, Q.
ichnusae, and Q. leptobalana), were described for the first time in Italy [13–20]. Although
a clear correlation between the high level of taxonomical–nomenclatural splitting and
the nuclear DNA variability among S European white oaks did not emerge from recent
studies [21–27], there can be no denying that the eco-morphological and coenological
variability of white oaks observable in nature is extraordinarily high. As far as Italy is
concerned, it is probable that the explanation for a great part of this variability is to be
found in the significant role played by the Italian Peninsula as a glacial refuge for the
thermophilous forests during the end of the Tertiary and the whole of the Quaternary [28].
Chloroplast DNA (cpDNA) variability can be particularly useful for studying natural
processes, such as species evolution, reticulation, migration routes, isolation, and drift,
and to dissect the geographical patterns of lineage distribution subtending community
assembly and diversification, local ecological peculiarities, and regional history. The first
investigations on European white oaks’ plastid genome were carried out ca. 30 years
ago [29,30] using Restriction Fragment Length Polymorphisms of some PCR-amplified
intergenic regions of the cpDNA (PCR-RFLP). Subsequently, Petit et al. [31,32] expanded
the analyses to over 2600 European populations and found 39 main variants (haplotypes),
grouped into 6 lineages. Three lineages were preserved in southern Italy and major islands
during the Quaternary glaciations [33]. Deepening some partial results of this fundamental
work, Fineschi et al. [34] provided a more detailed picture of the chloroplast PCR-RFLP
variability of the Italian populations, confirming the occurrence of three main plastid lin-
eages and cataloguing six widely distributed and four rare haplotypes. However, neither
the sampling strategy nor the interpretation of the results were carried out on the basis
of detailed taxonomic and/or biogeographical information. Since then, the entire line of
research on the plastid DNA of the Italian white oaks has been considered sufficiently
analyzed, with the exception of a few regional contributions limited to restricted areas
(see Lupini et al. [35]). Indeed, the PCR-RFLP procedure proved useful in uncovering the
complex background of oak cpDNA variability and building initial spatial models on a
wide geographical scale. However, the low mutation rate obtained through PCR-RFLP
analyses generally does not allow high levels of information at finer spatial scales to be
retrieved [36–39]. Consequently, chloroplast microsatellites (or Simple Sequence Repeats,
SSRs) have progressively replaced PCR-RFLPs over the years, becoming the most used
markers due to their higher efficacy, low cost, and ease of analyses. Exemplary utilizations
of cpSSRs include the assessment of geographic patterns of diversity in other widespread
Italian oaks such as Quercus cerris and Quercus suber [40,41] and clear genealogical re-
constructions of several white oaks in Western Europe [42], Central Europe [38,43], the
Balkans [39,44–46], and Northeastern Europe [47–50]. The emerging scenario unambigu-
ously indicates Southern Europe to have hosted a mosaic of refugia for the persistence of
tree species during the Quaternary [28,51], with white oak populations exhibiting complex
patterns of genetic variation. A more recent study further highlighted the Italian Penin-
sula and major islands as a repository of chloroplast DNA diversity and bio-ecological
distinctiveness [52]. On these bases, we argue that the long-lasting PCR-RFLP framework
of the white oaks in Italy [34] needs a critical re-assessment. Our study carries out a new
and updated analysis of the cpDNA variability of white oak populations of the Italian
Peninsula, Sicily, and Sardinia using cpSSRs in order to fill the existing gap and upgrade
the dated diversity structure currently available. The data obtained will contribute to the
creation of more informed sampling designs for future genomic studies and to a better
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interpretation of recent [26,27,53] and ongoing works [54] on white oaks’ diversity. We will
address the following questions: (i) Is it possible to correlate the distribution of haplotypes
in natural white oak forests in Italy with biogeographical patterns? (ii) Are there hotspots
of genetic diversity and rare or divergent genetic variants worthy of special management
and conservation measures? (iii) Is it possible to identify a haplotype structure linked to
the taxonomical identity of the Italian white oak populations?

2. Materials and Methods
2.1. Field Sampling and Plant Material

Sixty natural oak populations belonging to subgen. Quercus sect. Quercus were
collected in the Italian Peninsula, Sicily, and Sardinia (Figure 1, Table A1). The study area
was divided into five geographical sectors, i.e., northern Italy, central Italy, southern Italy,
Sicily, and Sardinia, with this phytogeographical regionalization being the most widely
accepted for the Italian territory at present [55,56]. The plant material was collected during
autumn between 2016 and 2018. A total of 3 individuals per population, for a total of
180 individuals, were sampled at a distance of at least 50 m to each other in order to reduce
the likelihood of sampling sibling trees.
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Where possible, the white oak populations were sampled in areas where phytosoci-
ological tables or ecological descriptions were already published. As regards the name
of the phytosociological associations related to the sampled populations, reference was
made to the nomenclatural epithet originally assigned by the authors who described them
(Table A2). For example, for southern Italy and the islands, reference was made to as-
sociations such as Oleo-Quercetum virgilianae, Lonicero-Quercetum virgilianae, Ornithogalo-
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Quercetum ichnusae, Glechomo-Quercetum congestae, Arabido-Quercetum congestae, Quercetum
leptobalanae, etc. [57–61], although Q. congesta, Q. ichnusae, Q. leptobalana, and Q. virgiliana,
despite being accepted as valid species in Pignatti et al. [16], were considered synonyms of
Q. pubescens Willd. in Bartolucci et al. [17]. This choice was made to retain available taxo-
nomic, biogeographic, and ecological information that would have been lost by merging
under the same name taxa whose taxonomic position is not yet definitively established
at national and European levels. However, to ease the interpretation of the results, a re-
arrangement (grouping) of single species into the following species complexes was carried
out: (i) Quercus petraea complex (including Q. petraea (Matt.) Liebl. subsp. petraea and
Q. petraea subsp. austrotyrrhenica Brullo, Guarino & Siracusa), (ii) Q. pubescens complex
(including Q. congesta C. Presl., Q. dalechampii Ten., Q. ichnusae Mossa, Bacch. et Brullo, Q.
leptobalana Guss. Q. pubescens Willd, and Q. virgiliana Ten. (Ten.)). Instead, both Q. robur L.
and Q. frainetto Ten. were considered only single taxa. Indeed, regarding Q. frainetto, neither
have infraspecific taxa been recorded in Italy, nor are similar taxa that could somehow be
confused with it known at present. As far as Q. robur is concerned, no specimens were
collected in the administrative regions (Campania and Calabria) where the subspecies
Q. robur L. subsp. brutia (Ten.) O. Schwarz was considered to occur [17]. Plant material
(including twigs, leaves, and fruits) and voucher specimens were deposited and preserved
in the herbarium of the University of Molise (IS) [62].

2.2. DNA Extraction and cpSSR Amplification

Five polymorphic chloroplast SSR loci were used (Table 1); the primers were designed
by Deguilloux et al. [37] and Sebastiani et al. [63].

Table 1. Details of the cpSSRs used in the present study.

Locus Location Repeat Motif Primers Sequence (5′–3′) Sense
and Antisense Tm (◦C) PCR Product Size (bp)

µdt1 trnE-trnT intergenic (A)11 ATCTTACACTAAGCTCGGAA
TTCAATAACTTGTTGATCCC 48 81–83

µdt3 trnD-trnY intergenic (A)11 TGTTAGTAATCCTTTCGTTT
AGGTATAAAGTCTAAGGTAA 46 125–128

µcd4 ycf6-psbM intergenic (T)12 TTATTTGTTTTTGGTTTCACC
TTTCCCATAGAGAGTCTGTAT 45 94–99

µcd5 ycf6-psbM intergenic (A)8 CCCCCGGATCTCTGTCAACTG
TAATAAACGAGAATCACATAA 45 74–77

Cmcs6 ndhG-ndhI intergenic (T)10 GAAAAAGGACCCTTCCTAAT
CTTATGATCGTCACGAATTG 55 200–203

DNAs were extracted from silica gel-dried leaves (about 50 mg per tree) of 180 samples,
using the NucleoSpin™ Plant II Ks (Macherey-Nagel, Oensingen - Switzerland), following
the manufacturer’s instructions. Polymerase chain reactions were carried out using the
software GeneAmp® 2700 Thermal Cycler (Applied Biosystems, Foster City, CA, USA).
The reaction was performed in a 20 µL total volume containing 20 ng of genomic DNA
following the Qiagen multiplex k protocol. The cycling parameters were as follows: 15 min
at 95 ◦C; 30 cycles for 30 s at 95 ◦C, 44 s at 57 ◦C, and 30 s at 72 ◦C; and a final step of
30 min at 60 ◦C. Amplification products (1 µL) were added to 20 µL formamide and 0.2 µL
GeneScan™ 500 LIZ™ and denatured at 95 ◦C for 5 min. The samples were run on ABI
PRISM 3100 DNA-sequencer. The resulting raw data were collected by using GeneMapper
6 software (Applied Biosystems).

2.3. Data Analysis

Fragment-sized polymorphisms were identified as different length variants that were
combined to define haplotypes by using GenAlEx 6.5 [64]. The same software was used
to compute the main genetic statistic parameters, i.e., the number of observed alleles (Na),
number of effective alleles (Ne), number of private alleles (Np), Shannon’s information
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index (i), haploid genetic diversity (h), and unbiased genetic diversity (uh). An assess-
ment of allele frequency was carried out using FSTAT version 2.9.4 [65]. Within- (HS)
and among (HT)-population genetic diversity and the two main coefficients of gene dif-
ferentiation (GST and RST) were assessed by using the software program PermutCpSSR
v2.0 [66] with 1000 permutations. These parameters were computed on the entire dataset
and according to the following grouping criteria: “geographical sector”, “single species”,
and “species complex”.

The Bayesian Analysis of Population Structure (BAPS, version 6.0; [67]) was used to
investigate the geographical patterns underlying the genetic diversity of the white oak
dataset and to confirm the division into geographical sectors, for mixture and admixture
analysis (LocPrior option). The genetic structure of the investigated populations was also
tested using STRUCTURE software v.2.3.4 [68], setting 20 runs with K from 1 to 7. Each
run had a burn-in period of 100,000 iterations and 500,000 Monte Carlo Markov iterations,
assuming an admixture model (with LocPrior) with correlated allele frequencies.

Structure HARVESTER [69] was used to obtain ∆K and mean L(K) values. Post-
processing was carried out using CLUMPAK [70]. To define the genealogical relations
among the haplotypes, a minimum spanning network (MSN) based on allele length dif-
ferences was created using the software Arlequin 3.5.1.3 [71] and an MSN diagram was
produced. Finally, a principal coordinate analysis (PCoA) was performed using the Nei’s ge-
netic distance matrix generated with GeneAlEx to evaluate dissimilarity among individuals.

3. Results

The five cpSSRs identified eighteen alleles in total (Table A3). The observed number
of alleles per locus ranged from 3 (cmcs6, udt1, and ucd5) to 5 (ucd4), with a mean of
3.6 (Table 2). The number of effective alleles (Ne) ranged from 1.798 to 3.744, averaging
2.546. Shannon’s diversity index ranged from 0.677 to 1.441, indicating medium to high
polymorphism at the investigated loci. The values of genetic diversity (h and uh) denoted
adequate investigative potential for the markers used across the dataset.

Table 2. Descriptive polymorphism parameters of the five cpSSR loci in the oak dataset investigated
(60 populations; 180 individuals). Na: number of alleles; Ne: number of effective alleles; i: Shannon’s
diversity index; h: haploid genetic diversity; uh: unbiased genetic diversity; se: standard error.

Locus Na Ne i h Uh

udt1 3 1.798 0.677 0.444 0.446
ucd5 3 1.980 0.852 0.495 0.498
ucd4 5 3.744 1.441 0.733 0.737
udt3 4 2.775 1.137 0.640 0.643

CmCs6 3 2.432 0.975 0.589 0.592
Mean (se) 3.600 (0.400) 2.546 (0.345) 1.000 (0.130) 0.580 (0.051) 0.583 (0.052)

3.1. Overall Haplotype Distribution

Polymorphisms detected in the 5 cpSSR loci resulted in a combined total of 28 hap-
lotypes across the dataset investigated. The overall haplotype distribution, according to
individual occurrence, geographical sector, and taxonomy, is shown in Table 3. In total,
6 haplotypes were found to be shared by 10–30 individuals, while 22 were restricted to a
fewer number of individuals. A total of 9 of the 28 haplotypes identified were detected
in single individuals (singletons). The most frequent haplotype (#V) was found to be
distributed throughout the three sectors of the Italian Peninsula and within all of the taxa
investigated. The second most frequent haplotype (#E) was found also in Sardinia and
Sicily, but missing in southern Italy, and was detected in all of the species investigated
except for Q. frainetto. Haplotypes #C and #X were found to be exclusive to central and
southern Italy, respectively, with the latter exhibited only by the Q. pubescens complex. Hap-
lotype #U was found to be distributed throughout the Italian Peninsula and in all of the oak
species except for Q. robur. Haplotype #B was found in just a few individuals of Q. petraea
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and Q. pubescens complexes from central Italy, Sardinia, and Sicily. With the exception of
haplotype #W, which was detected only in five individuals of Q. petraea and Q. robur from
southern and northern Italy, the less frequent haplotypes (including singletons) were found
to be concentrated in central Italy (7), Sardinia (5), southern Italy (4), Sicily (3), and northern
Italy (2). Finally, three haplotypes, each identified only in two to four individuals, were
found to be exclusive to a single species (#BB: Q. frainetto; #GG: Q. petraea; #Y: Q. robur).

Table 3. The distribution of the 28 cpSSR haplotypes according to haplotype code (H); the number of
individuals involved (N); the percentage of individuals with the same haplotype (Freq.); the number
of populations involved (Pops); the geographical sector (Gs); and taxonomy (species/species complex).
Alphabetical and numerical (for singletons) codes of the haplotypes were automatically assigned
using GenAlEx 6.5.

H N Freq. Pops Gs Species Species Complex

6 1 0.56 1 Sardinia Q. ichnusae Q. pubescens

7 1 0.56 1 South Q. dalechampii Q. pubescens

8 1 0.56 1 South Q. congesta Q. pubescens

9 1 0.56 1 Central Q. petraea Q. petraea

10 1 0.56 1 South Q. congesta Q. pubescens

11 1 0.56 1 Central Q. petraea Q. petraea

12 1 0.56 1 Central Q. petraea Q. petraea

13 1 0.56 1 Central Q. pubescens Q. pubescens

14 1 0.56 1 Sicily Q. congesta Q. pubescens

A 3 1.67 2 Sicily Q. leptobalana, Q. virgiliana Q. pubescens

B 10 5.56 8 North, Sicily, and Sardinia Q. congesta, Q. dalechampii, Q. petraea,
Q. pubescens, Q. virgiliana Q. petraea, Q. pubescens

BB 2 1.11 1 Central Q. frainetto Q. frainetto

C 13 7.22 5 Central Q. frainetto, Q. pubescens, Q. robur Q. frainetto, Q. pubescens, Q. robur

CC 9 5 5 Central Q. frainetto, Q. petraea, Q. pubescens Q. frainetto, Q. petraea, Q. pubescens

D 7 3.89 4 Sicily Q. congesta, Q. leptobalana, Q. petraea
subsp. austrotyrrhenica, Q. virgiliana Q. petraea, Q. pubescens

DD 8 4.44 3 Central and South Q. congesta, Q. dalechampii, Q. pubescens Q. pubescens

E 21 11.67 11 North, Central, Sicily,
and Sardinia

Q. congesta, Q. dalechampii, Q. petraea,
Q. pubescens, Q. robur, Q. virgiliana Q. petraea, Q. pubescens, Q. robur

GG 2 1.11 1 Central Q. petraea Q. petraea

J 5 2.78 3 North Q. petraea, Q. robur Q. petraea, Q. robur

O 6 3.33 4 Sardinia Q. congesta, Q. ichnusae, Q. virgiliana Q. pubescens

R 3 1.67 2 Sardinia Q. ichnusae, Q. virgiliana Q. pubescens

S 6 3.33 3 Sardinia Q. congesta, Q. ichnusae, Q. virgiliana Q. pubescens

T 8 4.44 4 Sardinia Q. congesta, Q. ichnusae, Q. virgiliana Q. pubescens

U 14 7.78 5 North, Central, and South Q. frainetto, Q. petraea, Q. pubescens Q. frainetto, Q. petraea, Q. pubescens

V 30 16.67 13 North, Central, and South Q. frainetto, Q. petraea, Q. petraea subsp.
austrotyrrhenica, Q. pubescens, Q. robur

Q. frainetto, Q. petraea, Q. pubescens,
Q. robur

W 5 2.78 3 North and South Q. petraea, Q. robur Q. petraea, Q. robur

X 15 8.33 6 South Q. congesta, Q. dalechampii, Q. pubescens,
Q. virgiliana Q. pubescens

Y 4 2.22 2 North Q. robur Q. robur



Forests 2024, 15, 864 7 of 31

3.2. Haplotype Diversity and Geographical Distribution

Central Italy, southern Italy, and Sardinia displayed the highest number of alleles (Na)
and the highest level of total genetic diversity (HT) (Table 4). The number of effective alleles
(Ne) were found to be low in all of the geographical sectors considered. Central Italy was
the only sector displaying private alleles (Np). Relatively low values of genetic diversity
within populations (HS) were detected across all of the geographical sectors. The genetic
differentiation index (GST) was moderately low (mean = 0.555), ranging from 0.345 in Sicily
to 0.839 in southern Italy. In contrast, the coefficient RST was found to be rather high
(mean = 0.745). A statistically significant geographical structure across populations (RST vs.
GST) was detected for northern Italy, central Italy, and Sardinia, whereas in southern Italy
and Sicily, the correlation was not significant.

Table 4. The parameters of genetic diversity per geographical sector. N: the number of individuals;
Na: the number of different alleles; Ne: the number of effective alleles; Np: the number of private
alleles; h: total genetic diversity; uh: unbiased genetic diversity; HS: the diversity within populations;
HT: the diversity among populations; GST: genetic differentiation index; RST: genetic differentiation
index considering similarities among haplotypes. The statistical significance of the RST > GST ratio
was calculated according to the PERMUT cpSSR manual; ns: non-significant; p > 5%; * p < 5%;
** p = 0% (to be significant, the 1000 permutations must not exceed the observed RST value of 5%).
The standard error is reported in parentheses.

Geographical Sector N Na Ne Np h uh HS HT GST RST

Northern Italy 30 2.200
(0.200)

1.698
(0.115)

0.000
(0.000)

0.399
(0.045)

0.413
(0.047)

0.333
(0.136)

0.799
(0.084)

0.583
(0.190)

0.628 *
(0.217)

Central Italy 48 3.200
(0.490)

2.503
(0.457)

0.200
(0.200)

0.558
(0.060)

0.570
(0.061)

0.381
(0.110)

0.908
(0.045)

0.581
(0.110)

0.861 **
(0.080)

Southern Italy 42 2.800
(0.374)

1.675
(0.253)

0.000
(0.000)

0.349
(0.093)

0.358
(0.095)

0.137
(0.070)

0.851
(0.047)

0.839
(0.090)

0.876 ns

(0.090)

Sicily 30 2.000
(0.316)

1.377
(0.205)

0.000
(0.000)

0.212
(0.104)

0.219
(0.108)

0.500
(0.114)

0.763
(0.055)

0.345
(0.166)

0.398 ns

(0.233)

Sardinia 30 2.400
(0.400)

1.863
(0.293)

0.000
(0.000)

0.421
(0.068)

0.435
(0.071)

0.500
(0.114)

0.869
(0.036)

0.425
(0.123)

0.961 **
(0.011)

Mean (among
geogr. sectors)

2.520
(0.356)

1.823
(0.265)

0.040
(0.040)

0.388
(0.074)

0.399
(0.076)

0.370
(0.110)

0.838
(0.053)

0.555
(0.136)

0.745
(0.126)

The number of haplotypes and relative frequencies in each geographical sector are
reported in Figure 2. The highest number of haplotypes (12) were found in central Italy,
of which eight were exclusive (four singletons), whereas northern Italy exhibited the low-
est number (seven haplotypes, of which two were exclusive). Southern Italy exhibited
eight haplotypes (four exclusives and three singletons), Sardinia exhibited seven haplo-
types (five exclusives, of which one was a singleton), and Sicily exhibited five haplotypes
(three exclusives, of which one was a singleton).
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3.3. Genetic Diversity and Haplotype Distribution According to Taxonomy

Table 5 reports the genetic diversity displayed by species complexes. The Q. pubescens
complex exhibited the highest mean values for Na (3.200) and Ne (2.661), while Q. robur
exhibited the lowest values for these parameters (2.200 and 1.747, respectively). Only Q. pe-
traea and Q. pubescens complexes showed private alleles. The genetic diversity among popu-
lations (HT) was found to be high in all of the species complexes considered (mean = 8.872),
whereas the genetic diversity within populations (HS) was found to be relatively low
(0.133–0.351), except for Q. petraea (0.467). The occurrence of a taxonomical structure
(RST > GST) has been highlighted for all of the species complexes (Q. pubescens exhibits
the highest value), although statistical significance was achieved only for Q. petraea and
Q. pubescens.
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Table 5. The parameters of genetic diversity per species complexes. N: the number of individuals; Na:
the number of different alleles; Ne: the number of effective alleles; Np: the number of private alleles;
h: total genetic diversity; uh: unbiased genetic diversity; HS: the diversity within populations; HT:
the diversity among populations; GST: genetic differentiation index; RST: the coefficient of genetic
differentiation index; ns: non-significant; p > 5%; ** p = 0%. The statistical significance of the RST > GST

ratio is calculated according to the PERMUT cpSSR manual (to be significant, the 1000 permutations
must not exceed the observed RST value of 5%). The standard error is reported in parentheses.

Species Complex Na Ne Np h uh HS HT GST RST

Q. frainetto 2.600
(0.400)

2.002
(0.256)

0.000
(0.000)

0.468
(0.065)

0.501
(0.070)

0.133
(0.133)

0.900
(0.117)

0.852
(0.138)

0.988 ns

(0.006)

Q. petraea 2.800
(0.200)

1.827
(0.175)

0.200
(0.200)

0.434
(0.050)

0.449
(0.052)

0.467
(0.133)

0.800
(0.116)

0.417
(0.126)

0.841 **
(0.111)

Q. pubescens 3.200
(0.490)

2.661
(0.349)

0.600
(0.245)

0.600
(0.047)

0.606
(0.048

0.351
(0.062)

0.940
(0.011)

0.626
(0.066)

0.880 **
(0.045)

Q. robur 2.200
(0.374)

1.747
(0.232)

0.000
(0.000)

0.377
(0.100)

0.393
(0.104)

0.292
(0.146)

0.849
(0.078)

0.657
(0.181)

0.721 ns

(0.172)

Mean 2.700
(0.366)

2.059
(0.253)

0.200
(0.111)

0.470
(0.066)

0.487
(0.069)

0.311
(0.1189)

0.872
(0.080)

0.638
(0.128)

0.858
(0.084)

Table 6 and Figure 3 depict the haplotype distribution for the different oak species
and species complexes considered. In total, the Q. pubescens species complex exhibited
20 haplotypes, of which 13 were found to be exclusive (6 singletons). Within the Q. pubescens
species complex, Q. congesta, Q. dalechampii, Q. ichnusae, and Q. pubescens exhibited one to
three exclusive haplotypes, all of which corresponded to singletons, whereas Q. leptobalana
and Q. virgiliana exhibited none. The Q. petraea species complex exhibited twelve haplotypes
(four exclusives, of which three were singletons); none of these exclusive haplotypes were
found in Q. petraea susbsp. austrotyrrhenica. Both Q. robur and Q. frainetto displayed a
lower number of haplotypes (six and five, respectively) compared to the Q. petraea and Q.
pubescens species complexes. Moreover, both of these species were found to be characterized
by one exclusive haplotype and no singletons. The ratio between the number of haplotypes
and the number of individuals showed that the highest value (0.40) was found for Q. petraea
and the lowest (0.17) for Q. pubescens; Q. frainetto and Q. robur exhibited values of 0.33 and
0.29, respectively.

Table 6. Haplotype distribution according to the oak species and species complexes. The percentage
values related to the total number of individuals {180} and the total number of haplotypes (28) are
reported in parentheses.

Taxa Individuals Haplotypes Haplotypes/Individuals Exclusive Haplotypes Singletons

Q. congesta 27 {15.0} 11 (39.3) 3 (10.7) 3 (10.7)
Q. dalechampii 9 {5.0} 5 (17.9) 1 (3.6) 1 (3.6)

Q. ichnusae 9 {5.0} 5 (17.9) 1 (3.6) 1 (3.6)
Q. leptobalana 3 {1.7} 2 (7.1) - -
Q. pubescens 42 {23.3} 9 (32.1) 1 (3.6) 1 (3.6)
Q. virgiliana 21 {11.7} 9 (32.1) - -

Q. pubescens complex 111 {61.7} 20 (71.4) 0.18 13 (46.4) 6 (21.4)
Q. petraea 24 {13.3} 11 (39.3) 4 (14.3) 3 (10.7)

Q. petraea subsp.
austrotyrrhenica 6 {3.3} 2 (7.1) - -

Q. petraea complex 30 {16.7} 12 (42.9) 0.40 4 (14.3) 3 (10.7)
Q. frainetto 15 {8.3} 5 (17.9) 0.33 1 (3.6) -

Q. robur 24 {13.3} 6 (21.4) 0.25 1 (3.6) -
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3.4. Genetic Structure

Figure 4 shows the results of BAPS and STRUCTURE clustering analyses. According
to BAPS, the best partition was established at K = 5, which exactly corresponds to the
number of geographical sectors into which the study area has been considered a priori to
be divided. Instead, according to STRUCTURE, the number of genetic clusters (K) that best
fit the data were found to be three, as also confirmed by the ∆K value obtained by using
the Evanno method [72] (see Figure A1). The three clusters identified by STRUCTURE can
be considered to geographically correspond to the Italian Peninsula, Sicily, and Sardinia.
Owing to the fact that the best ∆K value suggested might not always represent perfectly
the underlying structure of the data, and that additional information might emerge from
interpretation of the K values close to the best ∆K value suggested by the Evanno method,
the genetic structures for K = 2, K = 4, and K = 5 were analyzed and are discussed. In the
specific case of our dataset, three further clusters were identifiable, passing from K = 3 to
K = 5, in addition to the two main genetic clusters identified for K = 2 (Figure 4).

According to the minimum spanning network (MSN), seven main clusters of haplo-
types were identified. These clusters were distinguished on the basis of the highest values
of the genetic distance between adjacent haplotypes readable within each branch of the
tree network. The five haplotypes exclusive to Sardinia were found to be concentrated in
the two extremes of the network (#T, #R, and singleton #6 on the left side of the network
displayed in Figure 5, with #S and #O haplotypes arranged on the right side). The Sicilian
haplotypes are almost completely included within a single branch of the network and di-
vided into two groups (light blue and blue in Figure 5) associated with the high-frequency
haplotypes #E, #C, and #D. The two haplotypes exclusive to the northern Italy sector (#J
and #Y) are arranged within the first branches of high-frequency haplotypes #E and #V. The
haplotypes exclusive to the central Italy sector broadly exhibit two main concentration ar-
eas: one characterized by a group of singletons surrounding the high-frequency haplotype
#X, which includes only individuals from southern Italy, and the other linked to a singleton
from Sicily and to haplotype #CC (the latter also includes populations from southern Italy).
The geographical distribution of the seven groups of haplotypes identified by the MSN is
displayed in Figure A2.
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represented by a vertical line. Individuals are arranged by geographical sector. In the STRUCTURE 

Figure 4. (Top): The results of BAPS and STRUCTURE clustering analyses. Each individual is
represented by a vertical line. Individuals are arranged by geographical sector. In the STRUCTURE
diagram, orange = ‘Cluster 1’, light blue = ‘Cluster 2’, dark violet = ‘Cluster 3’, green = ‘Cluster
4’, and red = ‘Cluster 5’. (Bottom): (a) the spatial pattern and distribution within each individual
population of the genetic clusters identified by STRUCTURE for K = 3 (The numbers correspond
to the population codes as reported in Table A1); (b–d) the percentages of occurrence within each
geographical sector of the genetic clusters identified by STRUCTURE with K = 3 (b), K = 4 (c), and
K = 5 (d).
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Figure 5. The minimum spanning network (MSN) of the 28 haplotypes, obtained using the pairwise
distance. The size of the circles is proportional to the haplotype frequency, while the length of the
branches is proportional to the distance between haplotypes. The different colors used identify
different groups of haplotypes.

In the PCoA (Figure 6), the first two axes bear 79.94% of the total variance. The
seven groups identified in the MSN are also distinguishable in the PCoA diagram, roughly
exhibiting a U-shaped distribution. Along axis 2, a separation between haplotypes exclusive
to the Italian Peninsula (#V, #U, #W, #Y, and #X) is evident, arranged in the lower part of the
diagram, and haplotypes from both the peninsula and the two islands are arranged in the
upper part of the diagram. Along axis 1, the two haplotypes exclusive to Sardinia (#T and
#R) are found to be clearly identifiable and separated from the rest in the upper right side
of the PCoA diagram; the other two Sardinian endemic haplotypes #O and #S are arranged
on the other side of axis 1. The proximity of haplotypes #C, #A, and #D to the group of
Sardinian endemic haplotypes #O and #S at the left end of the diagram does not seem to
fully express the genetic distance between these two groups of haplotypes, which is indeed
well observable in the MSN. In fact, these two groups are found to be clearly separated
from each other when a third axis is considered (Figure A3). Finally, haplotypes #CC, #GG,
and #DD are found to be clearly distinguishable in the lower right side of the diagram.
Figure A4 highlights the relationships between the clusters identified in the structure
analysis and those derived from the MSN classification through their spatial distribution in
the PCoA diagram. In general, a significant correspondence emerges between these two
types of classification, where the five clusters identified by STRUCTURE are distributed
neatly in the graphic ellipses corresponding to the groups derived from the MSN. The only
significant difference concerns the two groups of haplotypes exclusive to Sardinia for which
both the MSN and the PCoA itself identify two distinct lineages (#O and #S vs. #R and #T),
where, instead, the STRUCTURE analysis maintains these lineages associated within the
same group (dark-blue color) for values of ∆K ranging between 3 and 5.
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Figure 6. Principal coordinate analysis (PCoA) plot based on genetic distance and representing
variability along the first two axes. Ellipses (with related colors) correspond to the seven groups of
haplotypes displayed by the MSN of Figure 5.

4. Discussion

In this study, we used cpSSRs to investigate the genetic diversity and population
genetic structure of 60 white oak populations of Italy. The overall dataset showed levels of
total and within-population genetic diversity in line with the results obtained for 160 Italian
white oak populations analyzed using chloroplast PCR-RFLP [34] and for 92 white oak
populations from Western Europe investigated with 6 cpSSRs [42]. Our GST values also fall
well within the ranges observed for 90 Central European white oak populations investigated
at ten cpSSR loci [38] and, more generally, within the data compiled on 138 Angiosperm
species investigated using different molecular techniques at the cpDNA [73]. Despite the
generally lower number of individuals and populations considered, the number of cpSSR
haplotypes detected in the present work are also comparatively higher than those found in
Western, Central, and Eastern Europe, irrespective of the number of species investigated
(two to five) [38,39,42,49].

4.1. Haplotype Distribution and Paleoecological and Paleogeographic Events

The haplotype distribution that we have found among Italian white oak populations
follows a rather clear geographical structure which accords well with the current biogeo-
graphic features of the Italian Peninsula and with its paleoclimatic and paleogeographic
history. Considering only the three geographical sectors into which the Italian Peninsula
was divided for this study, (i.e., north, central, and south—leaving aside the islands of
Sicily and Sardinia), the northern Italy sector stands out as the one showing the lowest
number of haplotypes. This result was largely expected considering that northern Italy
includes the southern slope of the Alps and the Po River plain whose deciduous forests
were strongly affected by the Quaternary glaciations. The paleoclimatic conditions which
prevailed along the entire southern slope of the Alps and the Po River plain after the Last
Glacial Maximum (LGM) did not occur as a homogeneously increasing warming [74,75]. It
was characterized by significant temperature oscillations, which strongly influenced the
density and distribution of the deciduous oak forests and presumably had consequences
for their haplotype richness and diversity. During the Bolling–Allerod stage (15 Ky BP), the
white oak forests (e.g., the Q. petraea-pubescens group) expanded northwards, covering the
Alps’ foothills and partially replacing the boreal coniferous forests that had descended the
mountain slopes up to the plain during the LGM. During the subsequent Younger Dryas
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(YD) (12-10 ky BP), a cold and arid period was established which lasted for the first two
millennia of the Holocene and led to a contraction of oak forests almost to the point of their
complete disappearance.

The identification of two exclusive haplotypes (#J and #Y) for the white oak pop-
ulations of northern Italy, alongside the occurrence in this sector of the most common
haplotype in the whole dataset (#V), and the identification of a haplotype shared only with
the southern Italy sector (#W) comply at least in part with the aforementioned chronological
reconstruction. In fact, the foregoing scenario is explainable by hypothesizing the pres-
ence of isolated secondary glacial refugia located within the foothill areas of the Po valley
characterized by mesoclimatic conditions significantly different from the typical regional
macroclimate and thus able to host enclaves of deciduous forests [76,77]. Documented
evidence of such glacial “micro-refuges” is available especially for geothermal areas (e.g.,
Arquà Petrarca thermal lake), where a continuous pollen record for deciduous oak forests
across the whole LGM period was found [78]. It would be interesting to know whether the
refuge areas of northern Italy represent a site of origin and genetic differentiation for the
north Italy-exclusive haplotypes or, as is more probable, a conservative site for lineages
shared with other South European refuge areas. Further research on a wider scale will be
needed to provide additional information on this issue.

Moving southwards, we observed that both the central and southern Italy sectors
exhibited a significant amount of signatures (14 and 10 haplotypes, respectively, with
several singletons). Surprisingly, the central Italy white oak populations displayed a
higher percentage of exclusive haplotypes compared to southern Italy ones (six vs. four),
contradicting the generally held assumption that due to the effects of the glaciations being
felt more intensively in Northern Europe and the Alps, the forest genetic diversity must
necessarily become higher moving southwards. In general, this is indeed the case, and
although the Italian Peninsula partly escapes this tendency (the Apennines are a mountain
range oriented toward the meridians connecting the Alps to Sicily), it is true that the effects
of the glaciation in the northern and central Apennines were much greater than in the
southern Apennines [79–81]. However, this did not lead to a concentration of glacial refuges
in southern Italy alone, but they were also found to be equally numerous in central Italy,
especially along the Tyrrhenian side [28,33,82,83]. Instead, very few glacial refuges were
found in the northern Apennines [84–86]. The Apennine range is very heterogeneous and
extensive in latitude, meaning that it can be considered to be divided into two main blocks,
the northern Apennines and the central–southern Apennines, having a different genesis and
evolution. In biogeographic terms, the northern Apennines, made up mainly of siliceous
rocks, show stronger links with the western Alps than with the rest of the Apennines; it is
not by chance that many alpine species or species typical of conifer boreal forests or the
alpine tundra find their southernmost limit in the northern Apennines (e.g., Picea abies,
Pinus sylvestris, Rhododendron ferrugineus, Vaccinium vitis-idaea, Empetrum ermaphroditum,
Juncus trifidus, etc.). In contrast, the central and southern Apennines (both mainly composed
of limestone rocks) show many floristic and coenological similarities to each other, hosting
many endemics and exhibiting a close link with the Balkan Peninsula, testified to by a very
high number of amphi-Adriatic species with a high physiognomical role which do not
occur in the northern Apennines and in the Alps (e.g., Anemone apennina, Carpinus orientalis,
Carex kitaibeliana, Cytisus spinescens, Edraianthus graminifolius, Festuca bosniaca, Hippocrepis
glauca, Leontopodium nivale, Lomelosia crenata, Salvia officinalis, Sesleria juncifolia, etc.). The
numerous palynological studies carried out in central Italy [87–91] have shown that even
during the YD, the percentage of deciduous tree species’ pollen (with oaks constituting the
predominant part) remained much higher (close to 40%) than the percentage recorded in
the northern Apennines and Po Valley [92]. This allowed for a reduced depletion of the
genetic variability within the oak populations of central Italy and its rapid and intense
widespread redistribution during the post-glacial reforestation stage. In the case of our
study, the greater number of haplotypes found in central Italy compared to southern Italy
could merely be due, at least in part, to the higher number of populations that we collected
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in the former area. However, the reasons are likely to be deeper. Indeed, a molecular study
on Quercus robur in the Italian Peninsula [54] has recently identified central Italy as the
geographical sector showing the highest genetic diversity for this species, attributing this
result to the occurrence of a possible mosaic of small refugia that allowed Q. robur to persist
during the LGM. What is more, a high genetic variability (in terms of allelic variability) for
Castanea sativa was found in central Italy too, and this was explained by considering this
area a convergence node of migratory routes from glacial refuges scattered throughout the
Italian Peninsula [93,94].

The two large islands of Sicily and (especially) Sardinia are only partially involved
in the biogeographical context of the peninsula of Italy. The difference in the number
of haplotypes that emerges when comparing these two islands with each other can be
attributed to the degree of isolation that they experienced during the paleogeographic
evolution of the central Mediterranean Basin (see also Fortini et al. [52]). The Corsican–
Sardinian block detached from the present Catalan–Provençal coast during the lower
Miocene and rotated toward the center of the Tyrrhenian Sea where it settled definitively in
the early Miocene. Connections with the mainland, if any, were short-lived and occurred
during the Messinian salinity crisis with Sicily and North Africa and during the LGM
(Quaternary Age) with the Italian Peninsula via the Tuscan Archipelago. In line with this,
we found that five haplotypes, out of the seven found in Sardinia, are exclusive to this
island, while the other two are shared with the central sector of the Italian Peninsula and
with Sicily, respectively. In contrast, Sicily had repeated land connections with Calabria
(the southernmost spur of the Italian Peninsula), especially during the Quaternary cold
periods, and for this reason, it exhibits a significantly greater number of haplotypes shared
with the peninsula of Italy.

Genetic features of the Sardinian haplotypes appear to be linked to the geographical
position of the collection sites, where specimens from geographical areas very close to each
other exhibit genetically related haplotypes. For example, #R and #T haplotypes, both of
which are found exclusively in populations coming from central Sardinia, are very similar
to each other (they differ in only one marker, with length of fragments very similar to each
other) and are therefore interpreted as close allelic variants. A similar situation was found
for haplotypes #O and #S in the northern Sardinia populations. The taxonomic identity of
the specimens appears to have no influence on this result. This statement, which is quite
obvious if we take Bartolucci et al. [17] as nomenclatural–taxonomic reference (since [17]
reports Q. pubescens to be the only white oak present in Sardinia), also remains valid when
adopting more divisive taxonomic frameworks [16,61,95]. This is because we found the
allelic variants coming from pairs of similar haplotypes to involve different putative species
(Q. congesta/Q. ichnusae, Q. virgiliana/Q. congesta). It is therefore conceivable that the
white oak populations showing the two haplotype pairs (R-T; O-S) of central and northern
Sardinia, respectively, belong to different phylogenetic lineages as the result of an ancient
splitting from a common haplotype stock or to signatures deriving from different events
of colonization from the mainland. The MSN (Figure 6) seems to support this hypothesis
by placing the two pairs of Sardinian haplotypes (#O-#S and #R-#T) at the two ends of
the MSN tree, separated from each other by significant genetic distance. More than a
hypothesis, instead (by virtue of the congruent geographical distribution), is that within
each pair of similar Sardinian haplotypes, one of the two could be the natural derivation
of the other. If this were the case, however, it would not be possible to establish, within
each pair, which haplotype should be considered the older and which the derived one, as
both are exclusive to Sardinia. This result is consistent with what has already been found
by Fortini et al. [52] for the same Sardinian populations, where the individuals bearing
#O-#S and #R-#T haplotypes fall into two different plastid haplotypes on the basis of the
variability in the two combined plastid loci (trnH-psbA and trnK-matK).

Pairs of genetically similar haplotypes occupying the same geographical area are
identified for Sicily too, although in this case, the ecological factor also seems to play
a role. In fact, haplotypes #B and #E are found, respectively, in populations from Etna
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volcano slopes and W-Nebrodi mountains, both developed on acidic substrates. Instead,
haplotypes #D and #A come from the Madonie and Sicani mountains and therefore from
oak populations developed on limestone substrates. Unlike Sardinia, the position of the
exclusive Sicilian haplotypes (#D and #A) is more or less central in the MSN tree network
(Figure 5), displaying closer connections with haplotypes occurring in the peninsula of Italy
(e.g., #C, #U, and #B), and is therefore perfectly in agreement with Sicily’s lower degree of
geographic (and genetic) isolation. Again, this interpretation appears to be consistent with
the cpDNA results published in Fortini et al. [52].

One piece of datum that seems interesting concerns the degree of haplotype variability
observed within single populations (Figure 3). It emerges that southern Italy is character-
ized by a higher number of homogeneous haplotype populations compared to central and
northern Italy, whilst Sicily and Sardinia exhibit the highest degree of intra-population vari-
ability. This result could be useful in providing preliminary information on the propensity
of the different Italian geographical sectors to promote intra-population diversity. This will
only be verifiable by carrying out more exhaustive and homogeneous spatial sampling.

4.2. Haplotype Distribution vs. Taxonomical Identity

The calculation of the haplotype variability expressed by the oak macro-species (i.e., Q.
frainetto, Q. robur, Q. petraea s.l., and Q. pubescens s.l.) shows that this variability is not shared
equally among the different macro-species, since each individual macro-species exhibits
haplotypes which do not occur in the other ones. These results are not completely in
agreement with what was recently published for the Crimean Peninsula (southern Ukraine)
by Semerikova et al. [50]. In this latter study, where the cpDNA of the same group of white
oak species (except for Q. frainetto) was investigated, no significant differences in haplotype
composition were highlighted when comparing the different species. Instead, we found
that Q. frainetto exhibits a gene diversity value (0.468) higher than that exhibited by both Q.
petraea and Q. robur complexes, although the number of haplotypes (5) identified within
the Q. frainetto populations are lower than those identified within Q. petraea (11) and Q.
robur (7) populations. Moreover, Q. frainetto exhibits a dominance of the #U haplotype in
two populations located at the two boundaries of the species’ Italian distribution range (S-
Umbria in the north and S-Calabria in the south), while the #V haplotype occurs in another
population from southern Italy and central Italy, too. On the other hand, the populations of
Q. frainetto occurring within the Tyrrhenian side of central Italy show completely different
plastid genetic features which involve other haplotypes (#BB, #C, and #CC). Owing to the
fact that using microsatellites in the study of plastid DNA does not allow the events to be
dated chronologically, the reasons for the aforementioned haplotype distribution can only
be hypothesized. One possible explanation might be that as Q. frainetto is an amphi-Adriatic
species with a range centered in the Balkan Peninsula, the observed haplotype distribution
could be the result of different migratory waves that took place from the Balkan to the
Italian Peninsula, taking advantage of the land bridges that periodically connected the two
sides of the Adriatic Sea. The first appearance of Q. frainetto and other SE European oaks
(e.g., Q. trojana and Q. ithaburensis subsp. macrolepis, both restricted to SE Italy) in the proto-
Italian Peninsula is thought to date back to the late Miocene, when land bridges temporarily
existed between the SW Balkans and the Apulian shelf [96]. The current wider occurrence
and ecological amplitude of Q. frainetto in southern Italy compared to central Italy [97]
could have resulted precisely from this tertiary migration on the S Balkans–S Italy route
(together with the greater survival rate of Q. frainetto in S Italy during the Quaternary due
to the low impact that glaciations had in this area). These southern populations may have
later reached central Italy and undergone subsequent genetic differentiation. However, it
cannot be excluded that further Q. frainetto waves of migration from the Balkans may have
occurred further north during the cold periods of the Quaternary along the CW Balkans–C
Apennines route, taking advantage of the drying up of the northern and central Adriatic
Sea. These Quaternary migrations could have raised the chloroplast genetic variability



Forests 2024, 15, 864 17 of 31

in central Italy Q. frainetto populations while maintaining qualitative differences with the
populations of southern Italy.

Somewhat unexpected are certain aspects of the haplotype diversity observable inside
the collective group of Quercus petraea. In particular, the separation between the populations
of the Aspromonte massif (S-Calabria) from those of the Madonie mountains (Sicily) strikes
us as a little peculiar. Indeed, both of these populations are currently assigned to the south-
ern Italy endemic taxon Q. petraea subsp. austrotyrrhenica and are considered taxonomically
separated from the populations of the rest of the Italian Peninsula generally ascribed to
Q. petraea subsp. petraea (see [6,16,17]). The fact that the presumed Q. petraea subsp. aus-
trotyrrhenica populations from the southern end of Calabria show stronger phylogeographic
links with the populations of the rest of the Italian Peninsula currently assigned to subsp.
petraea rather than with the populations of Q. petraea subsp. austrotyrrhenica occurring in
Sicily is in partial disagreement with the aforementioned taxonomical framework. This
haplotype distinction between oak populations belonging to two virtually bordering areas
(Calabria and Sicily), separated from each other by only a 3 km wide stretch of sea (Strait of
Messina), lends support to the call to reconsider the effectiveness of the Strait as a barrier
to the migration of white oaks, as already hypothesized in previous papers (see [26,98]).

The geographical haplotype distribution observed within the Q. pubescens collective
group (the one including the largest number of populations in our dataset) is characterized
by the complete absence of haplotype #V (the haplotype displaying the widest distribution
in our database and involving the highest number of individuals) in all of the populations
of Q. pubescens s.l. occurring in central and southern Italy, whereas this haplotype (#V) acts
as the most common in the Q. pubescens populations of northern Italy. The Q. pubescens
collective group has also been found to be the one displaying the highest number of
exclusive haplotypes (seven plus six singletons), showing a wide gap when compared
to the other white oak species (Q. petraea, one plus three singletons; Q. frainetto, one; Q.
robur, one). Obviously, this higher haplotype diversity found in the Q. pubescens complex
cannot fail to be related, at least in part, to the preponderance of populations belonging
to this complex in our sampling. However, the figures tell us that the diversity would
still be higher than in the other species complexes even considering the percentage ratios
excluding singletons. This high diversity rate of Q. pubescens at the cpDNA level confirms
what already emerged from nuclear DNA analyses carried out on white oak populations in
various SE European countries [8,24,99]. Analyzing it from an interdisciplinary perspective,
this result is also consistent with the well-known high morphological variability in Q.
pubescens normally observed within both individuals and populations in Italy [16,23,100]
and with the wide ecological amplitude of the Italian Q. pubescens communities [101–103].

4.3. Haplotype Distribution vs. Geographical Structure

The genetic features of the populations reflect a clear geographical structure. The
five optimal clusters identified by BAPS (Figure 4; upper part) are clearly related to the
five geographical sectors into which the Italian territory has been divided (N Italy, C Italy,
S Italy, Sicily, and Sardinia). The BAPS analysis, therefore, considers the five sectors as
belonging to the same hierarchical level and having roughly the same importance in a
phylogeographic key. More detailed information was obtained from the STRUCTURE anal-
ysis, which instead identifies the optimal number of clusters as three. These three clusters
correspond to the Italian Peninsula (taken as a whole), Sicily, and Sardinia. Accordingly, the
three sectors (northern, central, and southern) of the Italian Peninsula should more correctly
be considered at the rank of “sub-clusters”, thus bearing a “phylogeographic weight” that
is lower than the weights of Sicily and Sardinia. Compared to the BAPS analysis, a higher
degree of admixture within the single geographical sector and subsectors emerges from
the STRUCTURE results. Starting from the two main genetic macro-clusters identified by
K = 2 (orange and light-blue groups), we witness a splitting into new groupings of the
genetic structure of the populations by increasing delta K until it equals what the Baps
analysis considers the optimal number (K = 5). For K = 3, a genetic subdivision of the
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light-blue group (identifiable in the dark-blue group of Figure 4) is observable. This new
dark-blue group occurs mainly in Sardinia, but also in Sicily (minimally) and in central and
southern Italy, and it was found to be characterized by several haplotypes exclusive to the
aforementioned three sectors (#C and #CC for central Italy; #X for southern Italy; #T, #S,
#R, and #O for Sardinia). The occurrence of the dark-blue group could be hypothesized to
be the result of a trans-Tyrrhenian W-E migration (from Sardinia to the Italian Peninsula)
and subsequent colonization. The geographical isolation of Sardinia allowed this island to
preserve its haplotype structure characterized by two main genetic lineages, as displayed
by the simulation with K = 4, where, instead, both Sicily (minimally) and the peninsula of
Italy exhibit a further “green” subgroup including the oak individuals previously included
in the dark-blue group. The simulation with K = 5 shows a clear development of the
other main genetic lineage (orange group) in the three subsectors of the peninsula of Italy,
while Sicily and Sardinia remain stable, reflecting the consequences of the geographical
isolation. However, considering the presence of such a high number of haplotypes re-
stricted to Sardinia, some populations of the island would be expected to contain signs of
ancestral cpDNA. Instead, this expectation was not confirmed in Fortini et al. [52], where
the two most ancestral haplotypes identified on the basis of gene sequences were found to
be missing in Sardinia, whereas they were found in central and southern Italy and in Sicily.

4.4. What Has Changed Compared to Previous Investigations?

Comparing the results of our study with those published twenty years ago by Fineschi
et al. [34,98], we can make the following observations. Central Italy is confirmed to be
the geographical sector, out of the three constituting the Italian Peninsula, displaying the
highest haplotype diversity within populations (HS in Table 4). However, in our study,
Sicily and Sardinia exhibit values of HS significantly higher than those found in the three
geographical sectors of the Italian Peninsula and significantly higher than the HS values
found in Fineschi et al. [34] (2002) for these two islands. Furthermore, Sicily has here been
confirmed as the geographical sector displaying the lowest total and among-population
haplotype diversity (Table 4). However, in our study, it is central Italy and not Sardinia
(as instead found in Fineschi et al. [34]) that is the sector displaying the highest value for
this parameter. The genetic differentiation among populations (GST) calculated for the
whole Italian Peninsula was found to be significantly lower (0.554) than that found in
Fineschi et al. [34] (0.828), and this is probably due to the higher number of populations
investigated and the different molecular approach used in this latter study [73]. The
highest GST value per geographic sector was, in our study, found for southern Italy (0.839),
with relatively low values for Sicily (0.345) and Sardinia (0.425), whereas the latter island
exhibited by far the highest value (1.000) in Fineschi et al. [34]. To summarize, the results
of the two cpDNA-based studies both carried out on the whole Italian Peninsula and its
major islands twenty years apart from each other displayed some confirmations and several
unexpected differences. It is probable that some of these differences could be related to
the different number of populations sampled (161 in Fineschi et al. [34] and 60 in our
study). Despite the significantly higher number of populations and individuals analyzed
by Fineschi et al. [34], however, the final number of haplotypes found twenty years ago (10)
were much lower than the number of haplotypes found in our study (28). The difference in
markers used certainly influenced this result, testifying to a greater efficiency of cpSSRs
for this type of analysis. Nonetheless, we believe that the nature of the differences found
goes far beyond a mere (quantitative) numerical issue. In fact, they also appertained to the
qualitative aspect of the data and led us to propose new or partially different interpretations
to those advanced in previous papers by other authors.

5. Conclusions

Our study, based on the application of cpSSR markers, allowed us to improve the
only available, partial picture of the white oaks’ genetic diversity in the Italian Peninsula
and its major islands, detailing the extent and organization of the chloroplast DNA di-
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versity, the geographical distribution of lineages, and the spatio-temporal dynamics in an
unprecedented taxonomic investigation. The cpSSR variation produced a substantial level
of polymorphism, allowing for the detection of about three times the number of haplotypes
currently catalogued in Italy. The results obtained and the new interpretations that we
advanced turned out to be only partially in agreement with those argued previously by
other authors. The cpDNA diversity was found to be higher in central Italy than in south-
ern Italy, whereas northern Italy (expected) and Sicily (surprisingly) displayed the lowest
degree of haplotype diversity. The cpDNA features of the Sardinian populations turned
out to be significantly different from those of the rest of the Italian Peninsula and Sicily,
confirming geographical isolation to have played a major role in producing long-term
differentiation and genetic segregation. On the other hand, the occurrence of haplotypes
displaying a wide distribution within the whole study area, such as “E” and “#V”, might
well indicate a distant common ancestry (see [52,104]). The observation of the haplotype
variability for taxonomic macro-species (Q. frainetto, Q. petraea, Q. pubescens, and Q. robur)
highlighted some unexpected discontinuities in their haplotype distribution (see Q. petraea
subsp. austrotyrrhenica and Q. frainetto) which allowed us to hypothesize relationships
between these species’ current distribution and precise palaeoecological or paleogeographic
events. All of these findings underline the importance of the peninsula of Italy and its major
islands as a mosaic of multiple refugia for the persistence of tree species and their genetic
variation during the Quaternary [51], and throw into relief the regrettable lack of similar
studies in the other macro-refugial areas of Southeastern Europe. It is desirable, in view of
the predicted future environmental changes, that the improved genealogical patterns and
biogeographical legacies that have emerged in our study might provide useful pointers
for developing adequate management and conservation strategies to preserve biodiversity,
especially, as is the case with white oaks, when taxonomy is still uncertain [105]. Accord-
ingly, special measures (e.g., seed banking for artificial plantations and the implementation
of bio-ecologically representative conservation networks) will certainly be needed for the
individuals presenting rare genetic variants. In our study, as well as in previous ones [31],
it has emerged that a high number of trees exhibit singletons or very rare haplotypes.
This testifies to progressive genetic erosion among white oaks, the causes of which may
reasonably be assumed to have a long-lasting human impact (see Fady et al. [106] and
Médail [107]), and it is possible that the frequent and increasingly intense (especially in the
Mediterranean area) episodes of oak decline are linked to global warming [108–110]. From
this perspective, scientists, policy makers, and forest stakeholders still need to develop
an effective set of options in order to harmonize landscape planning, management, and
preservation of the immeasurable value of forest genetic resources.
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Appendix A

Table A1. Taxonomic, bioclimatic, lithological, and geographic features of the sampling stands. Pop:
population identification code; BR: bioclimatic region; Lith: lithology; Alt: altitude (m a.s.l.).

Pop Species
Complex Taxon BR 1 Lith. 2 Alt.

Latitude (N);
Longitude (E) (WGS84)
Adm. Region—Sector 3

IT12 - Q. frainetto To Tes 725 40.2422; 16.0551
Basilicata—S-IT

IT13 - Q. robur Mo Cls 5 40.1741; 16.6997
Basilicata—S-IT

IT14 - Q. robur tMo Tcs 112 41.5515; 12.2112
Lazio—C-IT

IT15 Q. pub. Q. pubescens tMo Ei 105 41.9546; 12.4195
Lazio—C-IT

IT16 Q. petr. Q. petraea subsp. austrotyrrhenica To Cas 1408 37.8583; 14.0580
Sicily—SIC

IT17 Q. petr. Q. petraea subsp. austrotyrrhenica Mo M 195 38.14604; 16.0599
Calabria—S-IT

IT18 Q. pub. Q. pubescens Ts Cas 42 45.2745; 11.7416
Veneto—N-IT

IT19 Q. petr. Q. dalechampii Ts Ei 10 45.3430; 11.7617
Veneto—N-IT

IT20 Q. petr. Q. petraea Ts Ei 242 45.3173; 11.6877
Veneto—N-IT

IT21 - Q. robur Ts Ei 56 45.3227; 11.7408
Veneto—N-IT

IT22 Q. pub. Q. pubescens Ts Cls 76 45.4319; 10.6256
Lombardia- N-IT

IT23 Q. pub. Q. pubescens Mo Tcs 16 41.3640; 13.3391
Lazio—C-IT

IT24 - Q. frainetto tMo Ei 89 41.4862; 13.3105
Lazio—C-IT

IT25 Q. pub. Q. virgiliana tMo Cas 669 38.0689; 14.7373
Sicily—SIC

IT26 - Q. frainetto tTo Cas 576 41.3588; 13.5265
Lazio—C-IT

IT27 Q. pub. Q. dalechampii Mo Tcs 260 38.6265; 16.1628
Calabria—S-IT

IT28 Q. pub. Q. dalechampii Mo Tcs 70 38.3778; 15.9396
Calabria—S-IT

https://figshare.com/articles/dataset/_/25375858
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Table A1. Cont.

Pop Species
Complex Taxon BR 1 Lith. 2 Alt.

Latitude (N);
Longitude (E) (WGS84)
Adm. Region—Sector 3

IT29 Q. pub. Q. congesta Mo Ii 980 38.2107; 15.9163
Calabria—S-IT

IT46 Q. petr. Q. petraea To Ei 609 42.3236; 12.1302
Lazio—C-IT

IT47 Q. petr. Q. petraea tMo Ei 358 42.1469; 11.9407
Lazio—C-IT

IT48 Q. pub. Q. ichnusae tMo Cas/Ei 283 39.8158; 8.9486
Sardinia—SAR

IT49 Q. pub. Q. virgiliana tMo Cas 567 39.7871; 8.7892
Sardinia—SAR

IT50 Q. pub. Q. ichnusae Mo M 529 40.4685; 8.6721
Sardinia—SAR

IT51 Q. pub. Q. virgiliana Mo Ei 246 40.6136; 8.5034
Sardinia—SAR

IT52 Q. pub. Q. congesta tMo Ii 831 40.1096; 9.2489
Sardinia—SAR

IT53 Q. pub. Q. congesta Mo Ii 921 40.1289; 9.3027
Sardinia—SAR

IT54 Q. pub. Q. leptobalana Mo Cas 919 37.8841; 13.3831
Sicily—SIC

IT55 Q. pub. Q. virgiliana tMo Cas 538 37.9563; 13.4239
Sicily—SIC

IT56 Q. pub. Q. congesta tMo Ei 1298 37.7095; 14.9621
Sicily—SIC

IT57 Q. pub. Q. dalechampii To Ei 1400 37.7062; 14.9672
Sicily—SIC

IT58 Q. pub. Q. virgiliana tMo M 544 37.5917; 15.0447
Sicily—SIC

IT59 Q. pub. Q. virgiliana tMo M 540 37.6086; 15.0723
Sicily—SIC

IT60 Q. pub. Q. congesta tMo Cas 1179 37.9054; 13.9936
Sicily—SIC

IT61 Q. pub. Q. congesta tMo Cas 1327 37.9415- 14.8762
Sicily—SIC

IT62 - Q. robur Mo Tcs 342 40.6259; 16.8121
Puglia—S-IT

IT63 Q. pub. Q. congesta tMo Ii 1190 38.4813; 16.3411
Calabria—S-IT

IT64 Q. pub. Q. pubescens tTo Cas 576 41.3588; 13.5266
Lazio—C-IT

IT65 - Q. robur Mo Cas 39 41.0925; 16.8223
Puglia—S-IT

IT66 Q. pub. Q. virgiliana Mo Cas 39 41.0925; 16.8223
Puglia—S-IT

IT68 Q. pub. Q. pubescens Mo Cls 91 38.0689; 9.0594
Sardinia—SAR

IT69 Q. pub. Q. ichnusae Mo M 780 40.2382; 8.6978
Sardinia—SAR

IT70 Q. pub. Q. congesta Mo Ei 147 40.7461; 8.5361
Sardinia—SAR

IT71 Q. pub. Q. congesta Mo Ii 916 40.4277; 9.0069
Sardinia—SAR
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Table A1. Cont.

Pop Species
Complex Taxon BR 1 Lith. 2 Alt.

Latitude (N);
Longitude (E) (WGS84)
Adm. Region—Sector 3

IT72 Q. pub. Q. pubescens To Tes 796 40.4600; 15.9745
Basilicata—S-IT

IT73 Q. petr. Q. petraea To C 610 41.3316; 14.3650
Molise—C-IT

IT75 Q. pub. Q. pubescens To Cas 610 41.3302; 14.3701
Molise—C-IT

IT76 Q. pub. Q. pubescens To Ii 1091 38.4813;16.3411
Calabria—S-IT

IT77 Q. pub. Q. pubescens Mo Tcs 23 40.6584;17.887
Puglia—S-IT

IT82 Q. pub. Q. pubescens To Cas 1014 42.6205; 13.2173
Lazio—C-IT

IT83 Q. pub. Q. pubescens To Cas 1303 42.3362; 13.5901
Abruzzo—C-IT

IT84 - Q. robur Ts Cls 202 45.6213; 9.0943
Lombardia—N-IT

IT85 - Q. robur Ts Tcs 21 45.2045; 10.7534
Lombardia—N-IT

IT86 - Q. robur Ts Cls 276 45.1485; 7.5962
Piemonte—N-IT

IT87 Q. petr. Q. petraea To Tes 346 43.2837; 12.3420
Umbria—C-IT

IT88 Q. petr. Q. petraea To-s Cls 67 43.7353; 10.7334
Toscana—C-IT

IT90 - Q. frainetto tTo-s Tcs 204 43.0946;12.4672
Umbria—C-IT

IT91 - Q. frainetto Mo Tcs 347 38.22470- 16.0453
Calabria—S-IT

IT93 Q. pub. Q. pubescens Ts Cas 458 45.6282;13.8784
Friuli—N-IT

IT93 Q. pub. Q. pubescens tTo-s Cls 10 43.4676; 13.5917
Marche—C-IT

1 Bioclimatic regions (according to Blasi et al. [111]): Mo = Mediterranean oceanic, tMo = trans Mediterranean
oceanic, To = Temperate oceanic, To-s = Temperate oceanic–semicontinental, Ts = Temperate semicontinental,
and tTo = trans Temperate oceanic. 2 Lithology (according to Blasi et al. [111]): Cas = carbonate sedimentary,
C = clastic, Cls = clastic sedimentary, Cs/Ei = carbonate sedimentary/effusive igneous, Ei = effusive igneous,
Ii = intrusive igneous, Me = metamorphic, Tcs = terrace clastic sedimentary, and Tes = terrigenous sedimentary.
3 Geographic sector (according to Pignatti [55] and Blasi et al. [56]): C-IT = central Italy, N-IT = northern Italy,
S-IT = southern Italy, SAR = Sardinia, and SIC = Sicily.

Table A2. Loci, alleles, and allele frequency (total number of individuals: 180).

udt1
udt1_81 0.678
udt1_82 0.311
udt1_83 0.011

ucd5
ucd5_74 0.217
ucd5_75 0.667
ucd5_77 0.117

ucd4

ucd4_94 0.139
ucd4_95 0.356
ucd4_97 0.322
ucd4_98 0.072
ucd4_99 0.111
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Table A2. Cont.

udt3

udt3_125 0.139
udt3_126 0.461
udt3_127 0.356
udt3_128 0.044

Cmcs6
CmCs6_200 0.328
CmCs6_202 0.139
CmCs6_203 0.533

Mean 0.278

Table A3. Syntaxonomic classification of the forest communities within each site of collection.

Pop. Species
Complex Taxon Geograph.

Sector
Site of Collection (Adm.

Province) Syntaxonomy

IT12 - Q. frainetto S Italy Rustico, San Mart. d’Agri (PZ) Melittio albidae-Quercion frainetto Quezel
et al. in Bonin & Gamisans 1976

IT13 - Q. robur S Italy Oasi Pantano di Policoro (MT) Rubio peregrinae-Fraxinetum oxycarpae
Biondi & Allegrezza 2004 var with Q. robur

IT14 - Q. robur C Italy Insugherata (RM) Rubio peregrinae-Quercetum cerris Di Pietro
et al. 2010 var. with Q. robur

IT15 Q. pub. Q. pubescens C Italy Insugherata (RM) Roso sempervirentis-Quercetum pubescentis
Biondi 1986

IT16 Q. petr. Q. petraea
subsp. austrothyrr. S Italy Bosco Pomieri, Geraci Siculo (PA) Ilici-Quercetum austrotyrrhenicae Brullo &

Marcenò in Brullo 1984 corr. Brullo 2002

IT17 Q. petr. Q. petraea
subsp. austrothyrr. S Italy Pollia (Asprom.). San Luca Aristolochio luteae-Quercetum

austrotyrrhenicae Brullo et al. 1999

IT18 Q. pub. Q. pubescens N Italy Colli Euganei (PD) Fraxino orni-Ostryon carpinifoliae Tomazic
1940 (Quercetalia pubescenti-petraeae)

IT19 Q. petr. Q. petraea N Italy Colle S.Daniele (PD) Physospermo-Quercion petraeae A.O.
Horvat 1976

IT20 Q. petr. Q. petraea N Italy M. Venda (PD) Melampyro vulgati-Quercetum petraeae
Puncer et Zupančić 1979

IT21 Q. robur Q. robur N Italy Torreglia; M.Rua;
Roccapendice (PD)

Asparago tenuifolii-Quercetum roboris (Lausi
1967). Marincek 1994

IT22 Q. pub. Q. pubescens N Italy Ome, San Martino (BS) Quercetalia pubescenti-petraeae Klika 1933

IT23 Q. pub. Q. pubescens C Italy Monte San Biagio (LT)
Pistacio terebinthi-Quercetum pubescentis

(Blasi et Di Pietro 1998) Allegrezza
et al. 2003

IT24 - Q. frainetto C Italy Selvapiana
Amaseno (FR)

Quercus frainetto community
(Crataego-Quercion cerridis Arrigoni 1998)

IT25 Q. pub. Q. virgiliana S Italy Valle del Fitalia (Frazzanò, ME) Erico arborae-Quercetum virgilianae Brullo et
Marcenò 1985

IT26 - Q. frainetto C Italy Parco Monti Aurunci (LT) Quercus frainetto community
(Crataego-Quercion cerridis Arrigoni 1998)

IT27 Q. pub. Q. dalechampii S Italy Serre, Sant’Angelo-Pizzoni (VV)
indivisuals of Q. dalechampii in the Erico

arborae-Quercetum virgilianae Brullo e
Marcenò 1985

IT28 Q. pub. Q. dalechampii S Italy Aspromonte, Croce
Mammone (RC)

indivisuals of Q. dalechampii in the Oleo
oleaster-Quercetum virgilianae Brullo 1984

IT29 Q. pub. Q. congesta S Italy Aspromonte, Piani di
Carmelia (RC) Erico-Quercetum congestae Brullo et al. 2001

IT46 Q. petr. Q. petraea C Italy Monti Cimini (VT)
individuals of Q. petraea in Coronillo

emeri-Quercetum cerridis Blasi 1984 var.
with Q. petraea

IT47 Q. petr. Q. petraea C Italy Tolfa mountains (Roma) Carici olbiensis-Quercetum petraeae Di Pietro
et al. 2010
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Table A3. Cont.

Pop. Species
Complex Taxon Geograph.

Sector
Site of Collection (Adm.

Province) Syntaxonomy

IT48 Q. pub. Q. ichnusae Sardinia Senis (OR) Ornithogalo pyrenaici-Quercetum ichnusae
Bacchetta et al. 2004

IT49 Q. pub. Q. virgiliana Sardinia Pau (OR) Lonicero implexae-Quercetum virgilianae
Bacchetta et al. 2004

IT50 Q. pub. Q. ichnusae Sardinia Monte Traessu (SS) Ornithogalo pyrenaici-Quercetum ichnusae
Bacchetta et al. 2004

IT51 Q. pub. Q. virgiliana Sardinia Ittiri SS) Lonicero implexae-Quercetum virgilianae
Bacchetta et al. 2004

IT52 Q. pub. Q. congesta Sardinia Fonni (Muggiana) (NU) Glechomo sardoae-Quercetum congestae
Bacchetta et al. 2004

IT53 Q. pub. Q. congesta Sardinia Fonni (Govossai) (NU) Glechomo sardoae-Quercetum congestae
Bacchetta et al. 2004

IT54 Q. pub. Q. leptobalana Sicily Bosco Ficuzza (PA) Quercetum leptobalani Brullo 1984

IT55 Q. pub. Q. virgiliana Sicily Marineo (PA) Oleo-Quercetum virgilianae Brullo 1984

IT56 Q. pub. Q. congesta Sicily Etna Volcano (CT) Arabido turritae-Quercetum congestae Brullo
e Marcenò 1985

IT57 Q. pub. Q. dalechampii Sicily Etna Volcano (CT) Quercenion dalechampii Brullo 1984

IT58 Q. pub. Q. virgiliana Sicily Etna. M. Ceraulo,
Mascalucia (CT) Oleo-Quercetum virgilianae Brullo 1984

IT59 Q. pub. Q. virgiliana Sicily Etna. Tre castagni, (CT) Celtido aetnensis-Quercetum virgilianae
Brullo e Marcenò 1985

IT60 Q. pub. Q. congesta Sicily Madonie, Piani Torre-Zucchi (PA) Conopodio capillifolii-Quercetum congestae
Maniscalco & Raimondo 2009

IT61 Q. pub. Q. congesta Sicily Valle del Flascio. Nebrodi (ME) Festuco heterophyllae-Quercetum congestae
Brullo & Marcenò 1986

IT62 Q. robur Q. robur S Italy Tafuri (BA)
Quercus robur isolated individuals in
Stipo-Quercetum dalechampii Biondi

et al. 2004

IT63 Q. pub. Q. congesta S Italy Serre, Sant’Angelo
Nardodipace (VV)

Festuco heterophyllae-Quercetum congestae
Brullo & Marcenò 1986

IT64 Q. pub. Q. pubescens C Italy Parco Monti Aurunci (LT)
Pistacio terebinthi-Quercetum pubescentis

(Blasi & Di Pietro 1998) Allegrezza
et al. 2002

IT65 Q. robur Q. robur S Italy Tafuri, Murgean Plateau (BA)
Quercus robur isolated individuals in
Stipo-Quercetum dalechampii Biondi

et al. 2004

IT66 Q. pub. Q. virgiliana S Italy Selva S. Vito Gravina Laterza (TA) individuals of Q. virgiliana in the Teucrio
siculi-Quercetum trojanae Biondi et al. 2004

IT68 Q. pub. Q. pubescens Sardinia M.te Zara. Monastir (CA) Lonicero implexae-Quercetum virgilianae
Bacchetta et al. 2004

IT69 Q. pub. Q. ichnusae Sardinia Bosco S. Antonio. Macomer (NU) Ornithogalo pyrenaici-Quercetum ichnusae
Bacchetta et al. 2004

IT70 Q. pub. Q. congesta Sardinia Sant’Orsola (SS) Glechomo sardoae-Quercetum congestae
Bacchetta et al. 2004

IT71 Q. pub. Q. congesta Sardinia M. Rasu, Catena del
Marghine (SS)

Glechomo sardoae-Quercetum congestae
Bacchetta et al. 2004

IT72 Q. pub. Q. pubescens S Italy Laurenzana (PZ) Centaureo centaurii-Quercetum pubescentis
Ubaldi & Zanotti 1995

IT73 Q. petr. Q. petraea C Italy Monte Vairano (CB)
individuals of Q. petraea in

Aremonio-Quercetum cerridis Blasi et al. ex
Terzi et al. 2022

IT75 Q. pub. Q. pubescens C Italy Monte Vairano (CB) Cytiso sessilifolii-Quercetum pubescentis
Blasi et al. 1982
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IT76 Q. pub. Q. pubescens S Italy Mar di Pace—Nardodipace (VV) Erico-Quercetum congestae Brullo et al. 2001

IT77 Q. pub. Q. pubescens S Italy Bosco del Compare (BR) Individuals of Q. pubescens in Fraxino
orni-Quercetum ilicis Horvatic (1956) 1958

IT82 Q. pub. Q. pubescens C Italy Torrita, Monti della Laga (RI) Cytiso sessilifolii-Quercetum pubescentis
Blasi et al. 1982

IT83 Q. pub. Q. pubescens C Italy Barisciano, San Colombo (AQ) Cytiso sessilifolii-Quercetum pubescentis
Blasi et al. 1982

IT84 - Q. robur N Italy Parco delle Groane—Solaro (MI) Polygonato multiflori—Quercetum roboris
Sartori 1984

IT85 - Q. robur N Italy Bosco Fontana—Marmirolo (MN) Polygonato multiflori—Quercetum roboris
Sartori 1984

IT86 - Q. robur N Italy Parco La Mandria Ven. Reale (TO) Quercus robur community belonging to
Carpinion betuli Issler 1931

IT87 Q. petr. Q. petraea C Italy Montecorona
Umbertide (PG)

Hieracio racemosi-Quercetum petraeae
Pedrotti et al. 1982

IT88 Q. petr. Q. petraea C Italy Parco Castelfranco di Sotto (PI)
individuals of Q. petraea in

Melico-Quercetum cerridis Arrigoni, in
Arrigoni et al. 1990

IT89 Q. petr. Q. petraea N Italy Parco dei boschi
di Carrega (PR)

Physospermo cornubiensis-Quercetum
petraeae Oberdorfer & Hofmann 1967

IT90 - Q. frainetto C Italy Collestrada (PG) Malo florentinae-Quercetum frainetto Biondi
et al. 2001 ex Terzi et al. 2022

IT91 - Q. frainetto S Italy Parco Naz.
Aspromonte—Platì (RC)

Cytiso-Quercetum frainetto Scelsi &
Spampinato 1996

IT92 Q. pub. Q. pubescens N Italy Basovizza (TS) Ostryo-Quercetum pubescentis (Horvat
1959). Trinajstić 1974.

IT93 Q. pub. Q. pubescens C Italy Selva di Castelfidardo (AN) Roso sempervirentis-Quercetum pubescentis
Biondi 1986
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