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Abstract
Available knowledge on the European white oaks (Quercus, sect. Quercus) plastome still exhibits large gaps, mostly in 
respect of detailed phylogeny and information from southern Europe and adjacent Near East. We investigated DNA sequence 
polymorphism at two plastid loci on 270 individuals representing 13 white oak species/taxa and retrieved several hundred 
sequences of the same two DNA regions from GenBank to fill the above gaps, and contribute to a better understanding of 
white oak diversity and evolution. The modern European sect. Quercus species exhibits a poorly differentiated plastid DNA, 
despite its current highly diversified taxonomy. Twenty-nine haplotypes were identified across the Euro-Mediterranean and 
Near East regions, including two ancestral variants that are westerly and south-easterly partitioned. Other high- and low-
frequency haplotypes also showed a well-structured geographic distribution consistent with the current phytogeographic 
framework of the European continent. The climatic and geological events that characterized the end of the Tertiary and Qua-
ternary periods played a crucial role in triggering haplotype mixing, isolation, and in offering niche opportunities for more 
recent diversification. Euro-Mediterranean southern territories host a high and as yet poorly studied genetic variation; the role 
of the Italian Peninsula as a crossroad and threshold for haplotype diversity and distribution clearly emerges from this study.
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Introduction

The genus Quercus is one of the main woody components 
of the forests in the boreal hemisphere. Its ecological domi-
nance and the remarkable heterogeneity and biodiversity 

asset of its habitats endorse the importance of multidisci-
plinary studies to integrate ecology and evolution for a bet-
ter comprehension of community assembly and adaptation 
processes in a changing world (Cavender-Bares et al. 2016; 
Kremer and Hipp 2020).

One of the Quercus major clades, section Quercus 
(the white oaks), includes nearly 150 species distributed 
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throughout North America, western Eurasia, East Asia, and 
North Africa (Denk et al. 2017). In the American continent, 
where over 100 species occur, the white oaks exhibit an 
extremely wide morpho-physiological variation including 
sclerophyllous shrubby species inhabiting desert zones and 
dry savannahs, and lobe-leaved large dominant tree species 
in alluvial flatwoods, bottomlands and cold intermontane 
woodlands (Manos and Hipp 2021).

In Eurasia as well, shrubby and tree oak species do occur 
on extremely diversified niches and act as guide species in a 
very high number of syntaxa within all the ranks of phytoso-
ciological classification (Mucina et al. 2016). For instance, 
species that are more widespread, such as Quercus robur or 
Q. mongolica, are dominant throughout the majority of the 
temperate broad-leaved deciduous forest Biome and extend 
to the boundary of Taiga boreal forest or cold steppe Biomes 
(Kubitzki 1993; Menitsky 2005). Instead, xerothermic forms 
belonging to the Q. pubescens s.l. complex give rise to ther-
mophilous forests adjacently to primary Oleo-Ceratonion 
thermo-Mediterranean shrublands (Brullo and Marcenò 
1985; Blasi and Di Pietro 1998).

In addition to this great ecological amplitude, West Eura-
sian white oaks are characterized by a significant taxonomic 
complexity. In fact, the debate about the makeup of the white 
oaks’ species list and the definition of a shared taxonomic 
framework based on morpho-ecological descriptors is still 
very lively, especially as regards the Q. pubescens and Q. 
petraea collective species groups (Trinajstić 2007; Fortini 
et al. 2009, 2015a, 2022; Di Pietro et al. 2016; Denk et al. 
2017). In addition, longstanding partially unsolved nomen-
clatural issues (see Amaral-Franco 1990; Di Pietro et al. 
2012) and the limits that affect the concept of biological 
species in such a notoriously interfertile genus (Burger 1975; 
Antonecchia et al. 2015; Hipp 2015), greatly complicate the 
assessment of taxonomic and syntaxonomic frameworks at 
national and international scales (Wellstein and Spada 2015; 
Pasta et al. 2016; Grossoni et al. 2021; Kaplan et al. 2022).
What is beyond doubt is that the divisive and sometimes 
inhomogeneous taxonomic classification and the consequent 
nomenclatural complexity characterizing the West Eurasian 
white oaks have negative repercussions for studies of living 
matter at various level (gene, species, population, ecosys-
tem) involving diverse fields of research (genetics, ecology 
phytosociology, landscape planning and design, conserva-
tion etc.). Taxonomic contradictions and consequent nomen-
clatural disputes are therefore to be viewed as outcomes of 
the difficulties in classifying the peculiar molecular, mor-
phological and ecological variability that white oak spe-
cies and communities express at present, especially in the 
Euro-Mediterranean zone (Guarino et al. 2015; Fortini et al. 
2015b; Piredda et al. 2021).

Biogeographic history and evolutionary legacies had a 
strong influence on oak species differentiation and local 

adaptation worldwide (Cavender-Bares 2019). It is gener-
ally assumed that the complex palaeogeographic and pal-
aeoclimatic vicissitudes that affected western Eurasia dur-
ing the Miocene and throughout the ‘turbulent’ Quaternary 
played a key role in setting the scene for the high white oaks’ 
diversity we can presently observe. It remains to be estab-
lished the extent to which the aforementioned vicissitudes 
influenced the original amount of genetic diversity and how 
they combined in the different lineages and territories to 
drive diversification to produce such a varied and puzzling 
species group.

In this view, robust plastid phylogenies are essential to 
reveal phylogeographic patterns in closely related species, 
highlighting complex evolutionary phenomena, gene pools 
deserving attention and offering the opportunity to corre-
late the obtained data with the historical reconstruction of 
biomes, niche evolution and future landscape planning (Cav-
ender-Bares et al. 2016; Blair 2023). However, any direct 
involvement of plastid phylogenies could be challenged by 
inaccurate methodologies (Blair 2023). For instance, when 
only one or few representatives of each species are investi-
gated, thus providing little insight into the multifold issues 
pertinent to a species’ diversity (Backs and Ashley 2021).

Studies on the plastid DNA of the European white oaks 
began in the closing decade of the last millennium (Dumolin 
et al. 1995) and culminated with the fundamental research 
of Petit et al. (2002b) where six main PCR–RFLP lineages 
were identified across a wide extent of the European conti-
nent. From the general results presented in that large-scale 
research, further insights were subsequently derived, focus-
ing on single European countries or well-defined geographic 
areas (e.g. Cottrell et al. 2002; Fineschi et al. 2002; Olalde 
et al. 2002, for Great Britain, Italy and Spain, respectively; 
Csaikl et al. 2002 for the Alpine Region). Since then, the 
majority of phylogenetic research has concentrated on the 
genus nucleome, with the European white oaks being only 
partially included (e.g. Hubert et al. 2014; see also McVay 
et al. 2017; Hipp et al. 2020; Denk et al. 2023), while plastid 
DNA investigation has been relegated to DNA barcoding 
projects or small-scale phylogeographic studies (e.g. Sime-
one et al. 2013; Ekhvaia et al. 2018; Douaihy et al. 2020). 
Curiously, complete plastid genome sequences of the West 
Eurasian white oaks has also received little attention in 
phylogenetic investigations. Instead, they have lagged well 
behind the large amount of data gathered on North American 
and East Asian oaks (e.g. Pham et al. 2017; Pang et al. 2019; 
Liu et al. 2021; Li et al. 2022). Furthermore, in contrast to 
sects. Ilex and Cerris, the white oaks do not even have a ten-
tative framework phylogeny to direct well-aimed samplings 
for deeper genomic studies. This information gap represents 
a serious limitation for any attempts to outline the evolu-
tionary history of European white oaks and propose phylo-
geographic patterns that might explain the highly variable 
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taxonomical and phytosociological patterns of white oak 
communities. Such a limitation takes on greater significance 
if we consider that the majority of the quaternary glacial 
refugia for the temperate forest vegetation and the highest 
coenological diversity for the white oaks are concentrated 
in southern Europe (Blasi et al. 2004; Mucina et al. 2016). 
All this reinforces the opinion that full genome sequencing 
from one or just a few individuals per species should not 
eclipse studies conducted using few but well-defined marker 
regions, especially if the latter are phylogenetically informa-
tive and the sampling design is well aimed and dense. For 
example, all the major intra- and interclade relationships 
that have recently been highlighted by means of complete 
plastome sequence of sect. Ilex oaks (Yang et al. 2021; Zhou 
et al. 2022) were already disclosed in previous studies based 
on just two markers (trnH-psbA, trnK-matK) and exhaustive 
samplings (Simeone et al. 2016; Vitelli et al. 2017).

In this work, we have tried to tackle this issue by maxi-
mizing taxonomic and geographic sampling in order to: (i) 
reconstruct phylogenetic relationships of the West Eurasian 
white oaks plastid DNA; (ii) improve our understanding of 
the phylogeography of species, populations and areas; (iii) 

capture rare genetic variants that could subtend divergent 
evolutionary lineages. With this aim, we have selected two 
marker regions that proved their efficacy in previous oak 
studies and partially compensating for the absence of wider 
samplings taking advantage of the data available in the Gen-
Bank repository, thereby expanding the taxonomic and bio-
geographic breadth of the investigated dataset.

Materials and methods

Sampling design

The study was carried out over a vast area of the Euro-
Mediterranean region with some extensions in central 
Europe and North Africa (Fig. 1). Largely focused on 
Italy, the sampling (‘primary dataset’) also included ten 
additional countries: Austria, Bulgaria, Croatia, Czech 
Republic, France, Greece, Romania, Serbia, Spain and 
Morocco. Where possible, the collection sites were 
selected prioritizing stands of taxonomic or biological rel-
evance (e.g. loci classici, protected areas and sites where 

Fig. 1  Geographical distribution of the collection sites of white oaks populations (black dots). Countries from which accessible sequences on 
GenBank were retrieved and used in our analyses are filled in light grey colour (China, Japan and S-Korea are not reported in this map)
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phytosociological descriptions of forest vegetation were 
available). The following accepted (www. ipni. org; www. 
powo. scien ce. kew. org) oak species were investigated: 
Quercus robur L., Q. petraea (Matt.) Liebl. (including 
Q. petraea subsp. austrotyrrhenica Brullo, Guarino & 
Siracusa), Q. frainetto Ten., Q. pubescens Willd., Q. 
dalechampii Ten., Q. faginea Lam., Q. pyrenaica Willd., 
Q. congesta C.Presl and Q. ichnusae Mossa, Bacch. & 
Brullo. In addition three other species were included in 
our dataset although these are considered as synonyms of 
other taxa in POWO. These are Quercus banatus P.Kucera 
(name recently proposed as replacing the name Q. dale-
champii Ten. in SE Europe in the collective group of Q. 
petraea), Q. virgiliana (Ten.) Ten. (name largely used in 
the, national floras checklists, phytosociological descrip-
tions and syntaxonomic frameworks of several S Euro-
pean countries) and Q. leptobalana Guss (accepted as 
valid name in Pignatti et al. 2017 last edition of Flora 
of Italy and guide species of the association Quercetum 
leptobalanae Brullo & Marcenò 1985). In fact, diverse 
papers published in the last decade (Bock and Tison 2012; 
Di Pietro et al. 2012, 2016, 2020b; Von Raab-Straube 
and Raus 2013; Kučera 2018; Fortini et al. 2022) aimed 
at a critical analysis of the taxonomy of Q. pubescens 
and Q. petraea collective groups, exhibited a tendency 
towards a reduction in the number of oak taxa. On the 
other hand, the taxonomic arrangement within these two 
collective groups is far from being fully defined. For this 
reason, in order not to lose information on local oak for-
est diversity, we have preferred to make reference to the 
names currently reported in the national floras or in phy-
tosociological synthesis already published in the sites of 
collection or in surrounding areas (see Table 2). However 
a detailed description of the investigated dataset together 
with a direct reference to the IPNI/POWO nomenclature 
is reported in supplementary file 1. Three oak individu-
als per population collected at least 30 m apart from each 
other and 90 total populations were sampled. These popu-
lations are divided into the following taxa: Quercus bana-
tus (1), Q. congesta (9), Q. dalechampii (8), Q. faginea 
(3), Q. frainetto (6), Q. ichnusae (3), Q. leptobalana (1), 
Q. petraea (12), Q. petraea subsp. austrotyrrhena (2), 
Q. pubescens (26), Q. pyrenaica (1), Q. robur (11), Q. 
virgiliana (7). The collected specimens were identified 
through the use of analytical keys present in the national 
floras. In the case of dubious or particularly critical speci-
mens, reference was made to already published floristic-
phytosociological papers concerning the collection sites 
(where present) and the expert knowledge of the authors. 
Voucher specimens (ID number reported in Supplemen-
tary file S1) are deposited at the herbarium of the Univer-
sity of Molise (IS; Thiers 2016).

DNA extraction, sequencing and editing

DNA (270 total samples) was extracted with the Nucle-
oSpin™ Plant II Kit (Macherey–Nagel) from silica gel 
dried leaves, following the manufacturer’s instructions. 
TrnH-psbA intergenic spacer and a portion of the trnK-matK 
region (3’ intron and partial gene sequence) were chosen 
because of their high number of accessible sequences on 
GenBank, and the variability displayed in previous stud-
ies (e.g. Okaura et al. 2007; Manos et al. 2008; Simeone 
et al. 2013, 2016). Primers and PCR conditions were as in 
Piredda et al. (2011). PCR products were purified with Illus-
tra GFX PCR DNA Purification Kit (GE Healthcare) and 
standardized aliquots were sent to Macrogen Europe (https:// 
www. macro gen- europe. com/) for bi directional sequencing. 
Electropherograms were edited with Chromas 2.6.2 (https:// 
www. techn elysi um. com. au) and checked visually. Multiple 
alignments of the single and combined plastid regions were 
generated with MEGA X (Kumar et al. 2018) and adjusted 
manually.

In order to set our data in a broader diversity and phy-
logenetic context, GenBank was explored for all members 
of subgenus Quercus and West Eurasian subgen. Cerris 
sequenced with trnH-psbA and trnK-matK. Only single 
individuals sequenced with both markers were retrieved 
and used in the downstream analyses, with the exception 
of the oaks of sect. Cerris, for which the scarcity of trnK-
matK sequences did not allow the creation of a consistent 
dataset. Haplotype lists and the main diversity parameters 
of the investigated markers were computed with DnaSP v.6 
(Rozas et al. 2017).

Finally, the generated haplotypes were blasted against 244 
Quercus complete chloroplast genomes available on Gen-
Bank (accessed on Jan. 31, 2023).

Data analyses

Phylogenetic tree inference and bootstrap analyses were per-
formed under maximum likelihood with RAxML v.8.2.11 
(Stamatakis 2014). We used the GTR + CAT approximation 
model and the ‘extended majority-rule consensus’ criterion 
as bootstopping option (Pattengale et al. 2009), with up to 
1000 bootstrap (BS) pseudoreplicates to assess branch sup-
port (BS). The CAT model is a computational work–around 
for the widely used General Time Reversible model of nucle-
otide substitution under the Gamma model of rate hetero-
geneity (GTR-Γ). Compared to GTR-Γ, it has the advantage 
of significantly lower memory consumption, faster inference 
times and superior likelihood values in the obtained trees 
(Stamatakis 2006, 2014). The output (78-tip tree, after the 
removal of the identical sequences) included six accessions 
of subgen. Cerris (sects. Cerris, Cyclobalanopsis and Ilex; 
this latter including all the currently identified main lineages: 

http://www.ipni.org
http://www.powo.science.kew.org
http://www.powo.science.kew.org
https://www.macrogen-europe.com/
https://www.macrogen-europe.com/
https://www.technelysium.com.au
https://www.technelysium.com.au
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East Asian, West Asia–Himalaya–East Asia ('WAHEA’) and 
Euro-Med; Simeone et al. 2016), was rooted between the 
two subgenera following Zhou et al. (2022) and imported 
in iTOL (www. itol. embl. de) for visualization and labelling. 
A planar (equal angle, parameters set to default) split graph 
was generated with the Neighbor-net (NNet) algorithm (Bry-
ant and Moulton 2004) implemented in SplitsTree4 (Huson 
and Bryant 2006), based on the pairwise uncorrected-p 
(‘Hamming’) distance matrix estimated with the same pro-
gram. Median Joining (MJ) haplotype networks were run 
with Network 4.6.1.1 (http:// www. fluxus- engin eering. com/), 
treating gaps as  5th state and using the MJ algorithm with 
default parameters (equal weight of transversion/transition).

Results

trnH‑psbA and trnK‑matK sequence data

The primary data (Supplementary file S1) comprised 270 
individuals belonging to the Euro-Mediterranean sect. 
Quercus newly sequenced with trnH-psbA and trnK-matK. 
Sequence quality was high for both marker regions and 
unambiguous electropherograms were obtained for 100% of 
the investigated samples. GenBank searches extended the 
West Eurasian sect. Quercus dataset to 425 individuals (22 
species, see supplementary files S1, S2) sequenced with the 
same markers, including 89 Caucasian (Ekhvaia et al. 2018), 
23 Lebanese (Douaihy et al. 2020) and further 43 European, 
Mediterranean and Near East accessions from works mostly 
focused on DNA barcoding or phylogenetic studies on other 
Quercus sections (Simeone et al. 2013, 2016).

A wider evolutionary contextualization of the white oaks 
was achieved by expanding the phylogenetic analyses with 
81 GenBank accessions of Asian sect. Quercus, eight Cauca-
sian samples belonging to sect. Ponticae and 31 accessions 
of American members of subgen. Quercus (sects. Quercus, 
Lobatae, Protobalanus, Virentes and Ponticae; Simeone 
et al. 2016; Ekhvaia et al. 2018; Yang et al. 2020). Over 
500 trnH-psbA and trnK-matK GenBank sequences of West 
Eurasian sects. Cerris and Ilex oaks (14–16 species) were 
retrieved to compare the molecular differentiation estimates 
found in the Eurasian white oaks’ dataset.

All generated multiple alignments were straightforward. 
The two-marker combination in the primary dataset was 
1147 bp long. Trimming uneven GenBank sequence ends 
and coding indels longer than 1 bp as single binary charac-
ters produced a 1068 bp long matrix in the Eurasian oaks 
of sect. Quercus. A trnH-psbA inversion of 34 bp occurring 
in 14 North American oak individuals was replaced with its 
reverse complementary sequence and a binary character was 
inserted to keep record of it. The final alignment including 

all members of subgen. Quercus and six accessions of Eura-
sian subgen. Cerris was 1252 bp long.

The newly sequenced Euro-Mediterranean white oak 
dataset produced 14 haplotypes, scaling up to 29 after the 
inclusion of the GenBank West Eurasian samples. Eleven 
haplotypes out of the total were inter-specifically shared (up 
to 13 species), 16 were singlets (12 derived from GenBank) 
and only two were restricted to one or more populations of a 
single species (Q. pubescens from Croatia) or species com-
plex (Q. ichnusae, Q. virgiliana, Q. congesta from Sardinia). 
The relative haplotype frequency was very variable: besides 
the 16 singlets, five haplotypes appeared in between 46 and 
94 individuals each. The East Eurasian oaks of sect. Quercus 
produced 14 haplotypes, two of which were in common with 
the West Eurasian white oaks, four were inter-specifically 
shared (up to six species) and eight were intra-specifically 
shared. In total, 41 trnH-psbA + trnK-matK haplotypes were 
detected in the Eurasian sect. Quercus. Members of North 
American subgen Quercus, Eurasian sect. Ponticae and sub-
gen. Cerris generated 37 additional haplotypes. All Gen-
Bank accessions, taxonomic identities, geographic origins, 
and haplotypes are reported in Supplementary file S2.

Phylogenetic setting of the Eurasian white oaks

The 78-tip RAxML tree (Fig.  2), rooted between sub-
gen. Cerris (here represented by members of sections 
Cyclobalanopsis, Cerris and Ilex) and subgen. Quercus, 
reports the well-acknowledged sectional and lineage differ-
entiation within each subgenus. In subgen. Cerris, the two 
Euro-Med members of sect. Ilex (Q. ilex and Q. coccifera 
from Spain and North Africa) are included in the Euro-
Med lineage, slightly diverging from the other members 
of the same section (Q. alnifolia and Q. baroni, belonging 
to the WAHEA and the East Asian lineages, respectively), 
and from the two members of sect. Cerris (Q. cerris) and 
sect. Cyclobalanopsis (Q. acuta) forming a minor subclade 
(BS = 57–62). In subgen. Quercus, five clades are produced, 
with medium high support (BS = 60–100). Four clades 
include all North American oaks of subgen. Quercus (sects. 
Quercus, Lobatae, Protobalanus, Virentes, Ponticae) and the 
last one includes their Eurasian counterparts (sects. Quercus 
and Ponticae).

Besides the major geographic split within sects. Quercus 
and Ponticae, some sectional misplacements emerged. 
These involve a few members of sect. Virentes and Lobatae 
(placed in the sect. Quercus subclade), and the two only 
American and Eurasian surviving members of sect. Ponticae 
(respectively inserted in sects. Protobalanus and Eurasian 
Quercus). The Eurasian white oak clade (BS = 99) is highly 
unresolved: with the only exceptions of five minor subclades 
including Q. pontica (BS = 96, 58), two East Asian oaks 
(BS = 80), and two local species groups from Lebanon and 

http://www.itol.embl.de
http://www.fluxus-engineering.com/
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Fig. 2  Maximum likelihood phylogram of the trnH-psbA + trnK-
matK concatenated regions of the investigated West Eurasian sect. 
Quercus dataset, integrated with GenBank haplotypes of subgen. 
Quercus and representatives of West Eurasian subgen. Cerris. Boot-

strap support (> 50) values are reported above branches. Colouration 
refers to the major taxonomic and geographic affiliations of speci-
mens
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south–central Italy (BS = 64–67), no consistent differentia-
tion could be observed at the taxonomic or geographic level, 
even between Western and Eastern Eurasian samples. Dif-
ferentiation of a clade-basal group of sequences collecting 
both single and shared West and East Eurasian haplotypes 
is possible but low-supported (BS < 50).

The obtained RAxML topology is clearly mirrored by the 
Neighbor net graph shown in Fig. 3. All members of subgen. 
Cerris are connected to the North American cluster, with 
the two diverging Euro-Med members of sect. Ilex showing 
more affinity with the Eurasian sect. Quercus. Except for a 
few divergent sequences, all the Eurasian white oak hap-
lotypes are highly mixed and organized in reticulated and 
little diverging clusters, with a huge trunk confirming the 
main split between North American and Eurasian sections 
Quercus and Ponticae. A composite cluster, correspond-
ing to the low-supported clade-basal group of sequences 
observed in the RAxML tree, acts as the most direct con-
nection between the two split groups.

trnH‑psbA and trnK‑matK variation in Eurasian 
white oaks

A more detailed look into the plastid differentiation pat-
terns of West Eurasian white oaks could be obtained 
with a closer inspection of the molecular diversity of the 
sequenced markers (Table 1) and the resulting haplotype 
network (Fig. 4). The two marker sequences produced in this 
study and retrieved from GenBank (Table 1) allow a good 
comparison among sections and subgenera, totalling nearly 
1000 individuals belonging to 47 oak taxa. In particular, all 
the currently accepted species belonging to Eurasian sec-
tion Quercus and West Eurasian sections Cerris and Ilex 
were included in our evaluation. The markers’ variation was 
moderate-to-low, and trnH-psbA showed higher diversity 
than trnK-matK across all lineages, except sect. Ilex. Both 
markers displayed remarkably lower values of molecular 
diversity in sect. Quercus than in sect. Ilex, and comparable 
estimates with sect. Cerris (characterized by lower numbers 
of individuals included).

Within sect. Quercus, the here investigated Euro-Medi-
terranean dataset (‘primary dataset’) was the least variable; 
its variation was only partially increased after the combi-
nation with the West Eurasian sequences from GenBank, 

Fig. 3  Neighbor-Net splits graph of the trnH-psbA + trnK-matK con-
catenated regions of the investigated West Eurasian sect. Quercus 
dataset, integrated with GenBank haplotypes of subgen. Quercus and 

representatives of West Eurasian subgen. Cerris. Average Bootstrap 
support (> 50) percentages of main clusters are reported. Colouration 
as in Fig. 2
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that included samples from all over Europe, the Middle 
East, and the Caucasus region. In contrast, the East Eura-
sian dataset showed higher diversity, especially with trnH-
psbA, and prefigures to host higher plastome diversity than 
the West Eurasian counterparts, due to the comparable 
values scored by a lower number of individuals included 
in the analysis. The relationships of the 41 Eurasian white 
oak haplotypes are reported in the haplotype network 
(Fig. 4). Only single mutations separate every West Eura-
sian sect. Quercus haplotype from the nearest, preventing 

the identification of any lineage, contrarily to the patterns 
detected in sects. Ilex and Cerris (Simeone et al. 2016, 
2018). The network is rather intricate and unfolds around 
two major variants (labelled #1 and 2). Haplotype #1 
is found in 46 individuals from 13 species and extends 
from Japan to Portugal, across China, Bulgaria, Greece, 
Cyprus, C and S Italy, France, England, Spain, Algeria 
and Morocco. Haplotype #2 has a lower frequency (13 
individuals) and was detected in five species across Korea, 
Georgia (E Caucasus), Lebanon, S Italy and Sicily. Both 

Table 1  Main diversity values of the trnH-psbA and trnK-matK 
marker regions in section Quercus, subdivided into the here inves-
tigated Euro-Mediterranean dataset (Quercus1), the expanded 
GenBank dataset comprising all available West Eurasian white 
oaks (Quercus2), and the East Eurasian members of sect.  Quercus 
(Quercus3), compared with GenBank data retrieved from West Eura-
sian members of subgen. Cerris (sects. Cerris and Ilex). T: number 
of species/taxa; N: number of individuals; p: uncorrected p-distance 

range (min. – max.); H: number of haplotypes (gaps included); Hd: 
haplotype diversity; PICs: Parsimony Informative Characters; T + K: 
combined markers; L: Major lineages identified (* = with only trnH-
psbA considered; n.d.: not determined (marker sequences belonging 
to different samples)** = three of which are represented by highly-
divergent, single haplotypes). Taxonomic and geographic details of 
sect. Quercus samples are provided in the Supplementary files S1, S2

trnH-psbA trnK-matK T + K

Subgen Sect T N p H Hd PICs T N p H Hd PICs H Hd L

Quercus Quercus1 12 270 0.0–0.0058 9 0.7713 4 7 270 0.0–0.0032 5 0.5557 2 14 0.8286 1
Quercus2 22 425 0.0–0.0089 19 0.8639 5 15 425 0.0–0.0051 8 0.5430 2 29 0.9271 1
Quercus3 9 81 0.0–0.0119 13 0.7568 5 9 81 0.0–0.0047 4 0.2080 3 14 0.848 5**

Cerris Ilex 4 124 0.0–0.0128 29 0.8881 7 4 124 0.0–0.0116 23 0.9142 10 53 0.9561 3
Cerris 12 207 0.0–0.0082 12 0.5148 5 10 47 0.0–0.0014 4 0.2007 1 n.d n.d 2*

Fig. 4  Median Joining haplotype network of the trnH-psbA + trnK-
matK concatenated regions, combining the investigated Euro-Med-
iterranean samples (primary dataset) and all available GenBank 
haplotypes of Eurasian subgen. Quercus. Colouration and symbols 
identify major lineages (sects. Quercus and Ponticeae) and the geo-

graphic distribution of the haplotypes (detailed in the Supplementary 
files S1, S2). Line thickness proportional to the number of mutations 
separating each haplotype (1, 3–4); dashed line corresponds to > 10 
mutations. Asterisks indicate the haplotypes detected in the primary 
dataset (those with the highest frequency are in red)
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haplotypes correspond to the basal group of sequences 
identified in the Eurasian white oak clade of Figs. 1 and 
2. It is interesting to note that a BLAST search performed 
against all Quercus complete chloroplast genomes avail-
able on GenBank revealed 100% sequence identity of hap-
lotype #1 with three accessions of Q. robur (OW028778, 
LT996900, England; MN562095, not specified) and one 
accession of Q. fabri (MK105456). Likewise, haplotype 
#2 matched one accession of Q. fabri (MK922346) and six 
accessions of Q. mongolica and Q. dentata (MK089571, 
MK105460, NC_043858, MK105453-105455). The clos-
est connection with the North American sect. Quercus Ilex 
and Cerris clades (Figs. 1 and 2), the location at the core 
of the network and the wide taxonomic and geographic 
distribution of these two haplotypes suggest their possi-
ble ancestry (Posada and Crandall 2001). Several variants/
haplotype groups directly depart from either one of these 
two haplotypes. Ten haplotypes from China and Korea 
(#4–13) form a discrete, divergent lineage, possibly com-
prising further sublineages (e.g. haplotypes #4, 5–12, 13); 
two other East Asian haplotypes are either very close (#14) 
or divergent (#3) from the putative ancestral variants.

The geographic distribution of shared or related West 
Eurasian haplotypes cover either very large or narrow 
regions and appear quite intermingled. For instance, hap-
lotypes #23–28 extend from Lebanon to Turkey and Iran, 
and are only distantly related to the sympatric haplotypes 
#38–40. Haplotypes #15–19 cover a region spanning from S 
Italy to Georgia across Bulgaria, Turkey and Ukraine; inter-
estingly, two haplotypes found in Q. pontica are directly 
connected to this cluster, whereas two, more divergent, 
depart from haplotype #1, and two further are included in 
haplotype # 18. However, other diverging Caucasian white 
oaks samples are placed in haplotypes #32, 33. The latter 
two haplotypes and #36 cover various territories in central, 
south, east Europe and the Near East, whereas haplotype #31 
extends westwards from peninsular Italy, Sicily, and Sardinia 
to Spain. Together with #1, this highly related group of four 
haplotypes (#31, 32, 33, 36) collects the highest number of 
individuals across the entire dataset (up to 94 individuals 
each). Haplotype #33 also matched a complete chloroplast 
genome of Q. petraea (LT996899, England). Other haplo-
types with remarkable frequencies, but distributed on nar-
rower regions are #17, 18 and 24, respectively collecting 
21, 26 and 17 individuals from the Caucasus, the Black Sea 
coasts and Lebanon, and #19 and 41, each one collecting 12 
individuals from Sardinia. Some derivate haplotypes located 
at the tips of the network were scored from the Mediterra-
nean major islands (e.g., #20, 30, 41), south central Spain 
(#21, 22) and central Anatolia (#38, 39); except for hap-
lotype #41, they are all singlets. No further 100% identity 
scores with the GenBank complete Quercus genomes were 
identified.

Geographic structuring of the West Eurasian white 
oak plastid DNA variation

Dissecting the network into haplotype clusters based on 
molecular identity, affinity, scored frequency, and geo-
graphic positioning revealed some interesting geographic 
patterns (Fig. 5a–d). The two potentially ancestral variants 
(Fig. 5a; haplotypes #1, 2) are rather uniformly distributed 
across the Euro-Mediterranean region, all located within 35° 
and 44° Lat. North, except for the British (52° Lat. North) 
and one Caucasian sample. The four most frequent (and 
closely related) haplotypes (Fig. 5b; haplotypes #31, 32, 
33, 36) identify a west central Mediterranean distribution 
(#31: Iberia and Italy, major islands included), contrasted 
to a central east European (#33: England, France, Italian 
Peninsula, Austria, Czech Republic, north east Croatia, 
Romania, Bulgaria, Georgia, Armenia), and two south east-
ern Mediterranean distributions (#32: Italian Peninsula and 
Sicily, west Croatia, Bulgaria, Georgia and Lebanon; #36: 
Italian Peninsula, south Croatia, Serbia, Bulgaria, Greece). 
Figure 5c shows the distribution of the less frequent, disjunct 
haplotypes: one (#15) derives from the ancestral variants 
(Fig. 4), is related with the Caucasian haplotypes (#16, 17) 
and connects southeast Italy and Bulgaria; likewise, one hap-
lotype group (#23–28) departs from the ancestral variants 
and connects Lebanon to Iran across Turkey. Haplotypes #19 
(connecting Sardinia and south Italy), and #18 (connecting 
Ukraine, Turkey and Georgia) identify well-known biogeo-
graphical links within each region; however, the two haplo-
types result, unexpectedly, closely related. Finally, Fig. 5d 
shows the distribution of the single, narrowly distributed or 
highly divergent haplotypes: two haplotypes (#41 and 35) 
identified four populations in Sardinia (12 individuals) and 
one in Croatia (three individuals), all other were just sin-
glets. As shown in Fig. 4, haplotypes #41, 35, 20, 30, 34, 37 
and 40 are directly derived or closely related to co-occur-
ring main (#1, 32, 33 and 36) or disjunct (#19) haplotypes. 
In contrast, haplotypes #21, 22 (South Spain) and #38, 39 
(Turkey) are related to haplotypes from geographically very 
distant regions (#18 and 31, respectively).

Discussion

This work complements the current knowledge on plastid 
DNA phylogeography of West Eurasian oaks (sects. Ilex and 
Cerris, Simeone et al. 2016; Vitelli et al. 2017; Simeone 
et al. 2018), filling the large gap represented in particular 
by sect. Quercus and extending and improving upon the 
only available diversity studies that were conducted more 
than 20 years ago with dated molecular tools (Petit et al. 
2002a and references therein). The two markers used herein 
acted synergistically, enabling identification of congruent 
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widespread patterns and additional derived haplotypes with 
a narrower distribution (Supplementary file S3). Moreover, 
our analyses took advantage of the sequences available on 
GenBank to reveal molecular patterns consistent with major 
(genus level) and circumstantial (regional level) oak phy-
logenies, and outline a compelling framework of the white 
oaks evolution in Europe which will deserve new attention 
in future studies.

Phylogenetic patterns

The RAxML tree topology shown in Fig. 2 perfectly matches 
the most recent inter and intrasectional differentiation 
obtained with both more numerous and/or more powerful 
plastid markers (five DNA regions: Yang et al. 2020; over 
200 coding and non-coding loci from RNA-seq data: Yang 
et al. 2021; whole genome sequencing: Zhou et al. 2022), 
and complements the evidence recently derived from nuclear 
data (RAD-sequencing; Hipp et al. 2020) of the complex 
genus evolution. As a side result, the peculiar relationships 
of the sect. Ilex Euro-Med lineage in relation to the Eurasian 

sect. Quercus is highlighted (see Fig. 3). As originally sug-
gested in Simeone et al. (2016), the Euro-Med lineage may 
have been among the earliest diverging Quercus plastomes 
and represent the legacy of an ancient cross-sectional oak 
lineage (cf. Yang et al. 2021) established in the West Medi-
terranean area. Our phylogenetic reconstructions (Figs. 1 
and 2) also separate New World and Old World oaks of 
the same evolutionary lineage, i.e. sect. Quercus and Pon-
ticeae, complying with a geographic differentiation in their 
primordial members predating divergence and subsequent 
manifestation in modern taxa (Denk and Grimm 2010). In 
fact, the observed sectional plastome non-monophyly has 
already been documented in American and Eurasian oaks 
(Pham et al. 2017; Crowl et al. 2020; Manos and Hipp 2021; 
Zhou et al. 2022), and explained with chloroplast capture 
via hybridization in the early diversification of the genus. In 
sect. Ponticae (see Figs. 1 and 3) it has been postulated that 
the relict species Q. sadleriana survived by introgressing 
plastomes from sympatric Protobalanus members in the past 
(McVay et al. 2017; Hipp et al. 2020). Similarly, its Cauca-
sian sister (Q. pontica) introgressed plastomes of sympatric 

Fig. 5  (a–d) Geographic patterns of the plastid haplotype variation 
in West Eurasian sect. Quercus, (investigated and GenBank retrieved 
datasets), including 100% identical trnH-psbA + trnK-matK hap-
lotypes detected in the complete chloroplast genomes of Eurasian 

subgen. Quercus. Connections between haplotypes are reported (see 
Fig. 4). a: Potential ancestral haplotypes; b: most frequent West Eura-
sian haplotypes; c: less frequent, disjunct haplotypes; d: local, unique 
haplotypes
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(Caucasian) members of sect. Quercus, likely from differ-
ent sources and at different times in the past. On the other 
hand, the intra-sectional deep incongruence between plastid 
data and taxonomic identity is well-acknowledged across 
the entire genus (Yang et al. 2021). However, the lack of 
resolution we observed within the Eurasian white oaks, even 
between members from western and eastern Eurasia, was 
somewhat unexpected and is in sharp contrast with sects. 
Cerris and Ilex (c.f. Simeone et al. 2018; Yang et al. 2021).

The molecular diversity values reported in Table 1, col-
lected from a vast and comprehensive Eurasian oak data-
set, help to explain the low resolution of our phylogenetic 
reconstructions. In particular, we can see that despite the 
higher numbers of species and individuals investigated, the 
West Eurasian white oaks (both those investigated here and 
the GenBank expanded dataset) showed: (1) fewer, and (2) 
less variable haplotypes (in terms of sequence divergence) 
than West Eurasian members of sect. Ilex, and only slightly 
higher variation than West Eurasian members of sect. Cer-
ris, of which there were far fewer individuals included in 
the comparison. Interestingly, Yang et al. (2020) found the 
same differences comparing five plastid markers across East 
Asian members of the three sections, and suggested differ-
ent evolutionary dynamics associated with their distinct 
origins (New/Old World) as a possible explanation. In our 
work, the variation found suggests the identification of a 
single West Eurasian white oak haplotype lineage (largely 
unresolved in the RAxML tree and Neighbour-Net graph), 
in sharp contrast with the three lineages found in (sympa-
tric) sect. Ilex (WAHEA, Cerris-Ilex, West-Med; Simeone 
et al. 2016) and the (at least) two in sect. Cerris (L1, L2; 
Simeone et al. 2018). In these cited studies, the different 
intra-sectional lineages were identified based on their rela-
tive positions in the phylogeographic reconstructions (e.g., 
high-supported clades and subclades in the RAxML tree, 
congruent geographic distribution) and the high number of 
mutations (up to five) separating the closest haplotypes of 
each lineage. Instead, the poorly resolved West Eurasian 
white oak haplotypes (Figs. 1 and 2) are each separated by 
single mutations (with the only exception of two singlets 
likely corresponding to geographically isolated samples; 
Fig. 4). The East Eurasian samples showed some divergent 
haplotype clusters and singlets that might suggest the occur-
rence of further lineages (c.f. Yan et al. 2019; Yang et al. 
2020). However, differences in the representativeness of the 
sampling designs across West and East Eurasia may have 
contributed to revealing a sort of genetic continuum in the 
more densely sampled Western regions, in contrast to the 
more punctuated diversity in the less covered Asian region.

The Northeast Asian origins of sect. Ilex (first) and sect. 
Cerris (soon after) have been traced back to the Eocene 
(40–50 million years ago; Denk et al. 2023). Subsequent 
range expansions lead their progenitors to penetrate and 

colonize Western Eurasia along two different routes (Ilex: 
via the Tibet-Himalayan Corridor; Cerris: across Northern 
and Central Asia; Jiang et al. 2019; Denk et al. 2023) by > 20 
million years ago (Early-Middle Miocene), causing major 
East–West Eurasian splits, and soon after differentiating 
their main intra-sectional lineages and species groups. All 
gathered data exhibited by the plastid markers in the Euro-
Mediterranean members of these two sections (Vitelli et al. 
2017; Simeone et al. 2018) show clear phylogeographical 
patterns that are indicative of reticulation, lineage sorting, 
diversification and quick dispersal not involving severe 
bottlenecks.

In contrast, colonization of Eurasia by a stock of North 
American sect. Quercus oaks can be dated considerably later 
(ca. 10 to 20 million years ago; Hipp et al. 2020), with the 
major intra-sectional split between the plastomes of the two 
white oak groups explained on the basis of their long-term 
geographic isolation due to submersion of the North Atlan-
tic and Bering land bridges since the late Neogene (Denk 
et al. 2017). According to some authors, species differen-
tiation and the division into eastern and western Eurasian 
lineages would have taken place in the late Miocene (ca. 
10 Ma), as the likely result of decreasing temperatures and 
an intensification of the Asian monsoon system (Yan et al. 
2019; Hipp et al. 2020). By the Late Miocene – Early Plio-
cene, the West Eurasian white oak progenitors were estab-
lished in most European regions investigated in the present 
study (Jiménez-Moreno and Suc 2007; Kvaček et al. 2008, 
2020; Velitzelos et al. 2014; Barrón et al. 2017; Niccolini 
et al. 2022; Vieira et al. 2023). During this period, these 
oak populations experienced multiple extirpation, biome 
shifts and complex repopulation phases over time (Kremer 
and Hipp 2020). Heavy vegetation changes with continu-
ous remodelling in the structure and composition of both 
local and regional floras were caused by considerable geo-
morphological and climate changes along with the Messin-
ian Salinity Crisis (Krijgsman et al. 1999; Krijgsman 2002), 
the late Pliocene development of the Mediterranean climate 
(Suc 1984), the Pleistocene Glacial/Interglacial cycles (Pons 
et al. 1995) and the concurrent uplift of major mountain sys-
tems associated with intense volcanic activity, and repeated, 
temporary land connections across sea straits (Blondel et al. 
2010; Nieto Feliner 2014). As a result, a mosaic of local/
regional conditions varying with latitude, longitude, alti-
tude and sea proximity (Suc 1984; Suc and Popescu 2005) 
occurred especially in the Mediterranean regions, where 
temperate Quercus forests became progressively dominant 
around 1.4–1.3 Ma (Combourieu-Nebout et al. 2015; Magri 
et al. 2017) and found effective shelters from the widespread 
tree extinctions across much of Northern and Central Europe 
during the ice ages (Brewer et al. 2002).

The preliminary climatic deterioration of the late Plio-
cene, and especially the upheavals linked to the Pleistocene 
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glacial and interglacial cycles, probably affected the newly 
arrived mesophylous white oaks more severely than the 
long-established, xero-thermic Ilex and pre-adapted Cer-
ris oaks (Denk et al. 2023), further depleting their plastid 
diversity. The current geographical distribution of the West 
Eurasian species belonging to sect. Quercus and those of 
sect. Cerris and Ilex, as well as their ecological features, 
suggest some interpretative keys to explain the haplotype 
depletion characterizing white oaks. Sects. Ilex and Cer-
ris oaks show a strictly steno-Mediterranean distribution 
(the former) and Euro-Mediterranean-Pontic (the latter). 
The European species of Sect. Quercus show a much wider 
northern distribution, seemingly related to their ability to 
cope with microthermic climates (e.g., Q. petraea s.l. and 
Q. robur, exhibiting their centre of distribution in Central 
Europe and extending westwards to the whole British Archi-
pelago and northwards to southern Scandinavia and Siberia). 
It is therefore probable that sects. Cerris and Ilex species 
underwent only limited range contractions during the glacia-
tions or were able to reach glacial refugia with relative ease 
by virtue of their privileged long-established southern dis-
tribution, thus conserving a huge portion of the populations 
and their genetic diversity. In contrast, a large part of white 
oaks populations (i.e., those of central and northern Europe) 
were constrained between the ice caps advancing from the 
north and the southern Pyrenees-Alps-Carpathians longitu-
dinal mountainous alignment and were drastically reduced. 
This dramatic entrapment, which almost totally prevented 
oak forests migration southwards causing a virtual mass 
extinction (see Bennett et al. 1991), had the consequence 
that significant portions of the genetic diversity brought by 
the “northern” white oaks populations was irretrievably lost. 
The highly heterogeneous and changing landscapes of the 
post-glacial periods then allowed preservation of the genetic 
pools that survived in the earlier inhabited southern regions, 
and promoted diversification triggering adaptation, isolation 
and drift in the backup sources for subsequent recolonization 
(Hipp et al. 2018).

Phylogeographic patterns

The two haplotypes located at the centre of the Network 
(Fig. 4, haplotypes #1, 2), closer to the connection with 
the North American Cerris and Ilex sister lineages, can be 
considered the ancestral Eurasian white oak haplotypes. 
These haplotypes are exhibited by up to ten East samples 
and a large number of West Eurasian ones, with a fourth 
Asian haplotype separated by just one mutation. Yan et al. 
(2019) also found one shared haplotype between two East 
and three West Eurasian white oaks (far east Russia, North 
Europe) by using trnH-psbA and three other plastid marker 
sequences, strengthening the suggestion of extremely ancient 
genetic imprints still surviving in some Eurasian white oak 

plastomes. Given the geographical distribution of the sam-
ples included in our study, #1 appears to be dominant in the 
west-central European regions, whereas #2 is restricted to 
southern (Sicily), southeastern (Lebanon) and eastern (Geor-
gia) latitudes, with a higher frequency in East Asia. Such a 
spatial separation could be explained by a different (western/
eastern), possibly coeval, origin of the two ancestral hap-
lotypes. Subsequent molecular differentiation (suggested 
by the relatively high number of derived lineages (Table 1) 
seems to have occurred with different efficacies on the two 
sides of the continent, probably reflecting the different eco-
logical opportunities offered by the two regions or promoted 
by the different topography and survival rate of these oaks 
during the Pleistocene (c.f. Li et al. 2019). In West Eurasia, 
all the most frequent European haplotypes (# 31–33, 36) 
are directly linked to the ancestral variants; the white oaks 
pronounced ability for rapid migration (Kremer and Hipp 
2020) likely worked in concert with the complex palaeoge-
ology and palaeoclimatology of Europe and the Mediterra-
nean basin to allow a highly efficient recolonization across 
Europe, but resulting at the same time in a phylogeographic 
structure which is difficult to dissect. Nevertheless, some 
basic patterns can be identified.

The ancestral haplotypes H01 and H02 are concentrated 
in southern Europe, whereas they are almost totally absent 
from central-northern Europe. We cannot exclude the pos-
sibility that the asymmetric North/South distribution may 
partially arise from the preponderance of southern European 
populations in our dataset. However, the two haplotypes 
occur in a wide number of Euro-Mediterranean territories 
(Fig. 5a), where regions able to host them are known to 
have existed for prolonged periods during both the Miocene 
and Pleistocene (Médail and Diadema 2009). It is therefore 
much more likely that this asymmetric distribution is to be 
linked to the survival of original gene pools and the role 
played by the Quaternary glaciations in repeatedly resetting 
the genetic memory of the European white oak populations. 
The most accredited theory is that the vegetation landscape 
of the Central and northern Europe, currently occupied by 
the deciduous temperate forests Biome, was almost com-
pletely covered by the Artemisia sp. steppe-like grasslands 
and the cushion-like Tundra during the Quaternary cold 
periods (Magri 2010; Tzedakis et al. 2013). Although it 
cannot be excluded that isolated stands of conifers could 
have survived in refugia in central Europe during the last 
glaciation (Fickert et al. 2007; Parducci et al. 2012a) a topic 
on which the debate is still open, (see Birks et al. 2012 and 
Parducci et al. 2012b),) the hypothesis of the occurrence of 
northern refugia for the significantly more thermophilous 
white oaks seems untenable. Accordingly, the absence of 
ancestral haplotypes of white oaks from the European terri-
tories north of the Alps is somewhat to be expected. In con-
trast, the absence of ancestral haplotypes within a large belt 
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of central and southern Europe including Italian Po valley, 
northern Croatia and Serbia was not expected. It is probable 
that the cold and semi-arid conditions which characterized 
the Late Dryas (12,500 years BP) and that persisted in the 
first two millennia of the Holocene played a crucial role. Pol-
len data reports that in northern Italy such prolonged harsh 
climate events pushed the boreal coniferous forests to the 
foothills of the southern slopes of the Alps and the cold step-
pic grasslands to the Adriatic Sea coasts, causing complete 
extinction of deciduous forests or their confinement within 
a few small-size enclaves (Ravazzi et al. 2007; Kaltenrieder 
et al. 2009; Pini et al. 2022).

The presence of haplotype # H01 in Great Britain might 
seem out of context, considering that the ancestral haplo-
types are absent from countries located much further south 
than Great Britain, such as France, Austria, and Serbia. 
However, this British occurrence is not surprising (see Cot-
trell et al. 2002; Nocchi et al. 2022), being explainable by an 
efficient migration of Iberian white oaks in the post-glacial 
period (even though the lack of basic information on the 
provenance of the British sequences downloaded from Gen-
Bank means that anthropic plantations of southern European 
germplasm cannot be excluded). As far as Southern Europe 
is concerned, in contrast to Sicily (see below), no ancestral 
haplotypes were found in Sardinia, despite our extensive 
sampling and the well-known richness in systematically 
isolated plant paleo-endemisms of this island (Mansion 
et al. 2009; Schmitt et al. 2021; Fois et al. 2022). In fact, 
the conservation and evolution of the genetic heritage of the 
white oaks in Sardinia and Sicily differed according to the 
differing paleogeographic histories of these two islands. The 
Sardinian block detached from the Catalan-Provençal plate 
(southern France and north-eastern Spain at present) in the 
early Miocene (ca. 30–15 Ma) and started a backward migra-
tion that brought it to the centre of the proto-Tyrrhenian Sea 
during the Messinian age. Since then, no further land con-
nections occurred with the mainland, with possible excep-
tions during the Messinian salinity crisis, when it is assumed 
Sardinia was connected to the Apulian platform and to north 
Africa (Hsü et al. 1977), and during the LGM when a con-
nection with the Tuscan Archipelago has been hypothesized 
(Médail and Diadema 2009; Schmitt et al. 2021).

Consequently, Sardinia displays four differently derived 
plastid variants which can be related to the paleogeographic 
events mentioned above. The lack of ancestral haplotypes 
may reflect the Early Miocene geological detachment of the 
Sardinian block from the Western European landmass (i.e., 
before the arrival of the original North American white oak 
plastomes); haplotype # 19 (Q. congesta, Q. ichnusae, Q. 
virgiliana) might be indicative of the ancient (Messinian) 
links with the Southern Italian Peninsula, coupled with 
more recent (Pleistocene glacial periods) immigrations from 
Northern Italy (haplotype # 31; Q. congesta, Q. pubescens), 

likely facilitated by land connection via the Tuscan Archi-
pelago. Further recent diversification (derived haplotypes # 
20, 41; Q. congesta, Q. ichnusae, Q. virgiliana) could have 
been triggered subsequently owing to isolation.

In contrast, Sicily (with an equally ancient history and 
a more complex orography) was less isolated. Both at the 
Miocene-Pliocene boundary and during the Pleistocene, 
there were no barriers to oak migration from northern Ital-
ian and Balkan territories via adjacent Calabria and Apulia 
(see alsoVitelli et al. 2017; Simeone et al. 2018). According 
to some authors (Brullo et al. 1999; Pignatti et al. 2017), 
in Sicily at present there are no Q. petraea subsp. petraea 
and Q. pubescens s.s., but rather their southern xerothermic 
forms (Q. petraea subsp. austrotyrrhenica, Q. amplifolia, Q. 
congesta, Q. dalechampii, Q. leptobalanos, Q. virgiliana). 
Although the most recent bio-systematic revisions do not 
seem to confirm this taxonomic and nomenclatural variabil-
ity (Di Pietro et al. 2020a, 2021), we can only hypothesize 
that the pronounced paleogeographic and paleoclimatic 
vicissitudes that Sicily experienced over geological history 
allowed an early island colonization, local preservation of 
ancient haplotypes, subsequent diversification and exchange 
with the mainland. Morphologically only slightly observa-
ble, this variability is expressed in a phylogeographic key by 
four different haplotypes, including the potentially ancestral 
#2 (at its westernmost occurrence; Q. congesta), the early 
derived #31, 32 (in all the taxa occurring in Sicily) and an 
isolated derivate from the ancestral haplotype #1 (#30; Q. 
virgiliana).

Finally, the geographical distribution of the most frequent 
haplotypes identified in our study (# 31- 33, 36) also seems 
to be well structured and consistent with the current bio-
geographical map of Europe (Rivas-Martínez et al. 2004). 
The major western/eastern separation is demonstrated by the 
geo-vicariance of haplotypes # 31 and # 36, while the overall 
distribution of haplotype # 36 perfectly matches the bounda-
ries of the Apennine-Balkan Province. The wide distribu-
tions of haplotypes # 32 and 33 (extending from southern 
Italy to the Caucasus and Lebanon, and from central Europe 
to Great Britain) likely provide evidence of biogeographic 
connections prior to Quaternary glaciations and may reflect 
ancient East/West vicariance. The evolutionary interpre-
tations of the haplotypes found in the most densely sam-
pled area of our study (the Italian Peninsula and its major 
islands), are presented in Table 2.

Phylogeography of the European white oak 
plastome revisited

Despite the unbalanced sampling designs, we may sketch 
a comparison of our results with the distribution patterns 
proposed by (Petit et al. 2002a, b), representing the latest 
synthesis and the current state of the art for the European 
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white oak plastome diversity. In their seminal works con-
ducted on over 2600 white oak populations across Europe 
(overlooking, however, the southeast Mediterranean and 
Near east areas), Petit et al. (2002a) detected 32 chloro-
plast PCR–RFLP haplotypes grouped in six major lineages 
(A–F). In contrast, our data include the overlooked regions 
but are somewhat deficient as regards the Northern Euro-
pean regions. However, we detected a comparable number 
of genetic variants (29) and we can expect the greater part 
of the molecular plastome diversity has been captured by 
our investigation. In fact, Petit et al. (2002a) also identified 
fewer chloroplast variants in Northern Europe and all present 
in the southern regions.

Our results match several of the previously assessed find-
ings and provide additional insights. We confirm that many 
haplotypes have an extremely large distribution while oth-
ers are more delimited, and that non-coeval molecular sig-
natures coexist in the three Mediterranean peninsulas and 
major islands (Sicily and Sardinia). In addition, the same 
major areas of genetic similarity are found in our work too, 
confirming the previously acknowledged refugial role and 
the subsequent recolonization routes (Petit et al. 2002b). 
These certainly include the patterns of the most widespread 
haplotypes #31, 32, 33 and 36, identifying clear phylo-
geographic relationships between North Spain, Italy and 
major Tyrrhenian islands (#31), the Italian Peninsula and 
the southern Balkans (#36), Italy and Central-East Europe 
(#32, 33). Other congruent relationships are also evidenced 
by less widespread haplotypes such as #15 (South Italy and 
the Balkans), #18 (Black Sea coasts) and #19 (South Italy 
and Sardinia), whereas haplotypes #23–28 identify the pre-
viously overlooked Near East region. The occurrence of 
unique Iberian and Italian haplotypes (#20–22, 29, 30, 37) is 
also confirmed (cf. Olalde et al. 2002; Fineschi et al. 2002), 
together with the new evidence of further rare variants in the 
Southeast Mediterranean area (#16, 23, 25–28, 35, 38–40). 
Finally, not a single species showed an exclusive haplotype 
composition: the most densely sampled species (22 to 68 
individuals each of Q. robur, Q. petraea, Q. frainetto, Q. 
iberica) displayed six to eight highly shared haplotypes, the 
only exception being a peculiar form of Q. robur from Ana-
tolia (Q. haas).

However, we also document some significant novelties as 
compared to the generally accepted scenario. Our extensive 
dataset, combining new sampling points with a high number 
of GenBank sequences from the whole of Eurasia, enabled 
us to sketch out for the first time a suggestive phylogenetic 
backbone of the white oak plastome, to identify ancestral 
signatures and highlight a well-structured phylogeographic 
distribution. Evidence of ancestral haplotypes possibly dat-
ing back to the Miocene, i.e. prior to the white oaks spe-
cies’ differentiation and separation between the Eastern and 
Western Eurasian, opens up new interpretative scenarios on 

the evolution of white oaks and their spread across Europe. 
Furthermore, 17 unique variants were found, all exhibited by 
isolated (Sardinian, Sicilian) or disjunct (Anatolian, Leba-
nese, South Iberian) populations of species otherwise shar-
ing the largest part of their plastome signatures with numer-
ous congenerics, independently of geographic proximity or 
taxonomic affinity. The only exceptions are the Anatolian 
endemic Q. vulcanica and a couple of undefinable hybrids 
from Lebanon. In fact, the majority of the unique haplo-
types (either ancient or derived) are displayed by xerophy-
lous species, such as Q. faginea, Q. ichnusae, Q. infectoria, 
Q. pubescens, Q. virgiliana. This finding can be explained 
by means of a combination of ancestral legacies, ability to 
adapt to Mediterranean ecological extremes and isolation 
(i.e., ‘phylogenetic conservatism and ecological opportunity’ 
Cavender-Bares 2019; Hipp et al. 2020). As such, they may 
provide new input for future, more informative studies on 
the white oak phylogenomics.

Another newly emerging result is the multitasking phy-
logeographic role played by the Italian Peninsula, which 
hosted numerous glacial refugia, and did not simply act as 
a crossroad for widespread haplotypes but rather as a real 
biogeographical threshold. This is evident observing the 
structured distribution of the ancestral haplotypes, as well as 
the distribution of their derived variants that find their east-
ernmost (#31) or westernmost (#32, 36 boundary precisely 
in the Italian Peninsula. Among these, and with a sharp-
ness that has never emerged in previous works on European 
white oaks, a well-defined Amphi-Adriatic haplotype area 
has here been outlined. This creates interesting parallels with 
what has recently emerged from other fields of research, 
for example the new insight on the coenological and syn-
chorological features of the Quercus frainetto and Q. cerris 
Apennine-Balkan forests (Di Pietro et al. 2020c), and the 
biosystematics studies regarding some other diagnostic (in 
phytogeographical terms) genera, such as Campanula, Sal-
via, Sesleria (Kuzmanović et al. 2017; Janković et al. 2019; 
Radosavljević et al. 2022). Obviously, we are aware of the 
paucity of data from Greece, Anatolia, and Eastern Europe 
from which it would be reasonable to expect a greater 
diversity than that detected by means of the relatively few 
samples included in our analyses. Greater availability of 
data may have enabled us to obtain results similar to those 
obtained for Q. cerris (Bagnoli et al. 2016), also considering 
the remarkable occurrence of ancestral (Bulgaria, Georgia), 
inter-sectionally shared (Georgia), disjunct (Ukraine), highly 
diverse (Bulgaria) and unique (Croatia, Georgia) haplotypes 
found in our study.

A final comment is also due regarding the genetic varia-
tion found in Q. pubescens s.l., the most xero-thermic white 
oak in western Eurasia. This species revealed the highest 
number of haplotypes (18) in the entire dataset, including 
both ancient and derived variants. Five haplotypes, uniquely 
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located in Spain, Italy (2), Croatia and Greece, were found 
solely in its typical form (Q. pubescens Willd.), whereas 
seven haplotypes can be assigned to its (largely Italian) taxo-
nomically critical species (e.g. Q. congesta, Q. virgiliana 
etc.). The remaining were interspecifically and geographi-
cally highly shared. This high variability of Q. pubescens s.l. 
plastid DNA matches other findings highlighted in previous 
papers, such as this species’ wide morphological variability 
(probably the widest in the whole genus) which was demon-
strated as deriving from a genetic base (Viscosi et al. 2009; 
Curtu et al. 2011; Fortini et al. 2015b) and its pronounced 
tendency to introgressive hybridization which, according to 
some authors, represented one of the most effective mecha-
nisms of its postglacial expansion (Lepais and Gerber 2011).

All this indicates the long, complex evolutionary history 
and the high tendency to local adaptation and differentiation 
of the downy oaks, which, although it is still far from being 
completely understood, bodes well for the adaptation of this 
xerothermic oak to the current ongoing climatic changes.

Conclusion

The rise of phylogenomic analysis over the last few years 
has provided superior tools for clarifying the evolutionary 
diversification of Quercus. However, the recent boost in the 
availability of genomic data deriving from one to few indi-
viduals per species may not provide reliable and complete 
information, especially if samples from biogeographically 
important areas are neglected and diagnostic natural popula-
tions are not considered. Findings resulting from our meth-
odological trade-off (few markers, many samples, biogeo-
graphical diagnosis, GenBank exploitation, comprehensive 
comparative analyses) are complex or even puzzling, but at 
the same time confirm basic geographic patterns and high-
light important variants bearing notable biogeographic or 
evolutionary signatures.

Our reconstructions are congruent with the general 
framework provided by Petit et al. (2002a, b). We gathered 
evidence that the West Eurasian white oaks, which origi-
nated from a limited genetic source and were only recently 
distributed across the continent after passing through a 
long series of impacting events in highly heterogeneous 
landscapes, have preserved a poorly differentiated plastid 
DNA, where signatures of a distant past abide with more 
recent, still unfixed genetic diversity. Finally, we provide 
a phylogenetic inference in which geographical areas (and 
their oak populations) preserving very ancient molecular 
signatures, overlapping combination of extensive Pliocene 
to Pleistocene migration waves, and local, more recent dif-
ferentiation, are highlighted. Such a prolonged preservation, 
diversification and cohabitation dynamics of the white oak 
plastome certainly requires more in-depth multidisciplinary 

studies aimed at identifying the drivers of species evolution, 
identity and community assembly, in order to implement 
adequate conservation strategies. Some Eurasian regions 
have never been included in a thorough phylogenetic work 
and these were largely overlooked in recent phylogenomic 
studies; they include the focal area of our study (Central 
and South Italy, Sardinia, Sicily), together with central 
Iberia, Anatolia, the Middle East and the Caucasus. More 
specifically, the Italian Peninsula emerges as a clear phylo-
geographic threshold for lineages of different origins and 
provenance. Despite extensive blurring of specific molecular 
footprints via admixing over time and incomplete reproduc-
tive barriers, ancient and derived plastid variants co-occur in 
Italy, intriguingly encompassing some “major” species (Q. 
frainetto, Q. petraea s.s., Q. pubescens s.s., Q. robur s.s.) 
and peculiar, endemic, and still enigmatic phenotypes that 
urge a better assessment. Beyond the taxonomic and nomen-
clatural issues on their specific binomials, our results stress 
the potential biological and conservation significance of Q. 
petraea subsp. austrothyrrenica, Q. congesta, Q. virgiliana 
and Q. ichnusae in Italy, Sardinia and Sicily (this work), 
together with Q. faginea in Andalucia, Q. vulcanica and 
Q. macranthera subsp. syspirensis in Anatolia, Q. kotschy-
ana and Q. cedrorum in the Middle East, Q. hartwissiana, 
Q. iberica and Q. robur subsp. imeretina in the Caucasian 
region (Ekhvaia et al. 2018; Hipp et al. 2020; Douaihy et al. 
2020; Piredda et al. 2021). Future research on genomic vari-
ants with potential phylogenetic importance or exploitable 
(adaptive) traits capable of increasing the European forest 
cover, withstand the ongoing climate change and reverse the 
biodiversity crisis, should be focused more on oaks from 
Southern latitudes and should be inclusive of all peculiar 
xero-types having still unresolved taxonomy.
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