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ABSTRACT

Climate change is expected to increase drought stress across large parts of Central Europe, raising the question of
whether southern oak populations may represent valuable genetic resources for future climate-adaptive forest
management. In this exploratory study, we investigated genomic relationships among Quercus robur (pedunculate
0ak), Q. pedunculiflora (greyish oak), and morphologically transitional individuals sampled from Bulgaria,
Romania, and Hungary using low-coverage whole-genome resequencing. Genome-wide analyses revealed weak
but consistent nuclear genomic differentiation within the Q. robur complex, consistent with the recognition of
Q. pedunculiflora as a differentiated lineage. Within the limitations of the present sampling design, this pattern is
compatible with subspecific rank rather than treatment as a separate species or a simple ecological variant of
Q. robur. No genomic evidence was found for the occurrence of Q. pedunculiflora in the sampled Hungarian
material, including individuals previously assigned to this taxon based on morphology. Phylogenomic analyses
indicated heterogeneous chromosome-level signals, while morphologically transitional individuals did not form
a separate genomic lineage. Analyses of 21 previously identified drought-responsive candidate genes showed
substantial overlap in normalised mapped dosage between taxa and geographic groups, with no statistically
supported differences. Together, these results provide no evidence that systematic dosage differences in the
examined drought-responsive candidate genes underline the observed genomic differentiation. From an applied
perspective, Balkan oak populations represent candidates for further evaluation in provenance and assisted gene-
flow trials, rather than genetically demonstrated sources of drought-adaptive variation for immediate operational
deployment.

1. Introduction

boundaries remain permeable despite persistent lineage cohesion
(Hardin, 1975; Hipp et al., 2019; Hipp, 2024; Ribicoff et al., 2025). The

Oaks (the genus Quercus L.) comprise approximately 435 species
across the Northern Hemisphere and represent one of the most ecolog-
ically and economically important forest tree groups (Aldrich and
Cavender-Bares, 2011; Hipp, 2024; Kremer and Hipp, 2020; Menitsky,
1984; Nixon, 1993). Species delimitation within the genus is chal-
lenging due to extensive phenotypic plasticity, frequent hybridisation,
and ongoing gene flow, resulting in weak genetic differentiation among
closely related taxa (Gailing and Curtu, 2014; Gerber et al., 2014; Hipp
et al., 2020; Leroy et al., 2020; Semerikova, 2025). Oaks are therefore
often considered a paradigmatic syngameon, in which species

syngameon may contribute to their evolutionary success by combining
substantial lineage divergence with episodic inter-lineage gene flow,
thereby facilitating adaptation across heterogeneous environments
(Cannon and Petit, 2020; Hipp et al., 2020; Hipp, 2024; Kremer and
Hipp, 2020; Leroy et al., 2020).

Advances in next-generation sequencing have enabled high-
resolution genomic analyses of oak evolution (Hipp et al., 2014, 2019;
Leroy et al., 2020; McVay et al., 2017; Morales-Saldana et al., 2024).
Additionally, studies indicate that genomic differentiation is heteroge-
neous: most regions remain weakly differentiated and relatively
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permeable to gene flow, whereas a smaller subset of loci shows strong
divergence, consistent with the action of selection (Guichoux et al.,
2013; Scotti-Saintagne et al., 2004). The availability of
chromosome-scale genome assemblies for several oak species has
further improved our understanding of genome evolution and phylo-
genomic discordance within the genus. For example, studies on Quercus
mongolica (Ai et al, 2022), Q gilva (Zhou et al, 2022) and
North-American white oaks (Ribicoff et al., 2025) have demonstrated
that different genomic regions may retain distinct evolutionary histories
as a result of incomplete lineage sorting and historical introgression.
Moreover, whole-genome screening approaches have proven effective in
identifying near-diagnostic genetic markers and clarifying species
boundaries within both the American (Hipp et al., 2019; Ribicoff et al.,
2025) and the European white oak complex (Kremer et al., 2024).
Quercus robur L., a key European member of the white oak species
complex, is a dominant lowland tree species in Europe, with high
ecological and economic importance and exceptional associated biodi-
versity, and is widely regarded as a keystone species supporting a large
number of dependent organisms (Csoka and Ambrus, 2016; Hung et al.,
2025; Molder et al., 2019). However, these ecosystems are increasingly
threatened by climate change, especially towards the southern margin,
particularly by drought (Aitken et al., 2008). In Central-Eastern Europe,
including Hungary, the long-term persistence of lowland and
drought-exposed Q. robur stands in the southern part of its distribution
range is increasingly uncertain, prompting the search for alternative or
complementary taxa suitable for future conditions (Bartha et al., 2018).
Identifying genetically suitable source populations has therefore become
a key objective in climate-adaptive forest management (Benke et al.,
2022). In this context, populations originating from south-eastern
Europe, particularly from the Balkan Peninsula, have gained
increasing attention as potential sources of adaptive genetic variation
due to their exposure to warmer and drier climatic conditions. However,
the introduction of more southerly lineages should be approached
cautiously, as a large-scale population genetic study of Turkey oak
(Quercus cerris) revealed multiple genetic groups across Central and
Southeast Europe, indicating that long-distance transfers of reproduc-
tive material may result in admixture between genetically differentiated
groups (Lados et al., 2026). Genetic assessment of potential source
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populations should therefore precede their consideration for forest
management applications.

Quercus pedunculifiora K. Koch is a taxon closely related to Q. robur.
Their taxonomic relationship is confusing: Q. pedunculifiora has some-
times been treated as an ecotype (Donita et al., 2003; Menitsky, 1971) or
as a subspecies (Bohlmann, 2015; Menitsky, 1984) of Q. robur, but it is
more often regarded as a separate species (Apostol et al., 2017;
Georgescu and Morariu, 1948; Koch, 1849; Matyas, 1967; Schwarz,
1937). Q. pedunculiflora is morphologically very similar to Q. robur,
but certain leaf indumentum characteristics (Apostol, 2019; Enescu,
2017; Hegediis et al., 2025) and a single subtle but diagnostic
morphological character, namely the apex of the acorn’s cupule scales
(Georgescu and Morariu, 1948; Hegediis and Bartha, 2025), distinguish
the two taxa. Genetic evidence indicates very low differentiation, an
absence of diagnostic alleles, and extensive sharing of chloroplast hap-
lotypes between these taxa, suggesting incomplete lineage sorting and
ongoing gene flow (Curtu et al., 2011). These patterns are consistent
with an early stage of divergence within the European white oak com-
plex (Curtu et al., 2007). In such systems, we expect divergence to affect
only part of the genome, while extensive ancestral polymorphism and
ongoing introgression maintain broad genetic similarity between taxa.

More pronounced is the difference in habitat preference. The liter-
ature describes Q. pedunculiflora as a taxon adapted to warmer and drier
environments in south-eastern Europe and western Asia (Apostol, 2019;
Enescu, 2017), where its distribution partly overlaps with that of
Q. robur. Its range spans the north-eastern part of the Balkan Peninsula,
the lowland regions around the Caucasus, and parts of Asia Minor,
extending as far southeast as north-western Iran (Fig. 1), where it oc-
cupies sites with lower water availability than Q. robur (Georgescu and
Morariu, 1948; Schwarz, 1937), and the two show mutual ecological
vicariance in sympatry (Yilmaz and Yilmaz, 2016). The northwestern
range limit of Q. pedunculifiora lies directly adjacent to the Pannonian
Basin, where oaks are major components of similar lowland habitats
(Bohn et al., 2000-2003). Given the morphological similarity and
habitat availability, its occurrence in Hungary has been suggested but
remains unconfirmed (Gencsi and Vancsura, 1992; Pintér et al., 2025).
As distinct oak lineages reflect multiple colonisation routes in Central
and Southeastern Europe (Bordacs et al., 2002), the presence of

Fig. 1. Sampling locations and distribution ranges of the studied Quercus taxa. Yellow dots indicate the sampling locations included in this study. The green shaded
area represents the distribution range of Quercus robur based on EUFORGEN data, whereas the red shaded area indicates the reported distribution range of Quercus
pedunculiflora based on Jalas and Souminen (1976) and Menitsky (1984). Some peripheral occurrences, particularly in N Serbia, remain insufficiently confirmed and
should be regarded as tentative. The inset map highlights the overall distribution of the studied taxa in Europe and adjacent regions. Localities on the map: 1. HU:
Debrecen: Nagyerdé: Medve-sarok; 2-3. HU: Kunpeszér; 4. HU: Bikdcs 65/C; 5-6. RO: Poiana Gruii; 7. RO: Piscu Sadovei; 8. RO: Campu Parului; 9-10. BG:
Muselievo; 11-12. BG: Komarevo to Podem roadside; 13. BG: Riben; 14. BG: Bivolare: Vit river plain; 15. BG: Pleven: public park.
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Q. pedunculiflora in the Pannonian Basin as a relict is also plausible,
including tentative reports from the northern Banat region of Serbia
(Josifovic, 1970).

Climate change is progressing rapidly and is accompanied by an
increasing frequency of extreme weather events (IPCC, 2021). In
Central-Eastern Europe, projections indicate that summers will become
particularly hot and dry (Bartholy et al., 2014). One possible silvicul-
tural response to these changes is the increased use of tree species that
are better adapted to drought, potentially replacing species that are less
resilient under future climatic conditions (Keenan, 2015). In this
context, Q. robur often occurs near the xeric edge of its ecological
tolerance and is therefore particularly susceptible to prolonged drought
periods (Bartha et al., 2018; Matyas et al., 2018). However, rather than
replacing indigenous tree species, climate-smart and ecologically sen-
sitive forestry may employ assisted gene flow to mitigate the effects of
climate change while maintaining native forest components (Aitken
et al., 2008; Aitken and Whitlock, 2013; Kurz et al., 2023). Because
long-lived species such as forest trees may be especially vulnerable to
rapid climatic change owing to their relatively inflexible climatic niches
(Aitken and Bemmels, 2015; Tischenko et al., 2026), populations of
Q. pedunculifiora from warmer and drier parts of its range may represent
potential sources for experimental assisted gene flow involving Q. robur
(Hegediis et al., 2025).

Nevertheless, because the presence of Q. pedunculiflora cannot be
fully excluded in the Pannonian Basin, in the present study, we aimed to
genomically characterise Hungarian and northern Balkan individuals of
Q. robur and Q. pedunculiflora using low-coverage whole-genome rese-
quencing to assess genomic differentiation within the complex and to
investigate the genomic identity of the sampled Hungarian individuals.
Genomic approaches are especially valuable because they enable genetic
variation potentially associated with adaptive traits to be investigated at
the level of genes and genomic regions (Leroy et al., 2020; Wang et al.,
2025). In forest trees, drought adaptation is typically polygenic and
involves coordinated physiological responses (Kremer and Le Corre,
2012; Miiller and Gailing, 2019). Among candidate genes, dehydrins
play a key role in stress responses and variation at these loci has pre-
viously been investigated in Romanian oak species. Variation at such
loci can show species-specific patterns even where overall genomic
differentiation is low (Craciunesc et al., 2015). In this study, we applied
whole-genome sequencing to individuals of Q. robur, Q. pedunculiflora,
and morphologically intermediate individuals from Bulgaria, Romania,
and Hungary. Our specific aims were to (i) reconstruct phylogenetic
relationships using plastid and nuclear genomic data, (ii) explore how
genetic structure relates to geographic origin and taxonomic assign-
ment, and (iii) analyse variation in previously identified
drought-responsive candidate genes. This was all done to support
forestry management with actual recommendations on the potential
need for assisted gene flow, facilitating drought-responsive gene transfer
from Q. pedunculiflora to Pannonian Q. robur.

2. Methods
2.1. Plant material, sampling design and DNA extraction

Building upon our previous leaf morphometric study (Appendix A),
we revisited 14 individual oak trees that had previously been examined
for diagnostic leaf traits and collected dormant bud samples from these
individuals in autumn 2025. In addition, one specimen was collected
from the Bikacs forest (Hungary), a mixed oak stand located at the xeric
limit of forest-steppe vegetation, where Quercus pedunculiflora-like
morphotypes have previously been reported, likely reflecting hybrid-
isation and introgression processes (Pintér et al., 2025). In total, 15 in-
dividual trees were sampled across multiple localities in Bulgaria,
Romania and Hungary (Fig. 1). Sampling sites comprised isolated trees,
roadside individuals, urban park trees, and small local stands rather than
demographically defined populations. Accordingly, throughout this
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study, we refer to sampling sites or trees rather than populations
(Table 1) and to regional genetic structure rather than population
structure. The genomic sampling was therefore designed as an explor-
atory comparison of individuals representing contrasting morphotypes
and geographic origins rather than as a representative
population-genetic survey. Regarding specific nomenclature during this
paper, we follow a pragmatic framework in which Q. pedunculifiora is
treated as part of the Q. robur complex, while recognising that its precise
rank remains debated. Although Q. pedunculiflora has traditionally been
treated as a separate species, previous morphological and genetic evi-
dence have also supported its interpretation as Q. robur subsp. pedun-
culiflora (Menitsky, 1984).

Individuals showing intermediate leaf morphology were classified as
morphologically transitional (Quercus “transitional”). These individuals
exhibited simple uniseriate trichomes and stellate trichomes on the
abaxial leaf surface, while Q. robur only displays the former and
Q. pedunculiflora additionally the fasciculate type of trichome. For each
individual, approximately 10-15 dormant buds were collected and
stored in silica gel until DNA extraction. Genomic DNA was extracted
following the cetyltrimethylammonium bromide (CTAB) protocol of
Doyle and Doyle (1987) at the laboratory of the Evolutionary Genomics
Research Group, University of Debrecen. The extracted DNA was puri-
fied using AMPure XP magnetic beads (Beckman Coulter Inc., Brea, CA,
U.S.A.). DNA concentration and quality were assessed using a NanoDrop
Lite Plus spectrophotometer (Thermo Scientific Inc., Waltham, MA, U.S.
A)) and a Qubit 3 fluorometer (Thermo Scientific Inc.), and DNA
integrity was verified by agarose gel electrophoresis. High-quality DNA
extracts were sent for whole-genome shotgun sequencing provided by a
commercially available service provider (Novogene Europe GmbH,
Munich, Germany).

2.2. Sequencing and raw data quality filtering

Whole-genome sequencing libraries were prepared and sequenced
using Illumina paired-end 150 bp technology. Sequencing generated a
total of approximately 201.4 Gb of raw data across all samples, with an
average output of ca 10 x genome coverage per individual. Initial
quality assessment of raw reads was performed using FastQC v0.12.1
(Andrews, 2010). Reads containing adapter contamination, >10%
ambiguous bases (N), or >50% low-quality bases (Q < 5) were removed
by using fastp v1.0.1 (Chen et al., 2018). Clean reads exhibited consis-
tently high quality, with Q20 values exceeding 98% across all samples
and low estimated sequencing error rates.

2.3. Plastome assembly, annotation and phylogenetic analysis

Plastome genomes were assembled from quality-filtered reads using
GetOrganelle v1.7.7.1 (Jin et al., 2020). Reference-guided assembly was
performed using an annotated and curated Quercus robur plastome
(GenBank acc. nr.: NC_046388) following the default settings recom-
mended by the author of the tool. For plastome-based phylogenomic
analyses, two outgroup taxa were included to provide a stable rooting
framework. The resulting phylogenomic tree was rooted using Quercus
cerris L. (0Y770020) as a representative of subgenus Cerris (Denk et al.,
2017), while the American Quercus lobata Née (CM012305; Sork et al.,
2016) was included as a close outgroup from subgenus Quercus section
Quercus to improve resolution of deeper relationships within the genus.

Circular plastomes were verified, and their annotation was per-
formed using PGA v1.0 (Qu et al., 2019) using the above Quercus robur
plastome (NC_046388) as a reference. Where required, the assembled
circular plastomes were reverse-complemented and reoriented to a
consistent starting position based on the rps12 gene. To avoid redun-
dancy due to inverted repeat regions, one copy of the inverted repeat
(IR) was masked based on annotation-derived coordinates. The restarted
and oriented whole-plastome (excl. one copy of the IR) sequences were
aligned using MAFFT v7.525 (Katoh and Standley, 2013). To account for
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Table 1
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Geographic origin, taxonomic assignment, and sampling details of the studied Quercus individuals. Taxonomic assignment follows the morphometric results published
in Hegediis et al. (2025), except sample K5169, which is based on expert opinion (S. Bordacs). Numbers after the location refer to location numbers on Fig. 1.

ID code Taxon Location Coordinate (N) Coordinate (E) Altitude (m) Sampling date
K5169 Quercus pedunculiflora HU: Bikacs 65/C (4) 46.676530 18.738688 153 07.10.2025
K5171 Quercus robur BG: Bivolare: Vit river plain (14) 43.493448 24.552942 51 11.10.2025
K5173 Quercus robur BG: Riben (13) 43.537267 24.603578 36 11.10.2025
K5175 Quercus "transitional” BG: Komarevo to Podem roadside (11) 43.545115 24.601795 45 11.10.2025
K5177 Quercus pedunculiflora BG: Komarevo to Podem roadside (12) 43.545060 24.601782 45 11.10.2025
K5179 Quercus robur BG: Muselievo (9) 43.641560 24.853717 31 11.10.2025
K5181 Quercus pedunculiflora BG: Muselievo (10) 43.641698 24.853683 31 11.10.2025
K5183 Quercus robur BG: Pleven: public park (15) 43.390664 24.623192 122 11.10.2025
K5185 Quercus robur RO: Piscu Sadovei (7) 43.887762 23.906685 42 12.10.2025
K5187 Quercus pedunculiflora RO: Poiana Gruii (6) 44.263565 22.837422 103 12.10.2025
K5189 Quercus "transitional” RO: Poiana Gruii (5) 44.261126 22.835696 94 12.10.2025
K5191 Quercus pedunculiflora RO: Campu Parului (8) 43.893405 24.235120 110 12.10.2025
K5193 Quercus robur HU: Kunpeszér (3) 47.087965 19.315031 104 23.10.2025
K5195 Quercus robur HU: Kunpeszér (2) 47.088022 19.315073 104 23.10.2025
K5197 Quercus robur HU: Debrecen: Nagyerdé: Medve-sarok (1) 47.586198 21.613947 126 23.10.2025

the phylogenetic noise introduced by highly variable intergenic spacers,
we curated the whole-plastome alignment to remove poorly aligned
regions using BMGE v1.12 (Criscuolo and Gribaldo, 2010) using default
settings. Maximum likelihood phylogenetic inference was performed
using IQ-TREE v2.4.0 (Minh et al., 2020) with model selection (MFP) on
an unpartitioned matrix. The robustness of the phylogenetic tree was
assessed in 100 non-parametric bootstrap replicates (Felsenstein, 1985)
and was mapped onto the best-scoring tree.

2.4. Genome-wide SNP calling and population genomic analyses

Quality-filtered reads were mapped onto the Quercus robur refer-
ence genome (dhQueRobu3.1; Bordénes et al., 2016; Plomion et al.,
2018) available in GenBank (GCA_932,294,415.1) using BWA-MEM2
v2.2.1 (Li and Durbin, 2009; Vasimuddin et al., 2019) using default
settings. Variants were called jointly across all samples using FreeBayes
v1.3.10 (Garrison and Marth, 2012) for each chromosome (N.B. cyto-
plasmic regions excluded) separately. In each variant file containing raw
calls, beftools v1.22 (Danecek et al., 2011) was used to retain
high-quality sites (QUAL > 30) and to remove genotypes with low read
depth (DP < 3). Variants were normalised, and duplicate positions were
removed. Only biallelic sites with minor allele frequency (MAF > 0.05)
and a maximum of 30% missing data per site were retained. Addition-
ally, indels were excluded, and only SNPs were used. To reduce linkage
among loci, linkage disequilibrium (LD) pruning was performed in
PLINK v1.9.0-b.8 (Chang et al., 2015) using a sliding window approach
(50 SNPs, step size 5, r? threshold = 0.25). The resulting LD-pruned
dataset was used for downstream analyses.

For phylogenomic analyses, chromosome-level VCF files containing
filtered SNPs were converted to alignment format using vcf2phylip v2.9
(Ortiz, 2019), and maximum likelihood (ML) trees were inferred with
IQ-TREE, with branch support estimation based on 1000 ultrafast
bootstrap (UFboot) and Shimodaira-Hasegawa-like approximate
likelihood-ratio test (SH-aLRT) tests, to assess genomic heterogeneity in
phylogenetic signal. Because the matrices contained variable sites only,
we used ascertainment-bias correction (4+ASC) to correct likelihood
calculations for the absence of invariant sites. The best-fitting substitu-
tion model was selected with ModelFinder using the -m MFP+ASC op-
tion. Gene concordance factor (gCF) analyses were used to quantify the
proportion of chromosome trees supporting each bipartition. A sum-
mary tree was constructed based on concordance patterns, and node
support was evaluated using UFboot and SH-aLRT statistics. This anal-
ysis was regarded as a chromosome-level consensus (as “chromosome
concordance factors”), not as a formal multi-species coalescence anal-
ysis. In addition to the chromosome-level inference, we concatenated
the chromosome-level VCF files using bcftools and executed an ML tree
reconstruction in IQ-TREE using the same settings as above. This

analysis is regarded as the representation of the tree that best fits all
characters combined, assuming a single underlying topology. A branch
was considered to be supported in the ML-tree analyses if both SH-aLRT
> 80% and UFboot > 95% were true.

The concatenated dataset was used in further analyses of regional
genetic structure, which was explored using principal component anal-
ysis (PCA) as implemented in PLINK. In this exploratory analysis and the
phylogenomic analyses above, two individuals from the locality Muse-
lievo (Table 1) proved to be highly outlying from the dataset (see Re-
sults). These, regarded as most probably representing a non-indigenous
genepool, were excluded from further analyses. The remaining 13
samples were subject to a model-based k-means clustering using
ADMIXTURE v1.3.0 (Alexander et al., 2009). Analyses were performed
on a reduced SNP dataset (~50,000 loci) selected for high discrimina-
tory power by defining the two taxa found in our phylogenomic analyses
(see Results) and calculating Fsr between these groups using VCFtools. A
similar approach was found useful in discriminating North-American
species of the white oak syngameon (Hipp et al., 2019). The most
likely number of clusters (K) was determined using cross-validation
error, and results were visualised as individual ancestry proportions.

Finally, we wanted to visualise the syngameon genomic landscape of
differences between the two taxa we recovered. To achieve this goal, we
calculated the mean Fgr in 50-kb sliding windows with a 10-kb step,
retaining windows containing at least five SNPs. The resulting values
were visualised in R v4.5.1 (R Core Team, 2025) using the package
ggplot2 v4.0.1 (Wickham, 2016). The broad low-Fsr regions were
interpreted as shared genomic background/gene flow, and narrow
high-Fsr peaks as candidate islands of divergence according to the
syngameon model. In addition, we tested whether predefined
drought-responsive candidate loci coincided with regions of strongest
genomic differentiation. To achieve this goal, we intersected the
genomic coordinates of the 21 candidate loci (including 2-kb flanking
regions) with the top 1% of 50-kb sliding windows (10-kb step) ranked
by mean Fgr, using BEDTools v2.31.1 (Quinlan and Hall, 2010).

2.5. Candidate-gene dosage analysis

To explore possible differences in relative copy-number signal
among drought-related candidate genes, a targeted mapping-based
dosage analysis was performed. A total of 21 candidate genes, previ-
ously associated with drought tolerance and abiotic stress responses
(Homolka et al., 2012; Trudi¢ et al., 2021), were selected for analysis
(Table 2). Candidate genomic regions were identified on the Quercus
robur chromosome-level reference genome using translated sequence
similarity searches. A local BLAST database was constructed using
makeblastdb, and sequence similarity searches were performed with
thlastx using the BLAST+ suite v2.17.0+ (Camacho et al., 2009). For
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Table 2
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Candidate drought-responsive genes analysed in this study. Functional annotations and accession numbers are based on previously identified drought-associated loci in
oak species (Homolka et al., 201 2% Trudié et al., 20212). For each candidate, the table lists the functional annotation, accession number of the source sequence used for
candidate identification, and the reference oak species from which that sequence was originally reported. Fold-change values summarize the comparison of normalised
mapped dosage between Quercus pedunculifiora and Q. robur, expressed as the ratio of group means (“fold mean”) and group medians (“fold median™), where values >1
indicate higher relative dosage in Q. pedunculiflora and values <1 indicate higher relative dosage in Q. robur. Statistical support for per-gene differences was assessed
using Wilcoxon rank-sum tests on per-sample normalised depth values, and the final column reports Benjamini-Hochberg-adjusted P-values.

Functional annotation Accession number Reference species fold mean fold median p-value Wilcox p-value BH adj.
ARF16' Auxin responsive factor 16 FP033974 Q. robur 1.18 1.25 0.52 0.72
BMY7? Beta-amylase 1 FP061723 Q. robur 1.07 1.07 0.62 0.72
DHN2! Dehydrin 2 FP045825 Q. robur 1.11 1.14 0.43 0.72
ERDS8! Heat shock cognate protein FP041070 Q. robur 0.98 0.99 0.94 0.94
GLP3A! Germin-like protein FP024682 Q. robur 0.99 1.03 0.62 0.72
LEA14! Desiccation protectant protein FP049285 Q. robur 0.94 0.95 0.35 0.72
LTP! Proline-rich protein FP031479 Q. robur 1.07 1.04 0.22 0.72
PER6'4 Peroxidase 64 FP051623 Q. robur 1.14 1.03 0.43 0.72
PIP1E! Aquaporin PIP1-2 FP040796 Q. robur 1.35 1.36 0.22 0.72
RD26! Responsive to desiccation 26 FN712698 Q. robur 1.20 1.09 0.52 0.72
ATDI212 Drought-induced gene 21 CR627776 Q. petraea 1.10 1.02 0.43 0.72
AWMP? AWPM-19-like membrane protein XM_031067968 Q. lobata 0.98 1.03 0.62 0.72
GASA? GASA/Snakin family protein XM_031099810 Q. lobata 1.16 1.07 0.35 0.72
GLOBULIN? Basic 7S globulin XM_024060619 Q. suber 1.07 0.99 0.52 0.72
GST? Glutathione-S-transferase XM_031105862 Q. lobata 1.17 1.65 0.94 0.94
LEA? Late embryogenesis abundant protein XM_031068332 Q. lobata 1.11 1.03 0.43 0.72
RD222 Dehydration-responsive protein FP041436 Q. petraea 1.19 1.06 0.35 0.72
SAG21? Senescence associated gene XM_031092942 Q. lobata 1.07 1.17 0.72 0.80
WRKY532 WRKY transcription factor FN727229 Q. petraea 1.09 1.07 0.52 0.72
XERO22 Dehydrin Xero2 AM711636 Q. petraea 1.11 1.00 0.35 0.72
XET2? Xyloglucan endotransglucosylase XM_031074399 Q. lobata 1.08 1.08 0.43 0.72

each candidate gene, the best-scoring genomic hit was retained and
extended by 2 kb on both sides to include flanking regions. These in-
tervals were extracted and compiled into a reduced “mini-reference”
containing one sequence per candidate locus.

The filtered reads from all samples were then mapped against this
mini-reference using BWA-MEM2. The resulting alignments were pro-
cessed as BAM files and used to estimate read depth across each
candidate locus using samtools v1.22.1 (Danecek et al., 2011). For each
sample, per-base coverage across the full length of each mini-reference
sequence was calculated with samtools depth using the -a option, so
that uncovered positions were also included in the output. Mean depth
per candidate gene region was then calculated by averaging coverage
across all nucleotide positions belonging to that candidate in each
sample.

Because sequencing depth differed among samples, candidate-
specific depth values were normalised by sample-wide background
coverage estimated from the original BAM files mapped to the full
Q. robur reference genome. For each sample, mean genomic background
depth was obtained from the whole-genome alignment and used as an
external denominator. Thus, the final response variable was a normal-
ised depth value for each candidate gene in each sample, calculated as
candidate mean depth divided by the corresponding sample-wide
genomic background depth. These normalised values were interpreted
as relative mapped dosage signals rather than absolute copy-number
estimates, because short-read mapping to homologous gene-family re-
gions can reflect both true copy number and sequence similarity.

These data were imported into R, where data handling and visual-
isation were performed using the tidyverse v 2.0.0 (Wickham et al.,
2019), and plots were generated using ggplot2. Differences between
the two ancestry groups identified by the ADMIXTURE analysis (Fig. 5),
which broadly corresponded to the a priori taxonomic assignments to
Quercus robur and Q. pedunculiflora, were evaluated separately for each
candidate gene using Wilcoxon rank-sum tests applied to per-sample
normalised depth values. P-values were adjusted for multiple testing
using the Benjamini-Hochberg false discovery rate (FDR) procedure. For
each gene, summary statistics were calculated, including the number of
samples per group, mean, median, standard deviation, fold difference,
raw P-value, and FDR-adjusted P-value.

To assess overall differences across the full candidate gene set, linear

mixed-effects models were fitted using the packages Ime4 v1.1.38 (Bates
etal.,, 2015) and ImerTest v3.1.3 (Kuznetsova et al., 2017). The primary
model used log-transformed normalised depth as the response variable,
with taxon (or geographic group, see below) included as a fixed effect,
and candidate gene identity and sample identity specified as random
intercepts to account for repeated measurements and baseline differ-
ences among genes. Model comparison was performed using
likelihood-ratio tests between models with and without the focal fixed
effect. Fixed-effect estimates were interpreted on the log scale and
exponentiated to express multiplicative differences in relative dosage
between groups.

Because candidate genes differed substantially in absolute depth
scale, an additional complementary analysis was performed using values
standardized within each gene. For this, log-transformed normalised
depth values were z-transformed separately for each candidate gene,
and mixed-effects models were refitted using the standardized response.
In these within-gene standardised analyses, sample identity was
retained as a random effect, whereas the between-gene baseline effect
was already removed by the standardization procedure. This second
modelling approach was used to test whether one group showed a
consistent directional shift across genes after removing locus-specific
scale differences.

Geographic analyses were performed analogously by grouping
samples into two regional categories, Hungary and Balkans
(Romania + Bulgaria), and fitting the same per-gene and global mixed-
effects models with region as the focal explanatory variable. Boxplots of
normalised depth by group were generated for each candidate gene to
visualize overlap, dispersion, and directional trends among groups.

Finally, genetic structure within drought-responsive candidate re-
gions was assessed using PCA. For each candidate gene, the best tblastx
hit against the Q. robur reference genome was retained, converted to a
BED interval with +2 kb flanking sequence, and used to extract SNPs
from the filtered joint genome-wide, concatenated VCF. The resulting
candidate-region SNP dataset was used to perform PCA in PLINK, and
the first principal components were used to visualize differentiation
among individuals in the candidate genomic regions.
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3. Results
3.1. Plastome phylogeny

The maximum likelihood phylogeny inferred from the BMGE-
curated whole-plastome alignment revealed limited phylogenetic
structuring among the sampled individuals (Fig. 2). The tree was rooted
using Quercus cerris, with Q. lobata included as an additional outgroup.

Within the ingroup, individuals assigned a priori to Q. robur, Q.
pedunculiflora, and morphologically transitional forms did not form
clearly separated, reciprocally monophyletic clades. Instead, samples
were interspersed across the tree, with several well-supported local
groupings containing mixed taxonomic assignments.

Hungarian Q. robur individuals formed a fully supported subclade;
however, this grouping also included the individual form Bikacs that has
previously been assigned to Q. pedunculifiora. This sample consistently
clustered with Hungarian Q. robur rather than with Balkan
Q. pedunculifiora individuals.

Balkan samples of Q. pedunculifiora and morphologically “transi-
tional” individuals were distributed across multiple parts of the tree
rather than forming a single distinct lineage. Overall, plastome variation
did not support a clear phylogenetic separation between Q. robur and
Q. pedunculifiora, indicating shared maternal lineages among the studied
individuals.

3.2. Nuclear phylogenomics and genome-wide population structure

Phylogenetic analyses based on genome-wide SNP data revealed a
structured genomic difference between the sampled individuals. The
summary tree derived from chromosome-level maximum likelihood
trees (Fig. 3A) showed generally high branch support values, but low
gene concordance across loci, indicating substantial topological discor-
dance among chromosomes.

Despite this heterogeneity, consistent grouping patterns were
observed. Individuals assigned to Q. robur and Q. pedunculiflora formed
reciprocally monophyletic clades, if we disregard two outliers: a
Q. pedunculifiora from Bikacs, Hungary, which was allegedly associated
with this taxon (see Introduction), and a Q. robur from Muselievo,
Bulgaria. The phylogenetic placement of an additional individual of
Q. robur (K5183) from Pleven, Bulgaria, was inconsistent: on the
consensus tree, it was clustered with another Q. robur from Bulgaria
within a clade of Q. robur from the sympatric area of the studied species
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(Fig. 3A); whereas on the summary (concatenated) tree (Fig. 3B) it was
nested within the Q. pedunculiflora clade clustered with samples from
Poina Gruii, Romania. Within Q. robur, two geographically structured
groups were apparent, corresponding to Hungarian and Balkan samples,
whereas Q. pedunculiflora individuals formed a more cohesive cluster
across analyses.

Morphologically transitional individuals, defined by the presence of
simple-uniseriate and stellate trichomes but the absence of fasciculate
trichomes on the abaxial leaf surface (Hegediis et al., 2025), did not form
a separate cluster. Instead, these individuals were consistently grouped
with Q. pedunculifiora samples across chromosome-level trees and in the
summary tree (Fig. 3). No transitional individual was placed within the
main Q. robur cluster.

These patterns were further supported by genome-wide population
structure analyses. Principal component analysis (Fig. 4) revealed three
main groupings corresponding to Hungarian Q. robur, Balkan Q. robur
and Q. pedunculiflora, plus two individuals from Muselievo, Bulgaria.
The first two principal components explained 8.8% and 8.2% of the total
variance, respectively. Transitional individuals were positioned within
or adjacent to the Q. pedunculifiora cluster rather than occupying in-
termediate positions. Within the Balkan oak group, the Q. robur from
Romania and Bulgaria occupied a slightly transitional position to the
Hungarian Q. robur group.

In the admixture analysis (Fig. 5), with the Muselievo outliers
excluded, cross-validation analysis across K = 1-5 identified K = 2 as the
best-supported ancestry model, with the lowest cross-validation error
(Fig. 5A). At K = 2, the two major genomic ancestry components broadly
corresponded to the a priori taxonomic assignments: individuals
assigned to Q. pedunculiflora and the transitional samples were charac-
terised almost entirely by one component, whereas Q. robur individuals
were dominated by the other (Fig. 5B). The two Balkan Q. robur in-
dividuals from Bivolare and Pleven showed a minor contribution from
the Q. pedunculifiora-associated component. In contrast, individuals
assigned to Q. pedunculiflora were characterised by a distinct ancestry
component, and transitional individuals showed assignment patterns
similar to that group. The inclusion of the two Muselievo individuals in
the ADMIXTURE analysis did not alter the broad ancestry pattern
observed in the dataset, although both Muselievo samples showed
strongly mixed ancestry proportions and remained distinct from the
other individuals (Fig. S1).

At K = 3, however, an additional ancestry component differentiated
the Balkan Q. robur samples from the Hungarian Q. robur, demonstrating

63 Q. robur (K5183; BG: Pleven)
52t Q. pedunculifiora (K5173; BG: Riben)
100| Q. pedunculiflora (K5177; BG: Komarevo to Podem roadside)
Q. "transitional" (K5175; BG: Komarevo to Podem roadside)
OQ. robur (K5179; BG: Muselievo)
Q. "transitional" (K5189; RO: Poiana Gruii)
1001 Q. pedunculifiora (K5187; RO: Poiana Gruii)
Q. robur (K5195; HU: Kunpeszér)
Q. robur (K5197; HU: Debrecen)
Q. ,pedunculiflora” (K5169; HU: Bikacs)
Q. robur (K5193; HU: Kunpeszér)
730. robur (K5171; BG: Bivolare)
0Q. pedunculiflora (K5191: RO: Campu Parului)
Q. pedunculifiora (K5181; BG: Muselievo)
Q. robur (K5185; RO: Piscu Sadovei)
Q. robur (NC_046388; horticultural origin)
Q. robur (OW028778; UK: Scotland: Dunkeld)

100

Q. cerris (OY770020;UK: Surrey)

Q. lobata (CM012305; U.S.A.: California)

Fig. 2. Maximum-likelihood plastome phylogeny inferred by IQ-TREE from the BMGE-curated whole-plastome alignment, with 100 bootstrap replicates. The tree
was rooted on Quercus cerris as outgroup. Bootstrap values are shown at the corresponding nodes.
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91.1/87| I Q. robur (K5179; BG: Muselievo)

Q. pedunculiflora (K5173; BG: Riben)

Q. pedunculiflora (K5191; RO: Campu Parului)

Q. "transitional" (K5175; BG: Komarevo to Podem roadside)

Q. pedunculifiora (K5177; BG: Komarevo to Podem roadside)

Q. robur (K5183; BG: Pleven)

100/99

Q. "transitional" (K5189; RO: Poiana Gruii)
100/92

Q. pedunculiflora (K5187; RO: Poiana Gruii)

Q. robur (K5171; BG: Bivolare)

Q. robur (K5185; RO: Piscu Sadovei)

88.1/89 Q. ,pedunculifiora” (K5169; HU: Bikacs)

100/100 Q. robur (K5193; HU: Kunpeszér)

Q. robur (K5195; HU: Kunpeszér)

100/100

Q. robur (K5197; HU: Debrecen)

Fig. 3. Phylogenomic relationship between the studied samples as depicted by phylogenetic trees of the nuclear genome displayed as a phylogram. A.) Summary tree
based on gene concordance factor analysis across 12 chromosome-level maximum-likelihood trees. Values at nodes indicate ultrafast bootstrap support / SH-aLRT
support, and numbers below nodes indicate the number of chromosome trees supporting the corresponding bipartition. The tree is arbitrarily rooted at the midpoint.
B.) Maximum-likelihood phylogeny inferred from the concatenated genome-wide SNP dataset derived from all 12 chromosomes. Values at nodes indicate ultrafast
bootstrap support / SH-aLRT support. The topology represents the best-supported tree under a concatenation framework, reflecting the overall phylogenetic signal
across the genome. The tree is arbitrarily rooted at the midpoint.
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Fig. 4. Principal component analysis of genome-wide SNP variation in the Quercus robur complex. PC1 and PC2 explain 8.8% and 8.2% of the total variance,
respectively. Colours indicate a priori taxonomic assignment based on morphometry (Hegediis et al., 2025).
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Fig. 5. Admixture analysis of the Quercus robur complex based on a reduced dataset of 50,000 highly discriminatory genome-wide nuclear SNPs. (A) Cross-validation
error for ancestry models with K = 1-5. (B) Individual ancestry proportions for K = 2-5. Each vertical bar represents one individual, and colours indicate pro-
portional assignment to the inferred genomic ancestry components. Individuals are ordered according to their broad taxonomic and geographic affinities.
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that the genomic structure also contains a marked geographic compo-
nent (Fig. 5B). The Romanian Q. robur sample from Piscu Sadovei
showed mixed assignment between these Q. robur-associated compo-
nents. Higher values of K resulted in further subdivision, particularly
within the Q. pedunculifiora-associated group, but were associated with
progressively higher cross-validation errors and therefore received less
statistical support. The Bikacs individual remained assigned to the same
ancestry component as Hungarian Q. robur across K = 2-5, with no
detectable contribution from the Q. pedunculifiora-associated
component.

Overall, nuclear phylogenomic and population genomic analyses
indicate that genomic structure reflects both geographic origin and the
partial taxonomic differentiation observed within the Quercus robur
complex, including additional structuring among Q. robur. Across
genome-wide analyses, no Hungarian individual formed a distinct
cluster corresponding to Q. pedunculiflora. Instead, all Hungarian sam-
ples were consistently associated with the Q. robur cluster in both phy-
logenomic and genetic structure analyses. In contrast, Q. pedunculifiora
samples from the Balkans formed a distinct grouping, although not
completely separated from Q. robur. The observed structure, therefore,
reflects both geographic differentiation within Q. robur and partial
genomic differentiation between the two taxa.

Genome-wide patterns of genetic differentiation between Q. robur
and Q. pedunculiflora were highly heterogeneous (Fig. 6). Mean
windowed Fgr values, calculated in 50-kb sliding windows with a 10-kb
step, were generally low across most of the genome, typically ranging
between 0.01 and 0.06. However, numerous localised peaks of elevated
differentiation were observed across all chromosomes, with some win-
dows exceeding Fsr values of 0.15-0.20 and rare outliers approaching
~0.23. These high-Fsr regions were scattered throughout the genome
rather than concentrated in specific chromosomes, although certain
chromosomes (e.g. chromosomes 4, 9, and 10-11) exhibited particularly
pronounced peaks. Overall, the genomic landscape is characterised by a
background of low differentiation punctuated by discrete regions of
elevated divergence.

3.3. Candidate-gene dosage patterns

Analysis of normalised mapped dosage across 21 candidate genes
previously implicated in drought response revealed substantial variation
among loci. Some genes showed consistently higher normalised depth
values across all samples, whereas others exhibited lower overall
coverage levels (Table S1). Despite this among-gene variation, most
candidate genes displayed broad overlap in normalised dosage values
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morphologically transitional samples. Gene-wise distributions of log-
transformed normalised depth values indicated that variation among
loci was generally greater than differences between biological groups
(Fig. S2).

Per-gene comparisons using Wilcoxon rank-sum tests did not identify
any candidate gene with a statistically significant difference between
Q. robur and Q. pedunculiflora after multiple testing correction (all
adjusted P > 0.72; Table 2). Although some loci showed weak ten-
dencies toward higher normalised dosage in Q. pedunculifiora (Fig. S2),
these patterns were inconsistent across genes and not statistically
supported.

A global mixed-effects analysis yielded similar results. In the model
using log-transformed normalised depth as the response, with gene
identity and sample identity fitted as random intercepts, taxon had no
significant overall effect on normalised mapped dosage (likelihood-ratio
test: > = 1.24, df. = 1, P = 0.266). The fitted coefficient for
Q. pedunculiflora was positive (p = 0.119 + 0.104 SE), corresponding to
an estimated 1.13-fold increase on the original scale, but the 95% con-
fidence interval overlapped with no effect.

Because absolute dosage levels differed strongly among candidate
genes, the analysis was repeated using within-gene standardised values.
This approach also failed to detect a significant overall taxon effect
(likelihood-ratio test: y*> = 1.05, d.f. = 1, P = 0.305), although the fitted
coefficient again indicated a weak positive tendency toward higher
values in Q. pedunculifiora (p = 0.410 + 0.399 SE).

Principal component analysis based on the 21 candidate genes
showed limited structuring among individuals (Fig. 7). The first two
principal components explained 9.5% and 8.6% of the total variation,
respectively. Samples from Hungary separated along the first principal
component from the Balkan samples, while the second component
separated a Q. pedunculiflora (K5191) from Campu Parului, Romania, as
an outlier. Again, Balkan Q. robur occupied a somewhat transitional
position between Balkan Q. pedunculiflora and Hungarian Q. robur
(including the alleged Bikécs individual).

Geographic comparisons yielded a similar pattern. Grouping samples
into Hungary versus Balkans (Romania + Bulgaria) revealed no statis-
tically supported differences in normalised mapped dosage. Per-gene
inspection suggested slight tendencies toward higher values in Balkan
samples, but overlap between groups remained extensive (Fig. 8;
Table S1).

The global mixed-effects model with region as a fixed effect did not
detect a significant overall geographic effect (likelihood-ratio test:
x> =1.66,d.f. =1, P =0.197). The fitted coefficient for the Balkan group
was positive (§ = 0.147 + 0.110 SE), corresponding to an estimated
1.16-fold increase, but this trend was not statistically supported.

among individuals of Quercus robur, Q. pedunculiflora, and
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Fig. 6. Genome-wide landscape of genetic differentiation between Quercus robur and Q. pedunculiflora. Mean pairwise Fgy values were calculated in 50-kb sliding
windows with a 10-kb step across the 12 chromosomes based on genome-wide SNP data. Points represent window-averaged Fsr values, with chromosomes
distinguished by alternating colours. The dashed horizontal line indicates the genome-wide mean Fgr.
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Fig. 7. Principal component analysis based on the 21 drought-tolerant candidate genes. PC1 and PC2 explain 9.5% and 8.6% of the total variation, respectively.
Colours indicate a posteriori taxonomic assignment based on the above phylogenomic results.

Analyses based on within-gene standardised values led to the same
conclusion (likelihood-ratio test: > = 2.07, d.f. = 1, P = 0.150), with a
similarly non-significant positive trend (f = 0.571 + 0.381 SE).

We also checked if any of our 21 candidates are sitting in high dif-
ferentiation regions of the genome (Fig. 6). None of the 21 predefined
drought-responsive candidate loci overlapped the top 1% of genomic
windows showing the highest mean Fgy values.

Overall, the candidate loci previously associated with drought
response did not show significant differences in normalised mapped
dosage either between taxa or between the two broad geographic
groups. The dominant pattern in the dataset was strong heterogeneity
among candidate genes, whereas both taxonomic and geographic effects
were weak and statistically unsupported, although with an observable
tendency of having higher dosage values in Balkan and Q. pedunculifiora
samples (Fig. 8; Table S1). These patterns are therefore interpreted as
exploratory candidate-locus variation and as a basis for hypothesis
generation rather than as evidence of adaptive differentiation or drought
resistance.

4. Discussion
4.1. Genomic differences and taxonomic assignments

Our genome-wide analyses provide a consistent picture of structured
genomic differentiation within the Quercus robur complex. In the plas-
tome dataset, individuals assigned to the two taxa and morphologically
transitional forms did not form reciprocally monophyletic groups, but
instead showed taxonomically mixed clustering combined with sub-
stantial signal heterogeneity (Fig. 2). This pattern is consistent with
previous findings in European white oaks (Leroy et al., 2020; Pakull
et al.,, 2025) and specifically in the region (Borddcs et al., 2002),
where incomplete lineage sorting and extensive historical and ongoing
introgression result in permeable species boundaries and widespread
sharing of plastid haplotypes (Curtu et al., 2007; Hipp et al., 2020;
Kremer and Hipp, 2020; Petit et al., 2002).

In contrast, the nuclear genome revealed substantially stronger
structuring. Across chromosome-level phylogenomic analyses, PCA, and
admixture analyses, Q. pedunculifiora samples formed a relatively
coherent genomic group, whereas Q. robur samples were subdivided into
Hungarian and Balkan genomic clusters (Figs. 3-5). Nonetheless, the
concatenated phylogenomic tree, which echoes a ‘consensus phyloge-
netic signal’ despite genomic mosaicism (Kremer and Hipp, 2020),
recovered the two taxa as reciprocally monophyletic (Fig. 3B). This
nuclear genomic coherence is consistent with regarding Q. pedunculiflora
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as more than a simple ecological variant of Q. robur, although the
plastid-nuclear discordance shows that its evolutionary history cannot
be represented by a single bifurcating genealogy. Rather, the detected
differentiation is consistent with a weakly differentiated evolutionary
lineage (Kremer and Hipp, 2020; Kremer et al., 2024; Pakull et al.,
2025). The critical question, however, is how such a lineage should be
interpreted within the oak syngameon (Cannon and Petit, 2020; Kremer
and Hipp, 2020; Hipp et al., 2020). In this regard, it is useful to recall the
taxonomic relationship of Q. robur to most taxa of the European
white-oak complex, and Q. petraea in particular, which are generally
accepted at species rank, despite well-documented gene flow and
incomplete reproductive isolation, because they remain ecologically and
morphologically recognisable lineages separated by a circumscribable
morphological and ecological gap (Kremer and Hipp, 2020; Kremer
et al., 2024; Leroy et al., 2020).

In our case, this gap appears considerably narrower between Q. robur
and Q. pedunculiflora (Apostol et al., 2017; Hegediis et al., 2025). We
therefore hypothesise that the two taxa may have diverged regionally
and relatively recently, perhaps in more westerly versus more easterly
refugial areas associated with the main European glacial refugia
(Hewitt, 1999; Petit et al., 2003). Such a scenario is compatible with
broader phylogeographic models for temperate European trees, in which
eastern and south-eastern refugia, particularly around the Black Sea and
adjacent regions, played an important role in the persistence of tree
lineages through glacial cycles and in the retention of lineages adapted
to warmer and drier climatic conditions (Svenning et al., 2008). A
comparable analogy is delivered by the Fagus sylvatica-F. orientalis sister
species (Renner et al., 2016; Denk et al., 2024), in which Oriental beech
(sensu Denk et al, 2024) is repeatedly regarded as more
drought-tolerant and climatically better suited to warmer and drier
environments than European beech (Budde et al., 2023; Kurz et al.,
2023; Mellert and Seho, 2022). In our view, however, the ecological
divergence between Q. robur and Q. pedunculiflora may have arisen more
recently, and with too little accompanying morphological separation, to
justify treatment of Q. pedunculifiora as a fully distinct species. We
therefore prefer to interpret Q. pedunculiflora as Q. robur subsp. pedun-
culiflora rather than as a separate species.

The plastid-nuclear discordance therefore does not necessarily
weaken the taxonomic interpretation of Q. pedunculifiora. In European
white oaks, plastid genomes are frequently shared across species
boundaries and often reflect regional phylogeographic history more
strongly than species identity, owing to recurrent introgression, back-
crossing and chloroplast capture (Bordacs et al., 2002; Petit et al., 2002;
Cannon and Petit, 2020). By contrast, nuclear genomes retain a stronger
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signal of lineage cohesion because they integrate information across
many independently inherited loci (Kramer and Hipp, 2020). Conse-
quently, the absence of reciprocal plastid monophyly should not be
taken as evidence against subspecific differentiation when a coherent
nuclear genomic signal is present. Rather, in the context of the oak
syngameon, the discordance indicates that organellar and nuclear ge-
nomes reflect different evolutionary histories. Our taxonomic interpre-
tation is therefore based primarily on the multilocus nuclear signal,
considered together with morphology and ecology, while the plastome is
treated as evidence of historical gene flow and shared phylogeographic
history rather than as a decisive marker of taxonomic boundaries.

The Muselievo specimens showed strongly outlying genomic posi-
tions in all nuclear genome analyses (Figs. 3 and 4). These two in-
dividuals were sampled along a historical roadside near the settlement
of Muselievo and are locally recognised as remarkably old trees.
Although they were appealing to use in our analyses as these two
spatially neighbouring specimens displayed contrasting morphology
(see Hegediis et al., 2025), they had to be excluded from further analyses
and discussion as suspected introduced specimens. Technical artefacts
are unlikely to explain their divergent position, because
sequencing-read characteristics of the two Muselievo individuals were
highly comparable to those of the other specimens in our dataset. The
apparently mixed ancestry proportions recovered by ADMIXTURE
(Fig. S1) should likewise not be interpreted naively as evidence of recent
admixture; in this context, they primarily indicate that these individuals
are poorly represented by the two major ancestry components inferred
from the remaining samples. Importantly, their inclusion did not alter
the broad K = 2 ancestry pattern. Such sharp individual genomic
anomalies are common when sampling old, culturally significant trees,
as centuries of human-mediated long-distance seed transfer frequently
mask natural evolutionary patterns at the local scale and result in
geographic assignment errors (Degen et al., 2021; Konig et al., 2002;
Tischenko et al., 2026). Excluding these highly localised anthropogenic
signatures ensures that downstream analyses reflect the genuine
regional genetic structure rather than artificial historical introductions.

The Bikacs individual from Hungary provides a particularly impor-
tant example in the context of the Hungarian occurrence of
Q. pedunculifiora. Although previously suspected to be Q. pedunculifliora
based on morphology (Pintér et al., 2025), this sample consistently
clustered with Hungarian Q. robur in all nuclear analyses (Figs. 3-5.) and
in the plastome phylogeny (Fig. 2). Within the scope of the present
dataset, no Hungarian sample formed a genomic cluster corresponding
to Balkan Q. pedunculiflora. The present analyses therefore do not sup-
port the presence of genomically distinct Q. pedunculifiora in the
sampled Hungarian material.

The strongest admixture signal was detected in Balkan Q. robur in-
dividuals originating from the sympatric distribution area of the two
taxa. In particular, the Pleven and Bivolare individuals showed partial
assignment to the Q. pedunculiflora ancestry component in the admixture
analysis (Fig. 5) and occupied somewhat transitional positions in PCA
space (Fig. 4). Importantly, these same individuals were previously
found to display intermediate quantitative micromorphological char-
acters (Hegediis et al., 2025). In the leaf indumentum analyses, although
they still showed only the qualitative indumentum features typical of
Q. robur, their simple-uniseriate trichome rays were longer than those of
typical Hungarian Q. robur, yet clearly shorter than those observed in
Balkan Q. pedunculiflora. Thus, the admixture signal revealed by the
genomic analyses closely parallels the observed quantitative micro-
morphological intermediacy. This concordance strongly suggests that
localised introgression contributes to the morphological variability
observed in sympatric Balkan populations (Curtu et al., 2007). More
broadly, similar correspondence between leaf morphology,
pubescence-related traits, and genetic assignment has been reported
repeatedly in European white oaks, indicating that quantitative leaf
micro-traits can provide informative, although not infallible (see Kremer
et al., 2002), proxies for underlying genomic introgression (Curtu et al.,
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2007; Enescu et al., 2013; Rellstab et al., 2016; Semerikova et al., 2025).

In contrast, morphologically transitional (i.e., showing intermediate
indumentum characters in Hegediis et al. (2025)) individuals did not
occupy intermediate genomic positions, but were consistently associ-
ated with the Q. pedunculifiora cluster across phylogenomic and genetic
structure analyses (Figs. 3-5). This indicates that trichome-based
morphological intermediacy does not necessarily reflect genome-wide
genetic intermediacy and suggests that these individuals may repre-
sent phenotypic variants within the Q. pedunculiflora lineage or in-
dividuals with incomplete expression of diagnostic traits. Similar
mismatches between morphological intermediacy and genomic assign-
ment have been reported in European white oaks, where hybrids can
display a mosaic of phenotypes (Kremer et al., 2002; Truffaut et al.,
2017; Reutimann et al., 2020).

It is noteworthy that the relationship between morphology and
genomic background differed between the two types of indumentum
characters examined here. The quantitative trait, namely the length of
simple-uniseriate trichomes, showed intermediacy in admixed Balkan
Q. robur individuals, whereas the more qualitative trait, i.e. the presence
or absence of stellate and/or fasciculate trichomes, was not mirrored by
genomic intermediacy in the individuals classified as “transitional” but
genetically assigned to Q. pedunculiflora. This contrast suggests that
different trichome traits may have distinct genetic architectures and
different sensitivities to genetic background and environment. A trait
such as trichome length may vary continuously and track admixture if it
is influenced by additive effects across multiple loci, or by loci whose
allelic effects scale with ancestry proportion (Wang et al., 2021). By
contrast, the presence or absence of a particular trichome type may
behave more like a threshold or developmental-switch trait, controlled
by a more restricted regulatory module, dominance, epistasis, or can-
alised developmental decisions (Pattanaik et al., 2014); such traits may
therefore remain parent-like even when genome-wide ancestry is
admixed (Wang et al., 2021). A complementary explanation is that
environmental effects may influence the development of these trichome
characters differently (Hauser, 2014). Although this observation is
based on a limited number of individuals, it may deserve further
attention in future morphometric and developmental studies of oaks.

4.2. Candidate genes and drought-related genomic patterns

The analysis of candidate genes previously implicated in drought
response was included as an exploratory component of the study and
was not intended as a primary test of genomic differentiation or as a
direct test of drought adaptation. Across the 21 loci examined, nor-
malised mapped dosage values showed substantial overlap between
Quercus robur and Q. pedunculiflora, with a weak tendency toward higher
normalised dosage in the latter, and neither per-gene tests nor global
mixed-effects models detected statistically supported differences. A
similar result was obtained when we compared samples from the Pan-
nonian Basin with those from the northern Balkans, irrespective of a
posteriori taxonomic assignment (Fig. 8). Accordingly, these analyses
should be regarded as exploratory screening of variation at predefined
candidate loci and as hypothesis generation for future studies, rather
than as evidence for differential drought adaptation.

In contrast to the genome-wide analyses, which revealed structured
variation among individuals, the candidate-gene dataset did not capture
a comparably structured pattern (Fig. 7). This contrast is not unex-
pected, because drought adaptation in long-lived forest trees is generally
regarded as a polygenic and physiologically integrated trait (Kremer and
Le Corre, 2012; Kremer and Hipp, 2020; Miiller and Gailing, 2019;
Tischenko et al., 2026), such that modest adaptive differentiation may
be distributed broadly across the genome rather than concentrated in a
small set of a priori candidate loci. Under conditions of low overall
genomic differentiation (Fig. 6) and ongoing gene flow (Figs. 2-5.),
variation at candidate loci may remain limited even across a broader
geographic scale within the same species. Our observation is fully
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consistent with the findings of Craciunesc et al. (2015), who reported a
lack of species-specific signal in allozyme variation of dehydrin genes in
Romanian Q. robur and Q. pedunculiflora. Taken together, these results
suggest that the candidate loci examined here do not provide a simple
diagnostic signal separating the two taxonomic groups, but they do not
allow conclusions about relative drought tolerance or adaptive
performance.

At the same time, the limited sample size of the present study reduces
the power to detect weak effects at the level of individual loci. Increasing
sample size and genomic resolution will be necessary to determine
whether these trends reflect biologically meaningful patterns or
sampling-related variation. In addition, our opportunistic analysis
focused on normalised mapped dosage, which is a useful exploratory
proxy, but adaptive differences may also be reflected in allele-frequency
shifts, regulatory variants, expression responses, phenology, and phys-
iological plasticity (Lind et al., 2018; Feng et al., 2024). Direct inference
of drought adaptation would additionally require independent envi-
ronmental, phenotypic, physiological, or experimental evidence linking
genomic variation to drought response (Popa et al., 2025; Hipp and
Kremer, 2026). Finally, the white-oak literature supports the view that
selection acts on a relatively small subset of loci, whereas much of the
genome remains permeable to gene flow (Hardin, 1975; Hipp et al.,
2019; Cannon and Petit, 2020; Kremer and Hipp, 2020; Ribicoff et al.,
2025). This makes our result — namely, detectable genome-wide
structure but no strong candidate-gene dosage separation — biologi-
cally plausible rather than contradictory. The candidate-gene results
should therefore primarily be viewed as identifying patterns worthy of
further testing in larger, environmentally characterised populations and
in common-garden or physiological experiments.

4.3. The oak syngameon caught in the act

Oaks have long been regarded as one of the clearest examples of a
syngameon (Cannon and Petit, 2020; Kremer and Hipp, 2020), that is, a
set of otherwise distinct lineages connected by limited but recurrent
gene exchange. Since the classic formulations of Lotsy, Hardin, Burger,
and Van Valen (Hipp et al., 2019), the central paradox of oaks has been
that closely related species can hybridise and introgress, yet remain
morphologically, ecologically, and evolutionarily recognisable through
time. Our genomic landscape recovered here is highly consistent with
this view of oaks as a syngameon (Hardin, 1975). In such systems,
lineage boundaries are not genome-wide impermeable, but
semi-permeable: large parts of the genome may be exchanged relatively
freely, whereas a more restricted subset of regions — perhaps those under
divergent selection (Hipp et al., 2019) — resists introgression and con-
tributes disproportionately to lineage integrity and ecological differen-
tiation (Kremer and Hipp, 2020). As a consequence, oaks’ nuclear
genome evolves as a mosaic of discrete phylogenetic histories (Hipp
et al., 2019, 2020; Plomion et al., 2018). At the genome-wide level,
our analyses of the nuclear genome of Q. robur and Q. pedunculifiora
closely accord with this interpretation: while the summary phyloge-
nomic tree (Fig. 3A) displayed an elevated level of discordance between
the underlying chromosomal information reflecting the mosaic nature of
the oak genome, the concatenated phylogenomic tree (Fig. 3B), which
can be regarded as a dominant average that maximises the global like-
lihood, recovered the two taxa as reciprocally monophyletic. This
finding is in line with the observation of Hipp et al. (2019) that the oak
genome retains an overarching phylogenetic signal despite its mosaic
structure. The importance of this pattern lies precisely in the fact that
introgression does not erase lineage identity: as in other oak complexes,
the participating lineages remain morphologically and genomically
coherent despite recurrent gene exchange (Cannon et al., 2024; Cannon
and Petit, 2020). This framework also helps explain the contrast be-
tween the widespread sharing of plastid lineages (Fig. 2) and the
stronger structure recovered from the nuclear genome (Figs. 3-5.):
chloroplast capture may blur maternal history, whereas species cohesion
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is more strongly maintained at selected regions of the nuclear genome
(Kremer and Hipp, 2020).

Similarly, the k-means clustering analysis (Fig. 5) based on 50k
highly outlying SNPs can be regarded as a reconstruction of the
discriminatory analysis of North-American white oaks (Hipp et al.,
2019); just as there, these highly outlying SNPs were also found to be
partly introgressed in a small proportion in some samples. The landscape
of genomic islands of isolation is particularly well represented in our
windowed Fsr landscape (Fig. 6), providing perhaps the clearest
genomic expression of this pattern: most windows show low differenti-
ation, consistent with broad genomic sharing, but this low background is
punctuated by repeatable peaks of elevated divergence across multiple
chromosomes. These peaks must be, at least partly, overlapping with the
outliers recovered for the k-means clustering, and they perhaps repre-
sent loci responsible for trait divergence fuelling ecological divergence
(Cavender-Bares and Pahlich, 2009). In this sense, the semi-permeable
structure of oak genomes may be evolutionarily advantageous,
because it allows lineage cohesion to be maintained while still permit-
ting the movement of potentially adaptive variation across taxonomic
boundaries (Cannon et al., 2024; Cannon and Petit, 2020; Kremer and
Hipp, 2020). Notably, when we examined whether any of the 21 pre-
defined drought-responsive candidate loci overlapped the top 1% of
high-Fst windows, we found no overlap. Thus, the strongest differenti-
ation peaks in our dataset do not coincide with these predefined
drought-response candidates.

In sum, we regard our findings as adding the Q. robur-Q. pedunculi-
flora system to the growing body of evidence that oak evolution pro-
ceeds through the interaction of lineage cohesion, ecological
differentiation, and persistent introgression rather than through com-
plete reproductive isolation. Having said that, we must emphasise that
our comparison is restricted to only two, shallowly diverged taxa in the
European white oak syngameon. More generally, the oak syngameon is
best understood not simply as a set of isolated species pairs, but as a
dynamic network of partially interfertile lineages, in which local intro-
gression events may be embedded within a larger web of historical and
ecological connections (Cannon and Petit, 2020; Cannon et al., 2024).
The oak syngameon is not just a pattern of gene flow, but an evolu-
tionary system that combines lineage cohesion, semi-permeable
genomic barriers, and the potential for adaptive introgression (Cannon
and Petit, 2020; Kremer and Hipp, 2020).

4.4. Implications for climate-adaptive forest management

Climate change is expected to substantially alter the environmental
conditions of Central European forests in the coming decades. Pro-
jections indicate increasing mean temperatures, more frequent heat-
stress events, and decreasing precipitation during the growing season
(Bartholy et al., 2014; IPCC, 2021). These trends are likely to intensify
drought stress and may threaten the long-term persistence, regenera-
tion, and productivity of lowland oak forests (Krutovsky et al., 2025). In
this context, climate-adaptive forestry and the use of climatically suit-
able forest reproductive material are receiving increasing attention in
European forest policy and management (European Environment
Agency, 2025; Stanturf et al., 2026). Southern and south-eastern prov-
enances of widespread European tree species are therefore increasingly
considered as potentially valuable genetic resources for forestry under
warmer and drier future conditions (Bartha et al., 2018; Matyas et al.,
2018).

Against this background, our results offer a cautious but relevant
perspective for management. Genome-wide analyses support the inter-
pretation of Q. pedunculiflora as a weakly differentiated lineage within
the Quercus robur complex rather than as a fully isolated species, and no
evidence for the occurrence of Q. pedunculifiora in the sampled Hun-
garian material. The exploratory analysis of drought-responsive candi-
date genes did not reveal statistically supported differences between
Hungarian and Balkan regions. Consequently, the present results do not
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provide sufficiently strong genomic support for the immediate large-
scale operational transfer of reproductive material from northern Bal-
kan populations into Hungarian forests. However, the absence of strong
genomic barriers, together with the overall genomic compatibility
observed among trees, suggests that assisted gene flow initiatives,
assisted by carefully designed provenance trials (Matyas, 1994), may
represent appropriate next steps for enhancing the adaptive potential of
Pannonian Q. robur stands under future climatic conditions.

Such a stepwise approach is consistent with current thinking in
climate-adaptive forestry, where the goal is not to replace local gene
pools prematurely, but to test whether carefully selected non-local ma-
terial can improve forest resilience without eroding locally adapted
genomic backgrounds (St. Clair et al., 2020). Similar approaches are
already being explored in other European forest tree systems. For
example, populations of Fagus orientalis from south-eastern Europe and
western Asia are being evaluated as potential sources of adaptive genetic
variation for European beech forests, while experimental studies have
also highlighted the need for careful long-term assessment of ecological
and genetic consequences (Kurz et al., 2023).

Beyond their immediate practical value as potential donor pop-
ulations, the south-eastern trees studied here may also be important for
maintaining evolutionary processes within the European white-oak
syngameon. The semi-permeable species boundaries characteristic of
oaks may facilitate the redistribution of adaptive genetic variation
through introgression, as has been demonstrated in other oak lineages
(Leroy et al., 2020). In fragmented landscapes, such processes may help
maintain adaptive potential and reduce the negative effects of isolation
by enabling continued exchange of genetic variation among partially
differentiated lineages (Pino et al., 2024). This may be especially rele-
vant in south-eastern Europe, where many oak populations persist as
relatively isolated forest fragments (Curtu et al., 2017).

Taken together, our results suggest that south-eastern populations of
the Q. robur complex may represent valuable genetic resources for future
climate-adaptive forestry in Central-Eastern Europe. The present data do
not justify immediate operational transfer of reproductive material; they
do support the conservation and further evaluation of these stands
through expanded genomic sampling, provenance trials, and small-scale
assisted gene-flow experiments aimed at enhancing forest resilience
under future climatic conditions.

5. Conclusions

This study provides a genome-wide perspective on the taxonomic
status and genomic patterns of the Q. robur complex in Central and
South-Eastern Europe. In light of the oak syngameon, our results support
the interpretation of Q. pedunculiflora as a weakly differentiated lineage
consistent with subspecific rank as Q. robur subsp. pedunculifiora, rather
than as a distinct species or a simple ecological variant of Q. robur.
Clearly, a range-wide phylogeography within the Q. robur complex using
highly discriminatory SNPs (see Hipp et al., 2019) can deliver a firm test
to our taxonomic treatment. Although candidate gene analyses did not
detect significant differences in drought-related loci, genome-wide data
revealed structured variation among regions, suggesting that adaptive
differentiation may be subtle and distributed across the genome. Given
the ecological importance of Q. robur as a keystone species, the recog-
nition of Q. pedunculifiora as Q. robur subsp. pedunculifiora highlights its
potential relevance to climate-adaptive forest management, particularly
for identifying tree taxa suitable for future climatic conditions in
Hungary (Bartha et al., 2018). In particular, trees from northern
Bulgaria and southern Romania may represent a valuable source of ge-
netic variation to consider in forest regeneration or stand conversion
efforts under changing environmental conditions. However, the limited
number of samples analysed means the present results should be inter-
preted as a first genomic assessment rather than a definitive character-
isation of the entire regional gene pool. Nevertheless, they provide the
first robust genomic framework for future studies and offer a valuable
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basis for integrating evolutionary and applied perspectives in
climate-adaptive forest management in Central-Eastern Europe.

Declaration of generative AI and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work, the authors used ChatGPT v5.4
to improve the English phrasing and flow of the manuscript. As none of
the authors is a native speaker of an Indo-European language, we used
the large language model for language editing and readability
improvement, without changing the scientific meaning of our original
text and without generating text. After using this tool, the authors
reviewed and edited the content as needed and take full responsibility
for the content of the published article.

CRediT authorship contribution statement

Ivett Hegediis: Writing — review & editing, Writing — original draft,
Visualization, Project administration, Formal analysis, Data curation,
Conceptualization. Dénes Bartha: Writing — review & editing, Super-
vision, Project administration, Funding acquisition. Nozim Shodiev:
Writing — review & editing, Resources, Methodology, Data curation.
Gabor Sramko: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Resources, Project administra-
tion, Methodology, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Gabor Sramko reports financial support was provided by National
Research Development and Innovation Office. Ivett Hegediis reports
financial support was provided by University of Sopron Faculty of
Forestry. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowledgements

We express our gratitude to local botanists who assisted with our
field collection of plant material: Sandor Bordacs, Laszlé Papp, and
Rosen Tzonev, and to our colleagues in the field: Ahmet Emre Ceylan
and Tamas Barabds. We are grateful to Balint Heil for his continuous
support of our research. Funding: This work was supported by the Na-
tional Research, Development and Innovation Office (NKFIH, Hungary)
via an NKFI-FK project [grant number: FK137962]; and the Faculty of
Forestry, University of Sopron, Hungary.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tfp.2026.101528.

Data availability

Raw Illumina sequencing reads were deposited in the National
Center for Biotechnology Information (NCBI), Sequence Read Archive
(SRA), under accession number PRINA1496900 (to be released).

References

Ai, W., Liu, Y., Mei, M., Zhang, X., Chen, H., Liu, Y., 2022. A chromosome-scale genome
assembly of the Mongolian oak (Quercus mongolica). Mol. Ecol. Resour. 22,
2396-2410. https://doi.org/10.1111/1755-0998.13616.

Aitken, S.N., Bemmels, J.B., 2016. Time to get moving: assisted gene flow of forest trees.
Evol. Appl. 9, 271-290. https://doi.org/10.1111/eva.12293.


https://doi.org/10.1016/j.tfp.2026.101528
https://doi.org/10.1111/1755-0998.13616
https://doi.org/10.1111/eva.12293

1. Hegediis et al.

Aitken, S.N., Whitlock, M.C., 2013. Assisted gene flow to facilitate local adaptation to
climate change. Annu. Rev. Ecol. Evol. Syst. 44, 367-388. https://doi.org/10.1146/
annurev-ecolsys-110512-135747.

Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T., Curtis-McLane, S., 2008. Adaptation,
migration or extirpation: climate change outcomes for tree populations. Evol. Appl.
1, 95-111. https://doi.org/10.1111/j.1752-4571.2007.00013.x.

Aldrich, P.R., Cavender-Bares, J., 2011. Quercus. In: Kole, C. (Ed.), Wild Crop relatives:
Genomic and Breeding Resources. Springer, Berlin, pp. 89-129. https://doi.org/
10.1007/978-3-642-21250-5_6.

Alexander, D.H., Novembre, J., Lange, K., 2009. Fast model-based estimation of ancestry
in unrelated individuals. Genome Res. 19, 1655-1664. https://doi.org/10.1101/
gr.094052.109.

Andrews, S., 2010. FastQC: a quality control tool for high throughput sequence data.
Available at https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Apostol, E.N., 2019. Variabilitatea descriptorilor frunzelor in populatii autohtone de
stejar pedunculat (Quercus robur L.) si stejar brumariu (Quercus pedunculifiora K.
Koch). Editura Silvica, Voluntari.

Apostol, E.N., Curtu, A.L., Daia, L.M., Apostol, B., Dinu, C.G., Sofletea, N., 2017. Leaf
morphological variability and intraspecific taxonomic units for pedunculate oak and
grayish oak (genus Quercus L., series Pedunculatae Schwz.) in southern Carpathian
region (Romania). Sci. Total Environ. 609, 497-505. https://doi.org/10.1016/j.
scitotenv.2017.05.274.

Bartha, D., Berki, I., Lengyel, A., Rasztovits, E., Tiborcz, V., Zagyvai, G., 2018.
Erdétéarsulasok és fafajaik atrendezddési lehetdségei a valtozé klimaban.
Erdészettudomanyi Kozlemények 8, 163-195. https://doi.org/10.17164/
EK.2018.011.

Bartholy, J., Pongracz, R., Pieczka, 1., 2014. How the climate will change in this century?
Hung. Geogr. Bull. 63, 55-67. https://doi.org/10.15201/hungeobull.63.1.5.

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using lme4. J. Stat. Soft. 67, 1-48. https://doi.org/10.18637/jss.v067.i01.

Benke, A., Kobolkuti, Z.A., Cseke, K., Borovics, A., Téth, E.G., 2022. Szarazsagtiirésben
szerepet jatsz6 SNP-k azonositasa kocsanytalan tolgy populdciokban.
Erdészettudoményi Kozlemények 12, 77-90. https://doi.org/10.17164/EK.2022.05.

Bodénes, C., Chancerel, E., Ehrenmann, F., Kremer, A., Plomion, C., 2016. High-density
linkage mapping and distribution of segregation distortion regions in the oak
genome. DNA Res 23, 115-124. https://doi.org/10.1093/dnares/dsw001.

Bohlmann, D., 2015. Laubbaume Temperierter Klimate mit Ihrer Artenvielfalt. Patzer
Verlag.

Bohn, U., Gollub, G., Hettwer, C., Neusiess, H., Raus, T., Schliiter, H., Weber, H., 2000-
2003. Karte der natiirlichen Vegetation Europas/map of the natural vegetation of
Europe, 1-3. Bundesamt fiir Naturschutz.

Bordacs, S., Popescu, F., Slade, D., Csaikl, U.M., Lesur, L., Borovics, A., Kézdy, P.,
Konig, A.O., Gomory, D., Brewer, S., Burg, K., Petit, R.J., 2002. Chloroplast DNA
variation of white oaks in the carpathian basin and the balkans. For. Ecol. Manag.
156, 197-209. https://doi.org/10.1016/5S0378-1127(01)00643-0.

Budde, K.B., Hotzel, S., Miiller, M., Samsonidze, N., Papageorgiou, A.C., Gailing, O.,
2023. Bidirectional gene flow between Fagus sylvatica L. and F. orientalis Lipsky
despite strong genetic divergence. For. Ecol. Manage. 537, 120947. https://doi.org/
10.1016/j.foreco.2023.120947.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K.,
Madden, T.L., 2009. BLAST+: architecture and applications. BMC Bioinform. 10,
421. https://doi.org/10.1186/1471-2105-10-421.

Cannon, C.H., Kartesz, J., Hoban, S., Loza, M.1., Bruns, E.B., Hipp, A.L., 2024.
Constructing sympatry networks to assess potential introgression pathways within
the major oak sections in the contiguous US states. Plant Phenome J 6, 1437-1452.
https://doi.org/10.1002/ppp3.10546.

Cannon, C.H., Petit, R.J., 2020. The oak syngameon: more than the sum of its parts. New
Phytol. 226, 978-983. https://doi.org/10.1111/nph.16091.

Cavender-Bares, J., Pahlich, A., 2009. Molecular, morphological, and ecological niche
differentiation of sympatric sister oak species, Quercus virginiana and Q. geminata
(Fagaceae). Amer. J. Bot. 96, 1690-1702. https://doi.org/10.3732/ajb.0800315.

Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell, S.M., Lee, J.J., 2015. Second-
generation PLINK: rising to the challenge of larger and richer datasets. GigaScience
4, 7. https://doi.org/10.1186/s13742-015-0047-8.

Chen, S., Zhou, Y., Chen, Y., Gu, J., 2018. Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. https://doi.org/10.1093/
bioinformatics/bty560.

Craciunesc, I., Vornam, B., Leinemann, L., Finkeldey, R., Sofletea, N., Curtu, A.L., 2015.
High genetic differentiation among European white oak species at a dehydrin gene.
Not. Bot. Horti Agrobo. 43, 582-588. https://doi.org/10.15835/nbha43210128.

Criscuolo, A., Gribaldo, S., 2010. BMGE (Block Mapping and Gathering with Entropy): a
new software for selection of phylogenetic informative regions from multiple
sequence alignments. BMC Evol. Biol. 10, 210. https://doi.org/10.1186/1471-2148-
10-210.

Csoka, G., Ambrus, A., 2016. Erdei fa- és cserjefajok szerepe a herbivor rovarok
fajgazdagsaganak fenntartasaban [The role of forest woody plants in maintaining
species richness of herbivorous insects]. In: Korda, M. (Ed.), Az Erdégazdalkodas
Hatasa Az Erddk Bioldgiai Sokféleségére. Tanulmanygytjtemény. Duna-Ipoly
Nemzeti Park Igazgatosag, Budapest, pp. 155-192.

Curtu, A.L., Alizoti, P., Ballian, D., 2017. Marginal/peripheral populations of forest tree
species and their conservation status: report for southeastern Europe. Ann. Silvic.
Res. 41 (3), 41-47.

Curtu, A.L., Gailing, O., Finkeldey, R., 2007. Evidence for hybridization and
introgression within a species-rich oak (Quercus spp.) community. BMC Evol. Biol. 7,
218. https://doi.org/10.1186/1471-2148-7-218.

15

Trees, Forests and People 28 (2026) 101528

Curtu, A.L., Sofletea, N., Toader, A.V., Enescu, C.M., 2011. Leaf morphological and
genetic differentiation between Quercus robur L. and its closest relative, the drought-
tolerant Quercus pedunculifiora K. Koch. Ann. For. Sci. 68, 1163-1172. https://doi.
0rg/10.1007/513595-011-0105-z.

Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A.,
Handsaker, R.E., Lunter, G., Marth, G.T., Sherry, S.T., McVean, G., Durbin, R., 1000
Genomes Project Analysis Group, 2011. . The variant call format and VCFtools.
Bioinformatics 27, 2156-2158. https://doi.org/10.1093/bioinformatics/btr330.

Degen, B., Yanbaev, Y., Mader, M., Ianbaev, R., Bakhtina, S., Schroeder, H., Blanc-
Jolivet, C., 2021. Impact of gene flow and introgression on the range wide genetic
structure of Quercus robur (L.) in Europe. Forests 12, 1425. https://doi.org/10.3390/
f12101425.

Denk, T., Grimm, G.W., Cardoni, S., Csilléry, K., Kurz, M., Schulze, E.-D., Simeone, M.C.,
Worth, J.R.P., 2024. A subgeneric classification of Fagus (Fagaceae) and revised
taxonomy of western Eurasian beeches. Willdenowia 54, 151-181. https://doi.org/
10.3372/wi.54.54301, 131.

Denk, T., Grimm, G.W., Manos, P.S., Deng, M., Hipp, A.L., 2017. An updated infrageneric
classification of the oaks: review of previous taxonomic schemes and synthesis of
evolutionary patterns. In: Gil-Pelegrin, E., Peguero-Pina, J.J., Sancho-Knapik, D.
(Eds.), Oaks Physiological ecology. Exploring the Functional Diversity of Genus
Quercus L. Springer International Publishing, Cham, pp. 13-38.

Donita, N., Bohn, U., Raus, T., Wagner, H., 2003. Thermophilous mixed deciduous
broadleaved forests. In: Bohn, U., Gollub, G., Hettwer, C., Neuhduslova, Z., Raus, T.,
Schliiter, H., Weber, H. (Eds.), Karte Der Natiirlichen Vegetation Europas/Map of the
Natural Vegetation of Europe. Landwirtschaftsverlag, Miinster.

Doyle, J.J., Doyle, J.L., 1987. A rapid DNA isolation procedure for small quantities of
fresh leaf tissue. Phytochem. Bull. 19, 11-15.

Enescu, C.M., Curtu, A.L., Sofletea, N., 2013. Is Quercus virgiliana a distinct
morphological and genetic entity among European white oaks? Turk. J. Agric. For.
37, 632-641. https://doi.org/10.3906/tar-1210-28.

Enescu, M.C., 2017. A dichotomous determination key for autochthonous oak species
from Romania. J. Hortic. For. Biotechnol. 21, 58-62.

European Environment Agency, 2025. Climate-ADAPT: forests and climate change.
https://climate-adapt.eea.europa.eu/en (accessed 14 April 2026).

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution (N Y) 39, 783. https://doi.org/10.2307/2408678.

Feng, J., Dan, X., Cui, Y., Gong, Y., Peng, M., Sang, Y., Ingvarsson, P.K., Wang, J., 2024.
Integrating evolutionary genomics of forest trees to inform future tree breeding amid
rapid climate change. Plant Comm. 5, 101044. https://doi.org/10.1016/j.
xplc.2024.101044.

Gailing, O., Curtu, A.L., 2014. Interspecific gene flow and species integrity in oaks. Ann.
For. Res. 57, 5-18. https://doi.org/10.15287/afr.2014.171.

Garrison, E., Marth, G., 2012. Haplotype-based variant detection from short-read
sequencing. arXiv preprint arXiv:1207.3907. https://doi.org/10.48550/arXiv.1207.
3907.

Gengsi, L., Vancsura, R., 1992. Dendroldgia [Dendrology]. Mezégazda Kiadd, Budapest.

Georgescu, C.C., Morariu, I., 1948. Contributii la studiul raspandirii speciilor de stejar in
Romania [contributions to the distribution of oaks in Romania]. Analele Institutului
Cercet. Silv. 13, 5-36.

Gerber, S., Chadceuf, J., Gugerli, F., Lascoux, M., Buiteveld, J., Cottrell, J., Dounavi, A.,
Fineschi, S., Forrest, L.L., Fogelgvist, J., Goicoechea, P.G., Jensen, J.S., Salvini, D.,
Vendramin, G.G., Kremer, A., 2014. High rates of gene flow by pollen and seed in
oak populations across Europe. PLoS One 9, e85130. https://doi.org/10.1371/
journal.pone.0085130.

Guichoux, E., Garnier-Géré, P., Lagache, L., Lang, T., Boury, C., Petit, R.J., 2013. Outlier
loci highlight the direction of introgression in oaks. Mol. Ecol. 22, 450-462. https://
doi.org/10.1111/mec.12125.

Hardin, J.W., 1975. Hybridization and introgression in Quercus alba. J. Arnold Arbor. 56,
336-363.

Hauser, M.-T., 2014. Molecular basis of natural variation and environmental control of
trichome patterning. Front. Plant Sci. 5, 320. https://doi.org/10.3389/
fpls.2014.00320.

Hegediis, 1., Bartha, D., 2025. A sziirke tolgy (Quercus robur L. subsp. pedunculiflora (K.
Koch) Menitsky) és a kocsanyos tolgy (Quercus robur L. subsp. robur)
termésbélyegeinek Osszehasonlité morfoldgiai vizsgélata [morphological
comparison of greyish oak (Quercus robur L. subsp. pedunculifiora (K. Koch)
Menitsky) and pedunculate oak (Quercus robur L. subsp. robur) acorns].
Erdészettudomanyi Kozlemények 15, 151-164. https://doi.org/10.17164/
EK.2025.10.

Hegediis, 1., Sramkd, G., Bartha, D., 2025. Morphometric analysis of leaf indumentum
distinguishes greyish oak (Quercus pedunculifiora K. Koch) and pedunculate oak
(Quercus robur L.) across their central-eastern European range. Cent. Eur. For. J. 71,
159-169. https://doi.org/10.2478/forj-2025-0005.

Hewitt, G.M., 1999. Post-glacial re-colonization of European biota. Biol. J. Linn. Soc. 68,
87-112. https://doi.org/10.1111/j.1095-8312.1999.tb01160.x.

Hipp, A.L., 2024. Oak origins: from Acorns to Species and the Tree of Life. University of
Chicago Press, Chicago.

Hipp, A.L., Eaton, D.A.R., Cavender-Bares, J., Fitzek, E., Nipper, R., Manos, P.S., 2014.
A framework phylogeny of the American oak clade based on sequenced RAD data.
PLoS One 9, €93975. https://doi.org/10.1371/journal.pone.0093975.

[in review] Hipp, A.L., Kremer, A., 2026. Making use of oak genomes. In: Porth, I.M., El-
Kassaby, Y.A. (Eds.), The Oak Genome. CRC Press /Taylor and Francis Group.
Hipp, A.L., Manos, P.S., Hahn, M., Avishai, M., Bodénes, C., Cavender-Bares, J., Crowl, A.

A., Deng, M., Denk, T., Fitz-Gibbon, S., Gonzalez-Elizondo, M.S., Gonzalez-
Rodriguez, A., Grimm, G.W., Jiang, X.-L., Kremer, A., Lesur, L., McVay, J.D.,
Plomion, C., Rodriguez-Correa, H., Schulze, E.-D., Simeone, M.C., Sork, V.L.,


https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1007/978-3-642-21250-5_6
https://doi.org/10.1007/978-3-642-21250-5_6
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1101/gr.094052.109
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0008
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0008
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0008
https://doi.org/10.1016/j.scitotenv.2017.05.274
https://doi.org/10.1016/j.scitotenv.2017.05.274
https://doi.org/10.17164/EK.2018.011
https://doi.org/10.17164/EK.2018.011
https://doi.org/10.15201/hungeobull.63.1.5
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.17164/EK.2022.05
https://doi.org/10.1093/dnares/dsw001
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0015
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0015
https://doi.org/10.1016/S0378-1127(01)00643-0
https://doi.org/10.1016/j.foreco.2023.120947
https://doi.org/10.1016/j.foreco.2023.120947
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1002/ppp3.10546
https://doi.org/10.1111/nph.16091
https://doi.org/10.3732/ajb.0800315
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.15835/nbha43210128
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.1186/1471-2148-10-210
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0027
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0027
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0027
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0027
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0027
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0028
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0028
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0028
https://doi.org/10.1186/1471-2148-7-218
https://doi.org/10.1007/s13595-011-0105-z
https://doi.org/10.1007/s13595-011-0105-z
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.3390/f12101425
https://doi.org/10.3390/f12101425
https://doi.org/10.3372/wi.54.54301
https://doi.org/10.3372/wi.54.54301
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0034
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0034
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0034
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0034
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0034
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0035
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0035
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0035
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0035
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0036
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0036
https://doi.org/10.3906/tar-1210-28
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0037
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0037
https://climate-adapt.eea.europa.eu/en
https://doi.org/10.2307/2408678
https://doi.org/10.1016/j.xplc.2024.101044
https://doi.org/10.1016/j.xplc.2024.101044
https://doi.org/10.15287/afr.2014.171
https://doi.org/10.48550/arXiv.1207.3907
https://doi.org/10.48550/arXiv.1207.3907
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0044
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0044
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0044
https://doi.org/10.1371/journal.pone.0085130
https://doi.org/10.1371/journal.pone.0085130
https://doi.org/10.1111/mec.12125
https://doi.org/10.1111/mec.12125
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0047
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0047
https://doi.org/10.3389/fpls.2014.00320
https://doi.org/10.3389/fpls.2014.00320
https://doi.org/10.17164/EK.2025.10
https://doi.org/10.17164/EK.2025.10
https://doi.org/10.2478/forj-2025-0005
https://doi.org/10.1111/j.1095-8312.1999.tb01160.x
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0052
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0052
https://doi.org/10.1371/journal.pone.0093975
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0054
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0054

1. Hegediis et al.

Valencia-A, S., 2020. Genomic landscape of the global oak phylogeny. New Phytol.
226, 1198-1212. https://doi.org/10.1111/nph.16162.

Hipp, A.L., Whittemore, A.T., Garner, M., Hahn, M., Fitzek, E., Guichoux, E., Cavender-
Bares, J., Gugger, P.F., Manos, P.S., Pearse, LS., Cannon, C.H., 2019. Genomic
identity of white oak species in an eastern north american syngameon. Ann. Mo. Bot.
Gard. 104, 455-477. https://doi.org/10.3417/2019434.

Homolka, A., Eder, T., Kopecky, D., Dering, M., Kraj, W., Vornam, B., Liesebach, M.,
2012. Allele discovery of ten candidate drought-response genes in Austrian oak using
a systematically informatics approach based on 454 amplicon sequencing. BMC Res.
Notes 5, 175. https://doi.org/10.1186/1756-0500-5-175.

Hung, T.H., Formaggia, E., Morley, L., Kirby, K., Salguero-Gomez, R., Sheldon, B.C.,
MacKay, J.J., 2025. Genetic diversity and population structure of pedunculate oaks
(Quercus robur) in Wytham Woods. Plants People Planet. 7, 1789-1802. https://doi.
0rg/10.1002/ppp3.70042.

IPCC, 2021. Climate change 2021: the physical science basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmental Panel On Climate
Change. Cambridge University Press, Cambridge, UK/New York, NY, USA. https://
doi.org/10.1017/9781009157896.

Jalas, J., Souminen, J., 1976. Atlas Florae Europaeae. Distribution of vascular plants in
Europe III. Salicaceae to Balanophoraceae. The Committee for Mapping the Flora of
Europe and Societas Biologica Fennica Vanam, Helsinki.

Jin, J.J., Yu, W.B., Yang, J.B., Song, Y., Yi, T.S., Li, D.Z., 2020. GetOrganelle: a fast and
versatile toolkit for accurate de novo assembly of organelle genomes. Genome Biol.
21, 241. https://doi.org/10.1186/s13059-020-02154-5.

Josifovié, M. (Ed.), 1970. Flore De La République Socialiste De Serbie, Tome II. Académie
Serbe des Sciences et des Arts, Belgrade.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772-780. https://
doi.org/10.1093/molbev/mst010.

Keenan, R.J., 2015. Climate change impacts and adaptation in forest management: a
review. Ann. For. Sci. 72, 145-167. https://doi.org/10.1007/s13595-014-0446-5.

Koch, K., 1849. Beitrage zu einer Flora des Orientes [contributions to the flora of the
Orient]. II. Linnaea 22, 177-336.

Konig, A.O., Ziegenhagen, B., van Dam, B.C., Csaikl, U.M., Coart, E., Degen, B., Burg, K.,
de Vries, S.M.G., Petit, R.J., 2002. Chloroplast DNA variation of oaks in western
Central Europe and genetic consequences of human influences. For. Ecol. Manage.
156, 147-166. https://doi.org/10.1016/50378-1127(01)00640-5.

Kremer, A., Durand, J., Bodénes, C., Lesur, 1., Plomion, C., 2024. Whole-genome
screening for near-diagnostic genetic markers for four western European white oak
species identification. Ann. For. Sci. 81, 21. https://doi.org/10.1186/513595-024-
01236-9.

Kremer, A., Hipp, A.L., 2020. Oaks: an evolutionary success story. New Phytol. 226,
987-1011. https://doi.org/10.1111/nph.16274.

Kremer, A., Le Corre, V., 2012. Decoupling of differentiation between traits and their
underlying genes in response to divergent selection. Heredity (Edinb) 108, 375-385.
https://doi.org/10.1038/hdy.2011.81.

Krutovsky, K.V., Popova, A.A., Yakovlev, L.A., Yanbaev, Y.A., Matveev, S.M., 2025.
Response of pedunculate oak (Quercus robur L.) to adverse environmental conditions
in genetic and dendrochronological studies. Plants 14, 109. https://doi.org/
10.3390/plants14010109.

Kurz, M., Kolz, A., Gorges, J., Pablo Carmona, B., Brang, P., Vitasse, Y., Kohler, M.,
Rezzonico, F., Smits, T.H.M., Bauhus, J., Rudow, A., Hansen, O.K., Vatanparast, M.,
Sevik, H., Zhelev, P., Gomory, D., Paule, L., Sperisen, C., Csilléry, K., 2023. Tracing
the origin of oriental beech stands across western Europe and reporting
hybridization with European beech: implications for assisted gene flow. For. Ecol.
Manag. 531, 120801. https://doi.org/10.1016/j.foreco.2023.120801.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. LmerTest package: tests in
linear mixed effects models. J. Stat. Soft. 82, 1-26. https://doi.org/10.18637/jss.
v082.i13.

Lados, B.B., Nagy, L., Benke, A., Molnar, C.E., Kébélkuti, Z.A., Cseke, K., 2026.
Population genetic insights for climate-adaptive oak management: results from a
large-scale study of Turkey oak populations. For. Ecol. Manage. 606, 123560.
https://doi.org/10.1016/j.foreco.2026.123560.

Leroy, T., Louvet, J.-M., Lalanne, C., Le Provost, G., Labadie, K., Aury, J.-M., Delzon, S.,
Plomion, C., Kremer, A., 2020. Adaptive introgression as a driver of local adaptation
to climate in European white oaks. New Phytol. 226, 1171-1182. https://doi.org/
10.1111/nph.16095.

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with burrows-wheeler
transform. Bioinformatics 25, 1754-1760. https://doi.org/10.1093/bioinformatics/
btp324.

Lind, B.M., Menon, M., Bolte, C.E., Faske, T.M., Eckert, A.J., 2018. The genomics of local
adaptation in trees: are we out of the woods yet? Tree Gen. Genom. 14, 29. https://
doi.org/10.1007/5s11295-017-1224-y.

Matyas, C., 1994. Modelling climate change effects with provenance test data. Tree
Physiol. 14, 797-804. https://doi.org/10.1093/treephys/14.7-8-9.797.

Matyas, C., Berki, L., Bidld, A., Csoka, G., Czimber, K., Fiihrer, E., Galos, B.,
Gribovszki, Z., Illés, G., Hirka, A., 2018. Sustainability of forest cover under climate
change on the temperate-continental xeric limits. Forests 9, 489. https://doi.org/
10.3390/f9080489.

Matyds, V., 1967. Hamvas- vagy sziirketolgy (Quercus pedunculifiora C. Koch) [grayish
oak]. In: Keresztesi, B. (Ed.), A Tolgyek [the oaks]. Akadémiai Kiado, Budapest,
pp. 81-84.

McVay, J.D., Hauser, D., Hipp, A.L., Manos, P.S., 2017. Phylogenomics reveals a complex
evolutionary history of lobed-leaf white oaks in western North America. Genome 60,
733-742. https://doi.org/10.1139/gen-2016-0206.

Trees, Forests and People 28 (2026) 101528

Mellert, K., Seho, M., 2022. Suitability of Fagus orientalis Lipsky at marginal Fagus
sylvatica L. forest sites in Southern Germany. iForest — Biogeosci. Forest 15,
417-423. https://doi.org/10.3832/ifor4077-015.

Menitsky, Y.L., 1971. Duby Kavkaza [Oaks of the Caucasus]. Nauka, Leningrad.

Menitsky, Y.L., 1984. Duby Azii [Oaks of Asia]. Nauka, Leningrad.

Minh, B.Q., Schmidt, H.A., Chernomor, O., Schrempf, D., Woodhams, M.D., von
Haeseler, A., Lanfear, R., 2020. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534. https://
doi.org/10.1093/molbev/msaa015.

Molder, A., Meyer, P., Nagel, R.-V., 2019. Integrative management to sustain biodiversity
and ecological continuity in central European temperate oak (Quercus robur, Q.
petraea) forests: an overview. For. Ecol. Manage. 437, 324-339. https://doi.org/
10.1016/j.foreco.2019.01.006.

Morales-Saldana, S., Hipp, A.L., Valencia-Avalos, S., Hahn, M., Gonzélez-Elizondo, M.S.,
Gernandt, D.S., Pham, K.K., Oyama, K., Gonzdlez-Rodriguez, A., 2024. Divergence
and reticulation in the Mexican white oaks: ecological and phylogenomic evidence
on species limits and phylogenetic networks in the Quercus laeta complex (Fagaceae).
Ann. Bot. 133, 1007-1024. https://doi.org/10.1093/aob/mcae030.

Miiller, M., Gailing, O., 2019. Abiotic genetic adaptation in the Fagaceae. Plant Biol. 21,
783-795. https://doi.org/10.1111/plb.13008.

Nixon, K.C., 1993. Infrageneric classification of Quercus (Fagaceae) and typification of
sectional names. Ann. Sci. For. 50, 25s-34s. https://doi.org/10.1051/forest:
19930701.

Ortiz, E.M., 2019. Vcf2phylip v2.0: Convert a VCF Matrix Into Several Matrix Formats
For Phylogenetic Analysis. Zenodo. https://doi.org/10.5281/zenodo.2540861.
Pakull, B., Degen, B., Schroeder, H., Riedel, T., Mader, M., Liesebach, H., Hoffmann, P.,

Hoppe, S., Eusemann, P., 2025. Hybridization, spatial genetic structure and potential
environmental preadaptation in Quercus robur and Quercus petraea in Germany-
results from the 4th national forest inventory. Tree Genet. Genomes. 21, 11. https://
doi.org/10.1007/511295-025-01695-9.

Pattanaik, S., Patra, B., Singh, S.K., Yuan, L., 2014. An overview of the gene regulatory
network controlling trichome development in the model plant, Arabidopsis. Front.
Plant Sci. 5, 259. https://doi.org/10.3389/fpls.2014.00259.

Petit, R.J., Aguinagalde, 1., de Beaulieu, J.-L., Bittkau, C., Brewer, S., Cheddadi, R.,
Ennos, R., Fineschi, S., Grivet, D., Lascoux, M., Mohanty, A., Miiller-Starck, G.,
Demesure-Musch, B., Palmé, A., Martin, J.P., Rendell, S., Vendramin, G.G., 2003.
Glacial refugia: hotspots but not melting pots of genetic diversity. Science 300,
1563-1565. https://doi.org/10.1126/science.1083264.

Petit, R.J., Csaikl, U.M., Borddcs, S., Burg, K., Coart, E., Cottrell, J., van Dam, B.,
Deans, J.D., Dumolin-Lapegue, S., Fineschi, S., Finkeldey, R., Gillies, A., Glaz, L.,
Goicoechea, P.G., Jensen, J.S., Kénig, A.O., Lowe, A.J., Madsen, S.F., Matyés, G.,
Munro, R.C., Olalde, M., Pemonge, M.-H., Popescu, F., Slade, D., Tabbener, H.,
Taurchini, D., de Vries, S.G.M., Ziegenhagen, B., Kremer, A., 2002. Chloroplast DNA
variation in European white oaks: phylogeography and patterns of diversity based on
data from over 2600 populations. For. Ecol. Manage. 156, 5-26. https://doi.org/
10.1016/50378-1127(01)00645-4.

Pintér, B., Cseke, K., Ladanyi, M., Lados, B.B., Borddcs, S., 2025. Genetic analyses of a
mixed oak stand at the xeric limit of forest climate and its general consequences for
in situ conservation management. Forests 16, 939. https://doi.org/10.3390/
f16060939.

Pinto, A.V., Hansson, B., Patramanis, I., et al., 2024. The impact of habitat loss and
population fragmentation on genomic erosion. Conserv. Genet. 25, 49-57. https://
doi.org/10.1007/s10592-023-01548-9.

Plomion, C., Aury, J.-M., Amselem, J., Leroy, T., Murat, F., Duplessis, S., Faye, S.,
Francillonne, N., Labadie, K., Le Provost, G., Lesur, 1., Bartholomé, J., Faivre-
Rampant, P., Kohler, A., Leplé, J.-C., Chantret, N., Chen, J., Diévart, A.,
Alaeitabar, T., Barbe, V., Belser, C., Berges, H., Bodénes, C., Bogeat-Triboulot, M.-B.,
Bouffaud, M.-L., Brachi, B., Chancerel, E., Cohen, D., Couloux, A., Da Silva, C.,
Dossat, C., Ehrenmann, F., Gaspin, C., Grima-Pettenati, J., Guichoux, E., Hecker, A.,
Herrmann, S., Hugueney, P., Hummel, I., Klopp, C., Lalanne, C., Lascoux, M.,
Lasserre, E., Lemainque, A., Desprez-Loustau, M.-L., Luyten, I., Madoui, M.-A.,
Mangenot, S., Marchal, C., Maumus, F., Mercier, J., Michotey, C., Panaud, O.,
Picault, N., Rouhier, N., Rué, O., Rustenholz, C., Salin, F., Soler, M., Tarkka, M.,
Velt, A., Zanne, A.E., Martin, F., Wincker, P., Quesneville, H., Kremer, A., Salse, J.,
2018. Oak genome reveals facets of long lifespan. Nat. Plants 4, 440-452. https://
doi.org/10.1038/s41477-018-0172-3.

Popa, A., Jevsenak, J., Dyderski, M., Puchatka, R., Buras, A., Popa, 1., Wilmking, M.,
Kalisty, A., Roibu, C.-C., Jakubowski, M., Thurm, E., Senfeldr, M., Smiljani¢, M., van
der Maaten, E., Esper, J., Martinez del Castillo, E., Treml, V., Tumajer, J.,
Zlatanov, T., Matisons, R., Florenta, G., Florenta, V., Netsvetov, M., Grati, V.,
Burger, A., Janecka, K., Kosti¢, S., Pilch, K., Jansone, D., Liepina, A., Prokopuk, Y.,
Sylenko, O., Arvai, M., Brauning, A., Marques, C., Hausser, M., Horvéth, E., Jelen, J.,
Kaczka, R., Kern, Z., Kolaft, T., Koprowski, M., Metslaid, S., Morgds, A.,
Khodosovtsev, O., Potapov, A., Rybnicek, M., Sochov4, 1., Sohar, K., Budzhak, V.,
Zin, E., Schneider, T., Gil, W., Klisz, M., 2025. Spatiotemporal variability of
dendroecological indicators in pedunculate oak (Quercus robur L.) tree-rings across
Europe in relation to species distribution models. Glob. Chang. Biol. 31, €70567.
https://doi.org/10.1111/gcb.70567.

Qu, X.J., Moore, M.J., Li, D.Z., Yi, T.S., 2019. PGA: a software package for rapid,
accurate, and flexible batch annotation of plastomes. Plant Methods. 15, 50. https://
doi.org/10.1186/s13007-019-0435-7.

Quinlan, A.R., Hall, .M., 2010. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 26, 841-842. https://doi.org/10.1093/
bioinformatics/btq033.

R Core Team, 2025. R: A language and Environment For Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.


https://doi.org/10.1111/nph.16162
https://doi.org/10.3417/2019434
https://doi.org/10.1186/1756-0500-5-175
https://doi.org/10.1002/ppp3.70042
https://doi.org/10.1002/ppp3.70042
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
http://refhub.elsevier.com/S2666-7193(26)00381-X/sref2
http://refhub.elsevier.com/S2666-7193(26)00381-X/sref2
http://refhub.elsevier.com/S2666-7193(26)00381-X/sref2
https://doi.org/10.1186/s13059-020-02154-5
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0061
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0061
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1007/s13595-014-0446-5
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0064
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0064
https://doi.org/10.1016/S0378-1127(01)00640-5
https://doi.org/10.1186/s13595-024-01236-9
https://doi.org/10.1186/s13595-024-01236-9
https://doi.org/10.1111/nph.16274
https://doi.org/10.1038/hdy.2011.81
https://doi.org/10.3390/plants14010109
https://doi.org/10.3390/plants14010109
https://doi.org/10.1016/j.foreco.2023.120801
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.foreco.2026.123560
https://doi.org/10.1111/nph.16095
https://doi.org/10.1111/nph.16095
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1007/s11295-017-1224-y
https://doi.org/10.1007/s11295-017-1224-y
https://doi.org/10.1093/treephys/14.7-8-9.797
https://doi.org/10.3390/f9080489
https://doi.org/10.3390/f9080489
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0078
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0078
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0078
https://doi.org/10.1139/gen-2016-0206
https://doi.org/10.3832/ifor4077-015
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0081
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0082
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1016/j.foreco.2019.01.006
https://doi.org/10.1016/j.foreco.2019.01.006
https://doi.org/10.1093/aob/mcae030
https://doi.org/10.1111/plb.13008
https://doi.org/10.1051/forest:19930701
https://doi.org/10.1051/forest:19930701
https://doi.org/10.5281/zenodo.2540861
https://doi.org/10.1007/s11295-025-01695-9
https://doi.org/10.1007/s11295-025-01695-9
https://doi.org/10.3389/fpls.2014.00259
https://doi.org/10.1126/science.1083264
https://doi.org/10.1016/S0378-1127(01)00645-4
https://doi.org/10.1016/S0378-1127(01)00645-4
https://doi.org/10.3390/f16060939
https://doi.org/10.3390/f16060939
https://doi.org/10.1007/s10592-023-01548-9
https://doi.org/10.1007/s10592-023-01548-9
https://doi.org/10.1038/s41477-018-0172-3
https://doi.org/10.1038/s41477-018-0172-3
https://doi.org/10.1111/gcb.70567
https://doi.org/10.1186/s13007-019-0435-7
https://doi.org/10.1186/s13007-019-0435-7
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://www.R-project.org/

1. Hegediis et al.

Rellstab, C., Biihler, A., Graf, R., Folly, C., Gugerli, F., 2016. Using joint multivariate
analyses of leaf morphology and molecular-genetic markers for taxon identification
in three hybridizing European white oak species (Quercus spp.). Ann. For. Sci. 73,
669-679. https://doi.org/10.1007/s13595-016-0552-7.

Renner, S.S., Grimm, G.W., Kapli, P., Denk, T., 2016. Species relationships and
divergence times in beeches: new insights from the inclusion of 53 young and old
fossils in a birth-death clock model. Philos. Trans. Roy. Soc. B 371, 20150135.
https://doi.org/10.1098/rstb.2015.0135.

Reutimann, O., Gugerli, F., Rellstab, C., 2020. A species-discriminatory single-nucleotide
polymorphism set reveals maintenance of species integrity in hybridizing European
white oaks (Quercus spp.) despite high levels of admixture. Ann. Bot. 125, 663-676.
https://doi.org/10.1093/aob/mcaa001.

Ribicoff, G., Garner, M., Pham, K., Althaus, K.N., Cavender-Bares, J., Crowl, A.A.,
Gray, S., Gugger, P., Hahn, M., Liao, S., Manos, P.S., Mohn, R.A., Pearse, LS.,
Steichmann, N.R., Tuffin, A.L., Whittemore, A.T., Hipp, A.L., 2025. Introgression,
phylogeography, and genomic species cohesion in the eastern North American white
oak syngameon. Mol. Ecol. 34, e17822. https://doi.org/10.1111/mec.17822.

Schwarz, O., 1937. Monographie Der Eichen Europas Und Des Mittelmeergebietes.
Selbstverlag, Dahlem.

Scotti-Saintagne, C., Mariette, S., Porth, I., Goicoechea, P.G., Barreneche, T., Bodénes, C.,
Burg, K., Kremer, A., 2004. Genome scanning for interspecific differentiation
between two closely related oak species [Quercus robur L. and Q. petraea (Matt.)
Liebl.]. Genetics 168, 1615-1626. https://doi.org/10.1534/genetics.104.026849.

Semerikova, S.A., 2025. Oaks of the western Caucasus: species structure and
hybridization investigated by genetic markers. Russ. J. Ecol. 56, 408-428. https://
doi.org/10.1134/51067413625600648.

Sork, V.L., Fitz-Gibbon, S., Puiu, D., Crepeau, M., Gugger, P.F., Sherman, R., Stevens, K.,
Langley, C.H., Pellegrini, M., Salzberg, S.L., 2016. First draft assembly and
annotation of the genome of a California endemic oak Quercus lobata née. G3 Genes
Genom. Genet. 6, 3485-3495. https://doi.org/10.1534/g3.116.030411.

St. Clair, J.B., Howe, G.T., Kling, J.G., 2020. The 1912 Douglas-fir heredity study: long-
term effects of climatic transfer distance on growth and survival. J. For. 118, 1-13.
https://doi.org/10.1093/jofore/fvz064.

Stanturf, J.A., Oliet, J.A., Tsakaldimi, M., et al., 2026. Terminology of regeneration,
reforestation, restoration, and climate adaptation. In: Stanturf, J.A., et al. (Eds.),
Guidelines For Climate Adaptive Forest Restoration and Reforestation Projects.
Elsevier, Amsterdam, pp. 19-57. https://doi.org/10.1016/B978-0-443-34086-
4.00004-9.

17

Trees, Forests and People 28 (2026) 101528

Svenning, J.-C., Normand, S., Kageyama, M., 2008. Glacial refugia of temperate trees in
Europe: insights from species distribution modelling. J. Ecol. 96, 1117-1127.
https://doi.org/10.1111/j.1365-2745.2008.01422.x.

Tischenko, L., Isabel, N., Touchette, L., Normandeau, E., Boyle, B., Williams, M.,
Neophytou, C., Jansen, S., Liesebach, M., Kremer, A., MacKay, J.J., Rainville, A,
Porth, 1., 2026. Genomic structure and environmental adaptation in northern red
oak: foundations for climate-resilient forestry. For. Ecol. Manage. 616, 123879.
https://doi.org/10.1016/j.foreco.2026.123879.

Trudié, B., Draski¢, G., Provost, L.G., Stojni¢, S., Pilipovi¢, A., Ivezié, A., 2021. Expression
profiles of 11 candidate genes involved in drought tolerance of pedunculate oak
(Quercus robur L.): possibilities for genetic monitoring of the species. Silvae Genet.
70, 226-234. https://doi.org/10.2478/sg-2021-0020.

Truffaut, L., Chancerel, E., Ducousso, A., Dupouey, J.L., Badeau, V., Ehrenmann, F.,
Kremer, A., 2017. Fine-scale species distribution changes in a mixed oak stand over
two successive generations. New Phytol. 215, 126-139. https://doi.org/10.1111/
nph.14561.

Vasimuddin, M., Misra, S., Li, H., Alury, S., 2019. Efficient architecture-aware
acceleration of BWA-MEM for Multicore systems. In: 2019 IEEE International
Parallel and Distributed Processing Symposium (IPDPS), pp. 314-324. https://doi.
org/10.1109/IPDPS.2019.00041.

Wang, T.-R., Ning, X., Zheng, S.-S., Li, Y., Lu, Z.-J., Meng, H.-H., Ge, B.-J., Kozlowski, G.,
Yan, M.-X., Song, Y.-G., 2025. Genomic insights into ecological adaptation of oaks
revealed by phylogenomic analysis of Multiple species. Plant Divers. 47, 53-67.
https://doi.org/10.1016/.pld.2024.07.008.

Wang, X., Shen, C., Meng, P., Tan, G., Lv, L., 2021. Analysis and review of trichomes in
plants. BMC Plant Biol. 21, 70. https://doi.org/10.1186/512870-021-02840-x.
Wickham, H., 2016. ggplot2: Elegant Graphics For Data Analysis. Springer-Verlag, New

York.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E.,
Bache, S.M., Miiller, K., Cook, D., McPherson, J., Ittershagen, P., Robertson, J.,
Yutani, H., 2019. Welcome to the Tidyverse. J. Open Source Softw. 4 (43), 1686.
https://doi.org/10.21105/joss.01686.

Yilmaz, O.Y., Yilmaz, H., 2016. Bioclimatic factors affecting the distribution of Quercus
robur L. (pedunculate oak) subspecies in Turkey. Eurasian J. For. Sci. 4, 31-39.
https://doi.org/10.31195/¢jejfs.258623.

Zhou, X., Liu, N., Jiang, X., Qin, Z., Farooq, T.H., Cao, F., Li, H., 2022. A chromosome-
scale genome assembly of Quercus gilva: insights into the evolution of Quercus section
Cyclobalanopsis (Fagaceae). Front. Plant Sci. 13, 1012277. https://doi.org/10.3389/
fpls.2022.1012277.


https://doi.org/10.1007/s13595-016-0552-7
https://doi.org/10.1098/rstb.2015.0135
https://doi.org/10.1093/aob/mcaa001
https://doi.org/10.1111/mec.17822
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0104
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0104
https://doi.org/10.1534/genetics.104.026849
https://doi.org/10.1134/S1067413625600648
https://doi.org/10.1134/S1067413625600648
https://doi.org/10.1534/g3.116.030411
https://doi.org/10.1093/jofore/fvz064
https://doi.org/10.1016/B978-0-443-34086-4.00004-9
https://doi.org/10.1016/B978-0-443-34086-4.00004-9
https://doi.org/10.1111/j.1365-2745.2008.01422.x
https://doi.org/10.1016/j.foreco.2026.123879
https://doi.org/10.2478/sg-2021-0020
https://doi.org/10.1111/nph.14561
https://doi.org/10.1111/nph.14561
https://doi.org/10.1109/IPDPS.2019.00041
https://doi.org/10.1109/IPDPS.2019.00041
https://doi.org/10.1016/j.pld.2024.07.008
https://doi.org/10.1186/s12870-021-02840-x
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0117
http://refhub.elsevier.com/S2666-7193(26)00381-X/sbref0117
https://doi.org/10.21105/joss.01686
https://doi.org/10.31195/ejejfs.258623
https://doi.org/10.3389/fpls.2022.1012277
https://doi.org/10.3389/fpls.2022.1012277

	Genome-wide assessment of Quercus pedunculiflora differentiation within the Quercus robur (Fagaceae) species complex—implic ...
	1 Introduction
	2 Methods
	2.1 Plant material, sampling design and DNA extraction
	2.2 Sequencing and raw data quality filtering
	2.3 Plastome assembly, annotation and phylogenetic analysis
	2.4 Genome-wide SNP calling and population genomic analyses
	2.5 Candidate-gene dosage analysis

	3 Results
	3.1 Plastome phylogeny
	3.2 Nuclear phylogenomics and genome-wide population structure
	3.3 Candidate-gene dosage patterns

	4 Discussion
	4.1 Genomic differences and taxonomic assignments
	4.2 Candidate genes and drought-related genomic patterns
	4.3 The oak syngameon caught in the act
	4.4 Implications for climate-adaptive forest management

	5 Conclusions
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


