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Abstract

Chloroplast genomes are frequently used to reconstruct the evolutionary history of plants, including detection of introgression and
chloroplast capture events. Here, we focus on two oak species, Quercus robur and Q. petraea, which lack differentiation in several
chloroplast markers. This was assumed to result from chloroplast captures during their dispersal from refugia after the last glacial
maximum (LGM). We aim to reassess chloroplast variation within and between these species by de novo assembling 114 oak
plastomes. Additionally, we combine our data with available plastome data from 91 Fagaceae species to reconstruct a dated
phylogeny and estimate the divergence time between oak chloroplast lineages. Positive selection analysis on 69 chloroplast genes
was also conducted to test whether chloroplast capture is adaptive. Plastome phylogenetic analyses reveal three oak haplotypes
with no species delimitation. Molecular dating analysis indicates older splits among the three main haplotypes (2.68 - 0.5 Mya) and
younger splits within lineages (0.39 - 0.04 Mya), suggesting that chloroplast capture could have occurred prior to the LGM in some
lineages. Positive selection is observed in two chloroplast genes, with the selection on the rbcL gene possibly linked to the adaptive
evolution of the RuBisCO enzyme. Hence, signs of a selective sweep could further explain the observed limited genetic diversity in
oak plastomes. This study provides valuable insights into oak plastome evolution, setting a significant base for upcoming studies,
including nuclear genome and protein-level studies to better understand cytonuclear interactions and conceivable environmental
adaptations.

Introduction

Despite the increasing use of nuclear genome datasets in plant evolutionary studies (e.g. Johnson et al. 2019; Couvreur et al. 2019;
Zhou et al. 2022), the plastid genome remains the cornerstone in angiosperm phylogenetics (Ruhfel et al. 2014; Shaw et al. 2014).
Its haploid, non-recombinant, and (with few exceptions) uni-parental inherited nature provides clearer signatures of the age and
relatedness across species (Rousseau-Gueutin et al. 2018), making it suitable for providing insights into interspecific gene flow in
sympatric species (Rieseberg and Soltis 1991). Its significance also lies in its ability to detect patterns of ancient hybridization or
introgression, particularly those involving chloroplast capture events (e.g. Petit et al. 2002; Premoli et al. 2012; Pham et al. 2017;
Yang et al. 2021; Zhou et al. 2022). These events refer to the replacement of one species' chloroplast genome (plastome) by that of
another species through hybridization and repeated backcrossing, a common phenomenon in several plant families (Rieseberg and
Soltis 1991). While chloroplast capture is not restricted to closely related species, it is most likely to occur among sympatric
species that are reproductively compatible (Liu et al. 2020). It is usually inferred from phylogenetic analyses and the conflict
between the nuclear and plastome topology. There are several cases of distinct species delimitation based on nuclear markers,
whereas the corresponding plastome topology appears non-monophyletic among and within different species and lineages (e.g.
Petit et al. 2002; Acosta et al. 2010; Pham et al. 2017; Liu et al. 2020; Zhou et al. 2022). This cytonuclear discordance has been the
topic of many studies, revealing the evolutionary history of cytoplasmic genomes which can provide essential insights into
speciation and adaptation in both plants and animals (e.g. Sloan et al. 2016; Postel & Touzet 2020). Studying these incongruences
can for example help us determine if certain cytoplasmic types (introgressive hybrids, chloroplast captures) are involved in (local)
adaptive processes (e.g. Postel & Touzet 2020; Larson et al. 2026). As chloroplast and mitochondrial genes can be subject to
positive selection, cytoplasmic capture could potentially offer an evolutionary advantage to some species (Tsitrone et al. 2003; Muir
and Filatov 2007). Despite the high number of relevant studies on angiosperms, the relationships and plastid evolutionary histories
of several species’ complexes remain unclear or incomplete. Here, we use whole chloroplast genome data to reassess chloroplast
variation among European white oak species (Quercus). Additional divergence time analysis of the Fagaceae family and positive
selection analysis on selected chloroplast genes allow us to explore more thoroughly the pattern of shared chloroplast haplotypes
and its possible effect on the species, while shedding more light on the evolutionary history of these species’ plastomes.

The Fagaceae family is a large group of flowering plants in the Northern Hemisphere (Kremer et al. 2012) that includes over 900
species across 8 genera (POWO, 2026). It holds substantial ecological, cultural, and economic value, providing various ecosystem
services from biodiversity to wood, biomass, and food production, including economically significant species such as oaks,
beeches, and chestnuts (Kremer et al. 2012). During the Eocene, a period with cooling climatic conditions, Fagaceae species
expanded and eventually dominated what is today Eurasia and America (Zhou et al. 2022). The well preserved and abundant fossil
record of Fagaceae has been extensively utilized in phylogenetic studies, investigating the origin and migration of species, as well
as estimating divergence times in modern taxa (Crepet and Nixon 1989; Manos and Stanford 2001).
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The genus Quercus (oaks) is among the most studied genera within the Fagaceae family, comprising more than 400 species
predominantly found in the Northern Hemisphere (Gil-Pelegrin et al. 2017; Backs and Ashley 2021). Quercus has a very complex
taxonomy arising among others from its numerous species, significant morphological variation, and frequent hybridization (Denk et
al. 2017). Therefore, and given its status as a key clade of woody angiosperms, Quercus phylogeny and evolution has always been
central to various scientific studies (e.g. Aldrich and Cavender-Bares 2011; Gugger et al. 2021; Liu et al. 2021; Zhou et al. 2022).
While trying to untangle complex phylogenetic/taxonomic relationships within Quercus, several studies have employed both nuclear
and chloroplast markers throughout the years, uncovering the phylogenomic incongruence between the nuclear and plastid genome
(e.g. Whittemore and Schaal 1991; Petit et al. 2002; Simeone et al. 2016; Simeone et al. 2018; Yang et al. 2021). More precisely, in a
recent study by Zhou et al. (2022), nuclear genomes indicated that Quercus is a monophyletic genus, while plastome topologies
were not monophyletic and often varied. Closely related species were combined in some subclades and more distinct taxonomic
groups in others, suggesting historical hybridization and chloroplast capture events as a more probable scenario compared to
incomplete lineage sorting (ILS) and ancestral polymorphisms. Consistent with these findings, other studies have frequently
identified hybridization within Quercus sections (Kremer and Hipp 2020) and documented chloroplast capture events in sympatric
lineages including the European white oaks Q. robur and Q. petraea (Petit et al. 2002; Pham et al. 2017).

The pedunculate oak (Q. robur) and sessile oak (Q. petraea) are distributed in Eurasia with Q. robur having a slightly more expanded
distribution to the North and East (Eaton et al. 2016). The two species vary morphologically and have slightly different ecological
niches where Q. robur favors more moist, alkaline, and nutrient-rich soils, and tolerates periodic flooding. In contrast, Q. petraea
shows greater drought resilience and tends to have an adaptive advantage in rockier, acidic environments (Saintagne et al. 2004;
Eaton et al. 2016). Despite phenotypic differences (e.g., leaf stalks, acorn shape), the two species often hybridize, producing
individuals with intermediate characteristics (Eaton et al. 2016). Initial indications of extensive plastome sharing between these
species, with no obvious species split based on chloroplast genes, were uncovered through analyses of a polymorphic plastome
region, complemented by restriction fragment analysis (Petit et al. 1997; Petit et al. 2002). It has been hypothesized that the notable
sharing of plastome haplotypes results from parallel chloroplast captures following their migration/dispersal from the refugia after
the end of the LGM (Petit et al. 1997). According to this theory, rare long-distance seed dispersal by Q. robur led initially to the
formation of Q. robur populations. Then, in some cases, more frequent short-distance pollen dispersal by Q. petraea followed,
possibly resulting in asymmetric nuclear gene flow and shared chloroplast haplotypes (Petit et al. 1997). This hypothesis has not
yet been explored using whole plastomes in a range-wide sampling context or through divergence time analysis to determine the
timing of the split between the chloroplast lineages. Range-wide sampling could cover the complete species range and specifically
target populations with individuals from mixed lineages. Furthermore, alternative hypotheses or additional factors - such as positive
selection on chloroplast genes - that could also lead to plastome sharing patterns- have yet to be explored. Overall, one can argue
that these species' biogeographical history and phylogenetic relationships have not yet been sufficiently resolved.

In this study, we de novo assemble 114 whole chloroplast genomes of European white oaks (Q. robur, Q. petraea, Q. pubescens, and
admixed individuals) using available genome sequencing data and further evaluate the chloroplast variation within and between the
species. Additionally, available plastome data representing 91 different species within the Fagaceae family were used to
reconstruct and date a phylogeny, aiming to estimate whether the plastome sharing between Q. robur and Q. petraea occurred prior
to or after the LGM. Positive selection on the chloroplast was examined as an ancillary factor further influencing the pattern of
widespread plastome sharing. Our findings reveal new insights concerning signs of chloroplast capture events and the
recolonization history of the European oaks after the LGM, followed by additional information on the evolution of some chloroplast
genes.

Materials and Methods
Taxon sampling, genomic DNA extraction, and whole genome sequencing

We assembled 114 whole chloroplast genomes of Quercus petraea, Q. robur, Q. pubescens, as well as admixed individuals of Q.
petraea-Q. robur, and Q. petraea-Q. pubescens originating from a total of 21 European provenances from 9 countries (Lobo et al
2026; Olofsson et al. 2026 (in revision); Table S1 and Fig. S1). Bud samples were harvested during autumn 2021 from a common
garden experiment at Valby Hegn, Denmark, established in 1992. Additional chloroplast sequences from GenBank were also
included (Table S1, Table S3).
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Three to five buds were used to extract total genomic DNA with NucleoSpinPlantll (Macherey-Nagel, Diiren, Germany) according to
the manufacturer's protocol. Bud tissues were dissected, flash frozen in liquid nitrogen, and finely pulverized using a TissuelLyserll
(Qiagen, Hilden, Germany). The PL1 lysis buffer (400 pl), based on the CTAB method, was used and the final elusion was carried out
in 60 pl of buffer PE. Total genomic DNA was quantified with Qubit and the quality of the DNA was evaluated using Nanodrop. A
total of 500 ng genomic DNA per sample were shipped to IGATech (Udine, Italy) and used for paired-end Illumina sequencing (150
bp) following standard protocols for a target coverage of 6—10 Gb per sample (approximately 8—10 x of the genome). The raw
sequencing data ranged from 5.8 to 14.8 Gb (mean = 9.5). AdaptorRemoval v.2.3.1 (Schubert et al. 2016) was used to quality filter
the raw sequence reads, trimming adaptors and low-quality bases (Q < 20), discarding reads with over 20 ambiguous bases, and
collapsing overlapping reads.

Plastome assembly, annotation, and gene extraction

Chloroplasts were assembled in NOVOPIasty v. 4.3.1, (Dierckxsens et al. 2017) using Q. robur matK gene (LT996900.1) as a seed.
Only pair-end reads were used (ie. ignoring collapsed reads). An alignment was produced with MAFFT v.7.490 (Katoh et al., 2002)
using the contigs and available reference sequences (Q. robur, Q. petraea, and Fagus sylvatica obtained from GenBank). All contig
combinations produced for each sample were manually inspected and, if necessary, rearranged using Geneious Prime 2023.0.4
(https://www.geneious.com) to ensure the correct reading frame of the small single copy and inverted repeats. Plastome
annotation and gene extraction for analysis purposes was performed in Geneious Prime 2023.0.4 using the annotated genome of
Q. petraea (LT996899.1) as a reference. Start and stop codon positions were inspected manually. Assembly difficulties of the ndhD
gene, possibly due to homologous sequence in the mitogenome (e.g. Gandini & Sanchez-Puerta, 2017), led to the exclusion of this
region from all analyses.

Phylogenetic analysis

The above alignment of assembled plastomes was used to construct a Quercus phylogeny. First, the appropriate substitution model
for our dataset was selected using the Smart Model Selection (SMS) as implemented in PhyML v. 1.8.1 (Lefort et al. 2017) and the
GTR + G+l model was used for all following analyses. RAXML v. 8.2.11 (Stamatakis 2014) using the GTR + G+I substitution model
and 100 bootstrap replicates were used to estimate a maximum-likelihood phylogeny, with Fagus sylvatica (MK598696.1) as the
outgroup. The tree was visualized in FigTree v.1.4.2 (Rambaut 2014).

Divergence time analysis

A subset of eight samples was selected for a divergence time analysis (Table 1) due to identical chloroplast sequences between
the two species in the phylogenetic analysis. The selection aimed to incorporate representatives from each of the clades identified
in the phylogenetic analysis and to accurately represent the genetic diversity within both Q. robur and Q. petraea (see Results). A
haplotype shared by both species is thus represented twice in the dataset (Table S3, Fig. 1a, Fig. 2b). One admixed Q. petraea-Q.
pubescens sample from Poland (3-198-3) and a Q. pubescens from Turkey (3-199-1) were also included (Table 1). The 76 plastome
genes referenced by Zhou et al. (2022), were examined for this analysis. However, due to possible assembly errors or genetic
variability and/or indels that changed the reading frame of the protein we inferred premature stop codons in 7 genes, and thus, we
only included 69 genes in our final selection (approx. 35% of the whole chloroplast genome, Table S2). Genes were extracted and
concatenated in Geneious Prime 2023.0.4. The final dataset was combined with the published GenBank sequences from Zhou et
al., 2022 (Table S3). Betula pendula (MG386401; Table S3) was used as an outgroup.
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Table 1
Samples used in the dating and selection analysis.

Provenance code  Species Country Location Latitude Longitude Samples Origin

NA Q. robur Denmark  Bregentved 55.3 12.0 FW1, FW30  Present study

NA Q. robur Denmark  Petersgaard 55.0 12.1 FW35 Present study

185 Admixed Q. petraea- Belgium  Queue 50.1 4.4 2-185-3 Present study
Q. robur de LHerse

190 Q. petraea England Blankeny 51.8 -2.5 2-190-5 Present study

194 Q. petraea France Bussieeres 47.8 5.5 2-194-4 Present study

198 Admixed Q. petraea- Poland Sycow 51.2 17.9 3-198-3 Present study
Q. pubescens

199 Q. pubescens Turkey Bolu 40.9 31.7 3-199-1 Present study

NA Q. England NA NA NA LT996899.1 GenBank
petraea (ref.genome) Lloyd Evans,D.

Note: Regarding our dataset all samples above were included in the dating analysis; only the ones in bold were included in the
selection analysis

Divergence time estimates were calculated in BEAST2 v. 2.6.3 (Bouckaert et al. 2019) within the framework of a strict molecular
clock, as our data were clock-like; thus, rate variation among branches was not included in the model (Fig. S2). The configuration of
the .xml file included a Yule tree prior and the designated substitution model. The calibration of the tree was based on two
paleontological findings (non-monophyletic lineages on the chloroplast tree prevented the use of additional fossil calibrations that
could force monophylies that only agree with the nuclear data topology); (F1) a fagaceous pollen fossil (Campanian of Wyoming,
82 - 81 Ma) which corroborates the divergence of Fagus lineage from the rest of the Fagaceae family (Trigonobalanoideae,
Castaneoideae, Quercoideae) during the Late Cretaceous period (Grimsson et al. 2016), and (F2) Eocene-age fossil infructescences
of Castanopsis discovered in Argentina's Laguna del Hunco, Chubut, assigning a minimum age of 52.2 Ma to the Castanea-
Castanopsis split (Wilf et al. 2019). The fossil dates were integrated as priors in the .xml file to calibrate the minimum age of the
aforementioned clades. We conducted two independent runs of 30 million generations, sampling every 1,000th generation,
including a 10% pre-burnin step. Convergence of the runs was assessed using Tracer v. 1.7.1 (Rambaut et al. 2018), with an
acceptance criterion of effective sample size (ESS) values > 200 for all parameters. LogCombiner v. 2.6.3 (included in the BEAST2
package) was used to combine the .log and .tree files from the two runs, and the maximum clade credibility (MCC) tree was
constructed with TreeAnnotator v.2.6.3, discarding the initial 10% of trees as burn-in. The final phylogeny was visualized in FigTree
v.1.4.2 (Rambaut 2014).

Inferring positive selection

We compiled a dataset of 26 samples based on the BEAST topology. The 26 individuals were selected from the branches of the tree
where the newly added Q. robur and Q. petraea (eight-samples dataset) were found, including samples from the Quercus and
Ponticae lineages as shown in Fig. 2b. As Q. robur and Q. petraea sequences from each of the previously identified chloroplast
clades (Fig. 1) were almost identical, only the Q. petraea sequences from this eight-sample dataset were analyzed for selection
along with the Polish and Turkish sample (Table 1). Genetic variation (SNPs and indels) was identified in 34 out of the 69
chloroplast genes which comprised the final dataset for this analysis. The rest of the genes were conserved throughout our
dataset. It is well documented that Quercus rubra and Fagus lucida are phylogenetically distinct from the white oaks that were the
focus in this study (Zhou et al. 2022). Therefore, these two species were used as outgroups (Table S3). Finally, the Bl tree topology
was edited with APE in R (Paradis and Schliep 2019) to retrieve relevant branches for the analysis.

First, the ratio of nonsynonymous (dN) to synonymous (dS) substitution rates (w) using yn00, as implemented in the PAML v. 4.9j
package (Yang 2007) was computed. Using CODEML from the same package, we then tested the site models MO (purifying

selection, w < 1), M1a (nearly neutral selection, w < 1), M2a (positive selection, w > 1), and branch-site models A (0 < w < 1) and its
alternative A1 (w = 1). Model fitness was assessed via Likelihood Ratio tests (LRT), comparing M0-M1a, M1a-M2a, and A-A1, with
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degrees of freedom set at 1, 2, and 0.5, respectively. Sites under positive selection were further evaluated using Bayes Empirical
Bayes (BEB) analysis (Yang et al. 2005), as provided in CODEML's output.

Results

Assembly and alignment

In total, we assembled 114 chloroplast genomes from Quercus petraea (n = 64), Q. robur (n = 41), Q. pubescens (n = 1), and from
individuals that were admixed between Q. robur and Q. petraea (n = 4), and between Q. petraea and Q. pubescens (n = 4) (Table S1).
The average length of the sequences was 159,739 bp (range 159,632 - 159,831). Among the 625 variants detected in the
sequences, 474 (75.84%) were single nucleotide polymorphisms (SNPs), 167 (26.72%) were insertions-deletions (indels) and 9
(1.44%) were more complex sequence variants.

Plastome phylogeny of Quercus

A phylogeny with high support (> 90 bootstrap values) on the majority of nodes was found by the Maximum Likelihood analysis
(Fig. 1a). A relatively small number of SNPs defined the different clades, while the sequences were identical throughout most of the
plastome.

More specifically, the genus Quercus is monophyletic with respect to F. sylvatica, however, Q. robur and Q. petraea appear to be
polyphyletic and share haplotypes (Table S1). Three main plastome clades are defined, with clade A expanding from southeastern
Europe (Q. robur and Q. petraea from Turkey) up to central and northern Europe (Hungary, Germany, Denmark), covering also
provenances in Belgium and northern France (Fig. 1, Table S1). Two admixed Q. petraea-Q. robur individuals from Belgium and
Germany (2-185-3 and 2-189-2 respectively) fall into the same clade (Table S1). Clade B is comprised of Danish Q. robur and English
Q. robur and Q. petraea as well as two Q. petraea individuals from a provenance in Germany (Fig. 1, Table S1), covering mostly the
northern and central part of Europe. The three admixed Q. petraea-Q. pubescens specimens from Poland are also found in clade B
(Fig. 1, Table S1). Finally, clade C appears as a sister to clade B, although this relationship is not highly supported. Samples that
belong to clade C are found in 16 out of the 21 provenances, and 8 countries, making it the clade with the widest distribution
covering all northern and central European provenances in our dataset. It consists of Q. petraea from Norway, France, and Poland, Q.
robur from Denmark, and samples from both species originating from England and Germany, along with one admixed Q. robur-Q.
petraea sample from England (3-190-3; Fig. 1, Table S1). One Q. petraea-Q. pubescens specimen from Hungary (3-204-1) is also
found in clade C, with the Q. pubescens sample from Turkey (3-199-1) located close to it, forming its own haplotype (Fig. 1, Table
S1). Both Q. robur and Q. petraea species are found in all three clades, and provenances are in most cases not monophyletic (Fig. 1,
Table S1).

Dating analysis

The dataset comprised 130 specimens in total, representing 91 distinct species within the Fagaceae family (Table S3). The average
length of the 69 concatenated genes was 55,155 bp (range 54,165 - 55,812).

Phylogenetic reconstructions using Bayesian Inference (Bl) and Maximum Likelihood (ML) produced congruent topologies, with
high support on most nodes. The BEAST-derived phylogeny including time estimates is presented here (Fig. 2a). More precisely, the
genera Fagus, Lithocarpus, Castanea and Castanopsis (sister clades), and Chrysolepis (nested among Quercus subgenera), emerged
as monophyletic (Fig. 2a). Trigonobalanus, Notholithocarpus and Quercus were not inferred as monophyletic (Fig. 2a). Within
Quercus, monophyly was recovered only for the subgenera Lobatae and Cyclobalanospis (Fig. 2a). Section Quercus is polyphyletic
containing Notholithocarpus, and the sections Ponticae, Virentes, and Protobalanus (Fig. 2a). Similarly, the species of interest Q.
robur and Q. petraea are sharing haplotypes, with samples from clades A and B forming sister subclades (Fig. 2). The Turkish Q.
pubescens is nestled with Q. canariensis and Q. pontica (Fig. 2).

Two fossil calibrations constrained node dating (F1: Fagus split at 82 - 81 Ma, F2: Castanea-Castanopsis split at 52.2 Ma; Fig. 2a).
Subsequent divergence estimates placed the Trigonobalanus and Fagaceae split (excluding Fagus) at ~ 54 Ma (53.97-55 Ma 95%
HPD), while the Lithocarpus, Notholithocarpus, Chrysolepis, and Quercus subgenera divergence from the rest of the genera occurred
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at ~ 52.4 Ma (52.24-52.57 Ma 95% HPD; Fig. 2a). The inner split among Lithocarpus and the younger genera was estimated to be
around 19.8 Ma (18.07-22.02 Ma 95% HPD; Fig. 2a). Moreover, the crown age of section Quercus’ was dated at ~ 12.46 Ma (11.39—
13.49 Ma 95% HPD) when Q. alba, Q. rugosa, Q. engelmmanii, and Q. lobata split from the rest of the Quercus section (Fig. 2a). The
more recent divergence of the two Notholithocarpus samples and the Quercus and Ponticae samples was estimated to be around
8.78 Ma (7.48-10.09 Ma 95% HPD; Fig. 2a).

Regarding the eight samples derived from the Quercus phylogeny, clade C’s (Q. robur and Q. petraea) diverged from the other
samples approximately 2.68 Ma (2.16-3.29 Ma 95% HPD), with the Turkish Q. pubescens sample appearing as the second oldest
subclade splitting from the rest at around 2.45 Ma (1.99-2.97 Ma 95% HPD; Fig. 2b; Table 2). Samples from clade A and clade B -
Poland split around 1.99 Ma (1.45-2.51 Ma 95% HPD), while Clade B and the Polish sample divergence is roughly 0.5 Ma (0.19-0.9
Ma 95% HPD; Fig. 2b; Table 2). Within clade divergence times for Q. robur and Q. petraea was calculated as follows: Q. robur and Q.
petraea from clade C diverged around 0.39 Ma (0.14-0.7 Ma 95% HPD), while the respective split between clade A samples was
placed at approximately 0.06 Ma (0-0.26 Ma 95% HPD; Fig. 2b). Finally, the split within clade B was dated to 0.04 Ma (0-0.17 Ma
95% HPD; Fig. 2b; Table 2).

Table 2
Time estimates between and within the eight samples used from this study

Time estimates Clade A Clade B Clade C Q. pubescens Poland

(n=2) (n=2) (n=2) (n=1) (n=1)
Clade A 0.06 (0-0.26) 1.99 (1.45-2.51) 2.68 (2.16-3.29) 2.45(1.99-2.97) 1.99 (1.45-2.51)
Clade B 0.04 (0-0.17) 2.68 (2.16-3.29) 2.45(1.99-2.97) 0.5(0.19-0.9)
Clade C 0.39(0.14-0.7) 2.68 (2.16-3.29) 2.68 (2.16-3.29)
Q. pubescens na 2.45(1.99-2.97)
Poland na
gl;;g;‘gme estimates between clades or samples are shown above the diagonal, while time estimates within Q. robur and Q.
from the same clade are shown in bold on the diagonal. Numbers refer to million years and 95% HPD is shown in parentheses.

Selection analysis

In total 34 chloroplast-coding genes were evaluated for positive selection using the w-ratio. Site model tests indicated that 26 of
these genes were under purifying selection (w < 1), with M0 as the optimal model. Five genes (atpF, psaB, psbhZ, rpl20, and rpoB)
showed neutral evolution, best represented by the M1a model. Notably, the M1a model, which allows for both purifying selection
and neutral evolution, revealed varying percentages of neutrally evolving sites (w = 1) in these genes, with the highest in rp/20 (29%)
and the lowest in psaB (1%). Equivalent percentages for atpF, rpoB, and psbZ genes were 21%, 16%, and 8% respectively.

Positive selection was detected in ccsA, rbcL, and ycf1 genes. The ycf1 gene, however, was omitted from subsequent analyses due
to alignment gaps, potentially skewing results as PAML software interprets these as missing data. Consequently, only ccsA (M2a >
M1a; 2AL = 12.76; p-value < 0.05) and rbcL (M2a > M1a; 2AL = 19.53; p-value < 0.05) were confirmed to be positively selected, with
one site detected to be significantly under selection in each one of them (ccsA site: 94, amino acid: K, p-value =95% and rbcL site:
102, amino acid: S, p-value = 95%, Table S4 and S5). More precisely, the non-synonymous amino acid Lysine (K) in the ccsA gene
differentiates the F. lucida outgroup sample from the rest (Fig. S3a, Fig. 2b), and in the rbcL gene, Serine (S) distinguishes Q.
canariensis, Q. pontica, Q. robur, 2-194-4 CladeC (Q. petraea), Q. petraea, Q. rubra, and Q. pubescens from the rest (Fig. S3b, Fig. 2b).
The M2a model's site classes for both genes indicated that approximately 98.0% of the sites were under purifying selection, 2.0%
had sites with w > 1, and 0.0% with w = 1. Branch-site models applied to ccsA and rbcL did not confirm positive selection on the
foreground branches (branches with sites under selection), with the alternative A1 model (fixed w = 1) being more suitable for both
genes.

Discussion
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Whole plastome phylogeny Quercus and phylogenetic relationships in Quercus

Using a large dataset of whole chloroplast genomes (114) mainly from Quercus robur and Q. petraea originating throughout Europe,
our phylogeographic analysis revealed three highly supported clades with no clear species delimitation between Q. robur and Q.
petraea. Samples within the same haplotype have nearly identical sequences (Fig. 1a, Table S1), with few shared variants between
the haplotypes, indicating the presence of three distinct lineages (Table S1). Nevertheless, the overall genetic diversity is quite low
(0.4% variable positions), as would be expected under a scenario of repeated chloroplast capture or intense selective pressure.
Thus, our results are consistent with previous findings regarding the lack of chloroplast DNA variation in these species (Petit et al.
1997, 2002). Geographically, lineages are distributed in a similar but not completely identical pattern as previously reported (Petit et
al. 2002) with all three of them overlapping to some extent throughout their range (Fig. 1b). Clade A follows a pan-European
distribution, while clade B is more restricted to the North-East part of Europe (Denmark, England and Germany). The samples from
Poland are bearing traces of introgression from Q. pubescens (admixed Q. petraea-Q. pubescens samples), forming a slightly
different haplotype, expanding its distribution up to Poland (Fig. 1). Finally, clade C is found in Central and Northern Europe reaching
Norway (Fig. 1b). It has been previously proposed that the distribution of the three primary haplotypes reflects the post-glacial
dispersal of oaks from the different refugia (Brewer et al. 2002). Specifically, for Denmark, in line with prior studies we find all
chloroplast haplotypes present, suggesting post-glacial colonization of oaks in Denmark from both eastern and western refugia
(Johnk and Siegismund 1997). Additional samples from key areas closer to the glacial refugia and the range limits of each species
could further enhance the observed geographic pattern and detect the geographic origin and borders of each haplotype. Moreover,
the slight differences in the haplotypic distribution in our study compared to previous findings (Petit et al. 2002; Pakull et al. 2025)
indicate the potential of a finer resolution in the geographic distribution of the haplotypes when whole plastomes are used as
markers.

While hybridization between Q. robur and Q. petraea is possible in both directions (Olrik and Kjaer, 2007), female Q. robur with male
Q. petraea is the most common direction in the wild (Petit et al. 2004). Therefore, the scenario of seed dispersal of Q. robur
preceding pollen dispersal of Q. petraea, leading to a gradual replacement of some of the nuclear genomes and chloroplast
captures is a likely scenario explaining the observed genomic patterns (Petit et al. 1997, 2002). However, our results highlight the
importance of dating the divergence time within Q. robur and Q. petraea haplotypes in order to better understand the evolutionary
history of these species as we show that chloroplast sharing potentially predates the post-glacial migration (see below).

Old splits of plastome lineages, but young splits between species

The recovery of the Fagaceae phylogeny based on 69 plastid genes is in congruence with previous studies (Zhou et al. 2022). Our
analyses showed a highly supported Fagaceae topology, with several genera forming monophyletic groups (Fig. 2). We observed
plastome sharing within Quercus and Notholithocarpus sections, echoing findings from Zhou et al. 2022 (Fig. 2a). Notably, within
Quercus shared plastome haplotypes frequently corresponded to phylogenetically divergent clades with overlapping geographic
ranges, e.g. between llex-Cerris, Ponticae-Quercus, Protobalanus-Quercus, and Virentes-Quercus (Fig. 2a), a pattern far from
unpredicted among sympatric oak chloroplast lineages (Petit et al. 2002; Pham et al. 2017; Yang et al. 2021; Zhou et al. 2022).

The chronogram obtained from the molecular dating analysis indicates that divergence times of the main splits (Trigonobalanus,
Castanea-Castanopsis, Lithocarpus) align closely with former estimates around 60 - 50 Ma (Zhou et al. 2022), supporting a high
diversification trend/pattern after the end of the Cretaceous-Paleogene mass extinction (Wang et al. 2012; Fig. 2a). The divergence
of Lithocarpus from the younger genera occurred around 20 Ma, with the diversification within section Quercus being dated at 13
Ma, coinciding with an increasing speciation period during Oligocene and Miocene (Zhou et al. 2022; Fig. 2a).

The newly incorporated Q. robur and Q. petraea samples were found to be non-monophyletic, as expected (Fig. 2b). In contrast with
the previous topology (Fig. 1a), regarding the Q. robur-Q. petraea lineages, samples from clades A and B are now identified as sister
clades with higher support on their nodes (Fig. 2b). This result is not surprising given the low support previously observed for
clades’ B and C relationship (Fig. 1a). It is estimated that the divergence among all main subclades formed by our newly added
samples was around 2.68 Ma, further clarifying the distinction of the three plastome haplotypes (Fig. 2; Table 2). The oldest Q. robur
- Q. petraea split within a clade is found in clade C (0.39 Ma) and corresponds to a pre-LGM period, suggesting chloroplast sharing
should have occurred prior to the LGM (20.000 ya; Fig. 2b; Table 2). This finding could indicate an older split between the species’
chloroplast genomes than previously thought. However, this pattern is not as clear for clades A and B, given that the time estimates
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range from very recently to well before the LGM (Fig. 2; Table 2). Overall, it is worth noting that our results suggest these splits are
related to the LGM period and possibly the glacial refugia in Europe. Similar patterns to those of Q. robur and Q. petraea were
observed in other Quercus species, such as Q. aliena, Q. serrata, Q. dentata, and Q. cerris, in both our study and that of Zhou et al.
(2022). Divergence time estimates of more recent plastome lineages within the same Quercus species can be extremely
challenging using only ancient fossil calibrations, especially in cases of complete chloroplast capture events. This highlights the
difficulties arising from the nuclear-cytoplasmic lineage discordance and the overall incompleteness of the fossil record, which
leads to a lack of access to younger fossil calibrations in the genus. Moreover, it is important to mention that molecular dating
analyses can produce different divergence estimates, depending on the dating method, calibration information and/or model
settings (Saladin et al. 2017).

Hence, while the hypothesis of parallel chloroplast captures occurring post-LGM following the dispersal from the refugia cannot be
dismissed, our findings suggest that the evolutionary history of plastome sharing among European oaks is more complex than
previously thought. Our findings therefore call for further investigation and a more enriched analysis including samples from
southern provenances, closer to the LGM refugia and more genes (or whole plastomes) alongside nuclear data for higher accuracy
on divergence times and detection of introgression.

In summary, in Q. robur and Q. petraea, the plastome genetic variation appears limited, alongside the non-monophyly between the
species’ plastomes, both confirming the occurrence of chloroplast capture events. Additionally, our findings suggest a more recent
plastome divergence compared to the divergence time of the species that has been estimated around 10 Ma (Hipp et al. 2020).
This comparison along with the previously performed coalescent-based simulations regarding cytoplasmic-nuclear discordance
(Zhou et al. 2022), could further support the case of hybridization and chloroplast captures rather than ILS alone. Taking into
account the species’ incomplete reproductive isolation, the low mutation rate of the chloroplast genome (approximately one or
fewer mutations/kb/Ma; Rousseau-Gueutin et al. 2018), and the long generation times of these trees (with a minimum of 30 years
to first reproduction and typically long lifespan; Ducousso et al. 1993), it is possible that their divergence estimates (both upper and
lower) are relatively recent in geological terms, hence not sufficient time has passed to observe substantial levels of variation. It is
highly prominent that different genome types can have different evolutionary histories, thus multiple processes could have been
involved in the evolutionary history of a species or genus. Especially within genus Quercus and even within the Fagaceae family,
such patterns are far from uncommon (Acosta et al. 2010; Liu et al. 2021; Zhou et al. 2022). This fact increases the need for finding
ways to resolve such relationships in order to infer evolutionary histories more accurately and by doing so, get clearer insights into
speciation and adaptation patterns. Our in-depth analyses of the Quercus plastomes show the value in analysing these uniparental
markers in order to gain a better understanding of the evolutionary history, especially in species-complexes where the nuclear
patterns can be obscured due to frequent, recurrent, and/or on-going gene flow both within and between species.

Selection of the large subunit of RuBisCo can explain low plastome
diversity among European oaks

Our selection analyses revealed two genes, ccsA and rbeL, under positive selection, both with one site under selection. The ccsA
gene is essential for the c-type cytochrome synthesis and encoding of a hydrophobic protein crucial for heme attachment (Xie &
Merchant, 1996; Nakamoto et al., 2000). More specifically, the amino acid lysine (K) distinguished the outgroup sample F. lucida,
inferring positive selection on this gene. Similarly, to our study, ccsA gene has been found to be under positive selection in pairwise
comparisons among other Quercus species (Liu et al., 2021) as well as in other angiosperm genera, including orchids (Dong et al.,
2018), Speirantha gardenii (Raman & Park, 2020), and Gentianaceae (Yang et al., 2023). These findings suggest that positively
selected amino acids in the ccsA gene could be associated with advantageous traits, though more in-depth analysis is needed to
confirm these signs of selection. The rbcL gene encodes the large subunit of the RuBisCo enzyme and is often used in plant
phylogenetic analysis and encoding. Here, the substitution of asparagine (N) with the non-synonymous serine (S) differentiated
samples from the Q. pubescens subclade, and the samples of Q. robur, Q. petraea, and one of our Q. petraea samples (clade C;

Fig. 2b, Fig. S3). Hermida-Carrera et al. (2017) observed five sites under positive selection in the rbcL gene across different Quercus
lineages, with these replacements likely related to various physiological and climatic factors. Similar findings of positive selection in
the rbcL gene have been reported in other plant groups (e.g., Kapralov & Filatov, 2007; lida et al., 2009; Yang et al., 2020; Bernabeu &
Rossello, 2021). A selective sweep could have occurred by the potentially beneficial mutations in the rbcL gene in Quercus lineages,
reducing genetic diversity in the nonrecombining chloroplast (Stephan, 2019). This scenario could have led to the elimination of
genetic variation across the entire haplotype upon fixation of the advantageous allele, further explaining the observed low genetic
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diversity among Q. robur and Q. petraea plastomes. Additional analysis on a protein-level could further support this hypothesis.
Such selective sweeps could also impact the mitogenome (Sloan et al. 2017). However, maternally inherited genomes like plastome
and mitogenome, are also prone to strong genetic drift due to their lower effective population size, uniparental inheritance and their
limited dispersal by seeds (Camus et al. 2022). It is therefore also possible that the reduced genetic variation observed in the
Quercus plastomes is due to more frequent extinctions of variants during population decline.

Protein structure analysis could be used for genes like ycf7 that showed signs of positive selection but could not be included here
due to alignment issues to detect whether any of the indels can indeed produce a protein with a selection advantage. Finally, the
observed genes containing stop-codons may indicate the presence of degraded genes resulting from cytonuclear coevolution and
coadaptation in the chloroplast (Rousseau-Gueutin et al. 2018). However, additional analyses are required to explore these
questions. While positive selection and/or genetic drift can cause the observed low genetic variation in the Quercus plastomes, it is
also possible that cyto-nuclear interactions have a role (Rousseau-Gueutin et al. 2018; Camus et al. 2022; Larson et al. 2026). In
depth analyses of plastomes can therefore shed light on evolutionary processes that form not only the plastomes but also the
nuclear genome.

Conclusion

Overall, our results align with the pattern of complete chloroplast capture events, explaining the extensive sharing of chloroplast
lineages between Q. robur and Q. petraea. However, our molecular dating analysis revealed evidence of older splits among the three
chloroplast lineages of Q. robur and Q. petraea, and more recent splits within the lineages, suggesting that chloroplast sharing
between these two species may be older than the LGM. A wider sampling to examine the distribution of haplotypes within the
populations of both species would allow for further support/rejection regarding the age of these events. We also detected signs of
positive selection in two plastid genes, which offers an alternative and/or complementary explanation for the low genetic diversity
among European oak chloroplast genomes. Specifically, the positive selection detected on the rbcL gene, is potentially linked to
adaptive evolution in the most dominant carbon dioxide fixing enzyme, RuBisCo. Supplementary analysis using complete
chloroplast genomes along with nuclear genome analysis could provide a more comprehensive and an even more accurately dated
phylogeny. Nuclear genome studies might also reveal introgression events, thus a more precise timing of chloroplast capture
events. Finally, analysis of amino acids under selection from a protein function perspective could shed light on how these
replacements may be associated with environmental adaptations. Taken together, these findings demonstrate that the study of
cytoplasmic genome evolution reveals the diverse trajectories these genomes can follow, while offering unique research
opportunities to explore fundamental interactions in nature, such as those of adaptive evolution, natural selection, and demographic
history.
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Figure 1

(a) Maximum Likelihood phylogeny based on whole chloroplast genomes. Complete tree with the outgroup Fagus sylvatica (beech).
Monophyletic groups are collapsed in triangles, and colors represent different clades (A=orange, B=yellow, C=light blue). The
haplotype names are shown in the corresponding groups on the tree. Bootstrap values >90% were produced on all main nodes, with
the exception of the single labeled node. Sample code is shown in parentheses for the admixed individuals. (b) Map with pie charts
representing the percentages of each haplotype per provenance (sampling site). Haplotypes are coloured according to the
phylogenetic tree. Pie charts with a black outline correspond to provenances that include both Q. robur and Q. petraea individuals;
plain pie charts include only Q. petraea individuals. All admixed individuals have been treated as Q. petraea for this graph. Q.
pubescens (3-199-1) from Turkey is not assigned to any haplotype, thus it is not included in the map.
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Figure 2

(a) Phylogenetic relationships and divergence time estimation of Fagaceae derived from the BEAST tree based on 69 plastid genes.
Monophyletic clades are collapsed (circles), and colors represent different genera according to the legend. Quercussubgenera are
additionally marked with different dashed borders as shown in the legend. 95% confidence intervals of divergence time estimates
are shown with light red on all nodes. Posterior probabilities (>99%) were produced on all main nodes, with the exception of the
single labeled node, while F1 and F2 are two fossil calibration points. Betula pentula (MG386401) was used as an outgroup. The
time scale at the bottom is in million years (Ma). Geological epochs are also shown. (b) Subclade containing the branches used in
the selection analyses. All samples from this study are shown in bold; the clade name corresponds to clades according to Fig.1a.
Sample code is shown in parentheses. F. lucida, and Q. rubra were used as outgroups in the selection analyses but are not shown
here.
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