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Abstract

The European beech (Fagus sylvatica L.) is one of the most widespread forest trees in

Europe whose distribution and intraspecific diversity has been largely shaped by repeated

glacial cycles. Previous studies, mainly based on palaeobotanical evidence and a limited

set of chloroplast and nuclear genetic markers, highlighted a complex phylogeographic sce-

nario, with southern and western Europe characterized by a rather heterogeneous genetic

structure, as a result of recolonization from different glacial refugia. Despite its ecological

and economic importance, the genome of this broad-leaved tree has only recently been

assembled, and its intra-species genomic diversity is still largely unexplored. Here, we per-

formed whole-genome resequencing of nine Italian beech individuals sampled from two

stands located in the Alpine and Apennine mountain ranges. We investigated patterns of

genetic diversity at chloroplast, mitochondrial and nuclear genomes and we used chloro-

plast genomes to reconstruct a temporally-resolved phylogeny. Results allowed us to test

European beech differentiation on a whole-genome level and to accurately date their diver-

gence time. Our results showed comparable, relatively high levels of genomic diversity in

the two populations and highlighted a clear differentiation at chloroplast, mitochondrial and

nuclear genomes. The molecular clock analysis indicated an ancient split between the

Alpine and Apennine populations, occurred between the Günz and the Riss glaciations

(approximately 660 kyrs ago), suggesting a long history of separation for the two gene

pools. This information has important conservation implications in the context of adaptation

to ongoing climate changes.
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1. Introduction

The European beech (Fagus sylvatica L.) is one of the most common and widely distributed

broadleaved tree species in Europe. It highly contributes to European forest biodiversity, act-

ing as a foundation and keystone species and providing many ecosystem services [1]. In its

ample natural range, the European beech experiences a wide range of ecological conditions,

showing evidence of adaptations to climate at the regional scale [2] and for altitudinal gradi-

ents [3]. Despite its adaptability, the species is sensitive to both severe drought and flooding

and exhibits strong trait-environment interactions: it is therefore expected to be particularly

vulnerable to the effects of global warming [4, 5]. Indeed, growth declines driven by climate

change have already been documented in recent decades across a large portion of its distribu-

tion, particularly in southern Europe [6].

The broad ecological niche of this tree species reflects a complex past evolutionary history,

shaped by the multiple glacial-interglacial cycles. Specifically, the integration of palaeobotani-

cal and genetic data revealed the long-term survival of the European beech in different Quater-

nary glacial refugia and different routes of postglacial spread, where the Mediterranean refuge

areas (Southern Balkan, Italian and Iberian Peninsula) did not contribute to the recolonization

of central and northern Europe [7], although more recent studies highlighted a contact zone

among different lineages in this area, indicating a potential additional refugium located in

Central-Eastern Europe [8–10]. In the Italian peninsula, the complex orography of Alps and

Apennines gave rise to local microrefugia [11]: as a consequence, Italian populations display

high genetic diversity with a strong geographical structure. In fact, a clear differentiation was

shown between northern Italian populations along the Alps and central-southern Italian popu-

lations [12]. Although several studies have already been carried out, until recently, inferences

on beech genetic variability and population structure were limited by the number of markers

used: genetic data were based on polymorphisms of few chloroplast [7, 12, 13] and neutral

nuclear markers [7, 14, 15]; see [10] for a recent meta-analysis on microsatellite data. Only in

recent times the discovery of single nucleotide polymorphisms (SNPs) in coding regions has

allowed the investigation of adaptation to specific environmental conditions [2, 3, 8, 16–19].

However, these studies have been conducted on a limited set of polymorphisms within selected

genes; moreover, the geographic coverage does not embrace the whole distributional range of

the species, being concentrated in the French Alps and Switzerland. Genomic information

from the marginal part of the species distribution is therefore still lacking, although these geo-

graphic areas might be of particular importance for understanding the legacy of evolutionary

history on the genetic diversity of the European beech [10] and assessing its adaptation poten-

tial to climate change [20–22].

Following the high-throughput sequencing revolution, a large number of genome sequenc-

ing projects have been completed in the last two decades, covering a wide variety of model and

non-model species [23]. In the wake of this, in 2018 the first assembly of Fagus sylvatica genome

sequence has been released [24], followed in 2022 by a chromosome level assembly [25]. Newly

available reference genomes allow the whole-genome genotyping of individual samples, paving

the way to genome-wide population genomic approaches. Whole genome scanning at popula-

tion scale can reveal loci that control adaptive differences among natural populations [26] with

high precision. On the one hand, this information can be used to develop more effective man-

agement and conservation strategies, aimed at reducing the impact of climate change and other

stressors (e.g., newly emerging diseases); on the other hand insights of the genetic mechanisms

linked to local adaptation can be obtained [27]. Moreover, the growing availability of complete

genomes, including chloroplast and mitochondrial ones, from different species and locations

provides effective resources for phylogenetic and phylogeographic studies.
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In the European beech, the role of glaciations and different refugia in shaping the current

distribution of genetic diversity is not yet fully elucidated [7]: more accurate phylogenetic and

molecular clock inferences, based on entire genomes, could be used to confidently date the split

between different evolutionary lineages and to more accurately interpret phylogeographic pat-

terns [28]. In this study, we conducted whole genome resequencing of nine F. sylvatica samples

from two Italian locations in the Alpine and Apennine mountain ranges, respectively, with the

aims of: (1) assessing the current levels of genome-wide diversity for the species in the Italian

peninsula, at both organellar and nuclear genomes (including the investigation of functional

diversity patterns); (2) testing the previously identified distinctiveness [7, 8] of Alpine and

Apennine beech populations; and (3) accurately estimating the time of their evolutionary split.

2. Materials and methods

2.1. Sample selection, DNA isolation and sequencing

In the present study, nine individual trees from two distinct European beech stands located in

the Italian peninsula (Alps and Apennines, respectively) were sampled (Fig 1 and S1 Table).

Specifically, we collected fresh young leaf samples from Val di Cembra, in the south-eastern

Alps (Lat 46.201753˚, Long 11.209742˚; hereafter: ALP; N = 4), and from Maresca (Foresta del

Teso), in the northern Apennines (Lat 44.064725˚, Long 10.857770˚; hereafter: APE; N = 5).

Both the sampled sites are native and naturally regenerated forests with no record of plantings

using seeds of foreign origin, where Fagus sylvatica is the dominant or co-dominant tree spe-

cies. In order to avoid the sampling of closely related individuals, we chose dominant adult

trees growing at least 100m apart from each other; as a further check, pairwise relatedness coef-

ficients (r) among individuals of the same stand were computed (see section 2.4.3). All con-

ducted experiments complied with the current laws of Italy. No permission was required for

sampling at the sites studied. Total genomic DNA was extracted from the leaves of each indi-

vidual using the DNeasy Plant Mini Kit (QIAGEN), following the manufacturer’s protocol.

Short-read Illumina whole-genome resequencing was performed at Novogene Inc., using an

Illumina NovaSeq platform (PE150). The genomic DNA of each sample was randomly sheared

into short fragments of about 350 bp, which were subjected to library construction using the

NEBNext1DNA Library Prep Kit. The final libraries were purified, and library quality and

size verification were assessed on an Agilent 2100 Bioanalyser (Agilent Technologies).

In addition, available reads derived from one previously sequenced German individual from

the Kellerwald-Edersee National Park [24] (GenBank accession number: PRJEB24056; hereaf-

ter: BHAGA) and one Polish individual from the Jamy Nature Reserve [25] (GenBank accession

number: PRJNA450822; hereafter: JAMY) were included in the dataset, for comparison.

2.2. Chloroplast and mitochondrial genome analysis

Organellar sequencing reads of the nine Italian beech samples were mapped to the chloroplast

[30] and mitochondrial [31] reference genomes. The assembly of the chloroplast and mito-

chondrial genomes of each of the nine samples was performed with NovoPlasty [32]. In addi-

tion, the software Snippy v. 3.2-dev [33] was used for reference-based mapping, consensus

generation and variant detection of all the samples. Chloroplast and mitochondrial genomes

of the Italian samples sequenced in the present study were then aligned using MAFFT v.7 [34],

together with the following reference samples: two German samples (BHAGA; [24] and

FASYL29 [30, 31]) and one from Poland (JAMY; [35]). For the cpDNA dataset, one additional

Italian sample from the eastern Alps (Veneto) whose chloroplast genome was sequenced in a

previous study [28] (FSYL11; NCBI accession number: MW566783) was also included (for the

geographical location of all reference samples, see Fig 1).
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The resulting alignment was revised manually and haplotypes were defined as combina-

tions of SNP and indel variants across the chloroplast/mitochondrial genomes. The R package

pegas [36] was used for (i) haplotype estimates, (ii) haplotype diversity indices, and (iii) to con-

struct minimum spanning networks of haplotypes (function “msn”).

2.3. Phylogenetic inference

2.3.1. Data collection and dataset preparation for chloroplast and mitochondrial phylo-

genetic analysis. We collected all available chloroplast and mitochondrial genomes and

Fig 1. Map of the European beech samples included in the study. Circles represent the Italian stands sampled in the present studies (ALP, N = 4 and APE, N = 5);

triangles represent individuals with publicly available nuclear (BHAGA and JAMY) and organellar (BHAGA, JAMY, FSYL11 and FASYL29) genomes, which were

included in some analyses (see section 2.2); the map was generated using QGIS v3.20 (http://www.qgis.org) and the hatched area represents the present-day

distribution of Fagus sylvatica [29].

https://doi.org/10.1371/journal.pone.0288986.g001
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proteomes for the genus Fagus, and a pool of chloroplast sequences of the genus Castanea,

Castanopsis and Quercus. For mitochondrial data, we were unable to include more than one

genus (Quercus) as an outgroup, given that only a few mitochondrial genomes were available.

A list of all sequences downloaded from NCBI can be found in S2 Table.

For chloroplast data, one downloaded genome per species was used to prepare a dataset for

a first-step molecular clock analysis. A second dataset comprising all Fagus sylvatica samples

sequenced in this study (i.e., four samples from the Alps and five samples from the Apennines),

the reference German and Italian samples (FASYL29 and FSYL11; NCBI reference numbers

NC_041437.1 and MW566783.1, respectively; [37]) and Fagus crenata (NC_041252.1; [38]),

identified as sister species in the first clock analysis, was prepared for a molecular clock cali-

brated using the topology and the estimates of the ages of the splits between different species

obtained in the first analysis.

For mitochondrial data, given the scarce availability of genomes and calibrations that pre-

vents from conducting a reliable phylogenetic study, only a dataset comprising the newly

sequenced genomes was created. All genomes were quality checked using a custom Python

script (https://github.com/andrea-silverj/BioinfoToolkit/blob/main/clean_seqs.py), removing

low quality regions and unconventional bases.

2.3.2. Orthology analysis. For the first chloroplast dataset, including the genomes of dif-

ferent Fagaceae genera (see section 2.3.1), we performed an orthology analysis with OrthoFin-

der v2.5.4 [39], identifying 80 orthogroups, with 57 single copy orthologs that were stored in

separate fasta files as amino acid sequences.

2.3.3. Sequence alignment and trimming. Amino acid sequences of chloroplast single

copy orthologs were individually aligned using MAFFT v.7, with the “—auto” option. Aligned

files were concatenated independently using FASconCAT [40], creating a final matrix for phy-

logenetic analysis.

For the second chloroplast dataset, including only F. sylvatica genomes and one F. crenata
genome (identified as sister species; see section 2.3.1), sequence alignment was performed

using the same method described above, followed by trimming with trimAl v1.2 [41] with the

“-automated1” command, to remove non conserved and poorly aligned regions. Eventually,

the mitochondrial dataset was aligned with the same strategy, but trimming was not necessary

in this case, as genomes were very similar, and no misalignments were detected by a manual

inspection.

2.3.4. Maximum-likelihood phylogeny. Maximum-likelihood phylogenies were obtained

for all matrices using RAxML [42] with options “raxmlHPC-PTHREADS-SSE3 -p 1989 -m

PROTGAMMAAUTO -x 2483 -# 100 -f a -T 20” for amino acid data and “raxmlHPC-P-

THREADS-SSE3 -p 1989 -m GTRCAT -x 2483 -# 100 -f a -T 16” for nucleotide data. Trees

were visualized using the ggtree R package [43].

2.3.5. Bayesian molecular clock analysis. Molecular clock analysis was performed using

BEASTv2.6 [44]. We used a two steps clock strategy as in [45]: we first used fossil calibrations

and a large dataset of outgroup sequences to estimate F. sylvatica origin, and then used these

estimates to calibrate a second dataset centered on F. sylvatica.

We calibrated the molecular clock of the amino acid chloroplast dataset similarly to [46],

using fossil evidence on the split between Fagus and all other genera (Maximum age: 82 Mya;

Minimum age: 81 Mya; [47]) and that between the genera Castanea and Castanopsis (52 Mya;

[48, 49]). Therefore, we set a root calibration at the Fagus node using a log-normal distribution

(mean = 0.5; SD = 1.0; offset = 81.0; mean in real space = 81.5) and a monophyletic constraint

at the node Castanea-Castanopsis, with another log-normal distribution (mean = 1.0;

SD = 1.10; offset = 52.2; mean in real space = 53.2). We set a cp REV site model with

gamma = 4, a relaxed-clock with a log-normal distribution, and a birth-death prior. The results
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of this first analysis were used to calibrate a second molecular clock, with the aim of dating the

split between the two populations of Fagus sylvatica included in our study (ALP and APE). In

particular, the median age estimates of the split between Fagus sylvatica and Fagus crenata
(11.02 Mya, see Results) were used as root calibration, setting a normal distribution with

mean = 11.02; SD = 1.0, and posing a monophyletic constraint on the Fagus sylvatica clade.

We employed nucleotides and used a GTR site model with gamma = 4 and a relaxed-clock

with a log-normal distribution. For the population prior, we set a Coalescent Bayesian Skyline

model, as this has been shown to be particularly suitable when dealing with a mixture of intra-

and inter-population data [50]. In all cases, we ran the analysis for 500 million generations,

sampling and storing trees every 50,000 generations and assessing the convergence of chains

using Tracer [51], making sure that all parameters showed Effective Sample Size (ESS) > 200.

Maximum clade credibility trees were generated using TreeAnnotator, discarding the first

10% of the analysis (1000 trees) as burn-in. We visualized all timetrees using the MCMCtreeR
package [52] and refined our figures in InkScape [53].

2.4. Whole-genome sequencing (WGS) analysis

2.4.1. Reads mapping and SNP calling. Quality control of the reads was assessed with

FASTQC version 0.11.8 [54]. Reads were then processed with fastp version 0.20.0 [55] for

trimming and adapters removal; read tails with a mean Phred-quality score < 15 over a 4-bp

sliding window were trimmed. Subsequently, the trimmed reads were mapped to the chromo-

some level Fagus sylvatica genome [25] (available at http://www.beechgenome.net) using the

Burrows-Wheeler Aligner (BWA-MEM, v0.7.17; [56]) with “-R” flag for RG tag implementa-

tion. Alignments in sam format were sorted, marked for duplicates, indexed and compressed

in BAM format using SAMTOOLS version 1.9 [57]; the mapped reads were used for down-

stream analysis and BAM files were validated using the ValidateSamFile tool of PICARD

v2.25.4 [58]. The observed average depth of coverage was computed for each sample using the

depth command of SAMTOOLS version 1.9. The previously available German (BHAGA) and

Polish (JAMY) individuals, sequenced at higher coverage, were downsampled to a depth of

coverage of 15x using the function DownsampleSam in PICARD tools, in order to facilitate

comparison with the Italian samples.

Variant calling was performed using the Haplotype Caller (in -ERC GVCF mode) and Gen-

otypeGVCFs tools in GATK v4.2.3.0 [59, 60]. We then filtered SNPs using GATK VariantFil-

tration tool, by excluding variants matching at least one of the following criteria: not a SNP, a

significant Fisher strand test (FS > 60), a Variant Confidence/Quality by Depth (QD) < 2, a

root mean square of the Mapping Quality (MQ) < 40, an MQRankSum < −12.5 or a signifi-

cant read position bias (ReadPosRankSum < −8.0), depth of coverage (DP) < 0.25x or > 4x

the mean coverage across samples. Lastly, only biallelic SNPs were retained, using the “—min-

alleles 2” and “—max-alleles 2” selection flags in VCFtools [61].

2.4.2. Variant annotation. The SNPs annotation was performed using SnpEff software

5.1 (https://pcingola.github.io/SnpEff/; [62]). Due to the lack of database for European beech

among the prebuilt databases, we built a database using the F. sylvatica reference genome and

its annotation list (Bhaga_genes.gff3) (http://thines-lab.senckenberg.de/beechgenome/data.

html). The VCF file produced as described in 2.4.1 was used as the input file, and SnpEff anno-

tated each SNP according to its genomic position (e.g., exons or introns, etc.) and predicted

effect (missense, synonymous, etc.), producing a list of annotated variants, in which each vari-

ant was noted for its impact. Based on the definition of the sequence ontology (SO) terms

(http://www.sequenceontology.org/) that SnpEff assigns as variant effects, we divided the

SNPs into functionals and neutrals, creating two VCF files. We considered functional variants
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all those SNPs that were assigned the following SO terms: ’missense variant’, ’initiator codon

variant’, ’start lost’, ’stop gained’, ’stop retained variant’, ’3 prime UTR variant’, ’5 prime UTR

premature start codon gain variant’, ’5 prime UTR variant’, ’splice acceptor variant’, ’splice

donor variant’ and ’splice region variant’. The following terms were considered for neutral var-

iants classification: ’downstream gene variant’, ’intergenic region’, ’intron variant’, ’upstream

gene variant’ and ’synonymous variant’. The SnpSift ’filter’ command was used to filter the

annotated VCF file. Subsequently, neutral variants were further filtered out of all terms consid-

ered for the functional SNPs categories because of multiple effects that can be assigned to indi-

vidual SNPs. Overall genetic diversity levels were estimated separately for the functional and

neutral SNPs subsets (see the following section).

2.4.3. Whole-genome genetic diversity estimates. In order to make sure that the trees

sampled within each forest stand were not closely related, we estimated genome-wide pairwise

relatedness coefficients (r) using the—make-rel command in PLINK 1.9 [63, 64]. The inbreed-

ing coefficient (F) for each sample was computed using the -het option in PLINK, based on the

observed and expected homozygous genotype counts.

For the two Italian populations, we estimated standard measures of genetic diversity:

genome-wide heterozygosity (GW-het), nucleotide diversity (π), and Tajima’s D. Genome-

wide (global) heterozygosity was calculated per sample using ANGSD v0.934 [65]. This is con-

sidered a better estimate than SNP-based heterozygosity proportion because it covers the

whole genome [66]: briefly, the proportion of heterozygous sites is obtained for each individual

genome by dividing the number of heterozygous sites (derived by the site frequency spectrum,

SFS), by the total number of sites (i.e. the adjusted genome size; [65]). Population-based esti-

mates of genome-wide heterozygosity for ALP and APE were then obtained by averaging the

individual values. We used PIXY v1.0.0 to calculate unbiased nucleotide diversity, based on a

VCF file that included invariant sites [67] and using non-overlapping sliding windows of 10

kb. Per site nucleotide diversity values were then plotted for each chromosome, to investigate

general patterns along the genome and potential differences between populations. Tajima’s D

was calculated using VCFtools [61], with non-overlapping sliding windows of 10 kb. Lastly, we

estimated the overall neutral and functional genetic diversity levels in the Italian samples by

computing the nucleotide diversity (π) and the average values of observed heterozygous sites

(O-Het) from the neutral and functional SNPs subsets generated as described in the previous

section. For the functional SNPs subset, we also provided separate estimates for the ALP and

APE populations, for comparison.

2.4.4. Linkage disequilibrium (LD) decay and runs of homozygosity (ROHs). For a

more in-depth characterization of whole-genome patterns of variation, we assessed linkage

disequilibrium (LD) decay and runs of homozygosity (ROH) in the two Italian populations.

LD decay may reveal important information about a species’ demographic history and mat-

ing system [68]; moreover, different LD decay patterns in forest trees may render certain spe-

cies better suited for some specific genetic studies (e.g., association mapping) than others [69].

LD decay along the beech genomes was calculated using PopLDdecay [70]; the LD decay curve

was fitted using Generalized Additive Models (GAMs) by the gam function in the mgcv R

package [71]. Due to the low sample size, the LD analysis was performed on all the Italian sam-

ples considered as a whole.

Runs of homozygosity (ROH) are contiguous homozygous segments of the genome, which

can arise from the mating of related individuals and the subsequent transmission of identical

haplotypes to the offspring [72, 73]. The R package detectRUNS [74] was used to detect ROH

in each sample with a sliding-window method (function “slidingRUNS.run”) analogous to

that implemented in PLINK [58, 68]. Briefly, ROH detection was determined in sliding win-

dows of 10 SNPs, based on the following criteria: (i) the minimum number of SNPs in a ROH
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was 10; (ii) the minimum length of a ROH was 100 kb; (iii) the minimum SNP density was set

to one SNP every 200 kb; (iv) a maximum gap of 1 Mb allowed between two consecutive

homozygous SNP in a run; (v) a maximum of two missing and one heterozygous SNP were

allowed in a window; and (vi) the window threshold of 0.05 was kept as default. We chose 100

kb as the minimum ROH length after testing different threshold values; the effect of choosing

lower and higher minimum SNP density to call a ROH was also evaluated in a preliminary

analysis.

2.4.5. Whole-genome genetic differentiation and population structure. To examine

topological relationships among all the European beech genomes in the dataset, we con-

structed a phylogenetic neighbor-joining tree using the aboot function from the R-package

poppr [75], based on a pairwise identity-by-state (IBS) distance (i.e. Hamming distance; [76])

matrix calculated from the genome-wide SNPs using PLINK v1.9 [63, 64]. The distinctiveness

of the two Italian populations, i.e. ALP and APE, was then evaluated using principal compo-

nents analysis (PCA), implemented in PLINK v1.9 (—pca option) and plotted using the tidy-
verse collection of R packages [77]. An additional PCA analysis was also run including the

German (BHAGA) and Polish (JAMY) individuals.

The level of genetic divergence between the two Italian populations was then assessed by

estimating pairwise Nei’s GST [78] and Jost’s D [79], using the R package vcfR [80]. All the

above-described analyses were restricted to a SNPs set having a minor allele frequency (MAF)

� 5% and linkage disequilibrium between variants of r2 < 0.50, since strongly linked markers

and rare variants may introduce bias in population structure analysis from WGS data [81, 82].

We used PLINK v1.9 (—indep-pairwise function) to prune out loci in linkage disequilibrium

(LD) using a sliding window size of 50 kb, step size of five loci, and r2 threshold of 0.5.

3. Results

3.1. Genomic diversity and differentiation of two European beech stands

from the Italian peninsula (Alps and Apennines)

3.1.1. Chloroplast and mitochondrial genomes diversity and differentiation. An aver-

age of 7,302,798 and 27,519,618 reads per individual were mapped to the chloroplast (cp) and

mitochondrial (mt) reference genomes, with 915x and 237x average coverage, respectively.

The proportion of mapped reads was higher for mt genomes (average 4.8%) than cp genomes

(average 1.2%).

We identified a total of 20 SNPs and 54 InDels in the cp genomes of the 13 included indi-

viduals and 30 SNPs and 33 InDels in their mt genome. Overall nucleotide diversity was on

average higher for cp genomes (NucDiv = 6.3 × 10−5) than for mt ones (NucDiv = 1.9 × 10−5).

A total of 12 and 8 haplotypes were inferred for the cp and mt genomes, respectively, leading

to a haplotype diversity (HapDiv) of 0.98 and 0.93, respectively. Almost all haplotypes related

to the cp genomes were unique except for haplotype X, which was shared by two Apennine

individuals, while one mt haplotype (II) was shared by three Apennine individuals and another

haplotype (V) by two Alpine samples and FASYL29 (Germany). The lists of haplotypes

detected in each sample at cpDNA and mtDNA are reported in Table 1; values for nucleotide

and haplotype diversity for the two Italian populations (ALP and APE) are reported in Table 2.

In the inferred cpDNA network (Fig 2A), two groups are recognizable: the samples from

Apennines (APE) on one side (clade 1) and all the other samples on the other (clade 2), includ-

ing the Alpine samples sequenced in the present study (ALP) and the publicly available chloro-

plast genomes retrieved from NCBI (see section 2.2): FSYL11 (Alps), FASYL29 (Germany),

BHAGA (Germany), JAMY (Poland). The inferred mtDNA haplotype network (Fig 2B) sepa-

rates three main groups: clade 1, including the samples from the Apennines (APE); clade 2,
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including the Alpine samples sequenced in the present study (ALP), the German sample

FASYL29 and the Polish sample JAMY; and clade 3, including only the German sample

BHAGA.

3.1.2. Diversity and differentiation based on the nuclear genome. We produced a total

of ~ 617.15 million reads which uniquely mapped to the European beech nuclear reference

genome. The mean depth of coverage for the four samples from Alps (ALP) was 15.9x while

the mean depth of coverage for the five samples from the Apennines (APE) was 16.6x. After

VCF filtering, a total of 1,261,484 biallelic SNPs were retained across 11 individuals (also

including the two Central European reference samples, BHAGA and JAMY, downsampled at

16x; see section 2.1). The final mean depth of coverage, No. of biallelic SNPs and mean SNP

density are reported for each sample in S1 Table.

Relatedness coefficients (r) between the individuals sampled within each forest stand

resulted to be negative in all pairwise comparisons, indicating unrelated samples [83] (ALP:

Table 1. List of (a) cpDNA and (b) mtDNA haplotypes detected in the samples. Samples are ordered based on geographical provenance: APE, ALP (samples sequenced

in the present study, from the Apennines and Alps, respectively) and the publicly available reference samples (see section 2.2): FSYL11 (Alps), FASYL29 (Northern Ger-

many), BHAGA (Central Germany) and JAMY (Poland); haplotypes (hap) are grouped by clade (cl); only cpDNA genome was available for FSYL11.

(a) cpDNA genome

cl hap APE1 APE2 APE3 APE4 APE5 ALP1 ALP2 ALP3 ALP4 FSYL 11 FASYL 29 BHAGA JAMY

2 I x

2 II x

2 III x

2 IV x

2 V x

2 VI x

2 VII x

2 VIII x

1 IX x

1 X x x

1 XI x

1 XII x

(b) mtDNA genome

cl hap APE1 APE2 APE3 APE4 APE5 ALP1 ALP2 ALP3 ALP4 FASYL 29 BHAGA JAMY

1 I x

1 II x x x

1 III x

2 IV x

2 V x x x

2 VI x

2 VII x

3 VIII x

https://doi.org/10.1371/journal.pone.0288986.t001

Table 2. Levels of genetic diversity for the two sequenced Italian populations. For samples from ALP (Val di Cembra, Eastern Italian Alps) and APE (Maresca, North-

ern Apennines), population-based genetic diversity estimates were computed for organellar and nuclear genomes (no. hap = Number of haplotypes; hapDiv = haplotype

diversity; nucDiv = nucleotide diversity; D = Tajima’s D; GW-het = genome-wide heterozygosity; π = genome-wide nucleotide diversity).

Pop mtDNA genome cpDNA genome Nuclear genome

No. hap hapDiv nucDiv Tajima’s D No. hap hapDiv nucDiv Tajima’s D GW-Het π Tajima’s D

ALP 3 0.83 0 -8.52 4 1 7.36 × 10−6 -5.47 0.0167 0.0034 0.5096

APE 3 0.7 1.58 × 10−6 -4.96 4 0.9 2.52 × 10−6 -6.44 0.0179 0.0037 0.4975

https://doi.org/10.1371/journal.pone.0288986.t002
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average -0.37 ± 0.02 SD; APE: average -0.30 ± 0.02 SD; see S4 Table). Individual inbreeding

coefficient (F) ranged from 0.54 to 0.71, with comparable average values in the two Italian pop-

ulations (mean F = 0.59 for ALP; mean F = 0.60 for APE). The two Italian populations showed

similar levels of genome-wide genetic diversity (Table 2), with slightly higher values of average

genome-wide heterozygosity (GW-het; individual values reported in S1 Table) and nucleotide

diversity (π) in the APE (GW-het = 0.0179; π = 0.0037) compared to ALP population (GW-

het = 0.0167; π = 0.0034). The sliding window plot of the nucleotide diversity per site (π)

highlighted a major anomaly on chromosome 11 (S1 Fig), where in a stretch of about 2 Mb

(from about Mb 16 to Mb 18), repeated consecutive π values near to 0 were observed, around a

peak of about 0.002. This region perfectly matches the one described in [25], where multiple

and very long insertions of both chloroplast and mitochondrial DNA were observed.

Results of the LD analysis on all the nine Italian samples showed a rapid decay of r2 values:

the half-decay distance, i.e. the distance at which LD is half of its maximum value was found to

be of about 250 bp on average (corresponding to r2 = 0.25); however, r2 values remain > 0.2 at

1000 bp and the fitted LD decay curve approaches 0.1 slowly (Fig 3).

No significant differences between the two Italian populations emerged from the runs of homo-

zygosity (ROH) analysis. The average number of detected ROHs was 355 ± 22 in the APE popula-

tion, 354 ± 81 in the ALP populations; these values were not so different from those detected in

the two Central European samples (BHAGA: 400; JAMY: 452). In general, the length of the

detected ROHs was very low, with only five ROHs> 0.5 Mb (one detected in a sample from ALP,

three in samples from APE and one in BHAGA) and no ROHs> 1 Mb (max ROH length: 0.59

Mb). Results remained consistent even using different values of SNP density to call a ROH.

After filtering for MAF� 5% and LD pruning (r2 < 0.50; see section 2.4.5), 38,271 SNPs

were retained for genetic differentiation and population structure analyses. In the whole

genome-based NJ tree (S2 Fig), the four samples from the Italian Alps (ALP) were grouped in

the same cluster, together with the German sample (BHAGA), while a less homogeneous

structure emerged for the five samples from the Apennines (APE), with the Polish sample

(JAMY) clustering closer to them. A principal component analysis (PCA) performed on the

Fig 2. Minimum spanning networks of haplotypes based on the whole (A) cpDNA and (B) mtDNA genomes. Each haplotype is

represented by a circle with size proportional to the number of individuals and is colored according to the individuals harboring

it (see legend); numbers above branches indicate the number of mutation events between two haplotypes; dashed segments

represent alternative links between haplotypes. The networks were generated using the R package pegas.

https://doi.org/10.1371/journal.pone.0288986.g002
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filtered SNPs highlighted a similar situation: the PCA plot (S3 Fig) showed an apparent,

although not complete, separation between ALP and APE samples along the first two principal

components (PC1 and PC2), with BHAGA closer to the ALP samples along PC1, while JAMY

falling in an intermediate position. Points corresponding to APE samples are more spread out

in the plot compared to ALP, exhibiting a larger variance, consistently with the result of the

tree. A PCA performed with only the Italian samples (Fig 4) highlighted a more clear separa-

tion between ALP and APE, confirming more variability in the APE samples. Pairwise GST

(0.157) and Jost’s D (0.089) values indicated a clear genetic differentiation between the two

Italian populations, reflecting the above described patterns.

3.2. Phylogenetic analysis: Ancient split between the Alpine and Apennine

populations

We employed phylogenetic methods to understand how and when the two populations differ-

entiated. For the molecular clock analysis, we were constrained by the absence of reliable

Fig 3. Linkage disequilibrium (LD) decay. (a) across the whole genome; (b) zoom for distances� 1000 bp. The plot

represents the average genome-wide LD decay in the samples from the two Italian stands (ALP and APE). The values

on the X-axis represents the physical distance in (bp) and the Y-axis represents the average squared correlation, r2,

between SNP alleles. The solid blue line depicts the LD decay curve fitted using Generalized Additive Models (GAMs);

the dashed red line indicates the half-decay distance (r2 = 0.25).

https://doi.org/10.1371/journal.pone.0288986.g003

PLOS ONE Strong and ancient genomic differentiation between European beech from Italian Alps and Apennines

PLOS ONE | https://doi.org/10.1371/journal.pone.0288986 July 20, 2023 11 / 24

https://doi.org/10.1371/journal.pone.0288986.g003
https://doi.org/10.1371/journal.pone.0288986


substitution rates for both mitochondria and chloroplasts in this taxon. To overcome this limi-

tation, we followed a strategy based on a 2-steps molecular clock analysis, using the estimated

divergence times between the Fagus genus and the other groups of Fagaceae of a first long-

scale reconstruction to calibrate a second analysis on a shorter timescale.

For the mitochondrial dataset, we were unable to perform a meaningful phylogenetic and

clock analysis, as only five Fagaceae mitochondrial genomes were available in public databases

at the time of the analysis (three of which belonging to F. sylvatica). This shows the necessity of

improving sequencing effort of mitochondrial genomes of this taxon. Our newly sequenced

mitochondrial genomes were almost identical in their coding regions, with polymorphisms

concentrated in the non-coding part of the genome, which were sufficient to discriminate

between the Alpine and Apennine populations (S4 Fig) but prevented a robust clock strategy

based on the analysis of coding sequences. Therefore, we used chloroplast data to reconstruct a

maximum-likelihood phylogeny and a calibrated Bayesian phylogeny (S5 Fig) of a dataset

including different species of Fagaceae. To minimize compositional biases, we employed a set

of 57 single copy orthologous genes (see section 2.3.2). Trees obtained with these two different

approaches yielded the same topological structure. In both cases, Fagus crenata was the sister

species of Fagus sylvatica (bootstrap supports in the maximum-likelihood tree for this node

were low, but very high for all the other groups). We dated the split between these two taxa at a

median of 11.02 Mya (Mean: 11.81; 22.4–2.4 Mya 95% HPD; S5 Fig). We used the topology

and the date estimates of this clock analysis to calibrate a second molecular clock (Fig 5), with

the aim of dating the splits between our samples.

Fig 4. Principal component analysis (PCA) plot of the samples from the two Italian stands. The analysis is based on the 38,271 genome-wide SNPs

dataset; individuals are plotted on the biplot of the first two principal components.

https://doi.org/10.1371/journal.pone.0288986.g004
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Bayesian molecular clock analysis suggests that the split between the Alpine and Apennine

populations occurred at a median of 662.2 Kya, between the Günz and the Riss glaciations

(Mean: 757.6 Kya; 95% HPD: 1.38 Mya– 258.1 Kya). The last common ancestors of the indi-

viduals belonging to the Alpine (Median: 83.7 Kya, Mean: 103.3 Kya; 95% HPD: 218.6 Kya–

13.9 Kya) and Apennine population (Median: 55.8 Kya, Mean: 72.3 Kya; 95% HPD: 172.7

Kya– 0.54 Kya), respectively, are both dated in the Würm glaciation. The same topology, with

a sharp separation between ALP and APE populations, was retrieved across all datasets and

methods. The estimate for the split between F. crenata and F. sylvatica in the second calibra-

tion analysis (Median: 10.837 Mya; Mean: 10.838; 95% HPD: 12.84–8.83 Mya) resulted to be

Fig 5. Bayesian molecular clock analysis of APE (light brown dot) and ALP (light blue dot) populations using cpDNA. The references of F. crenata
(NC_041252.1) and two individuals of F. sylvatica (NC_041437.1 and MW566783.1) were included in the analysis. Median height values of the deepest nodes

in the tree are shown close to each node; the scale of the tree in the figure changes at 1 Mya. The split between F. crenata and F. sylvatica (the node highlighted

with a crossed circle) was calibrated using results of the clock shown in S5 Fig.

https://doi.org/10.1371/journal.pone.0288986.g005
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highly consistent with the one calculated in the first analysis (Median: 11.02; Mean: 11.81;

22.4–2.4 Mya 95% HPD), with only a slight difference which could be expected due to the

inherent nature of the Bayesian analysis and the different priors used to calibrate the clock.

3.3. Variant annotation and functional characterization

The average SNP rate over all chromosomes was 1 every 424 bases. SNPs distribution on each

chromosome was analyzed to reveal the most polymorphic regions. The highest number of

variants (355,656) was found on chromosome 1, as expected based on chromosome length.

The highest variant rate (region length bp / number of variants) was found on chromosome 4

(851), and the lowest (328) on chromosome 5.

By analyzing the annotations of all the SNPs (1,261,484) deriving from the whole-genome

sequencing of the Italian samples, we found a total of 2,783,020 predicted effects. According to

the type of change and its effect, only 9135 (0.3%) SNPs were predicted to have a high impact

(e.g., stop codon gaining, frameshift), whereas 222,199 (8%) represent SNPs with moderate to

low impact effects (e.g., non-synonymous change, synonymous coding/start/stop). In addition,

SnpEff also classified as missense variant 132,606 SNPs, as stop gained 6611 SNPs, and 79,861

SNPs as silent functional classes (S3 Table).

The highest number of SNPs identified were located in the upstream (27.65%) and down-

stream (26.26%) gene regions. We found 778,498 (27.9%) SNPs in intergenic regions (S6 Fig)

and 486,933 (18.2%) SNPs within genes, including intronic regions (8.2%) and 3’ and 5’ prime

variants (1.7%). Most of these nucleotide changes can be classified as transitions, with a transi-

tion/transversion ratio (Ts/Tv ratio) of 2.1. Based on the effects type (see section 2.4.2),

188,600 variants could be considered functional, while 1,072,884 were classified as neutral.

Results of the genetic diversity analysis performed separately on the neutral and functional

SNPs subsets for the overall Italian samples highlighted a prevalence of neutral variation, as

expected; however, functional variation represented a numerically important component, with

an average value of observed heterozygous sites of 11,902, only about six times lower than the

average values of observed heterozygous site observed in the neutral SNPs subset (68,416)

(average nucleotide diversity: 1.1 × 10−4 in the functional SNPs subset and 2.8 × 10−4 in the

neutral SNPs subset, respectively). No differences were observed in the functional diversity lev-

els of the two Italian populations, ALP and APE, both in terms of observed heterozygous sites

and nucleotide diversity (data not shown).

4. Discussion

4.1. Genome-wide diversity of European beech in the Italian peninsula

Identifying, quantifying, and understanding genome-wide patterns of genetic diversity is of

crucial importance for forest trees under climate change [84], and particularly for foundation

species occupying wide and climatically variable geographic areas, such as Fagus sylvatica. Our

nuclear, chloroplast and mitochondrial genomes analysis of nine European beech trees, four of

them sampled in a forest stand located in the Italian Alps (Trentino region; ALP) and five

from the central Apennines (Tuscany region; APE), provided a first genome-wide overview of

genetic diversity for this important tree species in the Italian peninsula, close to the southern

margin of its distribution.

Genetic diversity levels were comparable in the two sampled Italian forest stands, ALP and

APE, at both organellar and nuclear genomes. At organellar genomes, the same number of

haplotypes was detected in ALP and APE: four at cpDNA and three at mtDNA, reflecting a rel-

atively high diversity despite the low sample size (four and five individuals, respectively). At

nuclear genomes, no significant differences were detected in terms of mean heterozygosity,
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nucleotide diversity and Tajima’s D (Table 2). Our genome-wide nucleotide diversity estimates

(ALP: 3.4 × 10−3; APE: 3.7 × 10−3) were higher, albeit of the same magnitude, than those

observed in previous studies in the European beech in other European areas [85, 86].

A rapid genome-wide LD decay was highlighted, as expected for an outcrossing forest tree

species, with the correlation coefficient decaying to half of its maximum value (r2 = 0.25) at

about 250 bp; however, after this major drop LD was found to decrease relatively slowly. Both

findings are in line with the results reported by [85] for a French population of the species

based on a set of 58 genes, and highlight a global LD decay slower than expected, compared

with other broad-leaved tree species, e.g., Populus tremula [87] or Eucalyptus globulus [88].

According to LD estimates, the extent of ROHs was rather small (with no significant differ-

ences among the two populations), with the exception of a region of about 2 Mb on chromo-

some 11, where nucleotide diversity was close to zero (S1 Fig). The location of this region

perfectly corresponds to an anomaly in the European beech genome, previously identified by

[25] and characterized by long and multiple insertions of both chloroplast and mitochondrial

DNA: we believe that this is the most likely explanation for the recorded local pattern of

diversity.

Functional annotation of SNPs identified at the genome-wide level was performed, based

on their genomic locations. As there are not many published studies on SNPs effects in Fagus
sylvatica, we attempted to compare our variant annotation data obtained by a WGS approach

with a previous study [89] that used three different genotyping methods (GBS, RADSeq and

ddRAD) for SNPs marker discovery, although there is a marked difference in the number of

samples examined. Our SNPs distribution (S3 Table) is more comparable to GBS results,

where the majority of SNPs (> 75%) are associated with non-genic sites, than those of ddRAD

(66.4% of variants in non-genic regions). In particular, our data are more divergent with

respect to the RADSeq results (more than 50% of SNPs in genetic regions), especially when

comparing the number of variants annotated for each effect type. Moreover, WGS approach

allows us to provide a more exhaustive variants description, which also includes a large portion

of SNPs located in the intergenic regions (about 28%) compared to RAD methods (only from

7 to 10%). This result could not only be due to a reduced genome representation, but the iden-

tification of SNPs in different regions often depends on the use and choice of restriction

enzymes [90].

The low number of individuals sampled, limited us from performing further analysis at the

population level by exploiting variants with different coding effects. However, we believe that

our list of annotated SNPs may represent a resource for the community, in particular for future

studies on European beech that combine variant annotation and gene expression analysis.

These data can be used in much broader studies and, focusing mainly on high-impact varia-

tions, may provide important insights into the function of genes involved into the adaptation

mechanism of this species [91–93].

4.2. Strong and ancient split between Alps and Apennines

The cpDNA and mtDNA haplotype networks (Fig 2) clearly showed that samples from the

Alps (ALP) and Apennines (APE) form two distinct, well differentiated clades. The Italian

sample FSYL11, for which a publicly available chloroplast genome was available (see section

2.2) and included in the cpDNA network, grouped in the same clade with our Alpine samples:

this is not surprising, since FSYL11 is an individual from the Veneto region, in the eastern

Alps, not far from the Trentino region where our Alpine individuals were sampled. As largely

expected, the differentiation of mt genome was lower than that of cp, in spite of its larger

genome size (ca 500 kb vs 167 kb).
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The separation between Alps and Apennines was confirmed by the analysis of the nuclear

genomes: the PCA with the Italian samples (Fig 4) and the NJ tree (S2 Fig) showed that all indi-

viduals from the ALP population grouped together in a relatively homogeneous group, which

appears separated from the cluster formed by the APE samples, although the latter were more

scattered in the PCA space as well as in the tree. The separation between ALP and APE was

also quantitatively confirmed by the two widely used indices GST and Jost’s D, with values of

0.16 and 0.09, respectively, pointing to a clear genomic differentiation between the two Italian

populations, reflecting the patterns described by the NJ tree and the PCA plot.

We deliberately refrain from discussing the differentiation between the German (BHAGA

and FASYL29) and Polish (JAMY) samples, their relationships with the Italian populations

and the apparent incongruence between nuclear and organellar trees for BHAGA (see Results).

These European areas were not covered here, being out of the scope of the present study, and

only a few genomes were publicly available (considering the nuclear genome, only for the

BHAGA and JAMY individuals); these regions are, moreover, characterized by supposedly

complex evolutionary history, with a potential distinct glacial refugium hypothesized for Cen-

tral-Eastern Europe and evidence for admixture among different lineages north of the Alps

[7–10].

Although we are aware that the reduced sample size of our survey prevents us from recon-

structing a comprehensive evolutionary scenario for the species in the Italian peninsula, our

analysis based on complete chloroplast, mitochondrial and nuclear genomes not only con-

firmed the genetic separation between the Alpine and Apennine populations, already identi-

fied by previous studies and congruent with a scenario of different glacial microrefugia in the

Italian peninsula [7, 11–13], but also allowed us, for the first time, to derive a reliable temporal

estimate for the split. By adopting a 2-steps molecular clock analysis, we first inferred the

divergence time between F. sylvatica and F. crenata cpDNA genomes (Fig 5); then this estimate

was used to calibrate a second analysis centered on F. sylvatica, which ultimately allowed us to

date the split among the two Italian populations (Fig 5). The adoption of this strategy, which

has been previously used for example to estimate the divergence time of polar bear [45],

allowed us to overcome one of the major obstacles of inferring divergence estimates: the lack

of reliable rates of substitution and/or of fossil calibrations. We could not replicate this strategy

with mitochondrial data, as entire mt genomes within the Fagaceae are available just for three

species. Moreover, our newly sequenced mitochondrial genomes were almost all identical in

their coding regions: this is coherent with the biology of plant mitochondrial genomes that

evolve at a slower pace than the chloroplast and nuclear ones, although showing large genome

rearrangements (e.g., inversions, translocations, duplications, losses; [94]. In our chloroplast

phylogeny we used a set of 57 single copy ortholog genes: we obtained a robust tree showing

that F. crenata is the sister species of F. sylvatica. These results are in line with [95], but differ-

ent than those of a recent analysis using full chloroplast genomes [96, 97]. We suggest that

some previous results may have been misled by the effect of high saturation, which diminishes

excluding fast evolving regions of the genome and working with well conserved genes, as we

did. Our molecular clock estimate for the split between ALP and APE cp genome was at a

median of 662.2 Kya (Mean: 757.6 Kya; 95% HPD: 1.38 Mya– 258.1 Kya; Fig 5), approximately

between the Calabrian and the Chibanian Stages, between the Günz and the Riss glaciations:

therefore, well before the last glacial cycle (115 to 11 kya; [98]. This finding is in line with the

conclusion of [7] who, according to palynological and genetic (not genomic) results, hypothe-

sized that European beech might have persisted in the same refugial areas for at least two inter-

glacial–glacial cycles. According to these authors, one of these refugia was located in central-

southern Italy, thus corresponding to the central and southern ridges of the Apennines.

Finally, they claimed that the observed genetic divergence was probably generated in a time
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span of hundreds of thousands of years, and our results seem to confirm this hypothesis. Evo-

lutionary estimates of divergence time between populations on the Balkan and Italian peninsu-

las have led to backdating to before the last glacial period for other forest species such as silver

fir [99, 100] and Ulmus laevis [101]. Here it is worth noting that a similar old divergence

among main genetic lineages, predating the Last Glacial Maximum, has been proposed for

many other plant and animal taxa in the Italian peninsula (for a meta-analysis, see [102]).

4.3. Conclusions and conservation implications

Our results mark a significant improvement of the genomic information of Fagus sylvatica, a

keystone and economically important tree species, in one of the most southern areas of its dis-

tribution: the Italian peninsula.

Although being a widely distributed deciduous broadleaf temperate tree, Fagus sylvatica is

currently experiencing drought-induced growth decline and increasing mortality due to cli-

mate change, particularly at its southern edge, with predicted serious ecological and economic

consequences [5, 6, 103]. On the other hand, recent studies are also showing that marginal

populations of the species may exhibit different responses to drought and other climatic stress

[22, 104, 105]. Therefore, deciphering the response of marginal beech populations to climate

change is essential for adapting the current forest management strategies, and a proper and

deep knowledge of gene pools in these areas may foster more rigorous and well-grounded

adaptation studies.

Here, we demonstrated that the Alpine and Apennine populations of Fagus sylvatica experi-

enced a long history of separation, predating the last glaciation. As a consequence, the genomic

diversity of the species in the Italian peninsula has been shaped by repeated interglacial–glacial

cycles, possibly leading to distinct local adaptation trajectories: this scenario seems not to be

unlikely, also considering the overall high levels of functional variation detected in the Italian

samples; however more specific studies are needed to confirm this hypothesis.

To conclude, our findings clearly showed the informative power of whole-genome data for

the identification and management of in situ genetic conservation units for forest trees.
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85. Lalagüe H, Csilléry K, Oddou-Muratorio S, Safrana J, de Quattro C, Fady B, et al. Nucleotide diversity

and linkage disequilibrium at 58 stress response and phenology candidate genes in a European beech

(Fagus sylvatica L.) population from southeastern France. Tree Genet Genomes. 2014; 10: 15–26.

https://doi.org/10.1007/S11295-013-0658-0

86. Seifert S, Vornam B, Finkeldey R. A set of 17 single nucleotide polymorphism (SNP) markers for Euro-

pean beech (Fagus sylvatica L.). Conserv Genet Resour. 2012; 4: 1045–1047. https://doi.org/10.

1007/S12686-012-9703-9

87. Ingvarsson PK. Nucleotide polymorphism and linkage disequilibrium within and among natural popula-

tions of European aspen (Populus tremula L., Salicaceae). Genetics. 2005; 169: 945–953. https://doi.

org/10.1534/GENETICS.104.034959 PMID: 15489521

88. Butler JB, Freeman JS, Potts BM, Vaillancourt RE, Kahrood H V., Ades PK, et al. Patterns of genomic

diversity and linkage disequilibrium across the disjunct range of the Australian forest tree Eucalyptus

globulus. Tree Genet Genomes 2022 183. 2022; 18: 1–18. https://doi.org/10.1007/S11295-022-

01558-7

89. Ulaszewski B, Meger J, Burczyk J. Comparative analysis of SNP discovery and genotyping in Fagus

sylvatica L. and Quercus robur L. using RADseq, GBS, and ddRAD methods. Forests. 2021; 12: 1–17.

https://doi.org/10.3390/f12020222

90. Shirasawa K, Hirakawa H, Isobe S. Analytical workflow of double-digest restriction site-associated

DNA sequencing based on empirical and in silico optimization in tomato. DNA Res. 2016; 23: 145–

153. https://doi.org/10.1093/dnares/dsw004 PMID: 26932983

91. Payen C, Sunshine AB, Ong GT, Pogachar JL, Zhao W, Dunham MJ. High-throughput identification of

adaptive mutations in experimentally evolved yeast populations. PLOS Genet. 2016; 12: e1006339.

https://doi.org/10.1371/journal.pgen.1006339 PMID: 27727276

92. Collevatti RG, Novaes E, Silva-Junior OB, Vieira LD, Lima-Ribeiro MS, Grattapaglia D. A genome-

wide scan shows evidence for local adaptation in a widespread keystone Neotropical forest tree.

Hered 2019 1232. 2019; 123: 117–137. https://doi.org/10.1038/s41437-019-0188-0 PMID: 30755734

93. Ji F, Ma Q, Zhang W, Liu J, Feng Y, Zhao P, et al. A genome variation map provides insights into the

genetics of walnut adaptation and agronomic traits. Genome Biol. 2021; 22: 1–22. https://doi.org/10.

1186/S13059-021-02517-6 PMID: 34706738

94. Kozik A, Rowan BA, Lavelle D, Berke L, Eric Schranz M, Michelmore RW, et al. The alternative reality

of plant mitochondrial DNA: one ring does not rule them all. PLOS Genet. 2019; 15: e1008373. https://

doi.org/10.1371/journal.pgen.1008373 PMID: 31469821

PLOS ONE Strong and ancient genomic differentiation between European beech from Italian Alps and Apennines

PLOS ONE | https://doi.org/10.1371/journal.pone.0288986 July 20, 2023 23 / 24

https://doi.org/10.1038/nrg.2017.109
https://doi.org/10.1038/nrg.2017.109
http://www.ncbi.nlm.nih.gov/pubmed/29335644
https://github.com/bioinformatics-ptp/detectRUNS
https://doi.org/10.3389/fgene.2015.00208
http://www.ncbi.nlm.nih.gov/pubmed/26113860
https://doi.org/10.1002/J.1538-7305.1950.TB00463.X
https://doi.org/10.21105/joss.01686
https://doi.org/10.1111/j.1469-1809.1983.tb00993.x
http://www.ncbi.nlm.nih.gov/pubmed/6614868
https://doi.org/10.1111/j.1365-294x.2008.03887.x
https://doi.org/10.1111/j.1365-294x.2008.03887.x
http://www.ncbi.nlm.nih.gov/pubmed/19238703
https://doi.org/10.1111/1755-0998.12549
http://www.ncbi.nlm.nih.gov/pubmed/27401132
https://doi.org/10.1093/bioinformatics/btaa520
http://www.ncbi.nlm.nih.gov/pubmed/32415959
https://doi.org/10.1186/s12863-020-0833-x
http://www.ncbi.nlm.nih.gov/pubmed/32183706
https://doi.org/10.1111/jeb.12315
http://www.ncbi.nlm.nih.gov/pubmed/24444019
https://doi.org/10.1016/j.tplants.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19042147
https://doi.org/10.1007/S11295-013-0658-0
https://doi.org/10.1007/S12686-012-9703-9
https://doi.org/10.1007/S12686-012-9703-9
https://doi.org/10.1534/GENETICS.104.034959
https://doi.org/10.1534/GENETICS.104.034959
http://www.ncbi.nlm.nih.gov/pubmed/15489521
https://doi.org/10.1007/S11295-022-01558-7
https://doi.org/10.1007/S11295-022-01558-7
https://doi.org/10.3390/f12020222
https://doi.org/10.1093/dnares/dsw004
http://www.ncbi.nlm.nih.gov/pubmed/26932983
https://doi.org/10.1371/journal.pgen.1006339
http://www.ncbi.nlm.nih.gov/pubmed/27727276
https://doi.org/10.1038/s41437-019-0188-0
http://www.ncbi.nlm.nih.gov/pubmed/30755734
https://doi.org/10.1186/S13059-021-02517-6
https://doi.org/10.1186/S13059-021-02517-6
http://www.ncbi.nlm.nih.gov/pubmed/34706738
https://doi.org/10.1371/journal.pgen.1008373
https://doi.org/10.1371/journal.pgen.1008373
http://www.ncbi.nlm.nih.gov/pubmed/31469821
https://doi.org/10.1371/journal.pone.0288986


95. Renner SS, Grimm GW, Kapli P, Denk T. 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 R Soc

B Biol Sci. 2016; 371. https://doi.org/10.1098/RSTB.2015.0135 PMID: 27325832
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