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Abstract

We conducted a molecular phylogenetic analysis of the abiotic stress response in

13 key European forest species (Fagus sylvatica L., Quercus robur L., Quercus ilex
L., Quercus pubescens Willd., Quercus suber L., Quercus lobata L., Juglans regia L.,
Populus trichocarpa L., Pinus taeda L., Pinus nigra J.F. Arnold, Pinus pinea L., Pinus
pinaster Aiton and Abies alba Mill.) to clarify how different abiotic stressors have
influenced their adaptation. The study on the evolution of abiotic stress responses

in these species, seeks to uncover the factors driving their distinct evolutionary
pathways of adaptation. We created the dataset by collecting data from genomic
dataset on genes relevant to the response to abiotic stress in the target species
dataset. Then, we used the data in the dataset to search for possible orthologs in
the studied species dataset. A matrix was created with sequences of each identified
ortho-group, closely related to the analyzed genes, and phylogenetic relationships
were reconstructed using the maximum likelihood (ML) method. Pairwise estimates
of synonymous and nonsynonymous substitutions per site (Ks and Ka, respectively)
were calculated using the ML method. Analysis of 616 genes associated with abi-
otic stress response revealed 347 genes in angiosperms species, with F. sylvatica
having the highest count, and 269 genes in conifers, where A. alba contributing the
most. Drought stress exhibited the highest number of shared genes, while freezing
stress showed the least. Substitution rate analysis indicated higher average values
in angiosperms species, with a stronger signature of adaptive evolution in conifers,
as suggested by the higher Ka/Ks ratio. The study unveils distinctive patterns in the
evolutionary dynamics of molecular responses to abiotic stresses between the 13 key
forest tree species. Lower substitution rates in conifers suggest unique constraints,
likely influenced by larger genomes and ancient lineage divergence. The prevalence
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of Ka/Ks values below unity emphasizes strong selective constraints, highlighting the
conservation of abiotic stress response mechanisms across diverse lineages.

1 Introduction

Forest trees have faced environmental stresses throughout their 385 million years
of evolution, significantly influencing their adaptation, diversification, and extinction
[1-4]. The ability of these species to adapt to various abiotic stresses—such as
temperature, drought, salinity, flooding, light quantity, and atmospheric CO, concen-
tration—has been central to their survival and evolution [5-7]. Understanding the
genetic basis of these adaptive responses is crucial, as it reveals how evolution is
shaped by the presence of adaptive alleles with varying effects [6,8]. Observations
on the number, frequency, effect size, and genomic distribution of alleles associated
with adaptation must be interpreted within the context of evolutionary processes [6,8].
These aspects, constituting a trait’s genetic architecture, significantly influence evolu-
tionary outcomes and provide insights into the mechanisms of evolution.

The responses of higher plants to abiotic stresses have been extensively studied
at both physiological and ecological levels in controlled and field conditions [9—17].
The high plasticity potential of trees enables them to mitigate and adapt to chronic
stresses and extreme events [18]. A multidisciplinary approach is essential for under-
standing forest ecosystem adaptation in response to climate change, emphasizing
the importance of implementing genetic analysis [19]. Genetic and genomic studies
have explored how trees respond to stress, demonstrating that forest species typi-
cally exhibit large effective population sizes, moderate to high levels of genetic diver-
sity, and frequent occurrences of locally adapted ecotypes [20—-25]. Despite these
characteristics, rates of molecular evolution across species tend to be slow [26].
Additionally, genome sizes vary among tree species, ranging from 0.4 Gbp to 31 Gbp
[5]. Angiosperms genomes are better understood than conifer genomes due to the
large size and high repetitive element content of the latter, which complicates assem-
bly and bioinformatics [10,27]. Sequencing efforts in gymnosperms, which possess
the largest tree genomes, reveal that much of the variation in genome size results
from transposable element dynamics and gene family evolution [28—32]. For exam-
ple, duplication events of specific gene families may enhance the ability of the trees
to colonize marginal habitats [27]. Comparative studies suggest that the evolution of
angiosperms was shaped by whole-genome duplication (WGD) events, resulting in
higher rates of speciation [33,34]. In contrast, gymnosperm genomes exhibit lower
flexibility and evolutionary dynamics, characterized by fewer WGD events, sparse
chromosomal rearrangements, and slow mutation rates, which contribute to reduced
levels of genomic structural variation and speciation rates [19,26-29,33-35]. In addi-
tion to significant variations in non-coding regions, comparative studies indicate that
protein-coding genes and gene families show notable sequence similarities—approxi-
mately 60% between conifers and angiosperms species and around 80% within coni-
fers [36]. These functional differences arise from variations in nucleotide substitution
rates and the formation of copy number variants [35-38].
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The extensive gene flow and large geographical ranges of trees enable researchers to differentiate between neutral and
selective evolutionary processes [32]. Their longevity and heterogeneous geographical distributions make trees ideal for
addressing key evolutionary questions concerning historical climatic fluctuations and adaptation involving shifts in allele
frequencies [32,39—41]. The adaptation to the local environment can favor specific genetic architecture, where large-effect
alleles are clustered within fewer genomic regions (candidate genes), in contrast to expectations under global adaptation [8].

In natural populations, migration, pleiotropy, mutation rate, and temporal environmental variability can act as limiting
factors and constrain the evolution of such architectures. In population genetic models, adaptive evolution is explained
as changes in allele frequencies at individual loci under selection. Strong selection at a single locus generally results in
substantial shifts in allele frequency during adaptation (hard-sweep model) [42—44]. In contrast, the quantitative genetics
framework suggests that numerous alleles contribute small, interchangeable effects to traits, enabling large changes in
traits to occur through relatively modest shifts in allele frequencies across many loci (partial, selective, and soft-sweep
model) [6—8,42—44]. Estimates indicate that a significant proportion of non-synonymous substitutions are fixed by selec-
tion, demonstrating that selection plays a crucial role in the long-term evolution of genomic sequences [45—-47]. However,
much adaptive variation is also guided by alleles of small effect, with adaptation from standing genetic variation being a
common evolutionary process [8,48-50].

Many of the large-effect adaptive alleles identified to date predominantly drive local adaptation, rather than global adap-
tation, or are maintained by balancing selection [6—8]. Local adaptation patterns are believed to involve fewer higher-impact
alleles and more closely related, than global adaptation. The process of adaptation is central to evolution, and many funda-
mental questions are directed toward understanding how local and global adaptation have shaped the evolution of forest
species [8]. An interesting perspective on the evolution of adaptation in higher plants is that the molecular response to abiotic
and biotic stresses appears to be highly conserved and relatively easy to evolve, with numerous origins within angiosperms
and gymnosperm lineages. [7,12,51,52]. They promote the use of macroevolutionary models as a robust approach to analyz-
ing the evolution of abiotic stress responses [7]. These analyses often integrate detailed knowledge of individual species with
broader insights across multiple species, providing a richer understanding of evolutionary history.

Despite numerous studies of comparative genomics, phylogeny, and evolution of forest species, there is a lack of infor-
mation regarding genes related to responses to abiotic stresses. The study of genes associated with adaptation in forest
species is essential for understanding the evolutionary history of these organisms. [7—12,52].

In our study, we used a dataset of 616 genes associated with responses to abiotic stressors (drought, heat, salt, frost,
and cold). This dataset was derived from genomic and transcriptomic data of 13 forest tree species, which include eight
broadleaves: Fagus sylvatica L., Quercus robur L., Quercus ilex L., Quercus pubescens Willd., Quercus suber L., Quercus
lobata L., Juglans regia L., and Populus trichocarpa L.; and five conifer species: Pinus taeda L., Pinus nigra J.F. Arnold,
Pinus pinea L., Pinus pinaster L., and Abies alba Mill. This dataset was used to carried out a phylogeny analysis and
investigate the different evolutionary histories to better understand the causes of divergence related to genes associated
with responses to abiotic stressors. The aim is to understand the influence of local and global environment adaptation on
the events that characterized the evolutionary history of these species.

2 Materials and methods

The experimental design carried out for the analysis is illustrated in Fig 1. The design is divided into four main phases,
which serve as a schematic framework to clarify the analytical process. The initial phase involves the development of a
starting dataset, which includes identifying and selecting genes relevant to responses to one or more abiotic stresses in
the target species, 8 broadleaf species (Fagus sylvatica L., Quercus robur L., Quercus ilex L. and Quercus pubescens
Willd., Quercus suber L., Quercus lobata L., Juglans regia L., and, Populus trichocarpa L.) and 5 conifers species (Pinus
taeda L., Pinus nigra J.F. Arnold., Pinus pinea L., Pinus pinaster L., and Abies alba Mill.). The second and third phases
are essential for preparing data for comparative analysis. These phases involve screening gene sequences to identify
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Fig 1. Experimental design: flowchart of analytic phases followed to perform the analysis.

https://doi.org/10.1371/journal.pone.0338893.9001

orthologs in model species and addressing potential biases associated with abiotic stresses correlated with the studied
genes. The final phase comprises phylogenetic and evolutionary dynamics (substitution rates) analysis using the obtained
sequences. Each phase will be discussed in detail in the subsequent sections dataset.

2.1 Reference database of gene sequences

Available literature regarding molecular response to abiotic stresses (drought, cold, frost, salinity, heat stress) for each species
was collected using the most relevant datasets as described in the section systematic review. For species names, both the
Latin binomial and common names (i.e., Fagus sylvatica L. and/or beech) were used. The identified papers were analysed to
derive sequence ID corresponding to the reported candidate genes. These IDs were used to retrive FASTA files containing
gene sequences for the candidate genes, from the principal genomic datasets (NCBI, EnsemblPlant, Panther, PlantGDB, and
Treegenes). The last step, before the development of the dataset, involved sequences validation and annotation to minimize
the possibility of any errors during the next steps. Sequences were validated through alignment with similar sequences using
the BLAST algorithm [53]. Alignment was performed using the MAFFT v. 7 and MEGAX software tools [54,55]. By aligning
complete sequences, including coding DNA sequences (CDS) and complementary DNA (cDNA), we reconstructed the gene
sequences. An ad hoc dataset was then created to consolidate all the information on each candidate gene (S1 Table) dataset.

2.2 Screening phase

The screening phase involves a preliminary analysis of gene sequences obtained from the literature. This phase consists
of two primary objectives: i) conducting a bibliographic search to determine whether the identified genes have been stud-
ied in relation to responses to other abiotic stresses, and ii) identifying potential orthologs in the target species.
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2.2.1 Systematic review. We conducted a qualitative systematic review of candidate genes, listed in our reference
dataset, in various abiotic stresses as stated in Garosi et al. (2022) [56]. We sought to determine whether the candidate
genes identified in the initial phase of our analysis are also implicated in responses to abiotic stresses beyond those
already documented in the reference dataset. The abiotic stresses under consideration are drought, heat, cold, salinity,
and freezing dataset. To this end, we performed a literature search for each selected gene through major datasets
(Scopus, Research Gate, Spring link, Web of Science) and search engines (PubMed and Google Scholar) using the
following search terms: “gene ID” + “plant*” + “abiotic stress” +“response*” (S2 Table). We did not use any inclusion
criteria for this systematic review, as the objective of this step was to observe if the genes had been studied in response
to different abiotic stresses beyond those identified and annotated in the reference dataset. To reduce potential bias,
we consulted multiple sources (Scopus, Web of Science, PubMed, ResearchGate, SpringerLink, Google Scholar) and
considered evidence from different approaches, including RNA-seq data, transcriptomic analyses, and environmental
association studies.

2.2.2 Ortholog identification. The identification of orthologs was done as reported by Horiike et al. [57] and Ran et
al. [58]. Gene sequences for the sampled taxa were derived using the BLAST algorithm (blastn algorithm with the default
parameters and the standard core nucleotide database — core_nt) and various datasets (GenBank, NCBI, Phytozome).
We used MEGAX and MAFFT v.7 alignment software to verify the imported sequences and align them with the gene
sequences available in the reference dataset. Successively, we used Ortholog-finder to define the ortho-groups, which
were further filtered based on the following criteria: (i) each species has at least one sequence; (ii) at least 5 species are
present; and (iii) at least 2 species are present for each phylum [58]. The ortho-groups obtained were used to construct
preliminary NJ trees using MAFFT v. 7 [54], with the GTR-GAMMA model. Redundant pairs and paralogs were identified
and removed based on the tree topology of each orthogroup.

Moreover, we used the OrthoFinder v2.5.5 algorithm [57] to identify possible orthologs between species. Sequence
similarity searches were performed with DIAMOND v2.1.x in -very-sensitive mode, applying the following filters:
e-value < 1e-5, minimum identity 2 30%, and alignment coverage 2 50% on both query and subject. Orthogroups were
inferred using the MCL algorithm with an inflation parameter (I) = 1.5. The species tree was automatically inferred by
OrthoFinder from gene trees using STAG and rooted with STRIDE; no external tree was imposed. Reciprocal best-hit
(RBH) checks were not applied, since OrthoFinder assigns orthologs through a tree-based phylogenetic approach that
minimizes paralogy more robustly than RBH alone. We then used profile-based alignment methods (MAFFT v.7) that con-
sider domains and motifs conserved within gene families [54].

2.3 Data collection

The data collection consisted of identifying candidate genes present in both angiosperms and coniferous trees. Using a
comparative genomics approach, we identified genes shared between broadleaf and conifer species and established a
new reference dataset.

2.3.1 Shared gene identification between angiosperms species and conifers. Starting with the initial reference
dataset, which was refined through ortholog identification and systematic searches, we performed a comparative analysis
to determine which candidate genes were shared between broadleaf and conifer species dataset. We visualized the
data in the dataset using a Venn diagram, obtained with the R package Venn Diagram [59]. The Venn diagram compares
gene lists from a series of experiments and identifies genes shared between experiments or unique to an experiment in
relation to stress. Complementarity in the molecular response to abiotic stresses between angiosperms and coniferous
trees was observed both by considering the entire set of candidate genes and by considering genes involved in the
response to individual stresses. After identifying gene sequences shared between the 13 studied forest species, we
proceeded to create a second reference dataset (S2 Table), within which we reported all observed genes, relationship to
abiotic stresses, sequence IDs obtained from GeneBank, and sequence IDs for the selected reference species (Populus
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trichocarpa L. and Abies alba Mill.). Despite the presence of the sequenced genome of Picea abies L. [30] (used as a
model species for the study of conifer evolution), here we used Abies alba Mill. as the reference species [60]. We selected
the reference species based on their ecological importance, the genome data availability and their relevance for genetic
and genomics studies. We then created a matrix consisting of all the sequences of each identified ortho-group closely
related to the genes found in common between angiosperms and coniferous trees during the comparative analysis.

2.4 Phylogenetic inference and substitution rate

The results of the previous two steps (Screening phase and Data collection) were used to carry out the phylogenetic
inference and evolutionary divergence analyses. This phase consists in studying the sequences of protein-coding genes
to assess the evolutionary history of the molecular response to abiotic stress in the target forest tree species.

2.4.1 Gene concordance analysis. To assess the congruence between individual gene trees and the concatenated
phylogenetic tree, each gene alignment was first used to reconstruct a phylogenetic tree. Alignments were generated
using MAFFT v7 [54], and initial phylogenetic reconstructions were performed in MEGAX [55] to visually inspect the
topology of each gene tree. These analyses indicated that the topology of individual gene trees was broadly consistent
with the concatenated species tree, justifying the inclusion of all loci in the concatenated analysis.

The full set of orthologous loci was concatenated into a supermatrix, and maximum likelihood (ML) phylogenetic recon-
struction was performed using IQ-TREEZ2 [61]. The best-fit substitution model for each gene was automatically selected
using the ModelFinder function (-m MFP), and branch support was evaluated with ultrafast bootstrap replicates (-bb
100000). To formally quantify gene-tree discordance, gene concordance factors (gCF) and site concordance factors (sCF)
were calculated for each locus using IQ-TREEZ2, providing branch-specific measures of concordance and discordance..

2.4.2 Concatenated matrix, multi-sequence alignment and phylogenetic analysis. We analyzed the
concatenated matrix of orthogroups to infer phylogenetic relationships underlying molecular responses to abiotic stress
among the target species. All ortho-groups alignments were concatenated directly using R packages phangorn [62],
ape [63] and apex [64]. Phylogenetic relationships were reconstructed using the partitioned and unpartitioned maximum
likelihood (ML) method. The partitioned method consisted of treating each gene as a single partition and then grouping
to analyse the results as a cluster. In contrast, the non-partitioned method consisted of analysing the matrix as a single
unit, refined by a partitioning scheme in which the positions of the individual genes that comprised it were indicated.

ML analyses were performed using various R packages [62—64]. For unpartitioned analyses, the GTR+G(4) + | model
(General time reversible + Gamma distribution) was used, chosen using the ModelTest function of the R package
Phangorn. For the unpartitioned analyses, node support was evaluated using 1,000,000 fast bootstrap replications. For
the partitioned analyses, we used the same model as for the non-partitioned analyses. Node support for the partitioned
analyses was also evaluated by 1,000,000 fast bootstrap replications. The tree was rooted using the root.tree function
(ape package [63]), using the complete genome of Ginkgo biloba L. as outgroup [65]. Finally, using the Shimodaira-
Hasegawa test (SH-test), Akaike Information Criterion (AlCc), and Bayesian Information Criterion (BIC), we evaluated
the confidence of the obtained trees (S3 and S4 Tables) [38].

2.4.3 Substitution rate calculation. Multiple sequence alignments for each of the shared genes were divided into
two groups: one containing the eight angiosperms species and the other containing the five conifer species. This grouping
facilitated further comparisons between these taxa. Alignment gaps and low-quality regions were manually removed.
Pairwise estimates of synonymous substitutions per site (Ks), nonsynonymous substitutions per site (Ka), and the
nonsynonymous/synonymous substitution rate ratio (w or Ka/Ks, also known as omega) were calculated for species on
terminal branches within each taxonomic group (angiosperms species and conifers). These calculations were performed
using the maximum likelihood method of Goldman and Yang (1994), implemented in the codeml program from the
PAML package (version 4.8) [65-67]. We used the codeml program, adjusting the following parameters: runmode =-2;
seqtype=1, model=0, nsITES =0 [26,68]. The analysis was repeated three times for each gene. For each sequence
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pair, only the results with the higher InL (log likelihood) were retained. Following the methods applied by Buschiazzo et
al. [68], we have checked for outlier identification. For conifers, we discarded 57 orthologues in total (45 with Ks>2.5 and
12 with Ka>1.5), and for angiosperms species, we discarded 39 genes (26 genes with Ks>8, 4 genes with Ka>1.5, and
26 genes with Ka/Ks ratio<0.09). Thresholds were determined following empirical evidence, by plotting Ka as a function
of Ks and excluding outliers from the main distribution. The final orthologue dataset contained 264 genes (123 conifers
genes and 141 angiosperms species genes). 95% confidence intervals (Cl) for evolutionary estimates were calculated
based on 1,000 bootstrap replicates using R package bootES [69]. We discarded genes with Ks values lower than 0.01,
as these values may result in inaccurate estimates of w (Ka/Ks) [68] (S5 and S6 Table).

3 Results
3.1 Gene sequences data

Analysing a set of 616 genes associated with responses to abiotic stresses (drought, heat, salt, frost, and cold) we
obtained 347 gene sequences from angiosperms species and 269 from conifers, all relevant to specific abiotic stresses
(Table 1). For each sequence, we recorded the corresponding dataset ID (NCBI), the associated abiotic stress, the ref-
erence KEGG pathway, the results from the BLAST search, and the related bibliographic referencesdataset. The table is
available in supplementary information (S1 Table).

3.2 Shared gene identification and ortholog prediction

To mitigate potential biases in the analysis due to limited information on the involvement of the selected genes in abiotic
stress responses, we conducted a systematic review [56]. As previously done in Garosi et al. [56], we have collected
data regarding genes that are involved in the response to one or more abiotic stress. In published work, we had already
obtained information regarding 24 candidate genes for abiotic stress response in Fagus sylvatica L. [56]. Nowadays, the
literature search enabled us to collect papers (540) concerning the involvement of genes in the response to one or more
abiotic stresses, and most genes are involved in the response to multiple abiotic stresses (Table 2).

The systematic review enabled us to develop a more comprehensive dataset detailing the involvement of candidate
genes in abiotic stress responses and adaptation. Following this, we identified potential shared genes among the selected
target species. The automated identification of homologous genes across species has become increasingly crucial for
functional annotation and evolutionary genomics [5,70]. Errors in ortholog prediction can significantly affect downstream

Table 1. Number of genes observed for each species analysed.

Species Number of genes? Drought® Heat® Salt Frost® Coldf
Fagus sylvatica L. 183 163 34 10 25 25
Quercus pubescens Willd. 28 28 28 28 28 28
Quercus robur L. 119 62 75 6 65 65
Quercus ilex L. 17 17 17 0 0 0
Total (Angiosperms) 347 270 154 44 118 118
Abies alba Mill. 196 149 115 24 77 85
Pinus pinea L. 28 27 2 2 3 2
Pinus pinaster Aiton 32 21 12 12 12 12
Pinus nigra J.F.Arnold 13 11 2 3 2 2
Total (Conifers) 269 208 131 Y| 94 101
aReport the total number (N) of genes for each species.

>The number of genes for each response to specific abiotic stress.

https://doi.org/10.1371/journal.pone.0338893.t001
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Table 2. Number of genes observed for each species analysed after the results of systematic review.

Species N° of genes®@ Drought® Heat© Salt® Frost® Cold® Shared@
Fagus sylvatica L. 183 175 109 122 39 111 15
Quercus pubescens Willd. 28 28 28 28 28 28 3
Quercus robur L. 119 100 88 67 71 91 11
Quercus ilex L. 17 17 17 1" 1 7 0
Total (Angiosperms) 347 320 242 228 139 237

Abies alba Mill. 196 177 158 135 88 143 45
Pinus pinea L. 28 28 10 15 5 13

Pinus pinaster Aiton 32 31 22 26 15 25 2
Pinus nigra J.F. Arnold 13 13 7 9 5 9

Total (Conifers) 269 249 197 175 113 190

2Report the total number (N) of genes for each species.
>The number of genes for each response to specific abiotic stress.

9The number of genes involved in multiple stress response.

https://doi.org/10.1371/journal.pone.0338893.t002

analyses; consequently, there has been growing interest in high-quality ortholog prediction techniques [5,38,70]. Phylo-
genetic inference should always be based on related sequences, specifically, whose common ancestor is diverged as a
result of speciation (orthologs), rather than a duplication event (paralogs) [38]. Young et al. [38], divide orthologs identifi-
cation methodologies into two macro-categories: i) similarity-based methods and ii) phylogeny-based methods [38,71,72].
Comparative studies have shown that phylogeny-based methods offer greater specificity in ortholog identification [71-73].

To explore the complementarity of molecular responses to abiotic stresses, we analyzed the candidate genes—
grouped by abiotic stress—across the target species, which were categorized into two major groups: conifers and angio-
sperms trees. The results revealed several candidate genes common to both broadleaf and conifer species in response to
abiotic stresses. Notably, the highest number of shared genes was observed for drought stress response, while the lowest
number was found for freezing stressdataset (Table 3).

For the drought stress response, 264 candidate genes were observed to be present in both angiosperms and conifer-
ous trees reported in the Venn diagrams (Fig 2). We also developed a dataset containing information on only those genes
that are possible orthologs between the two observed taxonomic groups (S2 Table).

3.3 Multi-alignment and phylogenetic inference

A total of 13 species (with the addition of Ginkgo biloba L. as outgroup) were used to infer the phylogeny, and 616
protein-coding genes sequences were retrieved and analysed from the taxonomic samples. After the filtering phase, 264
orthogroups, which include all studied species with nucleotide alignment length ranging from 300 to 11,265 bp, were used
in the following analyses. The phylogeny reconstructed by partitioned and unpartitioned supermatrix-based methods are

Table 3. Number of genes for conifers and angiosperms trees divided according to their response to a specific abiotic stress. The last column
shows the number of genes shared between broadleaves and conifers, subdivided according to their response to a specific abiotic stress.

Abiotic stress N° of genes reported for conifers N° of genes reported for broadleaves N° of shared genes
Drought 269 320 264
Salt 175 228 166
Cold 190 237 184
Heat 197 242 185
Frost 113 139 111

https://doi.org/10.1371/journal.pone.0338893.t003
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Fig 2. Graphical analysis performed using Venn diagrams. The Venn diagram shows the number of genes belonging to the conifer taxonomic group
(blue ensemble) and the angiosperms taxonomic group (red ensemble). The insertion between the two sets represents the number of genes found
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drought, salt, heat, cold, and frost, respectively. Figure also shows (f) a histogram representing the absolute frequencies of genes divided by taxonomic
groups, shared genes and abiotic stresses studied. Species-specific Venn diagram are reported in S1 File.
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topologically identical (S1 and S2 Figs). All tree nodes are supported by a bootstrap value of 100% in the ML tree gener-
ated from the partitioned sequences (Fig 3).

Also, in the phylogenetic trees reconstructed from the sequences concatenated by the supermatrix method, all tree
nodes are supported by bootstrap values of 100% (S2 Fig).

The phylogenetic analysis carried out reveals that the coniferous and angiosperms groups form two sister clades, indicat-
ing a different evolutionary history divided by a speciation event (Fig 3). The structure of the phylogenetic tree reflects those
obtained from genomic analysis on similar species [26,34,36,68]. Analyzing the group of angiosperms species, it can be
seen that they form a strongly supported monophyletic group (100%), as does that of conifers. The partitioned and unpar-
titioned methods reported the position of Ginkgo biloba L. as an outgroup with high confidence. From the analysis of the
monophyletic group of angiosperms species, it can be seen that Populus trichocarpa L. is represented by an evolutionary
history that diverges from the other species. Here, the genetic distance is 0.2064 with respect to the common ancestor. This
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Fig 3. Phylogenetic tree obtained from a partitioned supermatrix-based ML methods regarding the analysis of 264 orthogroups and 13 spe-
cies distributed between two main seed plant lineages (angiosperms species in green and conifers in blue, with Ginkgo biloba L. as outgroup,
in black) inferred by various R packages. Double red sign stands for bootstrap supporting of 100%. Otherwise, the percentage of bootstrap support-
ing is reported. The choice of the substitution model was carried out by using the ModelTest function of the R package Phangorn. Results of the model
testing can be found in S4 Table).

https://doi.org/10.1371/journal.pone.0338893.9003

could be due to anthropogenic factors, such as poplar domestication [74], or environmental factors, such as the different
environmental conditions in which poplar grows, unlike the other species considered. Analysing the monophyletic group of
angiosperms species, we can see two sister clades, the one representative of the subfamily Quercoideae (genus Quercus
L.), and the one representative of the subfamily Juglandaceae DC. along with the subfamily Fagoideae K. Koch. The clade
of Quercoideae is strongly supported (100%), while the representative clade of Juglandaceae and Fagoideae is supported
by a bootstrap value of 84%. Again, the presence of two distinct clades (that of Quercoideae and that of Juglandaceae and
Fagoideae), could be derived from the different evolutionary history of the groups. In the conifer clade, we can see all tree
nodes strongly supported by bootstrap values of 100% (except one that is 98% supported). From the analysis of the mono-
phyletic group of conifers species, it can be seen that A. alba is represented by an evolutionary history that diverges from
the other species. Here, the genetic distance is 0.1243 with respect to the common ancestor. A monophyletic group can also
be observed here, consisting of the representative clade of the genus Pinus L, in which P, taeda differ from the remaining
species (P. pinea, P. pinaster and P. nigra) for 0.4913 mutation per base. This division is supported by other studies [60—62],
showing a division between the subgenus Pinus, section Pinus (P. pinea, P. pinaster and P. nigra), and the subgenus Pinus,
section Trifoliae (P. taeda). The Abietoideae clade is strongly supported by a bootstrap value of 100%.

3.4 Gene concordance analysis

To formally assess the concordance between individual gene trees and the concatenated species tree, we calculated gCF
and sCF for each branch of the phylogeny. These metrics quantify the proportion of individual gene trees or alignment
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sites that support a given branch, while gene discordance factors (gDF1, gDF2, gDFP) capture the degree of conflict.
Across the analyzed branches (branch ID 15-25), mean gCF values ranged from 43% to 87%, indicating variable concor-
dance among loci (Table 4; S7 Table). Branches 23 and 22 exhibited the highest concordance, with mean gCF of 87% and
85%, respectively, and over 85% of genes supporting these splits. In contrast, branches 25, 24, and 20 showed the lowest
mean gCF values (43-46%), reflecting conflict among individual gene trees. The median gCF was frequently 100% for
well-supported branches, highlighting that for many branches at least half of the loci fully agreed with the species tree.

The sCF, ranged from 10% (Branch 20) to 81% (Branch 23). High sCF values for branch 23 indicate that the concate-
nated alignment strongly supports this split, whereas low sCF values for branches 20, 24, and 25 suggest localized site-
level conflict.

Discordance metrics further illustrated these patterns. Branches with lower mean gCF, such as 20, 24, and 25, exhib-
ited elevated gDF1, gDF2, or gDFP values, indicating alternative topologies present among the gene trees. For instance,
branch 20 had a mean gDF1 of 31%, consistent with substantial gene-tree discordance in this clade. Conversely,
branches with high gCF, such as 22 and 23, showed minimal discordance (gDF1 and gDF2 <5%). Overall, these results
confirm that while the majority of loci are congruent with the concatenated species tree, certain branches exhibit moderate
to high gene-tree conflict (Fig 4). This supports the robustness of the concatenated phylogeny, particularly for branches
with high gCF and sCF, while highlighting regions where lineage-specific histories or incomplete lineage sorting may con-
tribute to discordance.

3.5 Substitution rate in angiosperms and conifers

We aligned and analysed the sequences of the 264 orthogroups found. For each orthogroup analysed, sequences affer-
ent to the 2 taxonomic groups conifers and angiosperms trees were separated and analysed again. We thus obtained and
aligned, for the 264 orthogroups considered, 368 sequences for broadleaf and 322 sequences for conifers (S2 Table).
The 690 sequences were analysed to infer the number of synonymous (Ks) and nonsynonymous (Ka) substitutions per
site (S5 Table and S2 File). The results obtained were used for filtering the analysed sequences to eliminate possible
outgroups. We have checked our data for outlier identification as reported by Buschiazzo et al. [68]. For conifers, we
discarded 57 orthologues in total (45 with Ks>2.5 and 12 with Ka>1.5), and for angiosperms species, we discarded 39
genes (26 genes with Ks>8, 4 genes with Ka>1.5 and 26 genes with Ka/Ks ratio<0.09). Thresholds were determined

by plotting Ka as a function of Ks and excluding outliers from the main distribution (Additional File3: S4 Table). The final

Table 4. Gene and site concordance summary for phylogenetic branches. Branch-specific mean gene concordance factors (mean_gCF) and
site concordance factors (mean_sCF) are reported, along with the percentage of genes with gCF>50% (). Gene discordance factors (gDF1,
gDF2, gDFP) indicate the proportion of loci supporting alternative topologies.

BranchID mean_gCF gCF50 mean_sCF mean_gDF1 mean_gDF2 mean_gDFP
15 75 75 48 2 0 23
16 70 70 56 0,53 0 29
17 67 67 52 0 0 33
18 49 49 43 3 0 48
19 52 52 59 3 0,53 44
20 46 46 24 31 1 22
21 74 74 29 12 2 12
22 85 85 40 5 0,54 9
23 87 87 81 0,53 1 12
24 46 46 37 8 16 30
25 43 43 37 15 8 34

https://doi.org/10.1371/journal.pone.0338893.t004
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orthologue dataset contained 264 orthogroups (265 conifers genes and 329 angiosperms species genes). The 594
sequences obtained after filtering were analysed to infer the final number of synonymous (Ks) and nonsynonymous (Ka)
substitutions per site (Table 5).

The mean Ks was 0.4610 for conifers ([Cl] = 0.4570, 0.4650), which can be interpreted as the possibility that at least
one mutation per 2.2 sites in all lineages from the common ancestor occurred. The average Ks was 1.7439 ([CI] = 1.7401,
1.7482), for angiosperms species. Using the same key, it can be assumed that at least one mutation every 0.57 sites
occurred in all lineages, starting with the ancestor anyway. The mean of Ka was lower than that of Ks for both gymno-
sperms (0.1976; [CI] = 0.1952, 0.1998) and angiosperms species (0.3847; [Cl] = 0.3806, 0.3871). The mean Ka value
lower than Ks value would be interpretable as an expected mutational constraint on nonsynonymous sites [22]. The Ka/
Ks ratio calculated over the entire gene sequence can be used as a rough indication of adaptive evolution [37]. The
average Ka/Ks ratio in conifer genes was 0.4286 ([Cl] = 0.4223, 0.4302), and 0.2206 ([CI] = 0.2172, 0.2242) for angio-
sperms species. Only a small percentage (about 5%) of the gene sequences analysed showed a Ka/Ks ratio >1 (S5 and
S6 Tables). Comparing the two taxonomic groups studied, it is possible to observe higher average values of Ks and Ka in
angiosperms species than in conifers, by 3.78- and 1.94-fold, respectively. Figs 5A and 5B illustrates the difference in Ks
and Ka distributions between the two analysed taxonomic groups (conifers and angiosperms species). The average Ka/Ks
value was found to be higher in conifers than angiosperms trees by about 2 times (Table 5). Furthermore, Fig 4C shows
that the distributions of the Ka/Ks ratios of the two taxonomic groups extend beyond unity, with a greater representation
for conifers than angiosperms trees.

4 Discussion

The adaptation, diversification, and extinction of higher plant lineages were shaped due to the different sources of envi-
ronmental cues. The study of abiotic stress response in these lineages has become one of the topics of greatest interest
within this discipline. Using sequenced genomes, even of non-model species, some studies aimed to decipher the evo-
lution of entire families and genera [75,76]. Despite the abundance of genomic data, some forest species lack compre-
hensive phylogeny studies and are absent from environmental association studies, particularly those related to European
forest ecosystems. Characterizing these genetic variants enables us to address fundamental questions regarding how
evolution influences a species. Specifically, how a species occupies ecological niche can significantly affect the number,
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size, and genomic distribution of alleles contributing to variation in adaptive traits (i.e., its genetic architecture), as well as
the copy number and genomic placement of loci that may influence these traits (i.e., its genomic architecture). As individu-
als disperse across different regions, they may encounter varying environments or competitors, which can lead to natural
selection acting with varying intensity or in different directions within trait space. Depending on the interplay between
spatial variation in selection and the migration rate across the landscape, heterogeneous environments can promote local
adaptation [5-8], influence the maintenance of standing genetic variation [8], and contribute to speciation [26,36]. In this
study, we applied a multi-disciplinary approach to observe the molecular responses of these 13 forest tree species to
abiotic stresses and investigate their different evolutionary histories to better understand the causes of divergence. The
aim is to understand the influence of the dynamics of local and global environment adaptation on the events that charac-
terized the evolutionary history of these species. We used a specific dataset of 616 genes representative of the response
to abiotic stresses (Drought, Heat, Salt, Frost and Cold) and implicated in the adaptation of the observed forest species.

4.1 Insights into shared and unique stress response mechanisms

The study of shared adaptive genes between different plant lineages, holds significant importance in understanding the
molecular basis of environmental adaptation and evolution [5,6,12,68]. They have evolved similar genetic solutions to
these pressures, reflecting either convergent evolution or the retention of ancient, conserved genes [68]. One striking
aspect of these shared genes is their conservation across vastly different taxa, implying that some adaptive responses
have been maintained since the groups diverged hundreds of millions of years ago [12,68]. The gene sequence data-

set obtained in this study can be considered representative for the response to abiotic stresses [77-80]. The systematic
review allowed us, moreover, to observe the involvement of almost all the annotated genes in the response to multiple
abiotic stresses (S1 Table). According to scientific papers, many types of abiotic stress responses are systemic and poten-
tially confer tolerance to multiple stresses. Some studies carried out on the response to multiple stresses in herbaceous
(Arabidopsis thaliana (L.) Heynh. and Oryza sativa L.) and arboreal (Populus trichocarpa L.) species have shown how the
plant response represents the result of complex interactions rather than a simple merging of responses to single stresses
[81—84]. In addition, Sewelam et al. (2014) hypothesized that genes involved in the response to multiple stresses repre-
sent possible better candidates for studying patterns of tolerance to environmental stresses [85]. Genes associated with
these systemic responses may provide interesting information about the molecular networks underlying stress resistance
[81-88]. This concept is further supported by studies comparing the genomes of conifers and broadleaf species, which

Table 5. Substitution rates in conifer protein-coding genes compared to angiosperms species
protein-coding genes. Mean genetic distances at synonymous (Ks) and non-synonymous (Ka)
sites are expressed as a number of substitutions per site.

Pairwise comparison Gene number Ks (dS) Ka (dN) Ka/Ks (dN/dS)
Conifers: 265 0.4610 0.1976 0.4286
Abies alba Mill. 196

Pinus pinea L. 28

Pinus pinaster Aiton 29

Pinus nigra J.F.Arnold 12

Angiosperms: 329 1.7439 0.3847 0.2206
Fagus sylvatica L. 180

Quercus robur L. 107

Quercus pubescens Willd. 28

Quercus ilex L. 14

Fold change

Angiosperms:Conifers 3.78:1 1.94:1 1:2.09

https://doi.org/10.1371/journal.pone.0338893.t005
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revealed a substantial set of shared adaptive genes [7,26,36,68]. Despite the evolutionary divergence of conifers and
broadleaf species, they inhabit similar environments and face comparable environmental challenges such as temperature
extremes and drought [26,36]. Research comparing species like poplar and Arabidopsis with conifers (spruce and pine)
shows that genes linked to key traits like cold hardiness, drought tolerance, and phenology are conserved across these
groups, underscoring the role of systemic mechanisms in stress adaptation [13,15,68]. This conserved genetic architec-
ture across divergent taxa implies that the mechanisms enabling adaptation to multiple stresses are widespread among
plant lineages. It is possible to hypothesize that these systemic response mechanisms are conserved among different
plant species. It is possible that since the genes responsible for the response to multiple stresses are conserved among
different lineages, probable orthologs can be found between the forest species investigated. So, we graphically repre-
sented the division of these genes between the target species divided in two taxonomic groups (broadleaf and conifers)
[26,36,68]. The result of the Venn diagram (Fig 2) shows us that most of the genes are shared between conifers and
angiosperms trees and thus constitute possible orthologs. We have found that the angiosperms species taxonomic group
has a higher number of unique genes. The higher number of unique genes detected in angiosperms species compared

to conifers can be attributed to several key factors related to their evolutionary history, genome complexity, and adapta-
tion mechanisms [68,89]. Angiosperms generally exhibit faster rates of evolution and diversification compared to gymno-
sperms [26,36,89]. This is partly due to their relatively shorter generation times and more dynamic reproductive strategies,
which lead to more frequent genetic mutations and quicker adaptation to environmental changes [26,89]. This accelerated
evolution allows angiosperms to acquire new genes or modify existing ones more rapidly, resulting in a greater number of
unique genes. Second, genome duplication events, or polyploidy, are more common in angiosperms [26,36,68,89]. These
events result in the duplication of entire sets of genes, providing raw material for evolutionary innovation. Over time,
duplicated genes may diverge in function or expression patterns, contributing to the broader genetic diversity observed

in angiosperms [68,90]. In contrast, gymnosperms tend to evolve more conservatively, with fewer large-scale genomic
changes [36,68,89]. Finally, angiosperms often occupy more diverse and dynamic ecological niches than gymnosperms,
leading to the evolution of unique gene sets associated with environmental adaptation [68,89]. Gymnosperms, by contrast,
tend to occupy more stable ecological niches, leading to the retention of a more conserved set of adaptive genes. These
evolutionary, genomic, and ecological factors explain the observed disparity in the number of unique genes between
angiosperms and gymnosperms.

4.2 Phylogenetic inference uncovers evolutionary divergence in forest species

In the era of phylogenomic, great progress has been made in elucidating the deep relationships of higher plants, espe-
cially angiosperms and gymnosperms [90—93]. A large amount of data from angiosperms has been collected over time,
culminating in a highly resolved tree [90]. However, some studies highlighted the presence of some gaps in this scien-
tific topic due to the absence of studies related to adaptive traits (especially among gymnosperms) [19,36,94]. Although
using many genes and/or investigating many taxa, current phylogeny work has never used a specific set of nuclear genes
associated with abiotic stress response mechanisms and/or to the adaptation to local or regional environment [36,95].
Identifying the rate of evolution and nucleotide substitution patterns underlying DNA evolution must be a fundamental goal
of molecular genomics [68]. Using data concerning genes relevant to environmental adaptation, it is possible to observe
how random and selective-oriented forces have driven the evolution of forest species. In this work, we used a specific

set of genes representative of the response to abiotic stresses in major 13 forest species. The tree results align with the
species representation found in the studies by Buschiazzo et al. [68] and De la Torre et al. [36]. Therefore, albeit with

a limited set of nuclear genes, our analyses further support the topologies recovered using comprehensive analyses of
plastid genomes (but based on fewer than 100 specimens). However, nuclear-plastid conflicts are prevalent at different
taxonomic levels of angiosperms and may reflect the evolutionary complexity of angiosperms, involving distinct evolu-
tionary histories inferred from different genomic sources [96]. Analyzing the topology of the resulting phylogenetic tree
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reveals a clear distinction between angiosperms species and gymnosperms, which appear as sister clades. An interesting
finding is the greater evolutionary rate and diversification of the broadleaf group compared to conifers. Specifically, the
monophyletic group of broadleaf species has accumulated 0.169 substitutions per site, in contrast to only 0.0057 substi-
tutions per site for conifers, suggesting a significantly faster evolutionary rate for angiosperms species. Gymnosperms
exhibit high levels of genetic diversity within populations but display low rates of nucleotide substitution and speciation.
moreover, numerous studies indicate a more pronounced slowdown in evolutionary rates for conifers compared to angio-
sperms, as evidenced by metrics such as recombination rates, nucleotide diversity, and substitution rates [68]. Some
research has reported that angiosperms are highly diversified, whereas gymnosperms exhibit a very low speciation rate
evidence of whole-genome duplication and polyploidy [94—98]. In contrast, angiosperms demonstrate a high rate of chro-
mosomal evolution, along with frequent polyploidy events and genome duplications [68].

4.3 Differential substitution rates highlight evolutionary patterns in forest species

Studying substitution rates is integral to reconstructing evolutionary histories, identifying adaptive changes, and gain-

ing insights into the genetic basis of molecular responses to abiotic stress in forest species. Synonymous and non-
synonymous substitution rates have been found to vary widely within and between taxa [26,36,68]. The interspecies
variations are linked to selection pressures on protein structure and function [68]. The appearance of mutations is shaped
by the efficacy of DNA repair machinery, life history traits (such as generation time), and metabolic rate. On the other
hand, the fixation of mutations over generations is influenced by factors like effective population size, purifying (back-
ground) selection, and reproductive strategy. This integrated perspective underscores the complexity of genetic variation,
considering both the emergence and persistence of mutations in the evolutionary process. We estimated evolutionary
measures for 368 conifer sequences and 322 angiosperms species sequences (representing 268 orthogroups). As
shown in Table 5, we found both a smaller Ks and Ka value in conifers than in angiosperms species. We observed that
the synonymous substitution rate (Ks) in conifers is significantly lower than in angiosperms (0.4610 vs. 1.7439, respec-
tively). Similarly, non-synonymous substitution rates (Ka) are also lower in conifers (0.1976) than in angiosperms (0.3847),
though the difference is less pronounced. This suggests that substitutions at synonymous sites are more constrained in
conifers, or conversely, non-synonymous sites might be less constrained at comparable mutation rates when compared
to angiosperms. Although the exact mechanisms behind these substitution patterns in conifers remain unclear, they likely
reflect unique mutational processes and/or selective pressures specific to conifer genes. But what might explain the
slower substitution rates observed in conifers? Substitution rates are shaped by both mutation occurrence and fixation
within populations [68]. Factors influencing mutation rates include the effectiveness of DNA repair mechanisms, gener-
ation times, and metabolic rates. However, little is known about the relative efficiency of DNA repair systems in conifers
compared to angiosperms. Additionally, the fixation rate of mutations is governed by genetic drift, purifying selection,

and reproductive strategies. The large population sizes and high gene flow typical of conifers are often linked to their low
synonymous polymorphism levels [98]. Furthermore, the lower diversification rate in conifers [26,36,51,52] has resulted
in fewer speciation-driven bottleneck events compared to angiosperms, maintaining lower genetic diversity across coni-
fer populations. Surprisingly, despite their slow evolutionary rates, conifers exhibit high Ka/Ks ratios. Our analysis of 616
genes indicates that gymnosperms have a higher Ka/Ks ratio than angiosperms, with substitution ratios of 0.2206 for
conifers and 0.4286 for angiosperms. These findings suggest a greater likelihood of non-synonymous mutations becoming
fixed in conifers than in angiosperms. When examining homologous genes, the ratio of non-synonymous to synonymous
substitution provides insights into the strength and mode of selection. A Ka/Ks ratio greater than 1 suggests adaptive
selection, while a ratio below 1 indicates purifying selection [68]. Thus, while conifers evolve more slowly overall, their
evolutionary dynamics may be shaped by unique selective pressures favouring the retention of non-synonymous changes.
In conclusion, we did not observe Ka/Ks values above unity except in a few gene sequences. Some phylogeny works
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conducted on whole genomes or large sets of gene sequences have reported trends of Ka/Ks ratios above unity for gene
sequences involved (GO Term) in stress response [26,36,68]. Following the general assumption that substitutions at syn-
onymous sites in coding regions are selectively neutral, a ratio of Ka/Ks above unity is generally associated with adaptive
evolution. However, because of selective constraints imposed on amino acid sites, most genes show a ratio below unity.
As a result, even in the presence of positive selection for some sites, a ratio below unity can be obtained. However, it is
likely that genes related to abiotic stress response are extremally conserved among lineages since the processes of per-
ception and signal transduction as well as stress response mechanisms are highly conserved throughout the tree of life.

5 Conclusions

The adaptive response of forest ecosystems remains a critical area of global scientific inquiry. The ongoing climate crisis
presents significant threats to forest species, endangering all life forms within various terrestrial ecosystems. While the
adaptive capacity of these organisms is substantial, it is not infinite. The current distribution of these ecosystems reflects a
long history of adaptation to environmental fluctuations throughout geological eras. To enhance our understanding of how
these mechanisms for mitigating and adapting to environmental stressors have evolved, it is essential to investigate their
evolutionary history. In this study, we aimed to analyze the molecular basis of local adaptation by comparing 13 different
forest tree species, categorized into two primary clades: conifers and angiosperms species. Our findings reveal a high
level of conservation in molecular response mechanisms between these groups. However, our analysis of nucleotide
substitution rates indicates that conifer orthologs exhibit slower substitution rates compared to their angiosperms angio-
sperms counterparts. These results contribute to a deeper understanding regarding how adaptive mutation have shaped
the evolutionary history of forest species. Nevertheless, significant advancements in technology are required to enhance
genomic resources for major forest species, facilitating a more comprehensive understanding of the evolutionary mecha-
nisms and characteristics that underlie these complex genomes.
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