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Summary

Copy number variation (CNV) in gene families plays a crucial role in genome evolution and
adaptation. However, the evolutionary forces shaping CNV and its ecological relevance remain
a key question in evolutionary biology. Here, we investigated CNV across four Brassicaceae
species, Arabidopsis thaliana, A. lyrata, A. halleri, and Arabis alpina, to identify gene families
undergoing rapid expansion or contraction. Using annotated proteomes and a birth–death
model of gene family evolution, we identified 231 rapidly evolving gene families, enriched in
functions related to regulation, information processing, multifunctional domains, and defense
and stress responses.

Focusing on defense- and stress-related gene families, we assessed CNV within populations of
A. thaliana and A. lyrata using long-read assemblies. We identified 29 gene families exhibiting
CNV both within and between species. These families showed frequent pseudogenization in
roughly two-thirds of cases and functional divergence among paralogs, yet retained signatures
of strong purifying selection, highlighting ecological constraint despite structural variation.

Population clustering based on CNV patterns revealed distinct geographic structuring. In A.
thaliana, populations from Cape Verde, Madeira, and Japan formed divergent clusters, while
A. lyrata showed separation between North American, Siberian, and European populations,
mirroring patterns observed from SNP data.

Ecological modeling further revealed significant associations between CNV and bioclimatic
variables, particularly more temperature-derived-variables than precipitation-derived-variables
in A. lyrata. Additionally, unexplained CNV divergence in A. thaliana suggests additional
local environmental drivers, such as edaphic conditions or biotic interactions. Our findings
demonstrate that CNV in gene families that experienced rapid expansion and contraction among
Arabidopsis species, contribute to local adaptation across complex environmental gradients.

1 Introduction

Gene duplication and gene loss are fundamental evolutionary processes that generate genetic
diversity across genomes and lineages. Among the different forms of structural genomic varia-
tion, copy number variation (CNV) represents a major source of heritable genomic variation,
defined as insertions, deletions, or duplications of genomic segments ranging from kilobases to
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megabases in size (Freeman et al., 2006; Redon et al., 2006). CNVs can encompass entire genes
or gene clusters, and influence phenotypic variation through altered gene dosage, expression lev-
els, or regulatory interactions (Zhang et al., 2009; Schrider and Hahn, 2010). In plants, CNVs
have been implicated in a wide range of adaptive traits, including disease resistance, flowering
time regulation, and responses to abiotic stress (Maron et al., 2013; Cao et al., 2011; Prunier
et al., 2017).

The importance of CNVs in plant adaptation is increasingly recognized, particularly in rela-
tion to biotic and abiotic stress responses. Several gene families involved in pathogen recognition
(e.g. NBS-LRR genes), detoxification, or signaling have been shown to exhibit dynamic CNV
patterns both within and between species (Kang et al., 2012; Rizzon et al., 2006; Hanikenne
et al., 2008). These gene families can often be described by a birth-and-death model of evolu-
tion, whereby gene duplication is followed by functional diversification, neofunctionalization, or
pseudogenization, while other paralogs are lost (Nei and Rooney, 2005) (See Otto and Wiehe
(2023) for an alternative mechanism: non-homologous cross-over). While the population-level
consequences of CNV have been explored in domesticated crops (Muñoz-Amatriáın et al., 2013;
Ma et al., 2025), fewer studies have examined its evolutionary role in natural populations across
multiple related species.

The Brassicaceae family, which includes the model species Arabidopsis thaliana (L.) Heynh.
and its close relatives, provides an ideal framework to investigate the evolution and ecological
consequences of CNV. High-quality reference genomes are available for several Brassicaceae
species, and extensive population genomic resources have been generated for A. thaliana and A.
lyrata, enabling fine-scale analyses of structural variation and its ecological correlates (Alonso-
Blanco et al., 2016; Hu et al., 2011; Novikova et al., 2016). Moreover, the family exhibits a
broad geographic and environmental range, which facilitates testing for associations between
CNV and environmental gradients.

The Arabidopsis genus provides an exceptional framework for studying gene family evolu-
tion and copy number variation due to its well-characterized genomes, diverse life histories, and
contrasting demographic backgrounds. A. thaliana, a predominantly self-fertilizing annual, has
colonized a wide range of habitats across Eurasia and North Africa and exhibits pronounced
population structure shaped by glacial history, with genetically distinct relict and post-glacial
expansion lineages (Alonso-Blanco et al., 2016; François et al., 2008). In contrast, A. lyrata (L.)
O’Kane & Al-Shehbaz is an outcrossing perennial with a circumboreal distribution, includ-
ing disjunct populations in Europe, Asia, and North America, providing a valuable comparative
system for exploring how different mating systems and range dynamics influence CNV evolution
(Hu et al., 2011; Hämälä et al., 2018a). The availability of population-scale whole-genome re-
sequencing, long-read assemblies, and detailed environmental metadata enables high-resolution
mapping of CNV and its ecological correlates in both species. Moreover, previous studies in A.
thaliana have linked CNVs in specific gene families such as NB-LRR disease resistance genes
and F-box proteins, to local adaptation and variation in biotic stress response (Todesco et al.,
2010; Exposito-Alonso et al., 2019). By leveraging these genomic and ecological resources, our
study is uniquely positioned to uncover how gene duplication and loss contribute to adaptive
divergence across spatial and environmental gradients in natural populations.

Hence, in this study, we investigate the macro- and micro-evolutionary dynamics of CNVs
in gene families of the Brassicaceae. Using genome assemblies from four species and population-
scale long-read sequencing data from A. thaliana and A. lyrata, we identify gene families under-
going rapid expansion or contraction, with a particular focus on those associated with defense
and stress response. We further explore population structure and environmental associations
based on CNV, to understand the role of gene family evolution in local adaptation. By inte-
grating comparative genomics, population genomics, and ecological modeling, our study sheds
light on the evolutionary mechanisms and functional consequences of CNV in plant adaptation.
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2 Materials and Methods

2.1 Analysis of gene family expansion and contraction

Gene families were inferred as orthogroups using OrthoFinder2 (Emms and Kelly, 2019), which
defines an orthogroup as the complete set of genes descended from a single gene in the last com-
mon ancestor of the species considered. This definition aligns with the concept of a gene family
as a set of homologous genes that have evolved from a common ancestor through speciation
and/or duplication events. By including multiple closely related species and an outgroup, we en-
sured that orthogroup delineation reflects both recent and ancient gene duplications, improving
the resolution of gene family boundaries.

We assessed the rate of gene family evolution in the selected Brassicaceae species using the
curated reference proteomes of A. thaliana, A. lyrata, A. halleri (L.) O’Kane & Al-Shehbaz,
and Arabis alpina L. (see Tables 3&4 for details). We used Carica papaya L. as the outgroup, a
member of the family Caricaceae (order Brassicales). The data was downloaded from Ensemble
reference database (Martin et al., 2022). We only kept the primary proteins (longest transcript
of a gene) for all the genes from these proteomes to avoid complications from variations of
proteins in the gene family discovery.

In summary, OrthoFinder infers orthogroups using the original OrthoFinder algorithm
(Emms and Kelly, 2015) where an all-vs-all BLAST is performed with a bit score to elim-
inate the bias caused by sequence length. The bit score is then used to group genes (i.e.,
orthogroups) based on a graph-based clustering approach called MCL (Markov Clustering Al-
gorithm). An unrooted gene tree is inferred for each orthogroup using DendroBLAST. The
unrooted species tree is inferred from this set of unrooted orthogroup trees using the STAG
algorithm. This STAG species tree is then rooted using the STRIDE algorithm by identify-
ing high-confidence gene duplication events in the complete set of unrooted orthogroup trees.
The rooted species tree is used to root the orthogroup trees. Orthologs and gene duplication
events are inferred from the rooted orthogroup trees by a novel hybrid algorithm that combines
the “species-overlap” method and the duplication-loss-coalescent model. Finally, comparative
statistics are calculated.

All orthogroups with high confidence and resolved trees from OrthoFinder were used as gene
families for assessing the evolutionary rates of gene families among species. The evolutionary
rates based on the gene Birth and Death (BD) model of gene family evolution is calculated
using the CAFE V software (Hahn et al., 2005; Mendes et al., 2020). The algorithm in CAFE
uses the number of genes in each species for each gene family and a time-calibrated species tree
to determine the gene family expansion and contraction rate λ parameter, which represents the
rate of gene gain (birth) and loss (death) per gene per million years. CAFE V uses a likelihood
ratio test (LRT) to find the best model and Monte Carlo simulations to calculate expected
family sizes using the estimated λ parameter. A chi-square test determines the significance.

∆[L] = 2(logL1 − logL0)

L0 - likelihood of the null model (λ = 0)
L1 - likelihood of the alternative model (λ > 0)
∆[L] - likelihood ratio test statistic

In summary, CAFE V analyzes changes in gene family size in a way that accounts for
phylogenetic history and provides a statistical foundation for evolutionary inferences. The
program uses a birth and death process to model gene gain and loss across a user-specified
phylogenetic tree. This enables the estimation of an evolutionary rate for gene family evolution
as a global (single λ values) or local (multiple λ values) rate. The latter allows for adding
more gamma distribution parameters to find the best fit model considering varying levels of
evolutionary rates in different gene families.
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In order to find the best λ that describes the evolutionary rates among the studied species,
we ran CAFE V with gamma parameters varying from k = 1 (base model) to k = 5 (maximum
allowed for five species). The model outputs are log-likelihood and λ estimations for each model.
We used both the log-likelihood and AIC/BIC to determine the best model without overfitting
the data.

An error model was run to account for genome annotation artifacts and the resulting error
factor was used to rerun the base CAFE models. The error factor was 0.023207 and it did not
significantly change the λ values of the base model, indicating that the genome annotations are
considerably accurate.

We used a maximum p-value of 0.01 to find the significantly fast evolving gene families
under the base model. The gene functions of the members of these gene families were predicted
as explained below.

2.2 Gene Family Function Assessment and Categorization

We used A. thaliana genes to find the predicted functions of the members of the gene families.
This was done using custom python and R scripts to search the gene function databases of
UniProt (Consortium, 2022) and TAIR (Berardini et al., 2019). Based on the primary gene
function, we further categorize the genes into nine broader functional categories; Uncharacter-
ized and uncategorized genes were combined into one category, making it 10 main functional
categories.

We further categorized the gene families into two categories based on the functional similar-
ity of the members of the gene families; gene families with all members with the same function
were categorized as “conserved” and families with members with different gene functions as
“diversified.” Gene families with members on the same chromosome within a species were cat-
egorized as “co-localized” and those occurring in different chromosomes were categorized as
“dispersed.” Finally, the gene families were also categorized based on their number of members:
“small” – less than five members, “medium” – 5-15 members, “large” – 16 or more members.

2.3 Assessment of Copy Number Variation and Evolutionary Trajectories in
Defense- and Stress-Related Gene Families

2.3.1 Selection of Gene Families for CNV Analysis

From the initial set of 231 fast-evolving gene families identified through comparative analysis, we
selected 29 gene families that are functionally associated with plant defense and stress response
for detailed copy number variation (CNV) analysis within and between species. These families
were prioritized due to their ecological relevance and known involvement in adaptive responses in
Arabidopsis species (e.g., Almaghrabi et al., 2019; Wang et al., 2011). The subsequent analyses
are focused on these families.

To assess copy number variation (CNV) within species in selected gene families, we used a
curated dataset of long-read de novo genome assemblies comprising 137 Arabidopsis thaliana
assemblies (from NCBI: see Table S3) and 24 A. lyrata assemblies (Table S4) generated in
the present study and a pangenome study of the species (in prep.). Sequencing details and
methods used to generate the A. lyrata de novo assemblies are described in the Supplementary
Information (S1). A complete list of genome assemblies used for CNV detection is provided
in Tables S3 & 4. We searched for gene copies in all de novo assemblies using nucleotide
BLAST (BLAST+) (Camacho et al., 2009a), with reference sequences from all members of the
selected gene families. A detailed CNV detection workflow is presented in the Supplementary
Information (S2).
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2.3.2 Classification of Gene Family Copy Number Variation

Gene families were categorized as CNV-present or CNV-absent based on the number of gene
copies observed in individual assemblies compared to the number of members in the Col-0
reference genome for Arabidopsis thaliana and MN47 reference genome for A. lyrata. CNV
presence was further classified by the frequency of CNV across sampled individuals: families
with CNV in over 75% of assemblies were labeled as high-frequency CNV, those with 25–75% as
medium-frequency CNV, and those below 25% as low-frequency CNV. This classification allows
evaluation of the stability or variability of gene family size within species.

2.3.3 Population Structuring Based on CNV Profiles

To assess whether CNV patterns reflect population structure or demographic history, we ap-
plied multiple correspondence analysis (MCA) to gene family copy number variation across
assemblies. MCA is a multivariate ordination technique suitable for summarizing and visual-
izing patterns in large categorical datasets, where the variables represent discrete states rather
than continuous measurements. In this context, each gene family was encoded as a categorical
variable in which the different observed copy numbers (0, 1, 2, . . . ) were treated as distinct
states. This representation captures the presence or absence of specific copy states, thereby
accommodating the fact that CNV data are inherently discrete and non-linear, and that the
absence of a gene (copy number = 0) is itself a biologically meaningful state.

By transforming the data into a reduced set of orthogonal dimensions, MCA preserves the
chi-squared distances among samples in the multi-gene-state space, allowing detection of shared
CNV patterns across individuals or populations. This is particularly appropriate for CNV
datasets because: (i) copy number states do not have a uniform or necessarily linear relation-
ship to functional or evolutionary effects, making continuous ordination methods (e.g., PCA)
less suitable; (ii) the method accommodates rare states and zero counts without imposing dis-
tributional assumptions; and (iii) the output facilitates interpretation of patterns in terms of
categorical co-occurrence (e.g., certain copy number states co-occurring in specific populations).
The reduced-dimensional space of MCA was used to visualize population-level clustering, which
was then evaluated for correspondence with known geographic distributions or genetic groups,
providing insight into whether the CNV structure aligns with historical demography or envi-
ronmental adaptation.

2.3.4 Ecological Association of Gene Family CNV

To assess environmental drivers of CNV variation in defense- and stress-response gene families,
we performed species-specific MCAs for A. thaliana and A. lyrata, followed by permutation-
based environmental fitting. The MCA scores used here represent orthogonal dimensions sum-
marizing individual-level CNV profiles after correction for neutral population structure. Neutral
correction was achieved by regressing the MCA coordinates against a covariance matrix derived
from putatively neutral loci (four-fold degenerate sites, introns, and intergenic regions) identi-
fied from genome-wide SNP data (A. thaliana: PacBio long-read; A. lyrata: Illumina WGS),
following the approach of Gautier (2015) (see Supplementary S3 for more information on SNP
dataset and neutral diversity assessment). This ensured that the residual variation in CNV was
less likely to be driven by demographic history or isolation-by-distance.

The residual MCA scores were then analyzed using the envfit function from the vegan R
package (Oksanen et al., 2022) to quantify and test associations with environmental gradients.
envfit fits each environmental variable to the ordination space by finding the vector in that
space that maximizes the correlation between the variable and the sample scores along all MCA
dimensions. The significance of this fit is evaluated via permutation: environmental values are
randomly shuffled among samples (here, 999 permutations), and the proportion of permutations
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with a correlation greater than or equal to the observed correlation yields the p-value. This
non-parametric approach makes no assumptions about the distribution of CNV data and can
accommodate both continuous and categorical predictors.

Bioclimatic variables (Bio1–Bio19) were obtained from the CHELSA climatic database
(Karger et al., 2017) at 30 arc sec resolution (Table S5). To reduce multicollinearity, vari-
ables with pairwise Pearson correlation coefficients r > 0.75 were sequentially removed prior
to fitting. Significant environmental vectors were overlaid on MCA biplots to visualize the
direction and strength of their association with CNV variation.

To identify the gene families contributing most strongly to ecological divergence, we calcu-
lated the multivariate influence of each gene family in the MCA space. First, we extracted the
MCA coordinates for each gene copy number state and computed the squared distance from
the origin in the first two MCA dimensions, which capture the majority of variation. These
distances reflect the contribution of each CNV state to overall genetic differentiation. We then
aggregated these contributions across all copy number states belonging to the same gene fam-
ily. The gene families were subsequently ranked based on their cumulative contribution, and
the top five most influential families were identified as key candidates underlying ecological
differentiation in copy number variation.

2.3.5 Inference of Evolutionary Trajectories

To investigate the evolutionary dynamics of the selected gene families, we computed molecular
evolutionary statistics indicative of selection pressure. These included average nucleotide diver-
sity (π), Watterson’s theta (θW ), and the nonsynonymous to synonymous nucleotide diversity
ratio πA/πS , and Tajima’s D. Together, these metrics reveal whether gene families are evolving
under purifying, neutral, or positive selection. Patterns of divergence and diversity were com-
pared across gene families to identify signals of functional innovation (e.g., subfunctionalization
or neofunctionalization) or pseudogenization.

3 Results

3.1 Comprehensive Identification of Gene Families Using OrthoFinder2

Our gene family assignment using OrthoFinder2 yielded a well-resolved, rooted species tree with
strong bootstrap support (Fig. 1), consistent with established phylogenies of the order Bras-
sicales (e.g., Hendriks et al., 2023). This supports the reliability of the phylogenetic inference
provided by OrthoFinder2.

Across all five species, OrthoFinder2 annotated a total of 136,809 genes, of which 92% were
assigned to 22,083 orthogroups. Among the in-group taxa, over 93% of genes were clustered into
orthogroups, whereas the outgroup had a lower assignment rate of 79% (Table 1). Arabidopsis
halleri showed the highest proportion of genes in orthogroups (97.5%), while A. alpina exhibited
the greatest number of species-specific orthogroups (292, comprising 10% of all its genes). In
contrast, A. thaliana had the fewest species-specific orthogroups (99, 1.2%).

Subsequent results focus exclusively on the in-group species. A large proportion of genes
(46-66%) were found in single-copy orthogroups, with A. thaliana having the highest percentage
(66.7%). A. halleri showed the greatest number of large gene families (129 orthogroups with
16 or more genes), while A. thaliana had the fewest (48 orthogroups).

OrthoFinder also predicted duplication events, with the highest number occurring in the last
common ancestor of A. thaliana, A. lyrata, and A. halleri (2,857 events; node N2 in Fig. 1). A
considerable number of duplications (2,392) were also inferred for the ancestor of A. alpina and
the Arabidopsis lineage. Notably, A. halleri experienced a substantial number of duplications
at the terminal branch, indicating lineage-specific gene family expansion.
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Table 1: Summary statistics of gene content and orthogroup (OG) assignment across five species used in the
OrthoFinder2 analysis. The table reports the total number of predicted genes, the proportion assigned to or-
thogroups (shared gene families), and the number and percentage of unassigned genes for each species. It also
shows how many orthogroups each species contributes to (“OGs containing species”) as well as the number and
proportion of species-specific orthogroups (i.e., orthogroups unique to a single species).

A. alpina A. halleri A. lyrata A. thaliana C. papaya

Genes 21,609 28,722 31,073 27,654 27,751
Genes in OGs 20,144 (93.2%) 27,999 (97.5%) 29,383 (94.6%) 26,442 (95.6%) 21,896 (78.9%)
Unassigned genes 1,465 (6.8%) 723 (2.5%) 1,690 (5.4%) 1,212 (4.4%) 5,855 (21.1%)
OGs containing species 13,443 (60.9%) 18,734 (84.8%) 19,735 (89.4%) 19,228 (87.1%) 13,315 (60.3%)
Species-specific OGs 292 241 321 99 889
Genes in species-specific OGs 2,162 (10.0%) 1,505 (5.2%) 992 (3.2%) 341 (1.2%) 4,635 (16.7%)

3.2 Modeling Gene Family Evolution Using CAFE V

We analyzed the evolutionary dynamics of the 22,083 gene families using CAFE V, which models
gene family size changes under a birth-and-death process. The input included the gene copy
number per species and the dated, rooted species tree. The species tree from OrthoFinder was
calibrated using the makeChronosCalib function from the APE R package (Paradis and Schliep,
2019), based on a divergence estimate of 4-6 Mya between A. thaliana and the rest of the
Arabidopsis species (Novikova et al., 2016; Hohmann et al., 2015) .

To identify the most suitable evolutionary rate model, we compared models with one to
five gamma distribution of evolutionary rate classes (γ = 1–5). Both Akaike (AIC) / Bayesian
(BIC) information criteria and log-likelihood supported the base model (γ = 1) as the best fit
(Fig. S1). The estimated average gene family turnover rate under this model was λ = 0.0118,
with the maximum rate for this topology being λmax = 0.0238.

Incorporating an error model to account for annotation errors did not significantly alter
the estimated rate (λ = 0.0109, [error rate] ε = 0.0232), confirming the robustness of the base
model. We therefore retained the base model for downstream analyses.

3.3 Detection of Rapidly Evolving Gene Families

Based on the base model, CAFE V identified 1,592 gene families with significant expansion
or contraction (p<0.05). For a more stringent and biologically relevant subset, we applied a
significance threshold of p<0.01, resulting in 821 gene families classified as “fast-evolving”.

To facilitate comparative and functional analyses, we filtered this list further by retaining
only the gene families present in at least three species and containing at least one gene from A.
thaliana, enabling downstream annotation and functional prediction. This yielded a final set of
231 fast-evolving gene families for in-depth exploration.

Among these, 79 were small (fewer than five genes), 112 were medium-sized (5–15 genes), and
40 were large (more than 15 genes), highlighting the size diversity of gene families undergoing
rapid evolutionary changes among the studied lineages.

3.4 Functional Categories of Fast-Evolving Gene Families

Based on A. thaliana gene ontology (GO) predictions, the 231 significantly fast-evolving gene
families were classified into 10 major functional categories (Fig. 2). The largest proportion com-
prised genetic information & regulation (23.4%), followed by multi-function proteins
(22.1%). Defense and stress response genes accounted for 12.6%, and 15.2% were uncat-
egorized. Gene families related to structural dynamics and photosynsthesis & energy
related proteins were the least represented, constituting only 1.3% each.

Notably, many gene families contained members with diverse gene ontology terms. In such
cases, we assigned the family to the most frequently occurring functional category among its
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Figure 1: Phylogenetic trees inferred from OrthoFinder2 analysis. A. Species tree; Brassicaceae (in-
group) species are highlighted green. Blue font: shows the node number corresponding to the gene duplication
assessment by OrthoFinder2, Red font: shows bootstrap support values for each branch, Black font: shows
the number of gene duplication events at the respective most recent common ancestors, Density plot: shows the
λ value (gene family evolutionary rate) distribution across all gene families that showed significant evolutionary
rate obtained from CAFE V analysis at the respective node; the intensity of the color represents the mean λ,
which is also shown by the dashed line. Number of duplicated genes in each species is shown within brackets.
B&C. Resolved Gene Trees of two significantly fast-evolving gene families showing withing species gene family
expansion in (B) A. thaliana (OG0000093) and (C) A. lyrata (OG0000347); Most frequently pseudogenized genes
are indicated in red.

members. A comprehensive list of gene families, their constituent genes, and assigned functions
is provided in Table S11. Further, a GO enrichment analysis indicated that both “Defense and
Stress-Response” and “Biosynthesis and Metabolism” related gene families were significantly
enriched with former having the highest enrichment (gene ratio: 0.05; adjusted p-value: 1.8
×10−29: see Fig 2C and Table S6).

3.5 Functional divergence, pseudogenization, and chromosomal organization
of gene families

Our analysis of gene family functional divergence revealed that more than 50% (124) of the gene
families showed evidence of functional diversification, meaning that different members within
a family code for functionally distinct proteins. These functionally diverging families were
predominantly medium- and large-sized gene families. Notably, nearly all gene families whose
members encoded multiple protein domains exhibited functional divergence (i.e., members do
not code the same multiple protein domains).

8

.CC-BY-ND 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 21, 2025. ; https://doi.org/10.1101/2025.08.15.670553doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.15.670553
http://creativecommons.org/licenses/by-nd/4.0/


Biosynthesis & Metabolism

Defense & Stress response

Genetic Information & Regulation

Growth & Reproduction

Multifunction

Protein Processing and Degradation

0.01 0.02 0.03 0.04 0.05

GO_1
GO_2
GO_3
GO_4
GO_5
GO_6
GO_7
GO_8
GO_9

GO_10
GO_11
GO_12
GO_13
GO_14
GO_15
GO_16
GO_17
GO_18
GO_19
GO_20
GO_21
GO_22
GO_23
GO_24
GO_25
GO_26
GO_27
GO_28
GO_29
GO_30
GO_31
GO_32
GO_33
GO_34
GO_35
GO_36
GO_37
GO_38
GO_39
GO_40
GO_41

GO_1
GO_2
GO_3
GO_4
GO_5
GO_6
GO_7
GO_8
GO_9

GO_10
GO_11
GO_12

GO_1
GO_2
GO_3
GO_4
GO_5
GO_6
GO_7
GO_8
GO_9

GO_10
GO_11
GO_12
GO_13

GO_1
GO_2
GO_3
GO_4

GO_1
GO_2
GO_3

GO_1
GO_2
GO_3
GO_4
GO_5
GO_6
GO_7
GO_8

Gene Ratio

G
O

 T
er

m

Adjusted p−value

1e−23

1e−17

1e−11

1e−05

Gene count
10

20

30

40

50

0

100

200

300

400

500

Bios
yn

the
sis

 & M
eta

bo
lism

Defe
ns

e &
 Stre

ss 
res

po
ns

e

Gen
eti

c I
nfo

rm
ati

on
 & Reg

ula
tio

n

Grow
th 

& Rep
rod

uc
tio

n

Mult
ifu

nc
tio

n

Pho
tos

yn
the

sis
 an

d E
ne

rgy

Prot
ein

 Proc
es

sin
g a

nd
 Deg

rad
ati

on

Sign
alin

g a
nd

 Tr
an

sp
ort

Stru
ctu

ral
 Dyn

am
ics

Unc
ate

go
riz

ed

N
um

be
r o

f G
en

es

A. alpina

A. halleri

A. lyrata

A. thaliana

6.1%

12.6%

23.4%

3.9%22.1%

1.3%

5.2%

9.1%

1.3%

15.2%

Biosynthesis & Metabolism

Defense & Stress response

Genetic Information & Regulation

Growth & Reproduction

Multifunction

Photosynthesis and Energy

Protein Processing and Degradation

Signaling and Transport

Structural Dynamics

Uncategorized

0

100

200

300

400

500

Bios
yn

the
sis

 & M
eta

bo
lism

Defe
ns

e &
 Stre

ss 
res

po
ns

e

Gen
eti

c I
nfo

rm
ati

on
 & Reg

ula
tio

n

Grow
th 

& Rep
rod

uc
tio

n

Mult
ifu

nc
tio

n

Pho
tos

yn
the

sis
 an

d E
ne

rgy

Prot
ein

 Proc
es

sin
g a

nd
 Deg

rad
ati

on

Sign
alin

g a
nd

 Tr
an

sp
ort

Stru
ctu

ral
 Dyn

am
ics

Unc
ate

go
riz

ed

N
um

be
r o

f G
en

es

A. alpina

A. halleri

A. lyrata

A. thaliana

A

B

C

Figure 2: Functional classification and GO enrichment of fast-evolving gene families across Ara-
bidopsis species. (A) Pie chart showing the proportion of functional categories among rapidly evolving gene
families. Functional annotations were assigned using A. thaliana gene models, with Gene Ontology (GO) data
retrieved from The Arabidopsis Information Resource (TAIR) and UniProt databases. Each category represents
the dominant annotated function for at least one gene within a rapidly evolving orthogroup. (B) Bar plot
showing the number of genes assigned to each functional category across the four species analyzed, illustrating
interspecific variation in the expansion of functionally defined gene families. (C) GO enrichment analysis of the
functional categories. GO terms were retrieved from TAIR, grouped by gene function, and filtered to retain only
significantly enriched categories (adjusted p-value after Benjamini–Hochberg correction). GO terms are labeled
arbitrarily (GO-1 to GO-n) for clarity; a complete list of GO terms and enrichment statistics is provided in
Table S6.

We also assessed the chromosomal distribution of gene family members, focusing on whether
members were co-localized on the same chromosome or dispersed across different chromo-
somes. This organization can reflect the evolutionary origin of gene families (e.g., local or
tandem duplication versus translocations) and reveal genome structural rearrangements. In
all species examined, except Arabidopsis lyrata, about one-third of gene families (∼ 45) had
members co-localized on the same chromosome (Table S1). In contrast, in A. lyrata, only 15%
of gene families showed co-localization, suggesting that different mechanisms of gene family
expansion, possibly influenced by transposable elements (TEs: see TE analysis below), or other
chromosomal rearrangements have shaped its genome structure.

3.5.1 Pseudogenization and TE association of Defense and Stress-Response gene
families

To investigate evolutionary signatures and potential functional shifts in rapidly evolving gene
families, we focused on 29 families associated with “Defense and Stress-Response” functions.
Further analyses were centered on these families.
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We evaluated the frequency of pseudogenization among gene family members that underwent
recent duplication-driven expansions or contractions. Gene members extracted from long-read
de novo assemblies of A. thaliana (137 accessions from NCBI) and A. lyrata (23 assemblies from
this study) were reannotated. BLAST searches (BLAST+ Camacho et al., 2009b) identified
sequences with ≥90% identity to reference genes. These sequences were reannotated using
HELIXER (version 0.3.5: Stiehler et al., 2020) and compared to the corresponding reference
annotations. A gene was classified as a putative pseudogene if it contained an early stop codon
(i.e., presence of a stop codon withing the range of 26-74% of the length of the complete
gene) or if over 30% of its gene sequence was missing compared to the reference. Genes with
over 10% amino acid divergence relative to the reference were classified as putatively neo-
or sub-functionalized. According to this criteria, among the 29 gene families examined, over
70% contained at least one pseudogene in both species (Table S2). All families exhibiting
pseudogenization had undergone recent duplication events (see Fig. 1 B&C and Figs. S5-
34). In contrast, only 12% of gene families had at least one gene predicted to be neo- or
sub-functionalized.

Finally, we assessed the extent of transposable element (TE) association with the rapidly
evolving defense- and stress-response gene families by running RepeatMasker on long-read de
novo assemblies of both species (see Supplementary S4 for details). The presence of known TEs
that are associated with gene copy number variation (Morgante et al., 2005; Kapitonov and
Jurka, 2007) was evaluated within 1,000 base pairs upstream or downstream of each gene, as
well as within gene bodies. In A. thaliana, 58.8% (93 out of 158) of the assessed genes were
associated with at least one TE in at least one assembly. In contrast, A. lyrata showed extensive
TE association, with 90% (155 out of 172) of genes linked to at least one TE. In order to compare
the enrichment of TEs in multi-copy rapidly evolving gene families, we also assessed 50 gene
families with only one copy in all studies species. Both species showed significant enrichment of
TEs in rapidly evolving defense and stress response gene families compared to single copy genes
(Wilcoxon rank sum test p-value << 0.001). On average A. thaliana has 0.32 TEs per gene
while single copy genes have 0.0016 TEs per gene. Similarly, in A. lyrata, defense and stress
response gene families have 0.46 TEs per gene while single copy genes show an average of 0.281,
indicating that A. lyrata harbors more TE in its genome (see Fig. 3 boxplots). A gene family
was considered TE-associated if at least one of its members exhibited TE proximity. Based on
this criterion, 22 of A. thaliana gene families and 27 of A. lyrata gene families were classified
as TE-associated (Fig. 3).

These findings suggest that TE activity may play a substantial role in shaping the genomic
architecture and evolutionary dynamics of stress-related gene families, particularly in A. lyrata.
The higher frequency of TE–gene associations in A. lyrata coincides with its greater gene family
expansion rates and reduced chromosomal co-localization, implying that TE-mediated duplica-
tion and rearrangement events could underlie both phenomena. Moreover, the strong correlation
between TE proximity and pseudogenization suggests that TEs may not only facilitate gene du-
plication but also contribute to gene decay, potentially generating raw material for evolutionary
innovation. This highlights the dual role of TEs as both drivers of genomic instability and
facilitators of functional divergence in plant genomes.

3.6 Copy number variation within and between species

3.6.1 Gene family size variation within species

To investigate copy number variation (CNV), variation in the number of gene family members,
within species, we focused on genes related to “Defense and Stress Response.” These families
were selected not only because of their ecological importance but also to explore the evolution-
ary dynamics of CNV in gene families under strong selective pressures. Gene sequences were
extracted from de novo assemblies of A. thaliana and A. lyrata as described above.
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Figure 3: Summary of TE enrichment analysis with rapidly evolving defense and stress response
gene families. The barplots show the proportional composition of TE classes for gene families across all studied
individuals. Gene family labels are on the y-axis and pecentages are on the x-axis. The doughnut plots show the
proportion of TE-classes associated with all genes. Boxplots show the average number of TEs per gene present
in defense and stress response gene family genes (Gene Families) vs. single copy genes (Single copy), with jitter
showing all data points. A Wilcoxon rank sum test showed significant enrichment of TEs (p-value << 0.001) in
defense and stress-response related gene families than in single copy genes in both species.

Among the defense- and stress-related gene families examined, 68% (20 families) in A.
thaliana and 85% (24 families) in A. lyrata exhibited CNV. Moreover, three families in A.
thaliana and five families in A. lyrata showed CNV in nearly all analyzed assemblies (Table 1;
Fig. S2 & 3). Families that did not show CNV typically contained fewer than three members
in the reference genome. Although we initially used the number of gene copies in the reference
genomes as the baseline expectation, recalculating CNV frequencies based on the median gene
number across assemblies yielded similar results. This indicates that while small gene families
can evolve rapidly between species, they tend to remain relatively stable within species.

3.6.2 Geographic structuring of copy number variation

We next examined whether patterns of CNV in defense- and stress-response gene families ex-
hibited geographic structure within A. thaliana and A. lyrata. To do this, we performed mul-
tiple correspondence analysis (MCA), the categorical analogue of principal component analysis
(PCA), on CNV profiles.

In both species, CNV patterns showed clear geographic separation of populations. In A.
thaliana, populations from Cape Verde, Madeira, and Japan formed distinct clusters, well sep-
arated from European populations. Relict European populations also formed separate clusters,
with a gradient from relict to non-relict groups (Fig. 4). Similarly, in A. lyrata, North Ameri-
can and Siberian populations clustered apart from European populations, reflecting geographic
patterns previously observed in SNP-based studies.

In A. lyrata, the first dimension of the MCA captured the divergence of North American
populations from the rest. After removing North American samples and reanalyzing the Euro-
pean and Siberian populations, the MCA revealed finer geographic structure: eastern Siberian
populations separated from European populations, and eastern European populations clustered
closer to western Siberian populations than to western European ones (Fig. 4). These results
highlight the strong geographic signature underlying CNV in defense- and stress-response gene
families.
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Figure 4: Geographic structuring of copy number variation in defense- and stress-response gene
families. A: Population locations of A. thaliana; colors and shapes fillings (i.e., grey and white) represent genetic
clusters according to (Wlodzimierz et al., 2023; Lian et al., 2024; Alonso-Blanco et al., 2016). B: Population
locations of A. lyrata; colors represent genetic clustering according to (Scott et al., 2024). C: MCA plot for A.
thaliana populations. D: MCA plot for A. lyrata populations. The plot character shapes in C and D represent
the genetic clusters determined in this study using putatively neutral SNPs of 136 long read sequences of A.
thaliana and WGS of A. lyrata (see Fig. S4). Map border delineations correspond to the TDWG level III floristic
countries according to Brummitt et al. (2001).

3.7 Copy Number Variation and Ecological Divergence

To investigate the relationship between copy number variation (CNV) and environmental vari-
ables, we performed ecological association analyses on gene families related to defense and stress
responses in Arabidopsis thaliana and A. lyrata. Our results revealed significant associations
between gene copy number and specific bioclimatic variables, suggesting a potential role for
CNV in local adaptation in both species.

In A. thaliana, multiple climatic variables showed strong associations with CNV patterns.
These included temperature-related variables such as Bio3 (Isothermality), Bio4 (Temperature
seasonality), Bio8 (Mean temperature of the wettest quarter) and Bio10 (Mean temperature
of the warmest quarter), as well as precipitation-related variables including Bio13 (Precipita-
tion of the wettest month) and Bio14 (Precipitation of the driest month), all with p < 0.001
(see Fig. 5). After correcting for population structure using covariance matrix derived from
genome-wide variation, only one precipitation-related variable (Bio13) and all temperature re-
lated variables remained statistically significant (p < 0.001), indicating that CNV patterns
are decoupled from neutral population structure. While southern populations, except for the
Cape Verde Islands, showed a strong association with precipitation variables, northern popula-
tions were more strongly associated with temperature variables. This suggests that CNV in A.
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thaliana is influenced by both temperature and precipitation gradients, with potential ecological
implications for local adaptation to varying climatic conditions.

In contrast, in A. lyrata, CNV patterns were significantly associated with three temperature-
related variables: Bio3 (Isothermality), Bio5 (Max Temperature of Warmest Month) and Bio7
(Temperature annual range) with p < 0.001 and one precipitation related variable Bio15 (Precip-
itation Seasonality)(Fig. 5). This association remained robust after controlling for population
structure (p < 0.01), suggesting that temperature variability is a primary ecological driver of
CNV in this species. Interestingly, Siberian populations were separated from both European and
North American populations in the MCA space, indicating that CNV patterns in A. lyrata are
strongly influenced by geographic and climatic factors, particularly temperature gradients. This
suggests that CNV in A. lyrata may reflect local adaptation in CNV to specific environmental
conditions, despite the strong population genetic structure observed in this species.

Taken together, these findings indicate that CNV in defense and stress-related genes is locally
structured by environmental gradients, particularly temperature, in both A. thaliana and A.
lyrata. In A. lyrata, the congruence between CNV patterns and precipitation variables suggests
ecological adaptation despite strong population genetic structure. In A. thaliana, while relic
and non-relic lineages exhibit CNV differences partially explained by temperature, the strong
isolation of peripheral populations such as those from the Cape Verde Islands and Madeira may
reflect the influence of unmeasured local environmental variables. These could include soil and
soil related factors, topographic heterogeneity, or biotic pressures, all of which merit further
investigation in future studies.

We used squared distances in the MCA space to identify the gene families contributing most
strongly to ecological divergence. The top three families with the highest squared distances were
OG0000442 (encodes a plant thionin family protein), OG0000093 (cysteine-rich receptor-like ki-
nase), and OG0000266 (Intracellular immune receptor: Encodes a member of the WRKY Tran-
scription Factor (Group II-e) family) in A. thaliana, and OG0000016 (ecodes Tetratricopeptide
repeat (TPR)-like superfamily protein), OG0001132 (Disease resistance protein (NBS-LRR
class) family), and OG0000347 (plastocyanin-like domain-containing protein/copper ion bind-
ing / electron carrier protein) in A. lyrata (see Tables S9.1 & S9.2). These families are all
involved in pathogen recognition, disease resistance, and response to abiotic stress highlighting
their potential role in ecological adaptation to biotic and abiotic stressors. The strong asso-
ciation of these gene families with ecological divergence underscores the importance of disease
resistance mechanisms in shaping local adaptation in both species. The consistent presence of
disease resistance genes among the top contributors suggests that CNV in these families may
provide a selective advantage in varying environmental conditions, particularly in response to
pathogen pressures. Similarly, the involvement of genes related to abiotic stress responses in
the top contributors indicates that CNV may also play a crucial role in adaptation to changing
climatic conditions, such as temperature and precipitation variability.
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Figure 5: Environmental MCA (multiple correspondence analysis) of ecological association of CNV
in defense- and stress-response gene families. A: A. thaliana. B: A. lyrata. Colors and plot characters are
as in Figure 4. The arrows represent the direction and strength of association with environmental variables, with
longer arrows indicating stronger associations. Both geographical clusters and genetic clusters are indicated by
plot character colors and shape; additionally for A. thaliana, the relict status as in (Alonso-Blanco et al., 2016) is
also indicated by grey filling of the plot character. Genetic clusters of populations of both species were determined
using hierachical clustering of covariance matrix derived from putatively neutral loci (four-fold degenerate sites,
introns, and intergenic regions) from long-read sequences of the two species (Tables S10.1 & S10.2). Bioclimatic
variables (i.e., Bio. . . ) are from CHELSA database (Karger et al., 2017) (see table S5 for details).

3.8 Selection Patterns and Functional Divergence in Defense-Related Genes

We assessed evolutionary pressures acting on defense- and stress-response-related gene families
in A. thaliana and A. lyrata using neutrality tests and substitution rate analyses. Observed
nucleotide diversity (π) across gene families typically ranged from 1–3% in A. thaliana and 1–7%
in A. lyrata, aligning with prior estimates (Fig. 6). However, a subset of large and medium-
sized families exhibited elevated diversity levels, with π > 10% in both species. Notably, these
families were also enriched in pseudogenes, suggesting relaxed selection or redundancy due to
recent duplications.

Synonymous and nonsynonymous polymorphism (πS and πA) ranged between 0.5–1% in
both species, although A. lyrata showed greater inter-family variation (Fig. 6 and Tables S8.1
& S8.2), consistent with its higher overall nucleotide diversity and population structure.

Tajima’s D values for most genes fell between 0 and –1.5, indicating prevalent purifying
selection and an excess of low-frequency polymorphisms (see Table S7.1 & 7.2). Only a small
proportion of genes had D-values close to zero, suggestive of neutral evolution. Interestingly,
a distinct subset of genes exhibited D-values greater than +1.5, pointing to strong positive
selection and potentially recent adaptive evolution.

3.8.1 Gene Family Expansion Facilitates Functional Innovation

Genes under strong positive or neutral selection were almost exclusively found in families con-
taining more than 10 gene copies in both species. These multi-copy families also showed higher
rates of predicted sub- and neo-functionalization, with individual members diverging in sequence
or domain composition relative to their family consensus. This suggests that gene duplication
facilitates evolutionary experimentation, where some gene copies retain core functions under
purifying selection, while others explore new functional roles under relaxed constraints or di-
rectional selection.

Additionally, these gene families often showed greater structural plasticity, manifested as
gene relocations across chromosomes, and a higher incidence of pseudogenization. This combi-
nation of relaxed constraint on some paralogs and selection-driven divergence in others supports
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a model where copy number expansion provides both evolutionary robustness and opportunity
for innovation. Together, these findings highlight how gene family expansion not only buffers
core functions but also creates substrates for adaptive responses to biotic and abiotic stress.

4 Discussion

4.1 Gene Family Evolution Reflects Phylogenetic Divergence and Life His-
tory

The overall patterns of gene family evolution observed in our analysis closely mirror established
phylogenetic relationships among Arabidopsis species, consistent with expectations that gene
duplication and loss accumulate along species divergence (Lynch and Conery, 2000; Hahn et al.,
2005). The orthogroup inference performed with OrthoFinder2 strongly supports the known
phylogeny of the genus Arabidopsis, including the close relationship between A. halleri and A.
lyrata relative to A. thaliana (Novikova et al., 2016; Murat et al., 2015), validating the accuracy
of the gene family assignments (see Fig. 1).

Notably, we observe elevated gene duplication rates in A. halleri and A. lyrata, which may
reflect species-specific life history traits and adaptive processes (see Table 1). In A. halleri,
increased gene copy numbers have been repeatedly linked to adaptation to metal-rich soils
and metal hyperaccumulation (Hanikenne et al., 2008), particularly for genes involved in metal
transport and homeostasis. Similarly, A. lyrata occupies a wide range of climatic zones and
ecological gradients across its geographic distribution, from boreal to temperate environments,
potentially driving gene duplication as a mechanism to facilitate local adaptation (Ross-Ibarra
et al., 2008). Gene duplication may provide raw material for functional diversification, allowing
populations to adapt to heterogeneous environmental conditions (Flagel and Wendel, 2009).

In contrast, A. thaliana exhibits overall lower gene duplication rates. This pattern may
partially reflect its predominantly selfing mating system, which reduces effective population
size and limits the efficacy of selection in maintaining duplicated gene copies (Wang et al.,
2012). Additionally, smaller effective population size increases the probability of gene loss
through genetic drift, contributing to the observed reduction in gene copy number variation
(Panchy et al., 2016).

4.2 Birth-Death Dynamics Are Dominated by Steady Turnover

Our gene family evolution analysis reveals that most gene families in Arabidopsis genus exhibit
patterns consistent with homogeneous turnover dynamics. The support for the base model
assuming a single turnover rate (λ) across all gene families suggests that, for the majority
of gene families, gene duplication and loss events occur under a uniform birth-death process
without substantial lineage- or family-specific shifts. This observation aligns with previous
findings that most gene families across diverse taxa evolve under relatively steady turnover
rates over macroevolutionary timescales (Han et al., 2013; Demuth and Hahn, 2009).

The estimated turnover rate in our study (λ ≈ 0.0118) is comparable to rates reported in
earlier studies of plant and animal lineages. For example, studies in mammals have estimated
turnover rates ranging from approximately 0.001 to 0.01 per gene per million years (Demuth
et al., 2006), while estimates in flowering plants have been reported in a similar range, with
λ values typically between 0.005 and 0.02 depending on the taxonomic group and model as-
sumptions (Cannon et al., 2004; Panchy et al., 2016). These comparable rates suggest that
gene family turnover in Arabidopsis occurs at rates broadly similar to those observed across
angiosperms and other multicellular eukaryotes.

Consistent with these turnover dynamics, the majority of gene families in our dataset are
not experiencing extreme expansions or contractions. Instead, they appear to be evolving under
a steady process of gene gain and loss, in which occasional duplication or loss events occur but
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Figure 6: Nucleotide diversity in defense- and stress-response gene families. Boxplots show observed
nucleotide diversity (π) and expected nucleotide diversity (θW ) for A. thaliana (A) and A. lyrata (B). Density
plots to the right of each boxplot panel illustrate the overall distribution of diversity values across all gene families.
Boxplots of the ratio of nonsynonymous (πA) to synonymous (πS) polymorphism, expressed as log2(πA/πS), are
shown for A. thaliana (C) and A. lyrata (D). Positive values indicate higher nonsynonymous diversity (πA > πS);
Diamonds indicate the mean values. Corresponding density plots display the distribution of ratios across all gene
families, with the x-axis representing density.
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do not lead to dramatic changes in gene family size over short evolutionary timescales. This
steady-state model of gene family evolution has been proposed to reflect a balance between the
generation of new gene copies via duplication and their subsequent loss or pseudogenization
(Lynch and Conery, 2000; Hahn et al., 2007; Innan and Kondrashov, 2010).

Importantly, the robustness of our turnover rate estimates depends on the accuracy of gene
family annotations. Although annotation errors such as gene model fragmentation, pseudogene
misannotation, or copy number collapse may affect individual gene families, previous simulation
studies suggest that turnover models are relatively robust to moderate levels of annotation error,
especially when analyses are conducted across hundreds to thousands of gene families (Han
et al., 2013; Hahn et al., 2005). Moreover, our analysis benefits from using high-quality genome
assemblies and annotations available for the Arabidopsis species group, minimizing potential
biases due to systematic errors in gene family inference.

4.3 Fast-Evolving Gene Families as Substrates of Adaptive Evolution

Although most gene families exhibit steady turnover rates, a subset of gene families shows
evidence of rapid expansion and contraction, suggesting potential roles in lineage-specific adap-
tation. Our analysis identified several fast-evolving gene families that deviate significantly from
the background birth-death process, consistent with previous observations that gene family evo-
lution can be highly heterogeneous across the genome (Han et al., 2013; Demuth and Hahn,
2009).

Functional enrichment analyses of these rapidly evolving gene families reveal overrepresen-
tation of categories related to defense responses, stress tolerance, regulatory functions, and
multifunctional protein complexes (see Fig. 2). Specifically, gene families involved in pathogen
recognition (e.g.,Thionin proteins, NB-LRR genes), abiotic stress responses (e.g., heat shock
proteins, detoxification enzymes), and transcriptional regulation (e.g., transcription factor fam-
ilies) are among those showing elevated copy number variation. Similar enrichment patterns
have been reported across multiple plant lineages, highlighting the importance of copy number
dynamics in genes mediating biotic and abiotic interactions (Roulin et al., 2013; Edger and
Pires, 2009).

The frequent involvement of defense- and stress-related gene families in rapid copy num-
ber evolution is consistent with the predictions of the Red Queen hypothesis and ongoing co-
evolutionary arms races between hosts and their pathogens (Valen, 2014; Meyers et al., 2005;
Michelmore and Meyers, 1998). These gene families often experience strong selective pressures
from fluctuating biotic and abiotic environments, which can favor both the expansion of new
paralogs to diversify recognition capacities and the loss of obsolete or costly gene copies (Mon-
dragón-Palomino et al., 2002; Manara et al., 2020). Copy number variation thus provides a
flexible substrate for rapid evolutionary responses to shifting selective landscapes.

The observation that many of these gene family expansions are lineage-specific further sup-
ports the role of gene duplication as a mechanism for recent and ongoing adaptation. Lineage-
specific expansions reflect both the differential ecological challenges faced by each species and
the unique evolutionary trajectories resulting from demographic, environmental, and ecological
histories (Han et al., 2013; Eric Schranz et al., 2012; Flagel and Wendel, 2009). Together, these
findings reinforce the view that while most gene families evolve under steady turnover, subsets
of fast-evolving gene families serve as important drivers of adaptive evolution in response to
both ancient and ongoing selective pressures.
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4.4 Functional Divergence, Pseudogenization, and Genome Organization

4.4.1 Functional Divergence Within Gene Families

A substantial proportion of gene families in our dataset (> 50%) exhibit evidence of func-
tional divergence among their members. This pattern is consistent with the widely accepted
duplication-divergence-subfunctionalization model, in which gene duplication events are fol-
lowed by sequence divergence, allowing paralogs to acquire specialized or novel functions (Ohno,
1970; Force et al., 1999; Innan and Kondrashov, 2010). Larger gene families, in particular, tend
to show greater functional diversification, as the accumulation of multiple duplicates provides
opportunities for both neofunctionalization and subfunctionalization (Lynch and Conery, 2000;
Flagel and Wendel, 2009). This expansion of functional repertoires may contribute to species’
abilities to adapt to a variety of ecological conditions and environmental stresses.

4.4.2 Pseudogenization Patterns Reflect Evolutionary Trade-offs

Our analysis further shows that a majority of expanded gene families contain pseudogenized
paralogs, indicating that many duplicated genes experience relaxed selective constraints after
duplication. The coexistence of functional and pseudogenized copies within the same family
supports evolutionary models of dosage balance, buffering, and evolutionary experimentation
(Lynch and Force, 2000; Zhang, 2003). While some duplicates are retained due to selective
advantages conferred by increased gene dosage or functional redundancy, others become pseu-
dogenes as they accumulate deleterious mutations in the absence of strong purifying selection.
This dynamic balance between preservation and loss shapes long-term gene family evolution
(Scannell et al., 2007; Smet et al., 2013).

4.4.3 Chromosomal Distribution Highlights Different Expansion Mechanisms

The chromosomal distribution of gene duplicates provides further insights into the mechanisms
driving gene family expansions. In A. lyrata, gene duplicates show more extensive dispersal
across the genome, often associated with transposable element (TE) insertions and genomic
rearrangements. Such patterns suggest that TE-mediated transposition and ectopic recombina-
tion have played significant roles in relocating gene copies throughout the genome (Quesneville,
2020). In contrast, A. thaliana shows a higher proportion of tandemly duplicated gene families,
consistent with localized duplication events through unequal crossing-over and replication slip-
page (Vision et al., 2000). These contrasting patterns may reflect differences in genome size,
TE activity, and recombination landscape between the two species.

4.4.4 The Role of Transposable Elements in Shaping Gene Family Evolution

Transposable elements appear to play a major role in shaping gene family dynamics, particularly
in A. lyrata, which exhibits both higher TE content and greater TE-association with duplicated
gene copies (see Fig. 3). TE-mediated mechanisms can facilitate gene duplication, promote gene
relocation, and contribute to pseudogenization through insertional mutagenesis (Feschotte and
Pritham, 2007; Bennetzen andWang, 2014). Moreover, TE-driven structural changes may create
opportunities for regulatory rewiring and expression divergence among paralogs, contributing
to functional diversification (Rebollo et al., 2012). The interplay between TE activity and
gene duplication underscores the broader connection between genome instability and adaptive
evolution, where bursts of TE activity may occasionally generate evolutionary innovations that
become substrates for natural selection (Oliver and Greene, 2009).
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4.5 Copy Number Variation Is Geographically Structured

Our analysis demonstrates that copy number variation (CNV) exhibits clear patterns of population-
level and geographic structuring across both Arabidopsis thaliana and A. lyrata. Multivariate
analyses of CNV profiles, including multiple correspondence analysis (MCA), reveal well-defined
geographic clusters (see Fig. 4), indicating that CNV differentiation is not randomly distributed
across populations but instead reflects underlying biogeographic and demographic processes.

In A. thaliana, CNV variation aligns closely with previously described population lineages,
particularly the distinction between relict populations and the widespread non-relict (post-
glacial expansion) groups (François et al., 2008; Mitchell-Olds and Schmitt, 2006). Relict popu-
lations, often found in southern European refugia, retain ancient genomic variation that includes
distinct CNV profiles, while non-relict populations show evidence of CNV patterns shaped by
more recent range expansions and associated bottlenecks. These results suggest that demo-
graphic history, including glacial refugia and post-glacial colonization, has contributed substan-
tially to shaping CNV diversity within A. thaliana (Alonso-Blanco et al., 2016). In addition to
this, we also observe that peripheral populations, such as those from the Cape Verde Islands
and Madeira, exhibit unique CNV profiles that may reflect local adaptation to distinct environ-
mental conditions or isolation from continental gene flow (Wlodzimierz et al., 2023; Lian et al.,
2024).

Similarly, in A. lyrata, geographic structuring of CNV reflects broader continental diver-
gence patterns observed across its circumboreal distribution (Scott et al., 2024; Hämälä et al.,
2018b). Populations from Europe and North America exhibit distinct CNV profiles, consis-
tent with historical divergence, limited gene flow, and adaptation to contrasting environmental
conditions. The presence of geographically structured CNV in both species supports the view
that copy number variation is not governed solely by stochastic mutation and genetic drift but
is also influenced by population history, lineage divergence, and potentially by geographically
heterogeneous selection pressures (Alkan et al., 2011; Mérot et al., 2020).

4.6 Ecological Associations of CNV Suggest Local Adaptation

Our results reveal significant and robust correlations between copy number variation (CNV)
and climatic variables in both Arabidopsis thaliana and A. lyrata, consistent with the hy-
pothesis that CNV contributes to local adaptation. In A. thaliana, we found that multiple
temperature-related variables, particularly Bio3 (Isothermality), Bio4 (Temperature Seasonal-
ity), Bio8 (Mean Temperature of the Wettest Quarter), and Bio10 (Mean Temperature of the
Warmest Quarter), exhibited strong associations with CNV. In addition, precipitation-related
variables such as Bio13 (Precipitation of the Wettest Month) and Bio14 (Precipitation of the
Driest Month) were also significantly associated (see Fig. 5). These associations remained sta-
tistically significant even after correcting for population structure, indicating that the observed
CNV-environment correlations are not solely the result of demographic history but likely reflect
adaptive responses to environmental heterogeneity.

In A. lyrata, CNV patterns showed significant associations with Bio2 (Mean Diurnal Range),
Bio3 (Isothermality), and Bio7 (Temperature Annual Range), with all associations persisting
after accounting for population structure. Unlike A. thaliana, the associations in A. lyrata were
more tightly focused on temperature-related variables, suggesting differing ecological pressures
or niche constraints (see Fig. 5). Notably, Siberian and North American populations formed
distinct separate clusters in multivariate space, further supporting the idea that CNV variation
in this species reflects adaptation to geographically structured climatic regimes.

The differences in climatic correlates between species likely stem from a combination of
ecological, historical, and life-history factors, including mating system, range size, and demo-
graphic connectivity (Hämälä et al., 2018b; Exposito-Alonso et al., 2019). The influence of
precipitation, especially in A. thaliana is particularly compelling, as precipitation seasonality
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and extremes are known to shape both abiotic stress responses (e.g., drought tolerance) and
biotic interactions such as pathogen pressure (Gupta et al., 2016; Szczepaniec and Finke, 2019).
The persistent association between CNV and these climatic variables highlights a likely role for
CNV in modulating ecological responses to both water availability and disease, particularly in
environmentally heterogeneous landscapes.

4.7 A Core Set of Defense-Related Gene Families Drive Ecological Diver-
gence

Multivariate analyses of CNV patterns, particularly MCA loadings, identified a consistent set
of gene families that contribute disproportionately to ecological divergence in both Arabidopsis
thaliana and A. lyrata. Despite differences in their demographic histories, both species share a
core group of ecologically responsive gene families that exhibited the highest squared distances
in ordination space. These include OG0000442 (plant thionin family protein), OG0000093
(cysteine-rich receptor-like kinase), and OG0000266 (WRKY transcription factor, Group II-e)
in A. thaliana, and OG0000016 (Tetratricopeptide repeat-like protein), OG0001132 (NBS-LRR
disease resistance protein), and OG0000347 (plastocyanin-like electron carrier) in A. lyrata.

These gene families are functionally unified by their roles in defense signaling, pathogen
recognition, abiotic stress response, and regulatory flexibility-traits that are critical for plant
survival under fluctuating climatic and ecological conditions. Their strong contribution to
ecological divergence and consistent presence among top CNV contributors underscore the im-
portance of defense-related genes as hotspots of genomic plasticity under selection.

Moreover, the recurrence of similar gene families across both species points toward conver-
gent or parallel evolutionary pressures acting on CNV loci, particularly those involved in defense
and stress responses (Meyers et al., 2005; Exposito-Alonso et al., 2019; Young et al., 2016). This
pattern reinforces the notion that gene families linked to environmental responsiveness, espe-
cially those modulating pathogen defense and abiotic stress signaling are dynamic substrates of
adaptive evolution (Eric Schranz et al., 2012; Roulin et al., 2013). Gene copy number changes
in these families may offer a flexible genomic mechanism through which populations can rapidly
respond to spatial and temporal variability in environmental pressures.

4.8 Selection Patterns Highlight the Evolutionary Role of Gene Duplication

Patterns of molecular evolution in gene families with copy number variation provide further
insight into the evolutionary consequences of gene duplication. Multi-copy gene families ex-
hibit elevated nucleotide diversity and higher Tajima’s D values compared to single-copy genes,
consistent with relaxed purifying selection acting on many duplicated loci (see Fig. 6). These
patterns reflect the fact that duplicated gene copies often experience reduced selective constraint
following duplication, allowing them to accumulate mutations at a faster rate relative to their
single-copy counterparts (Lynch and Conery, 2000; Hahn, 2009; Smet et al., 2013). This relaxed
constraint is particularly pronounced in large gene families, where some paralogs may become
functionally redundant or evolve new functions, leading to increased sequence variability (Flagel
and Wendel, 2009). The elevated nucleotide diversity and positive Tajima’s D values observed
in many duplicated gene families suggest that while most paralogs are subject to purifying se-
lection, a subset may be evolving under relaxed constraints or even adaptive divergence. This
is particularly evident in defense-related gene families, where some paralogs show signatures of
positive selection, indicating that they may be involved in adaptive responses to environmental
pressures such as pathogen attack or abiotic stress (del Pozo and Ramirez-Parra, 2015; Schrider
and Kern, 2017). The presence of both purifying selection on essential genes and adaptive
divergence in specific paralogs highlights the dual role of gene duplication in providing both
robustness to core biological functions and opportunities for functional innovation (Flagel and
Wendel, 2009; Kondrashov, 2012). Gene duplication thus serves as a key mechanism for generat-
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ing genomic diversity and functional innovation, allowing organisms to explore new biochemical
or regulatory roles while maintaining essential functions. This dual role of gene duplication is
particularly evident in the context of plant defense and stress responses, where duplicated genes
can provide both redundancy and flexibility in adapting to changing environmental conditions
(Ohno, 1970; Zhang, 2003).

However, while many duplicated genes evolve under relaxed constraint, a subset of paralogs
exhibits signatures of adaptive divergence. In these cases, positive Tajima’s D values and
elevated sequence polymorphism suggest that certain gene copies may be subject to balancing
or directional selection, potentially reflecting their roles in environmental adaptation (Schrider
and Kern, 2017; Kondrashov, 2012). This contrast between pervasive purifying selection on
essential genes and adaptive divergence in specific paralogs highlights how gene duplication
creates opportunities for functional experimentation while preserving core biological functions.

Gene duplication thus acts as both a source of genomic robustness and evolutionary innova-
tion: while some copies retain ancestral functions, others are freed to explore novel biochemical
or regulatory roles that may confer selective advantages under changing environmental condi-
tions. Our results underscore the dual role of gene duplication as a fundamental process shaping
both the structural diversity of plant genomes and their capacity for ecological and adaptive
diversification.

5 Conclusion

In summary, our study reveals that while most gene families in Arabidopsis evolve under steady
turnover, a subset, particularly those involved in defense and stress responses exhibits rapid,
lineage-specific CNV dynamics shaped by geographic structure and environmental gradients.
These CNV patterns are associated with local adaptation, persist after controlling for population
structure, and are enriched in gene families showing functional divergence and signatures of
relaxed or adaptive selection. Together, our findings highlight gene duplication and CNV as
key mechanisms driving ecological divergence and evolutionary flexibility in plant genomes.
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Lysak, M. A., Óscar Toro-Núñez, Özüdoğru, B., Invernón, V. R., Walden, N., Maurin, O.,
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