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Abstract
Mutation rates, which can vary significantly across different plant species and even within the same
genome, are influenced by a complex interplay of genetic, environmental, and epigenetic factors. This
study integrates recent advancements in genomic sequencing and bioinformatics to analyze these variabil-
ities comprehensively. By examining a diverse range of plant species, the research identifies key patterns
and correlations between mutation rates and various phenotypic traits, ecological niches, and evolution-
ary histories. Additionally, the study explores how these mutation rates impact plant breeding programs,
conservation efforts, and biotechnological innovations. Special attention is given to the implications of
high and low mutation rates in response to environmental stressors and their role in facilitating rapid
adaptation. Through this in-depth analysis, the article aims to provide a deeper understanding of the
mechanisms governing mutation rate variability and their broader significance in plant biology. This
knowledge is crucial for developing more effective strategies in agriculture, biodiversity conservation,
and the sustainable management of plant genetic resources.
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1. Introduction

Genetic mutations are the driving force behind evolution, shaping the diversity of life on Earth. In
the plant kingdom, the mutation rate reflects the dynamic interplay between genetic integrity and
variability, a delicate balance that ensures survival and adaptation. This rate, however, is not a con-
stant; it varies across species, populations, and even within individual genomes, painting a complex
picture of the evolutionary landscape [1, 2]. The study of mutation rate variability in plant genomes
has gained significant traction in recent years, thanks to advancements in whole-genome sequencing
and bioinformatics tools. By delving into mutation accumulation experiments, researchers can im-
age the mutational spectra and unravel the genomic distribution of mutations, reflecting the diverse
mechanisms that shape plant evolution. This article explores the intricacies of this phenomenon,
shedding light on functional analyses, mutation biases, clustering patterns, and the overlap with
natural genetic variations, ultimately revealing the profound evolutionary implications of mutation
rate variability (see Fig. 1) [3, 4, 5].
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Figure 1. Representation of some of the most relevant factors affecting plant virus evolution.

2. Mutation Accumulation Experiments

Mutation accumulation (MA) experiments are a powerful approach to quantitatively estimate the
rates of spontaneous mutations in organisms. These experiments involve maintaining isolated and
inbred lines (MA lines) where the effects of natural selection are minimized, allowing mutations to
accumulate over generations. In the study under consideration, MA experiments were conducted
on the model plant Arabidopsis thaliana, an annual, self-fertilizing species [6, 7].

• A total of 1,000 inbred lines were allowed to accumulate spontaneousmutations for 10 generations.
• Additionally, long-term MA experiments spanning 10-22 generations were conducted on Ara-
bidopsis plants grown under three temperature conditions: Control (23°C/18°C), Heat (32°C/27°C),
and Warming (28°C/23°C).

Mutation rates can be estimated indirectly through phenotypic assays measuring changes in traits
across generations, or directly through whole-genome sequencing. The study employed both ap-
proaches [8]:

1. Anthocyanin pigmentation was used as a visible marker to detect mutations in the M1 generation
of gamma-irradiated Arabidopsis plants.

2. Whole-genome sequencing was performed to identify single nucleotide mutations (SNMs) and
insertions/deletions (indels) in the MA lines.

The identified mutations were compared with natural genetic variations observed in the 1001 Geno-
mes population dataset:

• 23% of the unique SNMs and 17% of the changes identified in the MA lines coincided with biallelic
SNPs from the 1001 Genomes population.

• 29% of the unique indels overlapped with indels from the 1001 Genomes dataset, with 5% being
identical [9].

2.1 Whole-Genome Sequencing and Mutation Detection

Whole-genome sequencing (WGS) has emerged as a powerful tool for identifying mutations on a
global scale, enabling the use of classical genetic screens in model organisms. While most mapping
methods formutation identification byWGS are directed towardmonogenic and recessive alleles, the
study under consideration also explored strategies for characterizing more challenging mutations,
such as dominant, semidominant, and multigenic traits (see Fig. 2) [10, 11, 12].

For dominant and semidominant alleles, two approaches were evaluated:

1. Reversemapping usingwild-type F2 progeny: Thismethod involves sequencingwild-type F2
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Figure 2. Global chickpea genetic variations.

progeny from a cross between a mutant strain and a polymorphic mapping strain. The causative
mutation is identified by its absence in the wild-type progeny.

2. F3 progeny screening: In this approach, F2 progeny are self-fertilized, and the resulting F3
families are screened for homozygousmutants, which are then sequenced to identify the causative
mutation.

For two-gene synthetic interactions, the authors demonstrated that WGS and polymorphism map-
ping could be used to map the two loci simultaneously. The study also addressed challenges asso-
ciated with small sample sizes from sterile or terminally arrested strains. In such cases, low-input
library preparation was shown to provide sufficient coverage for accurate mutation identification
[13, 14, 15, 16].

Furthermore, for mutations linked to visible markers, the authors described a "marked mutant map-
ping" approach. This involves a single backcross to define the mapping interval, followed by WGS
of the backcrossed progeny to identify the causative mutation. It reflects the diverse applications
of WGS in mutation detection, from identifying monogenic and recessive alleles to more complex
scenarios involving dominant, semidominant, and multigenic traits. The study highlights the ver-
satility of this technique in unraveling the[’image’, ’reflect’, ’polarization’] of mutational landscapes
across various organisms, including plants [17, 18, 19, 20].

3. Mutation Rates and Spectra

Mutation rates exhibit substantial variability across different scales, encompassing diverse factors
such as mutation types, genomic regions, environmental conditions, species, and genotypes within
a species. This variability reflects the intricate interplay between genetic integrity and evolutionary
dynamics in plant genomes [21].

1. Tissue-Specific Mutation Rates: Studies have revealed that mutation rates can vary signifi-
cantly between different plant tissues. For instance, in perennial plant species, the mutation rate
was found to be higher in roots compared to shoots, while this root-shoot difference was not ob-
served in annual species. Additionally, longer-lived tissues like leaves exhibited lower mutation
rates compared to more ephemeral tissues like petals.

2. Environmental Influences on Mutation Rates:
• Elevated temperatures, such as heat and warming conditions, have been shown to significantly
increase mutation rates for single-nucleotide variants (SNVs) and small insertions/deletions
(indels) in plants like Arabidopsis thaliana.

• Under these elevated temperature conditions, the mutation spectra also differed, with increased
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frequencies of transitions, transversions, and mutations occurring more frequently in inter-
genic regions, coding regions, and transposable elements.

• Mutations were enriched in genes associated with defense responses, DNA repair, and signaling
pathways, suggesting potential adaptive mechanisms in response to environmental stress.

• Methylation was observed more frequently at mutation sites under elevated temperatures, in-
dicating its contribution to the mutation process.

3. Genomic Context and Mutation Rates:
• Mutation rates are significantly higher in transposable elements (TEs) and centromeric regions
compared to chromosome arms.

• Methylated cytosines, especially in TEs and pericentromeric/centromeric regions, exhibit the
highest mutation rates.

• The ratio of transitions to transversions is significantly higher in mutation accumulation (MA)
lines compared to natural populations.

• Mutation rates are systematically lower in genic (transcribed) regions compared to non-genic
regions , potentially reflecting the action of purifying selection.

• Mutation rates correlate with epigenomic features like DNA methylation and histone modifi-
cations.

The observed variability in mutation rates and spectra across different scales highlights the com-
plex interplay between genetic integrity, environmental factors, and evolutionary processes shap-
ing plant genomes. Understanding these intricate patterns is crucial for unraveling the mechanisms
driving genetic diversity and adaptation in the plant kingdom [22, 23, 24, 25].

3.1 Genomic Distribution of Mutations
The genomic distribution of mutations in plant genomes exhibits distinct patterns and biases, re-
flecting the intricate interplay between genetic integrity, environmental factors, and evolutionary
processes. Several key observations have emerged from recent studies (see Fig. 3):

Figure 3. MHaploid natural isolates exhibit a 10-fold range of mutation rate variation.

1. Regional Biases: Mutations occurred more frequently in intergenic regions, coding regions,
and transposable elements under elevated temperatures. This bias suggests that certain genomic
regions may be more susceptible to mutagenic effects, potentially due to differences in chromatin
structure, transcriptional activity, or DNA repair mechanisms [26].

2. Sequence Context Biases:
• Mutations were biased toward low gene density regions, specific trinucleotide contexts, tandem
repeats, and adjacent simple repeats under elevated temperatures.
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• Epigenomic and physical features, such as GC content, cytosine methylation, histone modifica-
tions, and chromatin accessibility, explain over 90% of the variance in the genome-wide pattern
of mutation bias surrounding genes.

3. Functional Constraints:
• Mutations occur less often in functionally constrained regions of the genome, such as gene
bodies and essential genes.

• Mutation frequency is reduced by half inside gene bodies and by two-thirds in essential genes ,
suggesting the action of purifying selection tomaintain the integrity of critical genomic regions.

4. Overlap with Natural Variations:
• Many of the de novo mutations identified overlapped with natural genetic variations reported
in the 1001 Genomes dataset for Arabidopsis.

• This overlap suggests a non-uniform distribution of mutations through the genome, potentially
influenced by factors such as DNA repair mechanisms, chromatin structure, and evolutionary
constraints.

The observed biases and patterns in the genomic distribution of mutations highlight the complex
interplay between mutagenic processes, genomic features, and evolutionary forces shaping the mu-
tational landscape in plant genomes. Understanding these intricate dynamics is crucial for unravel-
ing the mechanisms driving genetic diversity, adaptation, and speciation in the plant kingdom [27,
28, 29, 30, 31].

4. Functional Analysis of Mutated Genes

The enrichment of mutations in specific functional gene categories under elevated temperatures
suggests potential adaptive mechanisms in response to environmental stress. Specifically, mutations
were more prevalent in genes associated with (see Fig. 4) [32]:

Figure 4. Candidate de novo mutations (DNMs) from the Mutationathon.

1. Defense Responses: Plants encounter various biotic and abiotic stresses, and mutations in
defense-related genes could confer enhanced resistance or tolerance to these stresses. For ex-
ample, mutations in disease resistance genes or genes involved in the production of secondary
metabolites might provide protection against pathogens or herbivores.
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2. DNA Repair: Elevated temperatures can increase the rate of DNA damage, and mutations in
DNA repair pathways could modulate the efficiency of repair mechanisms. This could lead to
either increased or decreasedmutation rates, depending on the specificmutations and their effects
on repair processes.

3. Signaling Pathways: Environmental stresses often trigger signaling cascades that regulate var-
ious cellular processes, including stress responses. Mutations in signaling pathways could alter
the sensitivity or specificity of these responses, potentially conferring adaptive advantages under
stress conditions [33].

The observed enrichment of mutations in these functional categories suggests that the mutational
landscape under elevated temperatures may be shaped by selective pressures favoring variants that
enhance stress tolerance or adaptation. However, it is important to note that not all mutations
in these categories will necessarily be beneficial; some may be neutral or even deleterious. Further
functional analyses, such as gene expression studies, phenotypic characterization, and fitness assays,
would be necessary to elucidate the specific roles and adaptive significance of these mutations [34,
35, 36].

4.1 Mutation Bias and Clustering

Mutations in plant genomes do not occur randomly across the genome. Instead, their distribution
exhibits distinct patterns and biases, reflecting the intricate interplay between genetic integrity, en-
vironmental factors, and evolutionary processes. Epigenomic features, such as DNA methylation,
histone modifications, and chromatin accessibility, explain over 90% of the variance in the genome-
wide pattern of mutation bias surrounding genes (see Fig. 5) [37].

Figure 5. Patterns of variation in the wheat genome.

• Mutation rates are significantly lower within gene bodies compared to nearby intergenic regions.
This mutation bias explains the reduced genetic diversity observed in gene bodies in natural Ara-
bidopsis populations.
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• Genes with essential functions and higher levels of conserved epigenomic features like H3K4me1
have 37% lower mutation rates compared to non-essential genes, suggesting an adaptive reduction
in deleterious mutations in functionally constrained regions.

• Untranslated regions (UTRs) and introns are associated with lower mutation rates in adjacent
coding regions, indicating an emergent effect of gene structure on mutation bias.

The observed mutation biases are consistent with population genetic theory, which predicts that
selection can favor mechanisms that reduce mutation rates in large genomic regions enriched for
constrained sites. This mutation bias acts as an adaptive mechanism, reducing the levels of delete-
rious variation in Arabidopsis. Consequently, genes subject to stronger purifying selection exhibit
lower mutation rates, and the observed mutation frequencies around genes accurately predict pat-
terns of genetic polymorphisms in natural Arabidopsis accessions [38].

Mutation clustering, wheremultiplemutations occur in a small genomic region, has been observed in
various biological systems. Key factors contributing to clustered mutagenesis include the formation
of long-lived single-stranded DNA (ssDNA) intermediates and access of ssDNA-specific mutagens
like APOBEC enzymes. In human cancers, mutation clusters often show a signature of APOBEC cy-
tidine deaminase activity and frequently co-localize with chromosomal rearrangement breakpoints.
Methylation was also observed more frequently at mutation sites under elevated temperatures, in-
dicating its contribution to the mutation process [39, 40].

5. Overlap with Natural Genetic Variations

The overlap between de novo mutations identified in the mutation accumulation (MA) experiments
and natural genetic variations reported in the 1001 Genomes dataset for Arabidopsis thaliana sug-
gests a non-uniform distribution of mutations across the genome. This observation highlights the
influence of various factors, such as DNA repair mechanisms, chromatin structure, and evolutionary
constraints, on the mutational landscape [41, 42].

• Approximately 23% of the unique single nucleotide mutations (SNMs) and 17% of the insertions
or deletions (indels) identified in the MA lines coincided with biallelic single nucleotide polymor-
phisms (SNPs) from the 1001 Genomes population.

• Furthermore, 29% of the unique indels overlapped with indels reported in the 1001 Genomes
dataset, with 5% being identical.

This overlap suggests that certain genomic regions may be more prone to mutations, potentially due
to [43]:

1. DNA Repair Efficiency: Regions with less efficient DNA repair mechanisms may accumulate
more mutations over time, leading to a higher overlap with natural variations.

2. Chromatin Structure: The accessibility of DNA to repair machinery and mutagenic agents can
be influenced by chromatin structure, resulting in regional biases in mutation rates.

3. Evolutionary Constraints: Genomic regions under stronger purifying selection may exhibit
lower mutation rates, leading to a reduced overlap with natural variations in those regions.

The observed non-uniform distribution of mutations and their overlap with natural genetic varia-
tions highlight the complex interplay between mutagenic processes, genomic features, and evolu-
tionary forces shaping the mutational landscape in plant genomes. Understanding these intricate
dynamics is crucial for unraveling the mechanisms driving genetic diversity, adaptation, and speci-
ation in the plant kingdom [44, 45, 46].
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5.1 Evolutionary Implications

The observed variability in mutation rates and spectra across different scales in plant genomes has
profound evolutionary implications. It reflects the intricate interplay between genetic integrity, en-
vironmental factors, and evolutionary processes that shape the genetic diversity and adaptability of
plant species (see Fig. 6) [47].

Figure 6. Evolutionary Implications.

• Factors contributing to this variability include:
– Different types and sources of DNA damage
– Differential activity and distribution of DNA repair mechanisms across the genome
– Epigenomic features like DNA methylation and histone modifications

• This variability suggests the potential for adaptive benefits of targeted DNA repair mechanisms
that can shape genome evolution. For instance, the observed lower mutation rates in tissues where
mutations are more likely to be transmitted to the next generation align with an adaptive model
that minimizes the propagation of deleterious mutations.

• Conversely, the high mutation rate in callus tissue may reflect a role for mutational "fragility" in
response to local environmental conditions, potentially facilitating adaptation to changing envi-
ronments.

• Reflects the dynamic interplay between genetic integrity and evolutionary dynamics. Mutation
accumulation (MA) experiments provide crucial insights into the rates and properties of sponta-
neous mutations , which are fundamental for understanding adaptation and evolution.

• The observed differences in mutation distribution between MA populations and MA lines suggest
stronger selection effects in populations, highlighting the influence of evolutionary forces on the
mutational landscape.

• Epigenetic mechanisms like methylation, which were observed more frequently at mutation sites
under elevated temperatures , contribute to the mutation process and potentially shape the evo-
lutionary trajectories of plant genomes.

• The characteristics of rejoined sites, such as microhomology sequences and insertions, differed
between large deletions, structural variations, medium deletions, and small deletions. These pat-
terns[’image’, ’reflect’, ’polarization’] the diversemechanisms underlying genomic rearrangements
and their potential evolutionary consequences [48].

The observed variability in mutation rates and spectra, coupled with the intricate interplay between
mutagenic processes, genomic features, and evolutionary forces, underscores the dynamic nature
of plant genome evolution. Understanding these complex dynamics is crucial for unraveling the
mechanisms driving genetic diversity, adaptation, and speciation in the plant kingdom.
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6. Conclusion

The study of mutation rate variability in plant genomes unveils the intricate interplay between ge-
netic integrity, environmental factors, and evolutionary processes. It highlights the dynamic nature
of plant genome evolution, shaped by the intertwining of mutagenic processes, genomic features,
and selective pressures. The observed variability inmutation rates and spectra across different scales,
from tissue-specific differences to environmental influences and genomic contexts, underscores the
complexity of the evolutionary landscape. This phenomenon has profound implications for under-
standing genetic diversity, adaptation, and speciation in the plant kingdom. The overlap between
de novo mutations and natural variations, coupled with the observed biases and clustering patterns,
reflects the influence of DNA repair mechanisms, chromatin structure, and evolutionary constraints
on the mutational landscape. Ultimately, unraveling these intricate dynamics is crucial for deci-
phering the mechanisms that drive the remarkable diversity and resilience of plants in the face of
ever-changing environments.
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