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Abstract: This study investigates the impact of DNA methylation on phenotypic diversity in
chickpeas (Cicer arietinum). By analyzing DNA methylation landscapes across various chickpea
cultivars, we aim to decipher the evolutionary processes underlying phenotypic variation. Using
bisulfite sequencing and advanced genomic techniques, we identified significant methylation
patterns associated with key adaptive traits. Our findings provide novel insights into the role of
epigenetic modifications in plant evolution and offer potential applications in crop improvement.
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Introduction

Phenotypic diversity within plant species is a cornerstone of evolutionary biology and
agricultural science, crucial for the survival of plants and significantly impacting crop productivity
and food security (Bradshaw, 1965; Hancock, 2012). The ability of plants to adapt to varying
environmental conditions underpins this diversity, which is particularly evident in crops like
chickpeas (Cicer arietinum), a major legume known for its substantial phenotypic variation (Rubio et
al., 2013; Varshney et al., 2013). This variation includes traits such as drought tolerance, disease
resistance, seed size, and flowering time (Kumar et al, 2018). Understanding the genetic and
epigenetic mechanisms underlying this diversity is essential for breeding programs aimed at
improving crop resilience and yield (Jiang et al., 2016; Springer, 2013).

DNA methylation, an epigenetic modification involving the addition of methyl groups to
cytosine residues in DNA, plays a critical role in regulating gene expression and genome stability
without altering the underlying DNA sequence (Law and Jacobsen, 2010; Zhang et al., 2018). This
modification can have lasting effects on an organism’s phenotype and is heritable across generations,
making it a key factor in evolution and adaptation (Finnegan et al., 1996; Kumar et al., 2017). In plants,
DNA methylation is implicated in various biological processes, including development, stress
responses, and transposable element silencing (Zhang et al., 2018; Law and Jacobsen, 2010). Recent
advances in genomic technologies have enabled detailed mapping of DNA methylation patterns at
the genome-wide level, providing new insights into the epigenetic regulation of phenotypic traits
(Schmitz et al., 2013; Zhang et al., 2013). Whole-genome bisulfite sequencing (WGBS) is one such
technique that allows for high-resolution analysis of methylation landscapes. Studies using WGBS
have revealed that differentially methylated regions (DMRs) are often associated with key regulatory
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elements and can influence gene expression in response to environmental stimuli (Li et al., 2014;
Schmitz et al., 2013).

In the context of chickpeas, previous research has primarily focused on genetic variations and
their impact on phenotypic traits (Varshney et al., 2013; Gupta et al., 2012). However, the contribution
of epigenetic modifications, particularly DNA methylation, to phenotypic diversity and adaptation
remains underexplored (Eichten et al., 2016; Zhang et al., 2013). Given the growing evidence of the
importance of DNA methylation in plant adaptation (Eichten et al., 2016; Zhang et al., 2013), there is
a need to investigate its role in chickpeas.

This study aims to fill this gap by analyzing the DNA methylation landscapes of diverse
chickpea cultivars to understand how epigenetic modifications contribute to phenotypic diversity
and evolutionary adaptation. By integrating methylation data with phenotypic observations, we seek
to identify specific methylation patterns associated with adaptive traits. This research not only
enhances our understanding of the epigenetic basis of phenotypic variation in chickpeas but also
provides valuable information for developing epigenetic-based strategies for crop improvement
(Kumar et al., 2017; Zhang et al., 2018).

Methods

Plant Material and DNA Extraction

A diverse set of chickpea (Cicer arietinum) cultivars, encompassing various phenotypic traits
such as drought tolerance, seed size, and flowering time, were selected for this study (Varshney et
al,, 2013; Upadhyaya et al., 2011). Young leaf tissues were harvested from each cultivar for genomic
DNA extraction. The CTAB method, known for its effectiveness in isolating high-quality DNA from
plant tissues, was employed (Doyle & Doyle, 1987; Murray & Thompson, 1980). Approximately 1 g
of leaf tissue was ground in liquid nitrogen, and the powdered tissue was mixed with 10 ml of pre-
warmed (65°C) CTAB extraction buffer (Saghai-Maroof et al., 1984). After incubation at 65°C for 30
minutes, an equal volume of chloroform:isoamyl alcohol (24:1) was added, followed by
centrifugation at 10,000 g for 15 minutes (Clarke, 2009). The aqueous phase was transferred to a new
tube, and DNA was precipitated with isopropanol, washed with 70% ethanol, and resuspended in
TE buffer (Porebski et al., 1997; Zhang & Stewart, 2000). A diverse set of 100 chickpea (Cicer arietinum)
cultivars, including wild relatives and landraces from various geographic regions, were selected for
this study. This diversity encompasses a wide range of phenotypic traits and environmental
adaptations. Young leaf tissues were harvested from each cultivar for genomic DNA extraction using
the CTAB method, which is known for its effectiveness in isolating high-quality DNA from plant
tissues (Doyle & Doyle, 1987). Additionally, total RNA was extracted from these samples using the
TRIzol reagent (Invitrogen) for RNA sequencing analysis.

Bisulfite Sequencing

Whole-genome bisulfite sequencing (WGBS) was utilized to assess DNA methylation patterns.
This technique involves the treatment of genomic DNA with sodium bisulfite, which converts
unmethylated cytosines to uracils while leaving methylated cytosines unchanged (Clark et al., 1994;
Frommer et al., 1992). Library preparation for WGBS was performed using the Illumina TruSeq DNA
Methylation Kit, following the manufacturer’s protocol (Rakyan et al., 2004). Approximately 500 ng
of genomic DNA from each sample was fragmented to an average size of 200-300 bp using a Covaris
52 sonicator (Gomez-Diaz et al., 2012; Molaro et al., 2011). Fragmented DNA was then end-repaired,
A-tailed, and ligated with methylated adapters (Laird, 2010).

Following adapter ligation, the DNA was treated with sodium bisulfite using the EZ DNA
Methylation-Gold Kit (Zymo Research) to convert unmethylated cytosines (Meyer & Kircher, 2010).
The converted DNA was then amplified by PCR using KAPA HiFi Uracil+ DNA Polymerase (KAPA
Biosystems) (Booth et al., 2012). Libraries were quantified using a Qubit fluorometer and assessed for
quality and size distribution using an Agilent 2100 Bioanalyzer (Krueger et al., 2012). Paired-end
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sequencing (150 bp) was performed on an Illumina NovaSeq 6000 platform, generating
approximately 30x coverage per sample (Cokus et al., 2008; Lister et al., 2008).

Histone Modification and Non-Coding RNA Analysis

In addition to DNA methylation, we analyzed histone modifications and non-coding RNAs to
provide a comprehensive view of the epigenetic regulation of phenotypic traits. Chromatin
immunoprecipitation followed by sequencing (ChIP-seq) was performed to identify histone
modification patterns. Specific antibodies targeting histone H3 lysine 4 trimethylation (H3K4me3)
and histone H3 lysine 27 trimethylation (H3K27me3) were used for ChIP. For non-coding RNA
analysis, RNA sequencing (RNA-seq) was conducted to identify and quantify non-coding RNAs.
Data from ChIP-seq and RNA-seq were integrated with DNA methylation data to understand the
combined epigenetic regulation of phenotypic traits.

Functional Validation of Differentially Methylated Regions (DMRs)

To validate the functional impact of identified DMRs, we employed CRISPR/Cas9-based
epigenome editing. Specific guide RNAs were designed to target the DMRs associated with key
adaptive traits. Cas9-DNMT3A fusion protein was used to increase methylation at these sites, and
Cas9-TET1 fusion protein was used to decrease methylation. Transgenic chickpea plants were
generated, and phenotypic changes were monitored under controlled environmental conditions.
Gene expression levels were measured using qRT-PCR to confirm the effects of methylation changes
on gene activity.

Expanded Analysis of Environmental Stress Response

The impact of various environmental stress conditions on DNA methylation and gene
expression was analyzed. In addition to high salinity and low temperature, plants were subjected to
drought stress, high temperature, and nutrient deficiency. Leaf samples were collected before and
after exposure to these conditions, and DNA methylation levels were assessed using WGBS. RNA-
seq was performed to measure changes in gene expression. Interaction effects between different stress
conditions were analyzed to understand how combined stresses influence methylation patterns and
phenotypic traits.

Data Analysis

Sequencing reads were quality-checked using FastQC and trimmed for adapter sequences and
low-quality bases using Trim Galore. The cleaned reads were then aligned to the chickpea reference
genome (Varshney et al., 2013) using Bismark, a specialized aligner for bisulfite-treated sequences
(Krueger and Andrews, 2011). The alignment parameters included a maximum mismatch rate of 0.1
and a minimum mapping quality score of 20. Methylation calls were extracted using Bismark
methylation extractor, and methylation levels were calculated as the ratio of methylated cytosines to
total cytosines at each CpG site.

Differential Methylation Analysis

Differentially methylated regions (DMRs) were identified using the DSS (Dispersion Shrinkage
for Sequencing data) package in R, which applies a Bayesian hierarchical model to estimate
methylation levels and test for significant differences (Feng et al.,, 2014). Regions with a false
discovery rate (FDR) < 0.05 and an absolute methylation difference > 0.2 were considered significant.
Principal component analysis (PCA) and hierarchical clustering were performed using the prcomp
and hclust functions in R, respectively, to visualize methylation patterns and their association with
phenotypic traits.
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Results

As shown in Table 1 and Figure 1, the extent of DNA methylation changes associated with
various phenotypic traits is significant. For drought tolerance, there are 150 DMRs with an average
methylation difference of 20%, suggesting strong epigenetic regulation (p < 0.01). Disease resistance
has 120 DMRs with a 15% methylation difference, indicating a notable epigenetic influence. Seed size
is associated with 100 DMRs, having the highest average methylation difference of 25%, highlighting
significant epigenetic control. Flowering time has 80 DMRs with a 30% methylation difference,
indicating that flowering time is highly regulated by methylation.

Table 1. Summary of Differentially Methylated Regions (DMRs) Associated with Key Phenotypic

Traits.
Trait Number of DMRs Average Methylation Difference Significance (p-value)
Drought Tolerance 150 20% <0.01
Disease Resistance 120 15% <0.01
Seed Size 100 25% <0.01
Flowering Time 80 30% <0.01
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Figure 1. DMRs and Methylation Differences by Trait.

As shown in Table 2 and Figure 2, methylation changes correlate with gene expression and
phenotypic effects. For flowering time control, a strong negative correlation (r = -0.75) indicates that
hypermethylation leads to a 40% decrease in gene expression, resulting in delayed flowering. Seed
growth regulation exhibits an even stronger negative correlation (r = -0.80), where hypermethylation
reduces gene expression by 35%, leading to smaller seed size. In contrast, stress response shows a
positive correlation (r = 0.65), with hypomethylation increasing gene expression by 50%, thereby
enhancing resilience to stress.
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Table 2. Correlation between Methylation and Gene Expression for Selected Traits.
Gene Function Correlation Methylation Impact Expression Change (%)  Phenotypic Effect
Coefficient (r) y P P geth yP
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Seed Growth
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Figure 2. Correlation Coefficients and Expression Changes by Gene Function.

As shown in Table 3 and Figure 3, the variation in methylation patterns is explained using PCA.
PC1, which accounts for 50% of the variance, is strongly correlated with drought tolerance and seed
size, indicating these traits share significant methylation patterns. PC2, explaining 30% of the
variance, is correlated with disease resistance and flowering time, suggesting these traits are linked
in their methylation profiles. PC3, accounting for 20% of the variance, is associated with stress
response, elucidating how methylation patterns relate to this trait.

Table 3. Principal Component Analysis (PCA) of Methylation Patterns Across Cultivars.

Principal Component Variance Explained Traits Strongly Correlated
PC1 50% Drought tolerance, Seed size
pPC2 30% Disease resistance, Flowering time

PC3 20% Stress response
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Figure 3. Variance Explained by Principal Components and Strongly Correlated Traits.

As shown in Table 4 and Figure 4, changes in methylation levels for drought tolerance genes
before and after treatment are evident. In Cultivar 1, Gene A1234’s methylation increases from 12%
to 18% (+50%), and Gene B2345’s methylation rises from 15% to 20% (+33%), indicating an adaptive
epigenetic response. In Cultivar 2, Gene A1234 shows no change (9% to 9%), while Gene B2345’s
methylation increases from 16% to 25% (+56%), highlighting cultivar-specific responses.

Table 4. Methylation Levels in Genes Associated with Drought Tolerance.

Methylation Level Methylation Level (Post- Methylation

ID 1ti
Gene Cultivar (Pre-Treatment) Treatment) Change (%)
Gene A1234 Cultivarl 12% 18% +50%
Gene A1234 Cultivar2 9% 9% 0%
Gene B2345 Cultivarl 15% 20% +33%
Gene B2345 Cultivar2 16% 25% +56%
Methylation Levels Pre and Post Treatment
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Figure 4. Methylation Levels and Pre and Post Treatment.
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As shown in Table 5 and Figure 5, DMR distribution across chromosomes is detailed.
Chromosome 1 contains the most DMRs (50), with 20 linked to drought tolerance and 10 to seed size.
Chromosome 2 has 40 DMRs, with 15 related to drought tolerance and 5 to seed size. Chromosome 3
contains 30 DMRs, with a unique pattern of 5 linked to drought tolerance and 15 to seed size.
Chromosome 4 has 25 DMRs, with 10 linked to drought tolerance, indicating significant regions of
epigenetic regulation.

Table 5. Distribution of Differentially Methylated Regions (DMRs) Across Chromosomes.

DMRs Linked to Drought DMRs Linked to Significance (p-

Chromosome Total DMRs Tolerance Seed Size value)
Chromosome 1 50 20 10 <0.05
Chromosome 2 40 15 5 <0.05
Chromosome 3 30 5 15 <0.05
Chromosome 4 25 10 5 <0.01

DMRs Linked to Drought Tolerance and Seed Size

50+ Total DMRs
BN DMRs Linked to Drought Tolerance
EEE DMRs Linked to Seed Size

401

30F

Number of DMRs

Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4
Chromosome

Figure 5. DMSs Linked to Drought Tolerance and Seed Size.

As shown in Table 6 and Figure 6, methylation levels are linked with phenotypic traits. For
Cultivar 1 (drought tolerance), 20% methylation correlates with high drought resilience. For Cultivar
2 (drought tolerance), 10% methylation indicates moderate drought resilience. For Cultivar 3 (seed
size), 18% methylation is associated with larger seeds. For Cultivar 4 (seed size), 8% methylation
correlates with smaller seeds.

Table 6. Impact of Methylation on Phenotypic Traits Across Different Cultivars.

Cultivar Trait Avg. Methylation Level (%) Corresponding Phenotypic Change
Cultivarl Drought Tolerance 20% High resilience to drought
Cultivar2 Drought Tolerance 10% Moderate resilience to drought
Cultivar3 Seed Size 18% Larger seeds

Cultivar4 Seed Size 8% Smaller seeds
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. Avg. Methylation Levels and Corresponding Phenotypic Changes
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Figure 6. Averages of Methylation Levels and Corresponding Phenotype Changes.

Environmental Stress Response:

The expanded analysis revealed distinct effects of various environmental stress conditions on
DNA methylation and gene expression. For example, drought stress increased methylation levels in
stress-responsive genes, while high temperature had a more pronounced effect on histone
modifications. Combined stress conditions showed synergistic effects on epigenetic regulation,
highlighting the complexity of plant responses to environmental challenges.

As the Table 7 and Figure 7 illustrate, the impact of various environmental stresses on gene
methylation and expression. High salinity, low temperature, drought, high temperature, and nutrient
deficiency all lead to increased gene methylation. Specifically, genes C6789, D8901, E2345, F3456, and
G4567 experienced rises in methylation levels, which corresponded with significant increases in gene
expression. For example, Gene D8901 exhibited a substantial increase in methylation from 3% to 12%
under low temperature, resulting in a 200% increase in expression. Similarly, Gene G4567’s
methylation rose from 7% to 14% under nutrient deficiency, correlating with a 100% increase in
expression. These patterns indicate that environmental stresses generally enhance gene methylation,
which is associated with higher gene expression. This suggests that methylation changes may serve
as a regulatory mechanism, enabling plants to adapt by boosting the expression of stress-responsive
genes. The degree of expression change varies with different stresses, implying that specific
environmental factors might activate distinct regulatory pathways. Overall, the data highlight the
critical role of methylation in the plant stress response, facilitating adaptive changes in gene
expression.

Table 7. Impact of Multiple Environmental Stresses on Gene Methylation and Expression.

Methylation Methylation

Environmental Condition Gene ID Before After Change in Expression (%)
High Salinity Gene C6789 5 15 100
Low Temperature Gene D8901 3 12 200
Drought Gene E2345 10 20 50
High Temperature Gene F3456 8 18 80

Nutrient Deficiency Gene G4567 7 14 100
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Changes in Gene Methylation and Expressmn under Multiple Environmental Stresses
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Figure 7. Changes in Gene Methylation and Expression under Multiple Environmental Stresses.
Discussion

The present study provides substantial evidence that DNA methylation significantly contributes
to phenotypic diversity and evolutionary adaptation in chickpeas (Cicer arietinum). By identifying
differentially methylated regions (DMRs) associated with key phenotypic traits such as drought
tolerance, disease resistance, seed size, and flowering time, we offer new insights into the epigenetic
mechanisms underlying plant adaptation.

One of the most striking findings is the strong association between DNA methylation and
drought tolerance. Cultivars with higher resilience to drought exhibited significantly higher levels of
methylation in specific genes associated with stress response (Table 4). This observation aligns with
previous studies suggesting that epigenetic modifications play a critical role in enabling plants to
cope with environmental stresses (Kumar et al., 2017); (Zhang et al., 2018). The increase in
methylation levels post-treatment, particularly in genes A1234 and B2345, underscores the adaptive
potential of methylation changes in response to environmental stimuli.

The correlation between methylation and gene expression further elucidates the functional
impact of these epigenetic modifications. For instance, hypermethylation of genes involved in
flowering time and seed growth regulation was associated with a substantial decrease in gene
expression, leading to delayed flowering and smaller seed size, respectively (Table 2). These findings
highlight the role of DNA methylation as a regulator of gene activity, which can have profound
effects on plant development and adaptation (Li et al., 2014); (Law & Jacobsen, 2010).

Principal component analysis (PCA) revealed that the majority of phenotypic variation could be
explained by specific methylation patterns (Table 3). The strong correlation between PC1 and traits
such as drought tolerance and seed size suggests that these traits are co-regulated by shared
epigenetic mechanisms. This co-regulation points to the possibility of a coordinated epigenetic
response to environmental pressures, enhancing the plant’s overall adaptability (Schmitz et al., 2013).

The distribution of DMRs across chromosomes provides valuable insights into the genomic
architecture of methylation changes (Table 5). The clustering of DMRs on certain chromosomes,
particularly those linked to drought tolerance and seed size, indicates that specific genomic regions
may be hotspots for epigenetic regulation. This chromosomal distribution pattern suggests that
selective pressures may shape the methylation landscape, driving the evolution of adaptive traits
(Varshney et al., 2013).
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Our study also demonstrates the dynamic nature of methylation in response to environmental
conditions. The observed changes in methylation levels under stress conditions, such as high salinity
and low temperature, and their corresponding effects on gene expression (Table 7), highlight the
plasticity of the epigenome. This plasticity allows plants to rapidly adjust their gene expression
profiles in response to fluctuating environments, thereby enhancing their survival and reproductive
success (Zhang et al., 2018); (Eichten & Springer, 2016).

Future Directions

Despite the significant findings, there are limitations to this study that warrant further
investigation. The complexity of epigenetic regulation means that DNA methylation is just one of
many factors influencing gene expression and phenotype. Future studies should consider integrating
other epigenetic marks, such as histone modifications and non-coding RNAs, to provide a more
comprehensive understanding of the regulatory networks involved. Additionally, functional
validation of the identified DMRs through genetic and epigenetic manipulation experiments will be
crucial to establish causal relationships between methylation changes and phenotypic outcomes
(Kumar et al., 2017); (Law & Jacobsen, 2010).

Our research underscores the pivotal role of DNA methylation in the evolution and phenotypic
diversification of chickpeas. By mapping the methylation landscapes associated with key adaptive
traits, we have highlighted the potential of epigenetic modifications as targets for crop improvement
strategies. These findings pave the way for the development of epigenetic-based breeding programs
aimed at enhancing crop resilience and productivity in the face of changing environmental conditions
(Zhang et al., 2018).

Despite the significant findings of this study, there are several areas that warrant further
investigation. Future research should focus on integrating additional layers of epigenetic
information, such as histone modifications and chromatin accessibility, to provide a more holistic
view of the regulatory networks governing phenotypic traits. Combining multi-omics approaches,
including transcriptomics, proteomics, and metabolomics, will enhance our understanding of how
epigenetic modifications influence gene expression and metabolic pathways.

Functional validation through genetic and epigenetic manipulation should be expanded to
include a wider range of genes and traits. Such experiments will help establish causal relationships
between specific epigenetic marks and phenotypic outcomes. Longitudinal studies tracking
epigenetic changes over multiple generations and under varying environmental conditions will
provide insights into the stability and heritability of these modifications.

Additionally, exploring the role of environmental factors in shaping the epigenome will be
crucial. Understanding how different stresses interact with the epigenetic landscape can inform
strategies for breeding crops that are not only high-yielding but also resilient to climate change.
Collaboration with breeders and farmers will be essential to translate these scientific findings into
practical applications that benefit agriculture and food security.

Conclusion

This study has significantly advanced our understanding of the role of DNA methylation in
driving phenotypic diversity and evolutionary adaptation in chickpeas (Cicer arietinum). Through
comprehensive analysis of DNA methylation landscapes across diverse chickpea cultivars, we have
identified specific methylation patterns associated with critical adaptive traits such as drought
tolerance, disease resistance, seed size, and flowering time. Our findings demonstrate that DNA
methylation is intricately linked with gene expression changes that underlie phenotypic variations.
The strong correlation between methylation levels and gene expression for traits like flowering time
and seed growth underscores the importance of epigenetic regulation in plant development and
stress response. Moreover, the differential methylation observed in response to environmental
conditions highlights the dynamic nature of the epigenome, enabling plants to adapt swiftly to
changing environments. The principal component analysis and distribution of DMRs across
chromosomes further elucidate the genomic regions where methylation plays a crucial role in
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regulating adaptive traits. These insights not only deepen our understanding of the epigenetic
mechanisms governing plant evolution but also identify potential targets for epigenetic-based crop
improvement strategies.

Despite the advancements, our study acknowledges the complexity of epigenetic regulation and
suggests that future research should integrate additional epigenetic marks and validate the functional
roles of identified DMRs. By doing so, we can build a more comprehensive picture of the regulatory
networks involved and develop robust strategies for enhancing crop resilience and productivity. This
research underscores the critical role of DNA methylation in shaping the phenotypic diversity and
adaptability of chickpeas. The insights gained from this study provide a solid foundation for the
development of innovative breeding programs that leverage epigenetic modifications to improve
crop performance, ensuring food security in the face of global environmental challenges.
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