) Journal of Population Therapeutics
< & Clinical Pharmacology

7

RESEARCH ARTICLE
DOI: 10.53555/kr3ptd51

EXPLORING THE CRITICAL ROLES OF EPIGENETICS IN
CROP ADAPTATION AND RESILIENCE IN STRESS AND
CLIMATE CHANGE

Saba Farooq?!, Farah Naz?*, Samrin Gul3, Abdul Latif Laghari4, Mehar Un Nisa Narejo®,
Khalid Hussain Memon®, Kashif Ali Kabir’, Shahzad Alié, Sheikh Saddam?®, Ghulam Yasin
Sheikh??

!Department of Biology, Allama Igbal Open University, Islamabad, Pakistan
Z*Department of Plant Breeding and Genetics, Lasbela University of Agriculture Water and Marine
Sciences Uthal Balochistan, Pakistan
3Department of Plant Breeding and Genetics, College of Agriculture, Sargodha University, Punjab,
Pakistan
“Agriculture Research Officer, Seed Production and Development Center Sindh Agriculture
University Tandojam, Pakistan
®Department of Crop Physiology, Faculty of Crop Production, Sindh Agriculture University,
Tandojam, Pakistan
®Department of Economics, Lasbela University of Agriculture, Water and Marine Science, Uthal,
Balochistan, Pakistan
"Faculty of Agriculture, Lasbela University of Agriculture, Water and Marine Sciences, Uthal
Balochistan, Pakistan
8Department of Plant Breeding and Genetics, Lasbela University of Agriculture Water and Marine
Sciences Uthal Balochistan, Pakistan
Department of Plant Pathology, Lashela University of Agriculture Water and Marine Sciences
Uthal Balochistan, Pakistan
YNational Pneumological Research Centre, University of Karachi, Pakistan

*Corresponding Author: Farah Naz
*Email: dr.farahnaz@Iluawms.edu.pk

Abstract:

Food security has emerged as significant threats to humanity that need to be addressed and demand
for new approaches for crop improvement, adaptation, and resilience such as epigenetic regulation.
Plants are able to adjust to altering environmental situations because epigenetic processes, including
DNA methylation, histone modifications, and non-coding RNA control, can affect and modulate
gene expression by responding to environmental stimuli. Plants use epigenetic control as a critical
mechanism for stress response and adaptation to climate change. This review paper has investigated
the recent advancement and association between epigenetics and crop resilience, exploring the
critical role of epigenetic modifications in stress adaptation, tolerance, and phenotypic plasticity. By
understanding the role of epigenetics on crop adaptation and resilience, more sustainable and
productive agricultural systems can be created to overcome worldwide food security. Future
research in this field will continue to reveal the insightful and valuable complexities of epigenetic
regulation and its potential applications in crop improvement and resilience and this will pave the
way for the exploitation of epigenetic variation in crop productivity and breeding.
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Introduction

The world is compelled to boost agricultural productivity and efficiency in a responsible way due to
the world's population growing at an alarming rate and the challenges that climate change poses to
crop development. Through the integration of several disciplines, including genetics, plant
physiology, and biotechnology, genetic enhancement of crops can accomplish this goal. One of the
most crucial conditions for a crop of interest is the integration of genetic material. A deeper
understanding of the impact of epigenetic modifications on plant phenotypic, in addition to genetic
variance, has accelerated agricultural growth. Epigenetic material affects the phenotypic diversity
and reproductive activities of plants, especially the adaptive reactions to environmental stresses.
This has made researchers reevaluate how genes and phenotypes are related[1]. Plant maturation
mechanisms and reactions to environmental restrictions have been evaluated and characterized in
relation to epigenetic modifications, as well as key agronomical variables as respiration, energy-use
efficiency, production elements, and seed quality. A gene's transcription is impacted by its DNA
sequence and the complex arrangement of genes inside chromosomes at the molecular scale[2]. In
eukaryotes, the DNA is highly compacted and tightly bound to proteins known as histones; this
arrangement is known as chromatin. The chromatin at a specific gene must be accessible for the
binding of transcription factors (TF) and RNA polymerase in order for transcription to begin at that
gene. Therefore, the chromatin structure at a particular gene determines whether the gene is "on" or
"off". Epigenetic knowledge affects plant growth procedures and phenotypic plasticity, especially
adaptive reactions to external stressors. This has made experts reevaluate how genes and
phenotypes are related. Plant growth procedures and reactions to outside restrictions have been
evaluated and evaluated in relation to epigenetic changes, as well as crucial agronomical variables
as respiration, energy-use efficiency, yield components, and seed quality. A gene's transcription is
regulated at the molecular level by both its DNA sequence and the complex arrangement of genes
inside chromosomes|[3].

Table 1: Summarizing the types of plant species, epigenetic changes, effects, mechanisms, and

outcomes
Plant Epigenetic Effect Mechanism Outcomes References
Species Change
Arabidopsis DNA Drought Methylation of | Enhanced water
thaliana Methylation tolerance stress- retention, improved
responsive survival under
genes drought
Zea mays | Histone Heat and salt | Acetylation of | Increased expression | [5]
(Maize) Modification stress histones near | of stress response
resistance stress genes genes, better yield
Oryza sativa | Non-coding Cold tolerance | miRNA- Reduced damage from | [6]
(Rice) RNA mediated low temperatures,
Regulation silencing of cold- | enhanced cold
sensitivity genes | resilience
Brassica DNA Disease Methylation  of | Improved immune | [7]
napus Methylation resistance  to | defense genes response, reduced
(Rapeseed) fungal fungal infection rates
pathogens
Solanum Histone Drought and | Histone Reduced water loss, | [8]
lycopersicum Modification salinity deacetylation better growth in saline
(Tomato) tolerance environments
Glycine max | DNA High salinity | Silencing of | Increased tolerance to | [9]
(Soybean) Methylation tolerance salinity salt stress, enhanced
sensitivity genes | plant growth
Triticum Non-coding Enhanced mMiRNA Improved nitrogen | [10]
aestivum RNA nitrogen  use | regulation of | absorption, higher
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(Wheat) Regulation efficiency nitrogen yield in low-nutrient
assimilation soils
genes
Populus Histone Adaptation to | Histone Enhanced growth in | [11]
(Poplar trees) | Modification environmental acetylation in | varying light
changes (light, | photoreceptor conditions,  adaptive
temp) genes plasticity
Capsicum DNA Response  to | Methylation Increased antioxidant | [12]
annuum Methylation oxidative stress | changes in | activity, better
(Chili antioxidant oxidative stress
pepper) enzyme genes management
Cucumis Non-coding Heat stress | Small RNA- | Reduced heat damage, | [13]
sativus RNA tolerance regulated stress | improved heat
(Cucumber) Regulation response genes resilience

1. Epigenetic Control of Plant

The epigenome may now be explored more thoroughly thanks to the effective sequencing of
simulated plants with well-annotated genomes, such as Arabidopsis, rice, and soybean. This
includes single-nucleotide precision whole-genome methylation studies. Scientists now have a
greater awareness and comprehension of the possible tissue-specific epigenetic modifications and
activities in plants because to detailed maps of DNA methylation sequences[14]. In the shoots and
roots of the Arabidopsis accession Columbia-0 (Col-0), scientists measured DNA methylation,
nucleosome ranges, and transcriptional activities. They then connected the identified organ-specific
changes in gene expression to unigque epigenetic patterns. Although global differences in DNA
methylation patterns between the examined tissues do not exist, hypermethylated genomic locations
are more common in shoots than in roots. Similar scientists discovered a family of extensin genes
that activate themselves at least ten times more frequently and had a smaller nucleosome
concentration in roots than in shoots. These observations' ecological relevance is still unclear.
Previous research on the patterns of DNA methylation and demethylation in four rice genotypes
showed that roots' relative DNA hypomethylation ensures increased flexibility and stress
tolerance[15]. The matter is still up for debate, despite the fact that additional research has shown
tissue-specific correlations between different chromatin modulators and gene expression.
Throughout the growth of Arabidopsis, specialized tissues such as the embryo, endosperm, and
pollen have demonstrated extensive alterations in the expression of particular genes and DNA
methylation sequences. Similar processes preserve the methylation in somatic cells and pollen,
although pollen has greater effectiveness of CG methylation repairs, which may play a role in the
inheritance of methylation between generations[16].

Key locations for the epigenetic regulation of embryonic adaptability in annual, biennial, and
perennial plants including Arabidopsis, sugar beet, and poplar are meristems, which are centers for
histogenesis and organogenesis. Meristems have the ability to transfer epigenetic information to
fresh organs, the following generation, or not (as in the case of vernalization) either mitotically or
even meiotically (for shoot apical meristem). According to recent research, redox and hormone
signaling networks work in concert with the epigenetic machinery to regulate meristem plasticity,
enabling the incorporation of the epigenetic component within the context of the metabolic
reaction[17].

In conclusion, the general degree of methylation seems to be rather steady, although it may
fluctuate depending on the various DNA methylation patterns seen in various plant tissues or
settings. It is yet unclear how DMRs affect phenotypic variability and gene regulation, although
they may cause natural variations in key plant features including fruit and flower growth, ripening,
and flavonoid metabolism. Numerous crop varieties develop vegetatively, yielding clonal plants
that, in spite of being clonal, display diversity in their progeny's phenotype[18]. The sexual
offspring of the recreated plants exhibit the original tissue-specific methylation and transcription
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trends, according to the study of regenerant strains from somatic embryos of A. thaliana, induced
from roots or leaves. During meiosis, the epigenetic patterns and the consequent characteristics
associated with the initial tissue integrity are stable and passed down through at least four
generations of self-crossing. Therefore, by altering the distribution of epigenetic tags, the particular
tissue employed as an explant could impact the epi-methylation and gene expression characteristics
of clonal plants, resulting in unexpected phenotypic heterogeneity[19].

2. The role of epigenetics in gene expression under abiotic stress

Environmental stressors that plants face on a regular basis include inadequate water and nutrient
accessibility, fluctuating temperatures, intense light, and salt and heavy metal concentration in the
soil. Plants have evolved genetic and epigenetic defense systems to survive individual or
combination stresses and relationships in response to changing climates and the ensuing rise in
unexpected climatic circumstances[20]. Thus, study of the genomic and regulatory underpinnings of
reactions to environmental alterations is necessary to comprehend this variety in crops. In one such
study, the memory of stressful circumstances in Arabidopsis was examined using priming by heat
stress as a paradigm. The goal was to discover genes that are especially needed for temperature
shock retention but not for the plant's first reactions to heat. The FORGETTER1 (FGT1) gene was
discovered by the researchers, who also discovered that the FGT1 protein immediately attaches to a
particular category of heat-inducible genes and modifies the packaging of the DNA carrying
particular genes to keep them accessible and functional at all times. Their discoveries may result in
novel methods for improving crop resilience to abiotic stress, since understanding the durability and
heredity characteristics of epigenetic markings and the control processes governing them is essential
for breeding purposes[21].

Table 2: Summarizing plant responses to different stressful situations, the type of stress, the
physiological response, the molecular mechanisms involved, and the outcomes:

Stress Type Plant Physiological Molecular Outcomes References
Response Response Mechanism
Drought Stomatal Reduction in | ABA  (Abscisic | Increased  water | [22]
closure water loss acid) signaling retention, survival
in dry conditions
Salinity lon homeostasis | Sequestration of | SOS (Salt Overly | SOS (Salt Overly | [23]
adjustment excess salts in | Sensitive) Sensitive)
vacuoles signaling pathway | signaling pathway
Heat stress Synthesis of | Protein  folding | Upregulation of | Protection of | [24]
heat shock | and stabilization HSP genes cellular  proteins,
proteins (HSPs) heat tolerance
Cold stress Production of | CBF (C-repeat | Maintenance of | [25]
Increased unsaturated fatty | binding factor) | membrane
me_m_brane acids transcription integrity, cold
fluidity factors tolerance
Pathogen Hypersensitive Localized cell | Activation of | Limitation of | [26]
Attack response (HR) death around | defense-related pathogen  spread,
infection site genes (e.g., PR | enhanced
proteins) immunity
Nutrient Root elongation | Increased root-to- | Upregulation  of | Improved nutrient | [27]
Deficiency and nutrient | shoot ratio nutrient uptake, sustained
scavenging transporter genes growth
Oxidative Accumulation Detoxification of | Upregulation of | Reduced cellular | [28]
Stress of antioxidants | reactive oxygen | antioxidant damage, increased
(e.g., ascorbate, | species (ROS) enzyme genes | stress tolerance
glutathione) (e.g., SOD, CAT)

3. Epigenetic Control of Plant Response to Stress

Research has been previously done on the epigenetic processes underlying chromatin mark
reorganization and alterations in plant stress reactions, both biotic and abiotic. For instance, heat-
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shock protein manufacturing in germ cells could be epigenetically modulated, therefore may have
an impact on mature plant development. Pollen's reactions to heat exposure are influenced by
epigenetic mechanisms. The entire genome's DNA methylation and the production of
methyltransferase during specific pollen developmental stages are altered by extreme heat. Heat
exposure can trigger genomic TE silencing using RADM in pollen[29]. Furthermore, heat stress
controls the transcription of many small RNA in pollen and modifies chromatin configuration
through essential chromatin changes. Small RNAs have the ability to rewire the male germline and
suppress TEs, which controls pollen sensitivity to extreme temperatures. When the DDM1 enzyme
is altered, more SiRNAs are produced, which serves to protect the epigenetic data within male
gametes by reducing TE movement. This reactivates some of these TEs. Clarifying the genes that
encode the enzymes responsible for DNA methylation movement, which could impact transposon
suppression, could improve pollen reproductive capacity and production under abiotic stress
scenarios[30].

4. Epigenetics and Plant Stress Responses Strategies

Complicated biological and molecular changes underlie plant stress reactions, which allow plants to
endure and adjust to unfavorable environmental circumstances. Plant stress mechanisms are
significantly influenced by epigenetic control, as evidenced by recent groundbreaking discoveries in
the practice of epigenetics. A portion of the maiPlants' stress-related genes undergo DM sequence
alterations in response to drought strain, which boosts the production of these genes and enhances
their resistance to drought stress. Comparable epigenetic modifications are brought about in stress-
related genes by various forms of stress, including heat stress and pathogen infection. the increased
amounts of DM in the HYCKX 2.1 promoter region under drought stress. Their elevated cytokinin
concentrations caused a rapid initiation of shoots[31]. Furthermore, the change caused by the
drought in rice was genetic, meaning that subsequent generations would continue to have the
modified DM sequence. After exposure to CD, rice genes changed with DM exhibit changed
transcription patterns. These changes are associated with transcriptional variations in stress-
responsive genes related to metal transportation, metabolism, and regulatory. The notion of
"epigenetic memory," which states that plants can store an epigenetic fingerprint of previous stress
events and utilize it to modify their physiological reactions in future instances, is another significant
discovery. In Arabidopsis thaliana, this phenomena has been noticed: even when the stress
eliminates treatment to drought conditions causes long-lasting changes in DM structures at the
increased locations of stress-related genes[32].

Hormones are essential for plants to respond to stress, and new studies have demonstrated that plant
stress adaption involves the epigenetic modification of hormone transmission. Research has
revealed, for instance, that DM and HM control the signaling of abscisic acid (ABA), and that these
epigenetic modifications are essential for ABA-mediated stress reactions. Secondary metabolism
regulated by epigenetic mechanisms: Utilizing secondary metabolites like alkaloids and phenolic
chemicals, plants have evolved a highly advanced defensive strategy to fend off potential dangers
from herbivores and pathogens. According to recent studies, the production of these chemicals is
also significantly influenced by epigenetic control. Particularly, research shows that histone
alterations and DM enhance the gene alteration that yields anthocyanins, an unique kind of phenolic
molecule that protects plants against environmental harm and UV light. Plant germination and the
stress reaction depend on stem cells, and new studies have revealed that stem cell viability involves
epigenetic control. For instance, research has revealed that DM and HM have an impact on the
determinations made about the destiny of stem cells in Arabidopsis thaliana[33].

5. Regulation of Plant Epigenetic and Impacts

The ways in which plants regulate their epigenetic makeup in response to stress have important
ramifications for farming and crop development. Scientists may be able to improve crop stress
tolerance by figuring out the epigenetic regulatory pathways that govern stress reactions. For
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example, crop resilience to disease assaults, salt, and stress could be increased by modifying histone
alterations or DM patterns[34]. Additionally, finding stress-responsive ncRNAs and their targets
may open up new options for breeding and genetic engineering projects that try to increase
agricultural tolerance to stress. Even more accuracy in locus-specific epigenetic breeding technique
Is now achievable because of significant developments in the creation of synthetic DNA-binding
domains. Though the transfer can be volatile in plants, one special benefit of being a plant is that it
does not require germline upkeep, facilitating the flow of epigenetic material during
gametogenesis[35].

6. Future Prospects

Epigenetics presents a promising avenue for enhancing crop resilience. By precisely manipulating
epigenetic modifications and understanding, researcher can develop crops with improved traits such
as stress tolerance, disease resistance, and efficient nutrient utilization. One of the most exciting
applications of epigenetics lies in precision breeding. Epigenetic markers can be used to identify
genotypes with desirable traits, accelerating the breeding process. Additionally, CRISPR-based
epigenetic editing techniques allow for targeted modifications of epigenetic marks, enabling the
creation of crops with tailored traits. Epigenetics can also play a crucial role in improving crop
resilience to environmental stresses. Epigenetic modifications can help plants "remember™" past
stress experiences, enabling them to respond more effectively to future challenges. Furthermore,
epigenetic engineering can be used to enhance traits such as drought tolerance, salinity resistance,
and heat tolerance. Another area of interest is the influence of epigenetics on crop-microbe
interactions. Epigenetic mechanisms can regulate the establishment and maintenance of beneficial
symbiotic relationships with microorganisms. This can contribute to enhanced disease resistance
and improved nutrient uptake.

7. Conclusion

Epigenetics holds transformative potential for advancing crop adaptation and resilience in the face
of growing environmental challenges. Unlike genetic mutations, epigenetic modifications offer a
dynamic and reversible mechanism that can rapidly alter gene expression in response to external
stressors. This adaptability is crucial in managing abiotic factors like drought, salinity, and extreme
temperatures, as well as biotic threats from pathogens and pests. Furthermore, the ability of
epigenetic changes to be inherited across generations adds a unique layer of resilience, allowing
crops to develop lasting adaptive traits without direct changes to their DNA sequence. The
exploration of epigenetic processes such as DNA methylation, histone modification, and non-
coding RNA regulation has unveiled their pivotal roles in controlling key developmental and stress-
response pathways in crops. These mechanisms enable plants to fine-tune their physiological
responses, conferring greater flexibility in growth and survival under stress conditions. The growing
body of research highlights that leveraging epigenetic modifications can contribute significantly to
crop improvement, particularly in the context of climate change, where environmental conditions
are becoming increasingly unpredictable. Novel technologies, including epigenome editing and the
identification of natural epigenetic variants, offer innovative strategies for crop enhancement. These
approaches circumvent some of the ethical and regulatory concerns associated with traditional
genetic modification, providing alternative methods for achieving increased resilience and
productivity. By incorporating epigenetic insights into modern breeding programs, we can develop
crops that not only perform better under adverse conditions but also retain their adaptability over
multiple generations.
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