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As the global population continues to grow, food demand will be reaching levels which current agricultural practices

cannot meet. This projected demand combined with the negative impacts of climate change on crop production calls for

more careful breeding efforts to develop better adapted plants more tolerant to climate fluctuations. Fortunately, the

development of molecular biology techniques like genome, transcriptome and epigenome sequencing now offer new

approaches to help classical breeding meet these challenges.
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1. Introduction

Plant breeding has allowed for tremendous advancements in crop quality and yield improvement for more than a century.

However, rapidly growing global population and intensifying climate change magnify the need for high quality, high-yield

crops with low requirements for inputs such as fertilizers and pesticides . As the global population will approach 10

billion people over the next 30 years, it is increasingly evident that global food demands are reaching levels that current

agricultural practices cannot meet . Areas for improvement will include, but will not be limited to pest and disease

management, reduced inputs (ex.: nitrogen and phosphorus) and adaptation to new growing areas and changing

environments. In order to do this, new approaches need to be integrated into classical breeding programs. These include

molecular approaches such as genomics, transcriptomics, and epigenetics.

2. Epigenetics and Its Potential Applications in Plant Breeding

2.1. Introduction to Epigenetics

Most cells in a given organism share the same genes yet they can be drastically different from one another. This is

because not all genes are activated in all cells at any given time. The epigenetic context of a gene, or the accessibility of a

gene to transcription, can reveal if the gene is likely to be active or not . Indeed, the nuclear genome is found as a dense

mixture of long strings of DNA wrapped around specialized proteins called histones to form superstructures known as

nucleosomes . These nucleosomes can be further packed together to make even denser 3D structures at times visible

under the microscope which inspired the name “chromatin”. The modifications and proteins associated with the DNA are

called epigenetic modifications, or marks, and they can influence gene expression within the cell. Epigenetic modifications

can occur spontaneously in the genome and can be lost just as randomly presenting the concept of stability. It follows that

the influences of epigenetic modifications on gene expression can only be passed from mother cell to daughter cell and

from one generation to the next if the underlying modifications are actively maintained. As a strategy for adaptation, both

genome sequence-dependent (genetic) and independent (epigenetic) variability are used in combination to create

variability at the phenotypic level . This, in turn, maximizes the chances of survival of at least some progeny under

different conditions and provides a wider pool of phenotypic variation to be used for plant breeding .

2.2. Molecular Mechanisms

Because DNA is densely packed in the nucleus, for any gene that needs to be actively transcribed into mRNA, local DNA

has to be unpacked and made accessible to the transcriptional machinery . Epigenetic modifications therefore

regulate accessibility to the chromatin and gene activity. This can take the form of direct modification to the DNA, the

addition of histone variants, histone post-translational modification, chromatin super-structure, etc. . Because of their

role, these modifications can provide useful information about gene activity (or lack thereof) at the transcriptional level.

Contrary to the actual DNA sequence, epigenetic marks can be removed over time but some of them are maintained

through cell divisions and even passed down to the next generation. These epigenetic marks serve in a variety of

processes including DNA replication and repair, stem cell maintenance, tissue and organ development and differentiation,

as well as initiating responses to environmental stimuli . Indeed, the flexibility of epigenetic modifications makes them an
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ideal mechanism to rapidly adapt the transcriptional program of a cell to changes in environmental conditions. As such,

epigenetic context might be particularly useful when trying to map environment related traits. Finally, repressive epigenetic

modifications are used to silence repeated sequences like transposable elements that can jeopardize genomic integrity .

2.3. DNA Methylation

Epigenetic marks come in many flavors but this entry will focus specifically on the most widely studied epigenetic mark,

DNA methylation. DNA methylation is one of the most widely studied epigenetic modifications owing to its abundance and

stability as well as the ease at which it can be detected and assessed using various methods . In short, a methyl

chemical group is covalently bound to the position 5 carbon atom of the aromatic ring of the cytosine base (that therefore

becomes 5-methylcytosine). This reaction is catalyzed by specialized enzymes called DNA methyltransferases and can

only be reversed by another set of specialized enzymes, making it a very stable modification once applied. However,

methylation must be propagated when new strands of DNA are being synthesized during replication or methylation will be

lost due to dilution (a form of demethylation) . In plants, DNA methylation is found to occur in three different sequence

contexts, CG, CHG, and CHH (H= A, T or C) all of which have their own underlying mechanisms and biological impact 

. Consequently, the different contexts are useful to decode the epigenetic information encountered in different

genomic locations. Indeed, while mCG is found both on expressed genes and repressed sequences, mCHG and mCHH

are mostly found on the latter.

2.4. Quantifying DNA Methylation

Because it is covalently associated with DNA, DNA methylation is more readily quantified than other epigenetic marks and

there are different convenient techniques to do this. In order to choose an appropriate technique to quantify DNA

methylation, one must consider: (1) the type of biological sample being analyzed, (2) the desired outcome (identification of

unknown epigenetic marks vs. assessment of methylated regions within genes of interest), and (3) the availability and

cost of the technology . Restriction enzyme-based approaches involve the use of methylation-sensitive restriction

enzymes whose activity are influenced by the presence of the methyl group on DNA . Restriction endonucleases used

in this method can include MspI, HpaII, NotI, SmaI and McrBC. For example, HpaII recognizes the CCGG restriction sites

in genomic DNA when it is unmethylated however, the addition of methyl group (CmCGG or mCCGG) to the restriction

site prevents HpaII activity. Thus, the different treatment of methylated and non-methylated sequences can be used to

assess the methylation status of a locus, as long as the restriction sequence is present. Cleavage of the DNA molecule

prevents PCR amplification thus creating a signal that can easily be detected for the presence or absence of DNA

methylation. Alternatively, genomic DNA can be treated with sodium bisulfite resulting in the conversion of unmethylated

cytosines to uracils . During PCR amplification of the region of interest, uracils are read by DNA polymerase as

thymines which can be detected by melting curve analysis, Sanger sequencing or Amplicon sequencing.

When there are many sequences of interest or if they are unknown, a genome-wide approach needs to be considered.

Affinity enrichments-based approaches use antibodies designed to bind to methylcytosines and to pull them down so that

methylated DNA is enriched . Once the methylated DNA has been isolated, bisulfite sequencing is typically used to

sequence the methylated regions. This reduces the cost of sequencing by focusing on regions where high methylation is

present. Whole-genome bisulfite sequencing (WGBS) is still the predominant approach used to precisely quantify DNA

methylation genome-wide. This method is frequently used because it is easy, fast, and provides highly accurate results

that can be used to identify all differentially methylated regions (DMRs) existing between two samples . Although

bisulfite sequencing has been used as the gold standard approach for methylome analysis, there are limitations to this

technique. Sodium bisulfite is a reactive chemical that damages the DNA molecules which can lead to inaccurate

interpretations or destruction of limited samples. Enzymatic methyl-seq is a new approach designed to minimize DNA

damage by using enzymes (including TET2 and APOBEC2) rather than chemicals to convert the methylated bases .

Using this method, DNA integrity can be better maintained resulting in more accurate readings and mapping efficiencies.

This newly-established approach is a promising alternative to bisulfite sequencing.

Once information on methylated sites is obtained, downstream analysis can proceed to identify DMRs. This involves

comparing methylated sites ratios between samples using a specific distance criteria and statistical tests . Once DMRs

have been identified, they can be linked to quantitative traits segregating in a population much like QTLs. Identification of

DMRs from sequencing data requires consideration of various factors to optimize accurate interpretation and reduce bias.

This includes (1) considering spatial correlation between methylation levels of neighboring methylated sites to more

accurately estimate corresponding hypomethylated sites, (2) considering sequencing depth which takes into account

sampling variability during sequencing, and (3) considering biological variation among samples which will minimize the

number of false positives in the results .
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2.5. Variation in DNA Methylation Patterns

With all these techniques, it was found that DNA methylation patterns are dynamic and exhibit considerable variation in

the levels of methylation and the nature of the sequences being methylated. Indeed, much like the DNA sequence in the

genome, the epigenome can also accumulate heritable changes in the lifetime of an organism. However, these epigenetic

changes occur at a much faster rate than mutations in the DNA sequence . This has led to the hypothesis that heritable

epi-mutations can be selected naturally or artificially like their DNA mutation counterparts. Interestingly, methylation

patterns are also shaped by the environment and thus can change in response to abiotic and biotic stress exposure 

. This brings the possibility to store information about the conditions an organism encountered in its development.

Consequently, pattern differences can be divided into two main groups; (1) developmental, whereby individuals exhibit

specific patterns associated with different stages of growth and development and (2) acquired, whereby individuals exhibit

specific or random patterns related to specific conditions encountered in their environment.

2.5.1. Developmental Epigenetic Modifications

DNA methylation is a feature of constitutive heterochromatin in many eukaryotes where it plays an important structural

role. In some organisms, like in flowering plants, it is also involved in developmental processes including reproduction,

seed development, germination, tissue differentiation and growth. . Understanding methylation patterns at

different developmental stages is important in linking traits to particular methylation markers. For traits relating to a

particular tissue, like seed size, it may be worth looking for specific epigenetic changes in that tissue and even selecting a

precise time window when it is most abundant for higher resolution. Indeed, it was recently published that DNA

methylation levels differ greatly at different stages of seed development in a variety of species . Specifically,

DNA methylation levels seem to increase throughout the stages of seed development. Fruit ripening is another

developmental trait that comes with important epigenetic modifications and has been studied in various plant species

including tomato, apple, and orange .

DNA methylation also exhibits extensive variation among different tissues and cell types particularly in vegetative organs

such as leaves, shoots, and roots. Within Arabidopsis, an analysis of the methylation status within the root apical

meristem revealed differences in methylation status among various cell types . For example, there is widespread

hypermethylation within the columella cells when compared to the epidermis, cortex, endodermic, and stele cells . In

soybean, differences in methylation patterns between single-celled root hairs and multicellular stripped roots were

assessed . Analyses revealed significant differences in DNA methylation patterns, particularly in the CHH methylation

context, between the two types of cells . DNA methylation patterns also greatly differed between roots and shoot

tissues in Arabidopsis and also other Brassicaceae . In inbred lines of maize, patterns of DNA methylation greatly

differed among tassel, bracteal leaf, and ear leaf tissues . Moreover, during fruit development in tomato, the fruit and

the leaf tissues displayed different methylation levels . In addition to epigenetic variation among vegetative organs,

there also seems to be epigenetic variation among different tissues within the seed. Particularly in seeds of Arabidopsis

and rice, the endosperm displayed lower levels of DNA methylation relative to the embryo . These examples

demonstrate that DNA methylation can play an important role in tissue/cell differentiation. By comparing levels of DNA

methylation among various developmental stages and tissue/cell types, researchers can appreciate the magnitude of

epigenetic variation in a developmental and tissue-specific manner. This information is particularly useful when trying to

produce high resolution epigenetic studies especially when targeting a specific trait.

2.5.2. Acquired Epigenetic Modifications

Epigenetic marks can also be acquired or lost in response to environmental cues, including abiotic and biotic stresses.

These epigenetic modifications can be heritable and allow for plants to rapidly adapt their development to changing

environments and play important roles in pathogen defense and abiotic tolerance (salinity, drought, high and low

temperatures, etc.) . Environmentally stimulated changes in DNA methylation have been reported in many crop

varieties including rice , soybean , maize , and wheat . In soybean, DMRs among root hair cells and stripped

root cells were assessed following a heat treatment . At room temperature, root hair cells showed hypermethylation at

specific DMRs when compared to stripped root cells which showed hypomethylation. In response to a heat stress,

hypomethylation occurred at DMRs in both cell types revealing that root hair cells may be more sensitive to fluctuations in

temperature. Furthermore in wheat, individuals with a salt-tolerant genotype have higher methylation levels in the root

tissues which has been associated with restricting Na+ entry from the soil into the root tissues . Analyzing these

changes can provide candidate markers for detecting plant stress responses within a population.

While these epigenetic changes can function in momentarily tuning gene expression to adapt to a new condition, they can

also act as ”stress memory” . This stress memory allows for individuals to respond more quickly to recurring stimuli by
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priming gene expression patterns for more rapid adjustments . Studies have shown that Arabidopsis exhibits heat-

stress memory whereby heat-inducible genes remain activated through hypermethylation for at least two days following

removal of the stress . This primes the individual for a quicker response to recurring heat stress. Moreover, epigenetic

cross-adaptation can also occur whereby exposure to one stress can lead to resistance to other stresses . This was

tested in cold-tolerant Brassica rapa, to see whether individuals also showed heat tolerance. DNA methylation patterns

among four candidate genes were compared between control and cold-acclimated (CA) plants . It was found that the

promoter regions of these four candidate genes exhibited demethylation resulting in increased gene expression in CA

plants . This demethylation was linked to elevated levels of organic acids and enhanced photosynthesis which authors

concluded were contributing factors to enhanced heat tolerance and higher growth rates in CA plants . Such study

suggests that DNA methylation plays a role in cross-adaptation within plants and can help generate plants resilient to

extreme temperatures. They also show that certain epigenetic modifications are only revealed in certain specific

conditions.
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