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Abstract

:

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. This review focuses on the potential of epigenetic approaches, particularly the creation of epigenetic markers (epi-markers) for guiding the selection process in breeding programs. Many studies have indeed successfully linked stable epigenetic modifications to different plant traits of interest but research on the applicability of using epi-markers in breeding programs is still scarce. This review emphasises the current progress that has been made with regards to the usefulness of epi-markers in selective plant breeding programs and the gaps in knowledge that still need to be addressed. It highlights the importance of pursuing research efforts to confirm the value of epi-markers for crop development in the years to come in order to meet the agricultural challenges of the 21st century.
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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 [1]. 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 [1]. 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. This review will introduce these concepts and focus on how the emerging field of epigenetics can support the development of more sustainable crops.




2. Breeding Methods


2.1. Classical and Genomic Breeding


Natural selection explains that individuals with better adapted genes for a given environment are more likely to produce progeny that will inherit those genes. Artificial selection does the same andhuman beings can select individuals equipped with desirable traits and underlying genes they deem to be more useful. Therefore, selective propagation of plants with desirable traits has long predated our modern understanding of genetics [2]. Important considerations into the evolutionary background, gene flow processes, mating system, and population structure must be factored into classical and genomic breeding programs [3,4]. Because the transfer of genetic material is mostly done using the natural crossing process, crops produced via classical breeding are not considered transgenic, which is a benefit in terms of public acceptance in some markets [5].



Historically, classical breeding has been carried out by crossing plants with desirable traits to a produce a progeny population (F1) that displays a range of the desirable phenotypes. The selected individuals can then be selfed and selected further until the phenotype stabilizes with desirable alleles having reached homozygosity. It can also be necessary to cross the new stable lines back to their elite parent, a process known as backcrossing. Backcrossing helps reduce linkage drag, which is a natural phenomenon during crossover events by which the genetic material flanking the gene(s) of interest is simultaneously introduced to progeny [6]. These flanking regions may contain agronomically undesirable genetic material that will not segregate independently from the gene of interest because of their physical proximity on the chromosome, and therefore will slowly separate/decay through multiple generations of selective backcrosses [5,7,8]. Linkage drag can therefore increase significantly the time required for producing new cultivated varieties (cultivars) and even preclude the introgression of certain desirable traits.



As the foundations of genetic inheritance became clearer, backcrossing was refined as a technique to be more strategic. Desirable plant traits started to be quantified more precisely and associated to increasingly more precise regions on the chromosomes, giving rise to the concept of quantitative trait loci (QTL) [9]. Together with the increasing availability of genomic markers, it was now possible to accelerate the selection of a desired trait [5]. Classical markers refers to any type of clue that can reveal the presence of a trait of interest, they can be morphological, cytological, biochemical and/or DNA/molecular markers: restriction fragment length polymorphism (RFLP), single-nucleotide polymorphism (SNP), simple sequence repeat (SSR), amplified fragment length polymorphism (AFLP), insertions, deletions, etc. that are associated with a particular trait [10,11]. Marker-assisted selection (MAS) is a benchmark practice in genomic or molecular plant breeding and plays a vital role in introgression of exotic genes from wild parents to cultivars through backcrossing (Figure 1) [12]. Ideally molecular markers are codominant with the trait of interest and highly reproducible. Molecular markers are becoming an important tool in breeding practices because they provide valuable information on genotypic and phenotypic diversity and classification allowing for more efficient and precise breeding [13,14].




2.2. Transcriptomic Tools


Over the past two decades transcriptomic techniques have brought a wealth of information to support strategic plant breeding. For a given gene to influence plant development, it needs to be transcribed into messenger RNA (mRNA) molecules at the right time and at the right place. By studying these molecules, one can gain insight into the molecular mechanisms underlying a trait of interest. When a gene of interest is identified, its corresponding mRNA becomes a de facto marker of the activity of that gene that can guide breeding efforts. This was made possible by the advancement of transcriptomic studies from single known genes to massively high-throughput investigations including known and unknown genes [15]. Small scale investigations of differential expression of a few genes became possible through reverse transcription (RT) polymerase chain reaction (PCR) and subsequently RT quantitative PCR (RT-qPCR) and digital PCR (RT-dPCR). However, these methods are relatively low throughput (relative to today’s standards) and detection of transcripts from unknown genes can be difficult and expensive.



Sequencing and cloning short fragments of transcripts or tags led to expressed sequence tag (EST) sequencing [16]. EST sequencing expanded possibilities for high throughput transcriptomics, even if at an expensive cost considering its relatively low accuracy of transcript detection and a poor sensitivity. Improvements were made to overcome these challenges through development of serial analysis of gene expression (SAGE) [17], cap analysis gene expression (CAGE) [18], LongSAGE [19], SuperSAGE [20,21], DeepSAGE [22], and massively parallel signature sequencing (MPSS) [23]. Microarrays [24] represent the next significant advancement in the transcriptomic revolution by which studies could include the entire transcriptome from a plant with a sequenced genome, rather than just covering a few genes. The first plant microarray was conducted using the model plant Arabidopsis thaliana [25], and this technology allowed for expansion into many other agriculturally important plants including strawberry [26], soybean [27], and rice [28] among others. Transcriptomic analysis of plants accelerated breeding strategies by linking complex spatiotemporal changes in gene expression to specific phenotypes, inevitably pointing in the direction of the genes involved in a particular trait. As transcriptomic investigations became more complex, the limitations of microarrays quickly became apparent. This technique is limited by the availability of species specific probes, as it can be expensive to create chips for new transcriptomes and therefore only commercially available probes can be considered for immediate application.



The introduction of next generation sequencing (NGS) laid new groundwork for transcriptomics. RNA-sequencing (RNA-seq) has been the most influential method for transcriptome analysis over the last decade [29,30]. RNA-seq has provided an expansive and less biased view of the transcriptome by simultaneously covering known and unknown transcripts and by greatly increasing the capacity for quantification of lowly and highly expressed genes [31]. RNA-seq expanded the transcriptional atlases of non-model plants without fully sequenced genomes, improving the overall breeding potential for all economically valuable plants. Direct comparisons of expression between control and experimental samples can be made in order to uncover the genes underlying/influencing the particular experimental cue (e.g., growth conditions, environmental stresses, pathogens, etc.). As a consequence, just like genomic markers, mRNA abundance differences can now be associated to traits and become expression QTLs (eQTLs) [32]. Surveying mRNA becomes particularly informative for expression of genes influencing traits that are not readily observable. Moreover, with this information digitally available, sharing of information and potential for meta-RNA-seq analysis becomes within arm’s reach.





3. Epigenetics and Its Potential Applications in Plant Breeding


3.1. 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 [33]. 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 [34]. 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 [35]. 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 [35,36].




3.2. 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 [33,37]. 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. [38]. 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 [39]. Indeed, the flexibility of epigenetic modifications makes them an 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 [40].




3.3. DNA Methylation


Epigenetic marks come in many flavors but this review 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 [38,41]. 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) [42]. 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 [39,43,44]. 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.




3.4. 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 [45,46]. 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 [45]. 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 [45]. 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 [45]. 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 [47]. 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 [48,49]. 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 [50]. 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 [50].




3.5. 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 [51]. 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 [52,53,54,55]. 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.



3.5.1. 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. [56,57,58]. 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 [57,59,60,61,62]. 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 [63,64,65].



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 [66]. For example, there is widespread hypermethylation within the columella cells when compared to the epidermis, cortex, endodermic, and stele cells [66]. In soybean, differences in methylation patterns between single-celled root hairs and multicellular stripped roots were assessed [67]. Analyses revealed significant differences in DNA methylation patterns, particularly in the CHH methylation context, between the two types of cells [67]. DNA methylation patterns also greatly differed between roots and shoot tissues in Arabidopsis and also other Brassicaceae [68,69]. In inbred lines of maize, patterns of DNA methylation greatly differed among tassel, bracteal leaf, and ear leaf tissues [70]. Moreover, during fruit development in tomato, the fruit and the leaf tissues displayed different methylation levels [63]. 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 [71,72]. 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, we 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.




3.5.2. 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.) [73]. Environmentally stimulated changes in DNA methylation have been reported in many crop varieties including rice [74], soybean [75], maize [76], and wheat [77]. In soybean, DMRs among root hair cells and stripped root cells were assessed following a heat treatment [67]. 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 [78]. 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” [79]. This stress memory allows for individuals to respond more quickly to recurring stimuli by priming gene expression patterns for more rapid adjustments [80]. 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 [81]. 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 [82]. 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 [82]. It was found that the promoter regions of these four candidate genes exhibited demethylation resulting in increased gene expression in CA plants [82]. 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 [82]. 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.





3.6. Population Epigenetic Diversity


The accumulation of random and environment stimulated epigenetic changes can lead isolated populations to diverge more and more with time if the epigenetic changes are well-maintained and not lost. Following the assessment of 1107 methylomes from 1028 Arabidopsis accessions, considerable epigenetic variation was found [83]. It was proposed that most of the epigenetic variation across accessions were related to differences in geographic location and climate. Survey of multiple populations has also been conducted in maize [84], soybean [85], and rice [86]. These studies provide further evidence that epigenetic changes can accumulate and be selected for within a population [51]. Importantly, these DNA methylation patterns are stable and can segregate as it was demonstrated in RILs of soybean [87]. In this study, leaf tissue was isolated among four lines and leaf methylomes were sequenced. 1416 DMRs at various sequence contexts were identified between parental and RIL lines. DMRs which overlapped important genes were found to correlate with decreasing levels of gene expression. Moreover, methylomes among nine rice strains were examined to determine the existence of epigenetic polymorphisms/epigenetic markers [88]. This study found that between any two strains, 2–3% of the total methylome corresponded to epigenetic polymorphisms/markers. If these epigenetic markers are linked to phenotypic variation, they could be considered in rice breeding programs. These findings suggest that the existence of stable and heritable epigenetic variation between different populations is a prerequisite to contemplate a breeding strategy based on epigenetic markers.



3.6.1. Epialleles and epiQTLs


Two alleles occupying the same locus and sharing the same DNA sequence can exist in different epigenetic context, they are consequently epialleles. As such, this epigenetic context becomes another layer of information that can help explain phenotypic variation [51]. There are three groups of epialleles defined by their relative dependency on an underlying genetic variant; (1) obligate epialleles which completely depend on the presence of a genetic variant (2) pure epialleles which can be maintained without a genetic variant and (3) facilitated epialleles which can be influenced by a genetic variant but not as strongly as obligate epialleles [89]. Epialleles affecting various traits have been reported in model plant organisms such as Arabidopsis thaliana [73] as well as crop plants including oil palm [90], rice [73], and maize [91], and tomato [92]. Epialleles can also either be naturally occurring or artificially induced and can contribute to phenotypic variation. For example, the natural epimutant clark-kent (clk) in Arabidopsis thaliana displays observable phenotypic differences including enhanced stamens and carpels when the SUPERMAN locus is in a hypermethylated state [73]. For epialleles to act as reliable epi-markers they must be relatively stable and heritable. If epialleles can act as reliable epi-markers, then they can be exploited in selective breeding programs. Such an approach is depicted in Figure 2.



Stable epialleles can therefore be linked to quantitative trait loci (epiQTL) and become potential epi-markers. To identify epiQTLs, epigenetic recombinant inbred lines (epiRILs) are used. EpiRILs are created using genetically identical parental plants which differ in levels of DNA methylation [93]. These differences in DNA methylation patterns are associated with altered phenotypes [93]. The parents are then crossed and progeny in subsequent generations are scanned to determine the distribution of epialleles. These epialleles are then linked to variation in a phenotypic trait and become epiQTLs. EpiQTLs involved in flowering time [94], root length [94], and pathogen resistance [95] in Arabidopsis thaliana have been identified. EpiQTLs for flowering time and root length were found to explain 60–90% of the heritability of these traits [94]. Another study in Brassica napus identified epiQTLs associated with seven agronomic traits. In the same way that QTLs can become de facto genomic markers, epiQTLs can become epi-markers and inform on the presence of a specific trait.




3.6.2. Epigenome-Wide Association Mapping (EWAS)


In plants, genome-wide association studies (GWAS) continues to be a powerful tool used to understand the underlying genetic architecture governing complex traits and plays an important role in accelerating plant breeding programs [96]. Similarly, epigenome-wide association studies (EWAS) may also prove to be a useful tool to better understand the origin of phenotypic variation. Once complete epigenome profiles have been gathered, researchers can go on to perform EWAS to link a particular phenotypic trait with epigenetic variation. EWAS involves three major steps; (1) epigenome sequencing, (2) phenotyping for desired traits, and (3) bioinformatics/statistical testing to associate both variables on a genomic scale [73]. While EWAS studies have been widely conducted in humans to identify epigenetic variants associated with various diseases, its use in plant populations is lacking [96]. The first EWAS study in plants was performed in oil palm and successfully identified epigenetic variants within the MANTLED gene at the Karma splice site [90]. The Good Karma epiallele predicts a wild type fruit set whereas the Bad Karma epiallele predicts fruit abnormalities associated with loss of yield. As more whole-epigenome datasets become available due to advancements in sequencing technology, EWAS will become easier to perform. In turn, this will promote EWAS research in crop plants and add to the limited information currently available.





3.7. Epigenetic Selection


The prediction value of epigenetic markers has been amply demonstrated for human health and disease prediction but is still lacking in plants [97]. Encouragingly, the publication of more and more plant genomes will offer new opportunities for such approaches. Already, the accumulating epigenetic data in model and crop plants shows a great potential for the use of epigenetic markers in breeding better-adapted crops. As an original proof-of-concept, fundational studies in Arabidopsis thaliana have reported the use of epigenetically-depleted individuals crossed with normal isogenic mates to test the effects and segregation of epigenetic alleles on plant phenotypes [94,98]. It was concluded that a sizable share of segregating traits were explained by the presence of DMRs (in the absence of genetic variation). As an example, it was found that up to 65% of the variation in plant height was accounted for by epigenetic variation [99]. In the same population, it was also found that DMRs associated with root length and flowering time acted as reliable epiQTL markers and accounted for roughly 60 to 90% of the heritability of these two traits [94]. These studies suggest not only that epi-markers could be used to guide selection of desired traits but that it is possible to generate new traits through the artificial creation of epialleles.



Analysis of the methylomes of various crop plants has also revealed an association between DMRs and agronomic traits. In theory, these DMRs could be used as epi-markers to select for individuals displaying a partiular favourable agronomic trait. Recently, a study identified DMRs associated with various metabolic traits in a maize segregating population [100]. These stable DMRs can therefore be used to select and breed individuals with favourable metabolic traits. Importantly, some of this phenotypic variation could not be linked to SNP-based genomic markers highlighting what could be gained in using epi-markers [100]. This study also provides some insight on the causal relationship between DMRs and gene expression. The authors found that compared to SNPs, DMRs are actually more likely to have a causal role either having a negative or positive effect on nearby gene expression [100]. In another groundbreaking example, a reproductive defect of clonally-propagated oil palm was mapped to a single causative DMR within a gene [90]. This study provides an example whereby epigenetic marks can be used for plant health prediction [101]. Other studies have also shown that isogenic plants can be made to develop new traits in different plants and that their underlying cause is in fact epigenetic [102,103,104,105]. These studies demonstrate that increase in yield [102], adaptation to low humidity [106], and changes in flowering time [104] were all made possible by epigenetic modifications. In tomato, DMRs associated with vitamin E content [92], fruit ripening, shelf-life and fruit quality [63] have been identified and may prove to be useful epi-markers for future breeding efforts. Epi-markers have also been used in other crop species including for crop improvement. It therefore appears that there is ample epigenetic variation linked to traits in different plant species for it to be considered as an approach to plant breeding.




3.8. Limitations of Epigenetic Markers


Although there seems to be great potential in using epigenetic markers in trait selection for plant breeding, more work is needed to prove that it can be efficiently applied to breeding programs [107,108]. For one, many epigenetic studies have been conducted in model organisms such as the plant Arabidopsis thaliana, warranting further research in crop plants. Moreover, the most obvious difficulty inherent to epigenetic marks is that they are less stable and heritable than variations in the DNA sequence. This is particularly important in crop breeding which is a multi-year endeavor that needs to produce plants with uniform, stable qualities [108]. To overcome this hurdle, the epigenetic markers selected will have to be tested across different populations and generations to ensure their stable inheritance. The same logic applies for epigenetic modifications in response to stresses, they may only be detectable in specific conditions making them unreliable markers for breeding purposes. In such case however, the epigenetic markers could be used as a large-scale diagnostic test to evaluate the penetrance of a stress response within a population. More studies involving crop plants and more refined modelling of epigenetic inheritance are therefore required to prove that such an approach can benefit the development of new and improved cultivars.





4. Conclusions


As the global population continues to grow, there comes a greater urgency to rapidly develop crops better adapted to their environment [109]. To have a chance to meet the growing demand, new approaches need to be considered in support of existing breeding practices. Epigenetic modifications, such as DNA methylation may prove to be a powerful selection tool in crop breeding. One promising approach would be the creation of epi-markers to complement genomic markers in tagging quantitative traits. Indeed, many plant traits have already been successfully linked to specific epigenetic marks even in cases where no genomic markers are present [100,110]. Further research on the application of this approach for trait selection in crop plants is needed before it can be more widely adopted. This includes further research on epiallele stability using segregating populations of crop plants. Once stable epialleles have been identified and linked to the occurance of a particular trait, they can then be used as epi-markers in breeding practices. Once identified, these epi-markers can then be used as targets for epigenomic editing to induce specific epi-mutations and produce a desired phenotype. That being said, epigenetics opens the door to additional tools that can be used in plant breeding for the selection and editing of epialleles and traits.
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Figure 1. Marker-assisted selection of a quantitative trait in tomato using a SNP marker. 
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Figure 2. Marker-assisted selection of tomatoes with increased size using epi-markers detecting a differentially methylation region. In the example, the marker would be a patch of methylation that exists in the regulatory sequence of the gene. The hypermethylated form is associated with a gene variant that influences the desired phenotype. 
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