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Abstract

:

The importance of tree genetic variability in the ability of forests to respond and adapt to environmental changes is crucial in forest management and conservation. Along with genetics, recent advances have highlighted “epigenetics” as an emerging and promising field of research for the understanding of tree phenotypic plasticity and adaptive responses. In this paper, we review recent advances in this emerging field and their potential applications for tree researchers and breeders, as well as for forest managers. First, we present the basics of epigenetics in plants before discussing its potential for trees. We then propose a bibliometric and overview of the literature on epigenetics in trees, including recent advances on tree priming. Lastly, we outline the promises of epigenetics for forest research and management, along with current gaps and future challenges. Research in epigenetics could use highly diverse paths to help forests adapt to global change by eliciting different innovative silvicultural approaches for natural- and artificial-based forest management.
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1. Forests and Epigenetics in a Time of Global Change


Forests represent a prime resource covering around 30% of the world’s land surface, or 4 billion hectares [1]. These are dynamic ecosystems with a variety of functions that provide numerous social, economic, and environmental benefits. Forest productivity and health are currently threatened by global change, especially due to increasing drought and/or episodes of high temperature, as well as invasive insects and pests [2,3,4,5]. As the effects caused by abiotic and biotic stresses can last for long periods, there is a high probability of interaction with other stresses or disturbances to produce more stressful combined events [6,7,8]. The United Nations (https://www.un.org/esa/forests/wp-content/uploads/2016/12/UNSPF_AdvUnedited.pdf) and the European Forest-Based Sector (https://www.forestplatform.org/wp-content/uploads/2020/05/SIRA_2030.pdf) recognize the need for a collaborative global response to achieve more adapted and resilient forests under a climate change scenario, such as the initiative from the International Union Of Forest Research Organizations (https://www.iufro.org/fileadmin/material/publications/spotlights/spotlight75-iufro-task-forces.pdf).



Forest trees are sessile, perennial, and modular organisms with complex life cycles that are often challenged by environmental variations during their long-lifespan. Surviving tree populations can respond to these environmental changes through complex and interacting mechanisms [9,10]: Migration, adaptation, and phenotypic plasticity. At the individual scale, organisms can acclimate through phenotypic plasticity, i.e., the ability to produce different phenotypes in response to different environments [11]. Such plasticity is particularly important for non-mobile organisms, such as trees. Across generations, populations can shift their distribution (i.e., migrate) to remain at equilibrium with the climate [12], or they can remain in their present geographic location by improving their fitness and adapting to new climate conditions [13,14,15,16]. Such local adaptation is crucial for many tree species that will not be able to keep pace with climate change, such as sugar maple in North America [17]. The real challenge for ecologists, conservation biologists, and forest managers is to predict which of these two options, favor migration or adaptation, will be best for tree species [18,19]. The role of forest genetic material in responding to environmental changes is a key player in forest management and conservation [20]. As many species are unlikely to migrate fast enough to keep up with the rapidly changing climate, breeding programs should be rethought to incorporate climate change-related traits, including plasticity and adaptation, as selection criteria when exploring the high genetic variation in forest trees. Information from trials established to focus on growth/productivity traits should now be reinterpreted from the perspective of these new large-scale environmental challenges [21,22] and new trials should be established addressing these explicit responses.



Functional traits are morphological, physiological, and phenological attributes that determine an organism’s performance to a given environmental filter by impacting growth, reproduction, and survival [18,23]. It is crucial to identify relevant traits and thresholds for both a better selection of genetic material and species combinations to maximize sustainable ecosystem functions and resilience to climate change. Special attention should be given to traits not often previously considered in breeding depending on bioclimatic zones but likely to be fostered in the context of global change: Pest and disease resistance, drought resistance, fire resistance/tolerance, flood resistance, cyclone resistance, or salt tolerance [5,20].



However, resistance and/or tolerance to stress are often difficult to measure and depend on a complex network of functional traits at multiple scales. For instance, ‘drought resistance’ can rely on diverse processes from those promoting growth maintenance under moderate water deficit to those promoting survival and recovery under severe and/or long-lasting water deficit [24,25]. These include traits related to the control of water loss [26,27], the maintenance of cell turgor [28,29,30], shifts in sink-source relationships and adjustments between transpiring vs. conducting or absorbing surface areas [31,32,33], or the maintenance of xylem hydraulic continuity [24,34]. Another example, ‘insect defoliation resistance’, is influenced by leaf strength, palatability, and phenolic content [35,36]. Hence, a holistic view of trees’ adaptation to stress and the identification of sets of key functional traits are imperative.



Due to their wide ecological distributions and long-lifespans, trees have evolved numerous adaptations. Considerable effort has been paid to understanding the genetic basis of the traits underlying adaptive responses [37]. In the context of global change, such information will be especially useful for breeding, conservation, and resilient forest-based industry. Recent advances have, however, highlighted “epigenetics” as an emerging and promising field of research, along with genetics, for the understanding of tree phenotypic plasticity and adaptive responses [38,39,40,41]. Here, we argue that trees as long living organisms may particularly use epigenetics to facilitate phenotypic modifications in response to environmental changes. Research in epigenetics could use highly diverse paths to help forests adapt to global change by eliciting different innovative silvicultural approaches for natural- and artificial-based forest management. In this paper, we review recent advances in this emerging field and their potential for tree researchers and breeders, as well as the whole forest management community. We begin by presenting the basics of epigenetics in plants before discussing its potential for trees. We propose a bibliometric and overview of the literature on epigenetics in trees, including recent advances on tree priming, an adaptive strategy that improves their defensive capacity and resulting from a prior experience [42]. Finally, we outline the promise of epigenetics for forest research and management, along with current gaps and future challenges.




2. Epigenetics in Plants: The Basics


Epigenetics has been initially defined as “the branch of biology which studies the causal interactions between genes and their products, which bring the phenotype into being” [43]. The author also proposed the existence of a conceptual picture of this new discipline with the “epigenetic landscape”, which represents the interactions between the environment and the genes leading to the development of a certain phenotype [44,45]. Here, we define it as the study of all the processes affecting the expression of genes and/or the activity of transposable elements (TEs) without altering the DNA sequence that may be heritable by mitosis (during development) and/or meiosis (across generations) [46,47,48] (Figure 1). Epigenetics has been proposed as being the missing part of heritability since the information encoded into the DNA nucleotide sequence by itself is often insufficient to explain biological variation in all of its complexity [49,50]. Accordingly, epigenomic studies chart the locations and understand the functions of all chemical tags that mark the genome (named epigenome). Epigenomics has quickly become a big data science, posing tremendous challenges of its translation into knowledge [51].



The main molecular support for epigenetic mechanisms in eukaryotes is chromatin structure (compaction and 3D positioning in the nucleus). Chromatin is formed through the association of DNA wrapped around nucleosomes (histones octamer). Its compaction is characterized either by a decondensed state (open chromatin or euchromatin) enriched in genes and permissive to transcription, or by a condensed state (closed chromatin or heterochromatin) enriched in repetitive sequences and silenced sequences. These states are controlled by marks defining chromatin domains [52,53] and allowing chromatin remodeler activity. The latter are protein complexes modifying the chromatin structure that then allow or prevent the transcription of genes to their destinations on the DNA [54,55]. The chromatin marks or “epigenetic marks” (when transmitted by cell division) are mainly DNA methylation, non-coding RNAs (ncRNAs), and histone modifications and variants [56,57,58,59,60,61]. Indeed, the incorporation of histone variants into nucleosomes and the addition of post-translational modifications to histones can alter the properties of nucleosomes and chromatin. The major histones are deposited during DNA replication, and all eukaryotes have variant types of H2A and H3, such as H2A.Z and H3.3 that are also incorporated into chromatin. In addition, histone proteins have shown that they can be extensively modified post-translationally at their N-terminal tails through the addition of acetyl, methyl, phosphoryl, and ADP-ribose groups, as well as peptides, such as SUMO and ubiquitin. The key players associated with these modifications are: (a) Writers–enzymes that modify the nucleotide bases and specific amino acid residues on histones, (b) erasers–enzymes that remove these marks, and (c) readers–proteins with specific domains that bind or interact with specific epigenetic marks of a locus (e.g., transcription factors) [62,63]. Epigenetic marks and their machinery may change in response to environmental variations occurring throughout the life cycle of an organism, and in some cases, may be inherited in the progeny (Figure 1).



DNA methylation is the most studied epigenetic mark because of its occurrence in both plants and mammals [64], its stability (mitosis and/or meiosis), its role in gene regulation [60,62,65,66], in the silencing of TEs [60,67,68], or in chromosome interaction [60,69], and its facility to be studied at the genome-scale [40,70,71]. DNA methylation consists of the addition of a methyl group on the carbon in position 5’ of a cytosine residue. Resulting in various patterns at the whole genome level (methylome), the dynamics of DNA methylation (establishment, maintenance, and active removal) are considered of great importance for plant development and response to environmental variations [60,72,73].



In plants, methylation-induced modifications may either be reversible or retained during cell division (mitosis and intra-generational transmission) for a memory process as exemplified by vernalization [74,75,76] or passed on to the next generations (meiosis) as highlighted by the identification of natural epivariants [77,78,79,80] or artificially-induced epivariants and epigenetic recombinant inbred lines (EpiRILs) [81,82]. Studies with EpiRILs, where the recombinant offspring is created by crossing two parents with similar DNA sequences, but highly contrasting DNA methylation profiles have shown that part of the DNA methylation variation is inherited in a Mendelian manner [83]. Moreover, these EpiRILs show significant phenotypic variation in morphology, growth rate, and responses to biotic and abiotic stress [81,84,85,86,87].



Epigenetic diversity has thus emerged as a new source of broadened phenotypic variations for improving the adaptation of wild species to changing environments and ensuring the yield and quality of domesticated species whose genetic diversity has been eroded by intense breeding [73,88,89]. Epigenetic phenomena can affect plant phenotype and fitness, be stably inherited across multiple generations, and vary across populations and individuals, thus contributing to the ability of plants to colonize, adapt or evolve in variable environments [15,16,73,90,91,92,93]. Yona et al. (2015) [14] suggested that “organisms often adapt by progressing the adaptation spectrum, starting with rapidly attained physiological and epigenetic adaptations and culminating with slower long-lasting genetic ones”. This suggests (i) direct interactions between epigenetics and genetics that can occur through the DNA methylation control of TEs transposition inducing mutations, but also (ii) an interplay between physiological responses and epigenetics (Figure 1) [94,95]. This last point has been recently proposed to occur through chromatin and hormones crosstalk [96,97,98] (Figure 1).




3. Advances in Forest Tree Epigenetics: Memory and Priming


Our knowledge of forest tree epigenetics has not evolved at the same pace as knowledge about other plant model organisms and crops. The studies on trees represent only a small proportion of those carried out in the field of Plant Sciences (Figure 2) and are limited to only a few species (see Table S1). Nevertheless, research in forest trees is now well-positioned to enter a productive phase due to the higher availability of genomic resources, especially if the associated costs become more accessible. The sequencing of forest tree genomes such as Populus trichocarpa [99], Picea abies [100], or Eucalyptus grandis [101] may have contributed to the increase in forest epigenetic studies over the last decade as such studies rely on high-quality genome sequence assemblies [40]. In addition to recent reviews on the methodologies for tree epigenomics, as well as features of forest tree breeding [39,40,41], we highlight thereafter recent advances in this fast-evolving field of research with a special focus on stress epigenetic memory and priming in trees.



Indeed, one example of memory-controlling plant response to pathogens, herbivore attacks, or abiotic stresses is defense priming [42,102,103,104]. The priming event is followed by a period of stress memory, storing information about the priming stress through an epigenetic phenomenon and resulting in a modified response upon recurring stress exposure or a sustained response after the priming stress [103]. This memory may last from several days to years for somatic stress memory, and in some cases, may even be extended to the offspring. Table S1 summarizes relevant studies that evidence the role of epigenetics in development, biotic and abiotic stress-responses, epigenetic memory, and stress priming, as well as initial and potential uses for tree breeding, conservation of genetic resources, or biotechnology.



Only a few studies have paid attention to histone modifications, probably due to the fact that histone marks are numerous, labile, and difficult to analyze [105,106]. DNA methylation is one of the well-understood epigenetic marks and is commonly used in studies with forest trees. However, due to a lack of high-quality genome sequence assemblies for forest trees, most DNA methylation studies have focused on a global approach (High-Performance Liquid Chromatography) or a locus approach, such as MSAP (Methylation Sensitive Amplification Polymorphism), which uses methylation-sensitive restriction enzymes to identify methylated DNA fragments [40,107,108] (Table S1). Despite the potential of such techniques in the absence of an assembled genome, they do not offer high resolution making it difficult to identify the specific targets (features) of DNA methylation variations. Once reference genomes are established and available [40], methods (such as Whole Genome Bisulfite Sequencing) can provide methylation at a single nucleotide resolution over the whole genome [71]. Another epigenetic mark that is attracting considerable attention in forest trees is ncRNAs (Table S1). Expression of specific microRNAs (miRNAs) has been associated with temperature-dependent epigenetic memory-controlling bud set/burst in Norway spruce and with habitat memory in poplar under phosphate starvation [109,110,111,112].



One striking point in Table S1 is that both DNA methylation and ncRNAs raise the fundamental question of the priming effect in forest trees. This epigenetic memory could help trees respond to recurrent biotic and/or abiotic stresses [113,114,115].



Studies in forest tree epigenetics in the context of biotic stresses remain limited. However, recent findings have highlighted variation in the epigenome of individuals infected by pathogens compared to healthy individuals. These variations have been observed at the methylome level for ash trees infected with the fungus Hymenoscyphus fraxineus [116]. A study of Paulownia fortunei infected with Paulownia witches’-broom disease showed a differential level in two histone methylations (H3K4me3, H3K36me3) and one histone acetylation (H3K9ac). The modifications of these histones seemed to be involved in the regulation of genes related to secondary metabolism, such as phenylpropanoid metabolism and the phytohormonal pathway, and to a lesser extent, genes related to plant-pathogen interactions [117].



Regarding abiotic disturbances, variation in DNA methylation levels has been reported following drought [118,119,120,121,122,123,124,125,126], salt stress [127,128,129], exposure to heavy metals [130], or temperature extremes [112,131,132,133,134,135,136]. Other investigations have reported changes in histone proteins related to water deficiency [137,138] or chronic radiation exposure [139], showing that these variations may occur at a genome-wide level, such as in Populus clones [119] or in mangrove trees (Laguncularia racemosa) [140]. Integrative studies have attempted to establish correlations between phenotypic or molecular responses and epigenetic modifications to highlight how epigenetic mechanisms potentially controlled the response of trees to environmental disturbances. For example, a study showed that salt exposure in Pyrus betulaefolia (Pb) influences the expression of demethylases (DME), which highlights the important role of PbDME genes in response to salt stress [128]. Moreover, a study on Pinus radiata suggested that PrELIP1 (P. radiata Early Induced Protein 1), which has a role in resistance to photo-oxidative stress, is partly regulated by an epigenetic pathway during UV-B exposure [141].



For forest tree species, the best-known example of epigenetic memory is the environmental regulation of the performance of Picea abies progeny during seed production. Johnsen et al. (2005) [142] first suggested that seed production temperature and photoperiod interact to develop a long-lasting memory mechanism regulating phenology and frost hardiness, as well as bud burst timing [143] in P. abies progeny. This temperature-regulated epigenetic memory was associated with changes in gene expression either during its embryogenic development [142] or in the progenies [136,144]. Besnard et al. (2008) [145] further supported the existence of a memory mechanism in P. abies as maternal environmental conditions during reproductive steps only induced limited genotypic selection. This epigenetic memory could also explain the rapid acclimation in Norway of P. abies originating from Central Europe, which showed a bud set more similar to Norwegian seedlings than to seedlings from the same origin [146]. Evidence for the epigenetic basis of the memory formed in P. abies embryos influencing adult tree traits is well documented. Changes in the transcriptome of genetically identical P. abies somatic embryos during morphogenesis at 18 and 30 °C were putatively based on chromatin modifications [110]. Moreover, the expression of a significant number of epigenetic regulators changed according to different epitype-inducing conditions, supporting the key role of DNA and histone methylation and small RNAs (sRNAs) to establish an epigenetic memory in P. abies [111]. The putative role of miRNAs in epigenetic regulation was suggested by the differential expression of specific miRNAs in seedlings of a full-sib family showing distinct epigenetic differences in bud set originated from seeds developed in cold and warm environments [147]. An in silico analysis of sRNAs further supported the involvement of miRNAs in the formation of epigenetic memory in somatic embryos of P. abies [148].



The influence of the maternal environment has also been shown to play an important role in the tolerance level of the offspring to various pathogens. Individuals from mother plants exposed to pathogens appear to be more tolerant to these same pathogens, and authors hypothesized that epigenetic mechanisms may be involved in this priming phenomenon [149,150]. Recently, Lamelas et al. (2020) [151] proposed the importance of epigenetic mechanisms for P. radiata heat stress tolerance and priming by evaluating the nuclear proteome and tissue DNA methylation dynamics of seedlings submitted to 45 °C for 10 days, allowed to recover, and submitted to another stress cycle. Several proteins involved in epigenomic-driven gene regulation were identified. The authors state that a priming-induced epigenetic memory may develop novel approaches to improve pine survival under extreme heat stress in the context of climate change. Also, the application of the phytohormone methyl jasmonate on a stand of 48-year-old P. abies 35 days before exposure to the tree-killing bark beetle resulted in a primed state or immunological memory, which allowed these trees to resist insect attack [152]. The authors argue that the establishment of this priming memory is likely related to epigenetic mechanisms, such as DNA methylation and histone modifications as in Arabidopsis [153], but acknowledge that further studies are needed.



Recent studies have suggested that epigenetic mechanisms are also involved in drought-induced developmental plasticity through the regulation of the phytohormonal pathway in the shoot apical meristem (SAM) [98,123,124]. Developmental plasticity [154] involves the pluripotency of stem cells located in meristems through the fine-tuning control of cell identity genes by hormones [155]. Crosstalk between chromatin and phytohormones in the meristem is supported by (i) direct control of phytohormone signaling on chromatin modifiers or marks, and vice versa, and (ii) their effects on cell identity genes in the meristem, on the stabilization of gene expression beyond the initial hormonal signal, and on the integration of separate hormones by chromatin acting as a hub. This process could explain, at least in part, the epigenetic memory and priming of organs after recurrent stress.



An environmentally-induced epigenetic memory that may facilitate tree acclimation has been suggested in winter-dormant SAMs of field-grown poplar trees [124]. Trees grown under moderate drought conditions during the vegetative period exhibited differentially methylated regions on stress-responsive genes and hormonal pathways in winter-dormant SAMs six months later, suggesting an epigenetic memory mediated by DNA methylation [124]. A significant decrease in global DNA methylation has also been detected in winter-dormant SAMs from natural populations of black poplar subjected to a summer-drought [125]. Furthermore, Le Gac et al. (2019) [126] showed that the first leaf emerging from SAMs also exhibited changes in DNA methylation under variable water availability. This result suggests a possible mitotic transmission (memory) from the SAM to the emerging leaf formed during the stress period. Other studies have reported an epigenetic memory in trees in response to drought with poplar transcriptomics depending on clone history [119], or in response to phosphorus nutrition with site-dependent growth of clonal Populus trichocarpa [112].



Altogether, although it is well-established that global changes represent a higher risk for insect and disease outbreaks in forests worldwide, there is a lack of epigenetic studies focusing on the response of forest species to biotic stresses. Most of the work in forest tree epigenetics is related to the response of several species to abiotic stresses, mainly drought and extreme temperatures. Moreover, our understanding of what functional traits allow plants to thrive under stressful conditions and their relationships with epigenetic mechanisms is lacking. In poplar and Norway spruce, epigenetic memory has proven to provide trees with adaptive plasticity, based on previous environmental conditions that facilitate plant responses to new challenges (Table S1). In line with these findings, epigenetics has emerged as a potential tool to understand and improve priming strategies against both biotic and abiotic stresses.




4. Promises of Epigenetics for Tree Improvement, Breeding, Conservation of Genetic Resources and Forest Management


The potential of epigenetics in plant breeding is already being considered in crops [73,88,89,156,157,158]. Only limited studies have been implemented with trees, and results coming from crops will need to be adapted to fit with the specific features of tree breeding and forest management [40]. Although most of the studies on forest trees have focused on the role of epigenetics in tree development, and response to environmental changes and priming (Table S1), recent studies have pointed out the potential relevance of epigenetics in tree improvement. Three main approaches using epigenetics may be foreseen: (i) Exploit natural or artificially-induced epigenetic diversity; (ii) use epigenetic marks in addition to classic genetic markers for trait improvement with trans-omics approach [159], statistics and modeling, and (iii) use epigenome editing [160]. Epigenetics could be used to expand the material for tree breeders that may be used by sexual or asexual propagation methods.



The best-known example in trees for exploiting natural or induced epigenetic diversity is the existence of an epigenetic memory mechanism that operates during embryo development in Norway spruce (see above section). This process adjusts the timing of bud burst in the progeny, but also in genetically identical epitypes in a manner usually associated with ecotypes in accordance with the temperature conditions during embryogenesis [136,142,143,144,146]. Kvaalen and Johnsen (2008) [143] demonstrated that environmentally induced epigenetic memory during somatic embryogenesis can give similar results for phenology as to those produced by provenance separation of 4–6° latitude. Environmentally induced epigenetic memory during somatic embryogenesis could potentially be used in tree breeding to prime trees regarding their phenology for their first years of plantation along a latitudinal gradient. This promising application opens up many possibilities for forest tree research considering the increasing literature on tree priming (Table S1), and unravels the importance of epigenetic natural diversity that should be taken into consideration for forest breeding, conservation of genetic resources and forest management and protection. Another example of exploiting natural epigenetic variation is emerging from the role of epigenetics in tree heterosis that has been evaluated in Populus deltoides [161]. Findings indicate that methylation patterns of the two P. deltoides parental lines are both partially and dynamically passed on to their intraspecific hybrids, resulting in a non-additive methylation pattern in F1 hybrids. However, studies on epigenetic and heterosis are still necessary for trees and will have to be evaluated by tree breeders.



Another perspective of forest tree epigenetics comes from studies conducted on Arabidopsis and crops concerning sRNAs and cross-kingdom RNA interference (RNAi) [162]. Cai et al. (2018) [163] have shown that Arabidopsis has adapted its exosome-mediated cross-kingdom RNAi as part of its immune responses against pathogens. Pathogens and pests can thus be controlled by sRNAs, targeting their essential or pathogenicity genes, raising the possibility of plants to be protected from diseases by a novel eco-friendly, durable, and highly specific RNA fungicide or pesticide [163,164]. In addition, there is growing evidence to indicate that epigenetic mechanisms directly participate in plant immune responses. However, the evidence of transgenerational inheritance of pathogen-induced defense priming is still a matter of debate [165]. Studies have shown that biotic stresses can also trigger an increase in the overall level of genomic methylation. Curiously, the methylation levels of some pathogen responses or resistance genes are reduced [166]. We still need to understand exactly how epigenetics controls trees’ defenses against disease to then translate this knowledge into practical actions. By exploring natural and induced resistance, we may implement new breeding strategies for preventing disease while reducing the global reliance on harmful pesticides, a field of research still in its infancy for trees.



The application of epigenetic markers to tree breeding has been tested over the last few years, including studies highlighting the extent and variation of genome-wide DNA methylation in natural populations of trees. Ci et al. (2015) [167] investigated the variation in DNA methylation and whether this variation correlates with important plant traits, including leaf shape and photosynthesis in Populus simonii, indicating that epigenetics bridges environmental and genetic factors in affecting plant growth and development. Sow et al. (2018) [125] reported the first estimate of narrow-sense heritability (h2) and phenotypic differentiation (Pst) for global DNA methylation in trees by assessing global DNA methylation variations in Populus nigra clones from natural populations under varying soil water availability. Regardless of water regimes, values of h2 and Pst were comparable to those found for shoot biomass production, a known heritable trait in poplar. Therefore, global DNA methylation, being genetically and environmentally determined in these populations, could be used as a potential marker for population differentiation, performance, and selection under stressful conditions. To explore the epigenetic diversity in breeding programs, we need to expand our knowledge regarding the link between DNA methylation and economic traits in forest trees. Ma et al. (2012) [168] investigated 130 intraspecific hybrids of Populus tomentosa and concluded that the regions defined by the MSAP candidate markers are linked to genes that are essential for photosynthetic traits that respond to DNA methylation which affect growth traits.



The potential of epigenetic markers in quantitative breeding approaches has been recently suggested by Baison et al. (2019) [169]. The authors identified 52 QTLs (Quantitative Trait Loci) of wood properties in Norway spruce for marker-assisted breeding. However, these QTLs explain a small proportion of the genetic variation, in line with previous studies examining genetic variation in complex traits in coniferous species using forward genetic approaches. They suggest that this could be due to several factors, including epigenetic variation, highlighting the need for sophisticated epi/genotyping tools, as well as a combination of advanced statistical models, such as regional heritability mapping. Recently, Champigny et al. (2019) [170] applied statistical learning experiments to genetically diverse populations of Populus balsamifera trees grown at two common garden sites and showed that traits in novel genotypes can be modelled using small numbers of methylated DNA predictors. Indeed, significant phenotypic variances in quantitative traits of the wood were explained by the natural variation of DNA methylation, such as total biomass (57.5%), wood density (40.9%), soluble lignin (25.3%), and carbohydrate content in the cell wall (mannose: 44.8%). The authors proposed that DNA methylation-based models can be used as a strategy to validate the identity, provenance, or quality of agroforestry products. While this approach presents innovative perspectives for forest trees, it should be evaluated in terms of cost, technical, and analytical efforts.



The last approach to use epigenetics for tree improvement is epigenome editing, i.e., a type of genetic engineering in which the epigenome is modified at specific sites using engineered molecules targeted to those sites. Genome editing in trees has been recently reviewed by Bewg et al. (2018) [160], suggesting a great potential for stable CRISPR-induced mutations and associated phenotypes over multiple clonal generations. Authors suggest that this technology can be used for the commercial production of elite trees that relies on vegetative propagation. The potential of epigenome editing to control recombination in plant breeding has been recently reviewed [171]. Manipulating the rate and positions of crossovers to increase the genetic variation accessible to breeders is of main interest. Epi/genome editing at desired sites of recombination, and manipulation of crossovers factors, are applicable approaches for achieving this goal, reducing the time and expense associated with traditional breeding, revealing inaccessible genetic diversity, and increasing control over the inheritance of preferred haplotypes [171]. However, there is no study on epigenome editing in trees, and the feasibility of such technological advances, depending on use regulations in different countries, will have to be evaluated by tree breeders in the future.




5. Gaps in Knowledge and Future Challenges


Although the conceptual role of epigenetics in trees is established (see Figure 1) and supported by an increasing number of articles (Figure 2 and Table S1), there is still a long way to go before one will make use of this adaptive potential in forest management. Most studies in forest trees have focused on how developmental and/or environmental interactions affect epigenetic marks (particularly DNA methylation), mainly using descriptive or correlative approaches between phenotypic traits and epi/genomics data. Recently, Alonso et al. (2019) [95] proposed suitable approaches to detect links between epigenetic variation and plant (Arabidopsis and crop) functional phenotypic traits for biotic stress. The strategy combines the use of epimutants, drugs [172], or wild populations across environmental gradients with direct phenotyping of fitness traits to study somatic or transgenerational relationships after stress exposure. The authors proposed (i) “concurrent analysis of epigenetic variation and phenotypic trait variation, including plant fitness between individuals exposed to contrasted biotic interactions” and (ii) “analysis of specific loci and physiological pathways to clarify the epigenetic contribution to the stabilization of environmentally induced phenotypes (priming) or across generations” to gain insights into functional relationships. In addition to these recommendations, we propose a complementary methodological plan for epi/genetics in trees by (i) using both forward and reverse (epi)genetic approaches and developing population epigenomics [173,174], (ii) assessing the effects of multiple, potentially interacting, stressful conditions (intensity, duration, frequency, interaction), (iii) favoring experimental designs with growing conditions in common garden to get as close as possible to natural conditions, (iv) using kinetics approaches by sampling biological material along a developmental gradient for a better understanding of the molecular chain acting from short to long term during development × environment interactions [154], (v) taking into account tree features (species, genotype, physiological and chronological ages, organs, tissues), but also the geographic origin, clone history, clonal propagation vs. sexual reproduction, and all features of breeding, management of genetic resources and forestry, and (vi) developing a trans-omics approach [159] to overcome the lack of comprehensive understanding and the information gap regarding interaction across multiple -omic layers. Trans-omics is an approach for reconstructing molecular networks by connecting multiple -omic data. To reach that purpose, diverse statistical and modeling analyses must be tested to move from correlative to causal inference and predictions [40], as developed in human brain research (for example, see Reference [175]).



In addition, this methodological plan for epi/genetics in trees must be adapted to natural- and artificial-based forest management. In artificial-based forest management, epigenetics could improve the response of planted trees to stress by promoting stress memory during the breeding process or at the very beginning of the seedling stage. While this idea is attractive, its implementation can face important challenges. First, because trees are long-lived organisms, they are highly susceptible to numerous stresses at various stages of their lifespan, and this is particularly true with global change. Hence, for stress memory to be useful, research in epigenetics should focus on the long-term effect of stress memory. Second, in the context of global change, trees are also susceptible to stresses that are variable in their nature, such as droughts, thaw-freeze events, early or late frosts, or insect defoliations.



In natural-based forest management, it is impossible to have a direct effect on regeneration (i.e., choosing a specific seed to grow as a tree) through breeding programs. However, recent research shows that epigenetics could be, on the one hand, partly responsible for the large intraspecific plasticity observed in plants, and on the other hand, that stressful conditions can induce epigenetic responses. These findings appear promising because we may not yet have seen the extent of phenotypic plasticity for some species. Moreover, if further research can identify how mature tree species respond to various stresses “epigenetically”, this opens the door to new ideas in terms of silvicultural treatments to take advantage of this phenotypic plasticity. For example, if the progeny from trees that were under drought stress during seed formation show higher resistance to drought, forest managers could develop strategies to favor their germination and the further development of this particular seedling cohort.



The advent of next-generation sequencing technologies pushed by the emergent need to explore epi/genetic diversity in response to climate challenges [39,116,176,177] contributed to the initiation and progress of research of tree epigenomics [40]. Genomics will play a major role not only in unveiling the epigenetic mechanisms underlying adaptation, but also in developing and implementing innovative management actions to preserve forest adaptability and identify traits for selection in breeding programs. To achieve these goals, efforts are needed to establish forest tree reference (epi)genome sequences, to determine how to apply sequencing technologies to understand adaptation, and to develop resources for storing, accessing, and sharing forestry data [39,40,178]. As forests and trees have shown an incredible ability to survive through the occurrence of various stresses for centuries, there is a need to understand to what extent epigenetics has played a role in this resistance and resilience of forests to past stressors, such as droughts, extreme heat events, insect defoliation, and dieback episodes. This question is hard to answer as epigenetic analyses require “fresh” material, but it might be possible to identify growth patterns in dendrochronological studies that support this hypothesis. No matter if it is with dendrochronology or by other means, epigenetic researchers would benefit from engaging collaborations with other disciplines to confirm the importance of epigenetics in forest resistance and resilience to past stresses. This is one of the concerns being addressed within the research project EPITREE (Evolutionary and functional impact of epigenetic variation in forest TREEs; ANR-17-CE32, https://www6.inrae.fr/epitree-project/) that should encourage translational research in the field of forest research. The recent EPI-CATCH Cost Action (CA19125; https://www.cost.eu/actions/CA19125/) has created an international network where researchers and stakeholders share and discuss information to improve laboratory epigenetic methodologies, in silico data analysis, and the integration of epigenomic data with other -omic data (genomic, transcriptomic, proteomic, phenomic, etc.) in crops, including relevant forest species. The knowledge and methodologies will be discussed with a focus on the investigation of epigenetic mechanisms modulating plant adaptation to environmental stresses driven by climate change.



Finally, priming seems to be rising as an interesting new research line in trees with the contribution from scientists worldwide, as it is evidenced by the “Priming in Trees Consortium” (https://lunadiezlab.com/priming-in-trees-consortium/). This alliance aims to understand the priming mechanism itself, its durability, and implementation in forests as a promising solution for current and future threats. Epigenetics has been identified as a key contributor to the priming mechanism, and thus, deeper studies that focus on unveiling the epigenetic mechanisms involved in priming in forest tree species are required. Besides identifying the epigenetic mechanisms involved in stress-response, it is important to apply this knowledge to the conservation of forest genetic resources, breeding, and management.
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Figure 1. Epigenetic response to environmental changes in trees. Trees are known to recognize various abiotic and/or biotic stimuli occurring rhythmically (circadian or seasonal) or stochastically. These changes are perceived at different tissue levels, with most studies focusing on the leaves, roots, and meristems (SAM, shoot apical meristem; Cambium; or RAM, root apical meristem). Perception is then followed by signaling mechanisms that may include changes in the redox or hormonal balance, which have been shown to be related to epigenetic changes (chromatin remodeling, DNA methylation, non-coding RNA mechanisms (not shown), and histone modifications and variants). This complex crosstalk between signaling processes, epigenetics, and genetics results in an altered gene expression status and/or the mobilization of transposable elements (TEs). A physiological response is then observed together with phenotypic changes that allow trees to acclimate to the environmental changes initially sensed depending on the time-scale considered and the heritable transmission of epigenetic changes. 
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Figure 2. The number of papers on Epigenetics published per year from 1990 to 2019 (2020 being underway) in three Research Areas: all fields, plant sciences, and forest species. The number of studies was obtained from the Web of Science Core Collection (www.webofknowledge.com) with the topic search (TS) “epigenetics” and its variants (e.g. “epigenomics”). The main mechanisms behind epigenetics (DNA methylation, histone modification, chromatin remodeling, and non-coding RNA mechanisms) were also considered. An advanced search was therefore conducted as follows: TS = (epigen* OR DNA methyl* OR histone OR chromatin remodel* OR (epigen* AND RNA)). All documents written in English and part of the Science Citation Index Expanded were examined. Results were then refined to retain the papers from the “Plant Sciences” Web of Science Category (adding “AND WC = Plant Sciences” to the query). Data was further filtered for epigenetic research in forest tree species by adding TS fields of “forest” and of the main forest tree genera studied (Picea/spruce, Pinus/pine, Populus/poplar, Quercus/oak, and Eucalyptus/eucalypt) and avoiding results referring to the “random-forest” method (NOT TS = random forest). 
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