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Annual model and crop species have been the subject of most epigenetic studies for plants. In contrast to annuals, forest trees persist on natural landscapes and experience environmental variation within and across seasons, years, and decades or even centuries. Most forest trees species are undomesticated and typically grown on variable landscapes with no irrigation or application of agricultural chemicals. Forest trees must thus rely on their inherent ability to alter growth and physiology to mitigate the effects of changing abiotic and biotic stressors. Like other plants, trees have mechanisms encoded in their genomic DNA sequence that can respond directly to stress events such as drought or heat. Hypothetically, it would be highly advantageous to join these mechanisms with a dynamic “memory” of past exposure to stress. It is now well established that annual model and crop plants can establish epigenetic-based memory of stress events that support more rapid and robust response to stress in the future. Here, evidence is discussed for epigenetic regulation and “memory” in two fundamental biological processes in trees, wood formation and abiotic stress response. Wood formation is an ideal trait for epigenetic research in trees, as wood formation is highly responsive to environmental conditions and includes multiple rapid developmental changes as cells adopt distinct fates within complex tissues. This is followed by a discussion of research needs that would provide the foundation for new epigenetic applications for forestry.
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INTRODUCTION
A key challenge in forest genetics is to explain the biological basis of adaptive trait variation that influences the ability of tree species or genotypes to persist and reproduce in different environments and in response to environmental variation over time. Variation in the DNA sequence among species and populations within species has generally been assumed to be responsible for the observed phenotypic differences in developmental, physiological and adaptive traits. But as discussed below, there is increasing evidence that DNA sequence is insufficient to explain all of the phenotypic variation for adaptive traits in forest trees. Epigenetic variation is likely a key component of the complex regulation of developmental and adaptive traits in trees not explained by DNA sequence variation and is the focus of this minreview.
Tree species are primarily outcrossing, characterized by highly heterozygous individuals and populations with high within-population DNA sequence variation (Porth and El-Kassaby, 2014). Obvious phenotypic variation can be observed across populations for adaptive traits, such as phenology traits measured in common garden experiments (e.g., Zohner and Renner, 2014). Explaining variation for developmental and adaptive traits within and among tree populations using genomic DNA sequence variation has been a primary goal of forest tree genomics but has seen modest success (Grattapaglia, 2022). The advent of new sequencing technologies has allowed for comprehensive assay of DNA sequence variation yet a significant percentage of observed phenotypic variation remains unexplained in many tree genomic studies (Grattapaglia, 2022), a so called “missing” heritability problem (Zuk et al., 2012). A number of technical issues including inability to include higher order epistatic interactions, structural variation or rare alleles into models may explain some of the shortcoming (Matthews and Turkheimer, 2022), but it also raises the question if additional biological mechanisms other than DNA sequence are contributing to phenotypic variation?
Classically, epigenetic variation referred to heritable phenotypic variation that is not determined by genomic DNA sequence variation (Berger et al., 2009). Since the identification of molecular mechanisms underlying epigenetic variation, however, this definition has broadened to also include epigenetic phenomenon that influence development or response to the environment within individuals regardless of heritability (Webster and Phillips, 2024). At a molecular level, epigenetic chemical modifications of the genome include DNA methylation, various modifications of histones, and the action of non-coding RNAs (Martienssen et al., 2008). DNA methylation plays multiple roles in plants including regulation of transposable elements and modifying expression of genes (Martienssen and Colot, 2001). Acetylation, methylation, ubiquitination and phosphorylation of specific histone amino acid residues can change chromatin conformations to promote or repress gene expression in plants (Zhao et al., 2019). For example, trimethylation of lysine 4 of histone H3 (H3K4me3) promotes gene expression, while trimethylation of lysine 27 of histone H3 (H3K27me3) represses gene expression (Niu et al., 2018). At the RNA level, small RNAs including microRNAs (miRNAs), heterochromatic small interfering RNAs, and secondary small interfering RNAs can affect developmental and stress responses through regulation of post transcriptional gene silencing (PTGS), DNA methylation, and transposon activity (Zhan and Meyers, 2023).
An increasing foundation of research points to roles for epigenetic regulation of developmental and adaptive traits in model angiosperm annual plants (Chang et al., 2020; Hannan-Parker et al., 2022). For example, Arabidopsis grown for five generations under imposed selection showed heritable changes in phenotypes that were not attributable to changes in DNA sequence but were associated with significant changes in DNA methylation (Schmid et al., 2018). A survey of methylomes of over 1,000 Arabidopsis natural accessions found that methylation contributes to adaptive trait variation in natural populations, with methylation variation associated with environmental response genes (Kawakatsu et al., 2016). Specific drought-responsive genes in Arabidopsis have increased H3K4me3 and H3K9Ac levels associated with their increased expression during drought (Kim et al., 2012). Abscisic acid (ABA) is central to plant drought response, and H3K4me3 modification of the NINE CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) gene encoding a key enzyme in ABA biosynthesis is associated with increased expression during drought response (Ding et al., 2011).
Hypothetically, epigenetic regulation has the potential for significant impacts on forest tree adaptive traits beyond what is seen in annuals. For example, the ability to establish a memory of past stress could allow individual long-lived trees to mount more robust responses to future stress within or across growing seasons, or even across generations. Epigenetic mechanisms provide the molecular basis of such memory as well as for plasticity within individual trees (Miryeganeh and Armitage, 2024; Lloyd and Lister, 2022). Across generations, demonstrating transgenerational epigenetic inheritance is inherently difficult (Heard and Martienssen, 2014) and convincing examples in trees with long generation times are thus limited. In one example, grafting experiments in Norway spruce demonstrated that the same genotype could produce seedlings with varying phenology traits (Yakovlev et al., 2012), which reflected differences in day length and temperature experienced by the maternal environment during post-meiotic megagametogenesis and seed maturation (Skrøppa et al., 2007). Similarly, maternal environment was found to influence resistance to a Fusarium pathogen in offspring (Vivas et al., 2013). The molecular basis of these presumed epigenetic traits is not known, however. Nonetheless, it is intriguing to imagine a single tree that persists on a landscape for decades or even hundreds of years might produce an array of epigenetically conditioned gametes across years in response to environmental change.
What follows is a discussion of some of the technical challenges of measuring epigenetic variation in trees, which is followed by examples of epigenetic regulation of wood formation and adaptive traits in trees. At the end of this review, important research questions around epigenetics in forest trees and how they affect forest management and conservation are presented.
MEASURING EPIGENETIC VARIATION IN TREES
Forest trees are experimentally challenging for epigenetic studies when compared to annual model or crop plants. Most forest trees have an extended juvenile period before becoming reproductively mature, limiting cross generational studies. Additionally most tree species are outcrossing and highly heterozygous, making it difficult to distinguish the relative effects of segregating DNA sequence variation versus epigenetic variation within pedigrees or populations. One approach for non-transgenerational studies has been to take advantage of poplar species that can be clonally propagated and for which genomic sequence is available. For example, clonally propagated poplar hybrid genotypes were exposed to contrasting environments and subsequently grown in a common garden experiment where they were assigned to either well-watered or drought treatments (Raj et al., 2011). Differences in transcript abundance and DNA methylation were noted in response to drought for genetically identical clones sourced from contrasting environments, suggesting an epigenetic memory of prior environmental conditions (Raj et al., 2011).
Trees are phylogenetically diverse and include both gymnosperm and angiosperm species separated by 300M years of evolution (Groover, 2005). There are striking differences between angiosperm and gymnosperm genomes that could affect epigenetic mechanisms. Conifer genomes are characterized by exceptional size, genes with large introns, unique evolutionary history of repeat sequences, and a lack of recent genome duplications events (Wan et al., 2022). Angiosperm tree genomes are highly diverse and reflect past whole genome duplication and hybridization events, have frequent structural variation, and have more compact gene structures (Benton et al., 2022). A limited number of forest trees have complete genome sequences supporting approaches like Chromatin Immunoprecipitation sequencing (ChIP-seq) capable of surveying chromatin marks, most notably poplar species (Liu et al., 2015). Differences between and within gymnosperm and angiosperm lineages for variation in epigenetic variation and responses is a largely unexplored area of research. Additionally, there is a dearth of information regarding the dynamics of epigenetic variation across difference timescales in trees, including how quickly new epigenetic states are established, how long they persist, and what environmental cues effectively reset or change epigenetic states. Similarly, it remains uncertain if different types of epigenetic marks might be more important for specific types of environmental variation, or if different marks might be associated with different timescales or more quickly erased marks. However, as of 2020, a total of 83 publications addressed some aspect of epigenetic regulation in trees, reflecting a young but growing body of research (Amaral et al., 2020).
Next is a discussion of two examples of epigenetic regulation of traits that are central to the understanding of forest tree biology and evolution, that also have relevance to the management and conservation of trees in response to environmental variation and climate change. These brief examples are not intended to be exhaustive reviews.
EXAMPLES OF EPIGENETIC REGULATION OF WOOD FORMATION
Wood formation in trees is developmentally plastic and highly responsive to environmental conditions. For example, angiosperm trees make more numerous and small diameter vessels to resist embolism under heat and drought conditions (Rodriguez-Zaccaro and Groover, 2019). Additionally, wood formation is developmentally dynamic, with maintenance of dividing stem cells within the cambium balanced with the coordinated differentiation of daughter cells into the different cell types of wood. Multiple lines of evidence point to a significant role for epigenetic regulation of both developmental dynamics and integration of environmental cues during wood formation. For example, the expression of genes encoding WOX-like transcription factors that regulate cell division in the vascular cambium (Kucukoglu et al., 2017) is modulated by the zinc finger protein PtrVCS2 through hypoacetylation of H3K9, H3K14 and H3K27 marks in the PtrWOX4 promoter (Dai et al., 2023). At a genomic scale, Chip-seq profiling of H3K4me3 and H3k27me3 marks of wood forming tissues in eucalyptus found a correlation between these marks and genes involved in lignification, and could be used to predict ∼50% of variation in transcript abundance (Hussey et al., 2017). In contrast, in genome wide surveys in poplar DNA methylation was found to have only marginal effects on the expression of genes and pathways associated with wood formation (Zhang et al., 2020). However, DNA methylation profiling data from a population of balsam poplar was used to predict significant percentages of phenotypic variation for wood density, soluble lignin and cell wall carbohydrate (Champigny et al., 2020). From these studies it might be speculated that, histone-related marks can have direct and dramatic effects on expression of individual genes and phenotypes, while DNA methylation may contribute to phenotypic variation that is only revealed through more global quantitative analyses.
Roles for non-coding RNAs in wood formation are emerging from studies cataloging small RNA expression using RNA sequencing. For example, more than 2,000 miRNAs were expressed in different stages of wood development in poplar (Wang et al., 2021). Regulatory roles for miRNAs in wood formation were illustrated by dramatic effects on wood patterning and cambium function in transgenic poplar expressing a miRNA-resistant form of the Class III HD ZIP transcription factor, popREVOLUTA (Robischon et al., 2011).
EXAMPLES OF EPIGENETIC REGULATION OF DROUGHT STRESS RESPONSE IN TREES
The stress hormone ABA is central to drought response in plants, including in trees (Yu et al., 2019). Histone modifications have been shown to play a role in ABA-mediated gene expression and abiotic stress response phenotypes in annual plants (Shi et al., 2024). In poplar, specific NAC transcription factor encoding genes (PtrNAC006, PtrNAC007, and PtrNAC120) are induced by drought and have ABA-response element (ABRE) motifs in their promoters (Li et al., 2019). Genome wide profiling correlated H3K9ac marks in the promoters of these NACS with their expression, which is modified by the ABRE-binding protein PtfAREB1 that recruits histone acetyltransferase to the NAC promoters (Li et al., 2019). Further, downregulation of these NACs resulted in drought hypersensitive phenotypes (Li et al., 2019).
The role of DNA methylation during drought stress response was evaluated in poplar through RNA interference (RNAi) downregulation of DECREASED IN DNA METHYLATION 1 (DDM1) which encodes a highly conserved chromatin remodeling ATPase required for DNA and histone methylation (Lee et al., 2023; Vongs et al., 1993). Downregulation of poplar DDM1 resulted in trees that were modestly more resistant to drought induced reduction in height growth and to air embolism of xylem (Sow et al., 2021). The DDM1 downregulated trees also showed changes in methylation patterns, gene expression, and hormone levels (Sow et al., 2021), although specific mechanisms connecting methylation changes to phenotypes remain uncertain.
RESEARCH NEEDS AND APPLICATIONS FOR FORESTRY
Epigenetics has the potential for multiple practical applications in forest management (Amaral et al., 2020). If epigenetic variation could be selected or manipulated in parallel with traditional breeding, this could ultimately increase the gains realized for target traits within a breeding cycle. Research is needed to determine the causal relationships, heritability and magnitude of effect of specific chromatin marks on phenotypic traits to fully evaluate the potential of integrating epigenetic approaches into tree breeding. Additionally, the most effective methods of manipulating epigenetic variation in trees must still be established. However, simply understanding epigenetic effects on breeding efforts could be useful even in the absence of understanding the underlying mechanisms. For example, previous research found significant differences in performance of Norway spruce seed grown from clonally propagated parent trees at different seed orchard locations, showing the potential for epigenetic effects on reforestation success (Skrøppa et al., 2007). This raises the question of whether collecting seed from orchards or wild trees in less stressful environments could result in seedlings that are epigenetically maladapted to more stressful outplanting environments during reforestation.
Nursery production of tree seedlings presents the opportunity to create useful epigenetic variation through stress priming. In general, outplanting is a critical stage of reforestation, as seedlings have small root systems and limited water/nutrient reserves to withstand heat and drought. Stress priming uses controlled exposure to stress or to chemical or hormonal surrogates and can result in more rapid and robust response to future stress (Hilker and Schmülling, 2019). While variations of stress priming have previously been applied to tree nursery seedlings (e.g., “drought hardening”), in general they have had limited effectiveness (Puértolas et al., 2024) and were not developed in conjunction with research capable of evaluating biological mechanisms. New genomics-based research could examine the mechanistic response to different chemical, hormonal or cultural stress priming treatments on relevant epigenetic and physiological mechanisms to optimize treatments. Effective stress priming could be applied to seedlings in nursery settings or even through seed priming to increase resilience to outplanting stressors.
Non-coding RNAs are attractive targets for new applications for forestry. For example, RNA-based methods could be applied to one of the major threats to forest, invasive pathogens and insects (e.g., Lovett et al., 2016). Spray Induced Gene Silencing (SIGS) uses exogenously applied double stranded RNAs (dsRNAs) designed to trigger RNAi-based silencing of essential genes in pathogen or insect pests. This approach develops non-GMO biopesticides that are highly specific to the target pest and are non-toxic to the environment. Recent examples of effective SIGS in trees include myrtle rust (Degnan et al., 2023), pine pith canker (Bocos-Asenjo et al., 2025), and emerald ash borer (Rodrigues et al., 2018). SIGS could also potentially be used to downregulate genes in trees, for example, to more rapidly evaluate candidate genes for resistance or susceptibility to invasive pests. Beneficial alleles of candidate genes that are determined effective could then be selected through molecular-guided breeding. Genes with negative effects on phenotypes could also be downregulated through GMO-based RNAi, or through GMO-free CRISPR based gene editing (e.g., Yang et al., 2023).
Epigenetics likely play roles in other fundamental aspects of tree biology that affect developmental and adaptive traits. Hybridization and polyploidy are important features of many angiosperm tree species, and are known to include epigenetically-mediated interactions between parental genomes and complex changes in gene expression in model annuals (reviewed in Duarte-Aké et al., 2023). Gene copy number variation and structural variation are frequent in natural poplar populations (Pinosio et al., 2016) and have been shown to affect various quantitative traits in experimental populations (Bastiaanse et al., 2019). Such variation is correlated with epigenetic marks affecting gene expression and adaptive divergence (Shi et al., 2024). Similarly, epigenetic regulation of transposable elements can affect both mobilization and expression of nearby genes (Weil and Martienssen, 2008).
Moving forward, experiments capable of quantifying the magnitude of effects of epigenetic variation on developmental and adaptive traits need to be conducted. Importantly, such studies must move beyond simply correlating epigenetic molecular marks with traits and employ experimental designs capable of partitioning DNA sequence variance and epigenetic variance, to measure the magnitude of effect of epigenetic variation on phenotypic traits. As previously mentioned, tree species that can be clonally propagated may prove useful for such studies. A largely unexplored but critical area for trees is to determine how different levels or length of exposure to stress result in establishment of new epigenetic states, and how long these states last or are reset for different traits. Experiments focused on the dynamics of epigenetic programming could be overlaid with surveys of different epigenetic marks to determine which marks are the most important for different traits or associated with different dynamics or timescales. Additionally, variation among tree species for basic epigenetic processes and dynamics should be explored. Whether there might be fundamental differences between angiosperm and gymnosperm trees in epigenetic processes is largely unknown. And whether there might be significant differences among trees with different lifestyles is unknown. For example, might epigenetic states be more dynamic in short-lived pioneer species versus longer lived species? Finally, epigenetics could be a major factor determining how trees respond to increasing variation in weather extremes associated with climate change. Understanding the epigenetic regulation of tree developmental and adaptive traits might thus provide useful new insights into expectations and management tools for mitigating effects of climate change on forests.
AUTHOR CONTRIBUTIONS
AG: Conceptualization, Funding acquisition, Writing–original draft.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Biological and Environmental Research within the Department of Energy Office of Science award 89243022SSC000098, and funding from the United States Forest Service Bipartisan Infrastructure Law.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Amaral, J., Ribeyre, Z., Vigneaud, J., Sow, M. D., Fichot, R., Messier, C., et al. (2020). Advances and promises of epigenetics for forest trees. Forests 11 (9), 976. doi:10.3390/f11090976
 Bastiaanse, H., Zinkgraf, M., Canning, C., Tsai, H., Lieberman, M., Comai, L., et al. (2019). A comprehensive genomic scan reveals gene dosage balance impacts on quantitative traits in Populus trees. Proc. Natl. Acad. Sci. U. S. A. 116 (27), 13690–13699. doi:10.1073/pnas.1903229116
 Benton, M. J., Wilf, P., and Sauquet, H. (2022). The Angiosperm Terrestrial Revolution and the origins of modern biodiversity. New Phytol. 233, 2017–2035. doi:10.1111/nph.17822
 Berger, S. L., Kouzarides, T., Shiekhattar, R., and Shilatifard, A. (2009). An operational definition of epigenetics: figure 1. Genes Dev. 23 (7), 781–783. doi:10.1101/gad.1787609
 Bocos-Asenjo, I. T., Amin, H., Mosquera, S., Díez-Hermano, S., Ginésy, M., Diez, J. J., et al. (2025). Spray-induced gene silencing (SIGS) as a tool for the management of pine pitch canker forest disease. Plant Dis. 109, 49–62. doi:10.1094/PDIS-02-24-0286-RE
 Champigny, M. J., Unda, F., Skyba, O., Soolanayakanahally, R. Y., Mansfield, S. D., and Campbell, M. M. (2020). Learning from methylomes: epigenomic correlates of Populus balsamifera traits based on deep learning models of natural DNA methylation. Plant Biotechnol. J. 18 (6), 1361–1375. doi:10.1111/pbi.13299
 Chang, Y.-N., Zhu, C., Jiang, J., Zhang, H., Zhu, J.-K., and Duan, C.-G. (2020). Epigenetic regulation in plant abiotic stress responses. J. Integr. Plant Biol. 62, 563–580. doi:10.1111/jipb.12901
 Dai, X., Zhai, R., Lin, J., Wang, Z., Meng, D., Li, M., et al. (2023). Cell-type-specific PtrWOX4a and PtrVCS2 form a regulatory nexus with a histone modification system for stem cambium development in Populus trichocarpa. Nat. Plants 9, 96–111. doi:10.1038/s41477-022-01315-7
 Degnan, R. M., Shuey, L. S., Radford-Smith, J., Gardiner, D. M., Carroll, B. J., Mitter, N., et al. (2023). Double-stranded RNA prevents and cures infection by rust fungi. Commun. Biol. 6, 1234. doi:10.1038/s42003-023-05618-z
 Ding, Y., Avramova, Z., and Fromm, M. (2011). The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABA-independent pathways. Plant J. 66, 735–744. doi:10.1111/j.1365-313x.2011.04534.x
 Duarte-Aké, F., Us-Camas, R., and De-la-Peña, C. (2023). Epigenetic regulation in heterosis and environmental stress: the challenge of producing hybrid epigenomes to face climate change. Epigenomes 7 (3), 14. doi:10.3390/epigenomes7030014
 Grattapaglia, D. (2022). Twelve years into genomic selection in forest trees: climbing the slope of enlightenment of marker assisted tree breeding. Forests 13 (10), 1554. doi:10.3390/f13101554
 Groover, A. (2005). What genes make a tree a tree?Trends Plant Sci. 10, 210–214. doi:10.1016/j.tplants.2005.03.001
 Hannan Parker, A., Wilkinson, S. W., and Ton, J. (2022). Epigenetics: a catalyst of plant immunity against pathogens. New Phytol. 233, 66–83. doi:10.1111/nph.17699
 Hilker, M., and Schmülling, T. (2019). Stress priming, memory, and signalling in plants. Plant, Cell and Environ. 42 (3), 753–761. doi:10.1111/pce.13526
 Hussey, S. G., Loots, M. T., Van Der Merwe, K., Mizrachi, E., and Myburg, A. A. (2017). Integrated analysis and transcript abundance modelling of H3K4me3 and H3K27me3 in developing secondary xylem. Sci. Rep. 7, 3370. doi:10.1038/s41598-017-03665-1
 Kawakatsu, T., Huang, S. S. C., Jupe, F., Sasaki, E., Schmitz, R. J., Urich, M. A., et al. (2016). Epigenomic diversity in a global collection of Arabidopsis thaliana accessions. Cell 166 (2), 492–505. doi:10.1016/j.cell.2016.06.044
 Kim, J. M., To, T. K., and Seki, M. (2012). An epigenetic integrator: new insights into genome regulation, environmental stress responses and developmental controls by histone deacetylase 6. Plant Cell Physiology 53, 794–800. doi:10.1093/pcp/pcs004
 Kucukoglu, M., Nilsson, J., Zheng, B., Chaabouni, S., and Nilsson, O. (2017). WUSCHEL-like genes regulate cambial cell division activity and secondary growth in Populus trees. New Phytol. 215, 642–657. doi:10.1111/nph.14631
 Lee, S. C., Adams, D. W., Ipsaro, J. J., Cahn, J., Lynn, J., Kim, H. S., et al. (2023). Chromatin remodeling of histone H3 variants by DDM1 underlies epigenetic inheritance of DNA methylation. Cell 186 (19), 4100–4116.e15. doi:10.1016/j.cell.2023.08.001
 Li, S., Lin, Y. C. J., Wang, P., Zhang, B., Li, M., Chen, S., et al. (2019). The AREB1 transcription factor influences histone acetylation to regulate drought responses and tolerance in Populus trichocarpa. Plant Cell 31, 663–686. doi:10.1105/tpc.18.00437
 Liu, L., Ramsay, T., Zinkgraf, M., Sundell, D., Street, N. R., Filkov, V., et al. (2015). A resource for characterizing genome-wide binding and putative target genes of transcription factors expressed during secondary growth and wood formation in Populus. Plant J. 82, 887–898. doi:10.1111/tpj.12850
 Lloyd, J. P. B., and Lister, R. (2022). Epigenome plasticity in plants. Nat. Rev. Genet. 23, 55–68. doi:10.1038/s41576-021-00407-y
 Lovett, G. M., Weiss, M., Liebhold, A. M., Holmes, T. P., Leung, B., Lambert, K. F., et al. (2016). Nonnative forest insects and pathogens in the United States: impacts and policy options. Ecol. Appl. 26, 1437–1455. doi:10.1890/15-1176
 Martienssen, R. A., and Colot, V. (2001). DNA methylation and epigenetic inheritance in plants and filamentous fungi. - Sci. 293 (5532), 1070–1074. doi:10.1126/science.293.5532.1070
 Martienssen, R. A., Kloc, A., Slotkin, R. K., and Tanurdžić, M. (2008). Epigenetic inheritance and reprogramming in plants and fission yeast. Cold Spring Harb. Symposia Quantitative Biol. 73, 265–271. doi:10.1101/sqb.2008.73.062
 Matthews, L. J., and Turkheimer, E. (2022). Three legs of the missing heritability problem. Stud. Hist. Philosophy Sci. 93, 183–191. doi:10.1016/j.shpsa.2022.04.004
 Miryeganeh, M., and Armitage, D. W. (2024). Epigenetic responses of trees to environmental stress in the context of climate change. Biol. Rev. 100, 131–148. doi:10.1111/brv.13132
 Niu, Y., Bai, J., and Zheng, S. (2018). The regulation and function of histone methylation. J. Plant Biol. 61, 347–357. doi:10.1007/s12374-018-0176-6
 Pinosio, S., Giacomello, S., Faivre-Rampant, P., Taylor, G., Jorge, V., Le Paslier, M. C., et al. (2016). Characterization of the poplar pan-genome by genome-wide identification of structural variation. Mol. Biol. Evol. 33 (10), 2706–2719. doi:10.1093/molbev/msw161
 Porth, I., and El-Kassaby, Y. A. (2014). Assessment of the genetic diversity in forest tree populations using molecular markers. Diversity 6 (2), 283–295. doi:10.3390/d6020283
 Puértolas, J., Villar-Salvador, P., Andivia, E., Ahuja, I., Cocozza, C., Cvjetković, B., et al. (2024). Die-hard seedlings. A global meta-analysis on the factors determining the effectiveness of drought hardening on growth and survival of forest plantations. For. Ecol. Manag. 572, 122300. doi:10.1016/j.foreco.2024.122300
 Raj, S., Bräutigam, K., Hamanishi, E. T., Wilkins, O., Thomas, B. R., Schroeder, W., et al. (2011). Clone history shapes Populus drought responses. Proc. Natl. Acad. Sci. U. S. A. 108 (30), 12521–12526. doi:10.1073/pnas.1103341108
 Robischon, M., Du, J., Miura, E., and Groover, A. (2011). The Populus class III HD ZIP, popREVOLUTA, influences cambium initiation and patterning of woody stems. Plant Physiol. 155 (3), 1214–1225. doi:10.1104/pp.110.167007
 Rodrigues, T. B., Duan, J. J., Palli, S. R., and Rieske, L. K. (2018). Identification of highly effective target genes for RNAi-mediated control of emerald ash borer, Agrilus planipennis. Sci. Rep. 8 (1), 5020. doi:10.1038/s41598-018-23216-6
 Rodriguez-Zaccaro, F. D., and Groover, A. (2019). Wood and water: how trees modify wood development to cope with drought. Plants, People, Planet 1, 346–355. doi:10.1002/ppp3.29
 Schmid, M. W., Heichinger, C., Coman Schmid, D., Guthörl, D., Gagliardini, V., Bruggmann, R., et al. (2018). Contribution of epigenetic variation to adaptation in Arabidopsis. Nat. Commun. 9, 4446. doi:10.1038/s41467-018-06932-5
 Sederoff, R., Myburg, A., and Kirst, M. (2009). Genomics, domestication, and evolution of forest trees. Cold Spring Harb. Symposia Quantitative Biol. 74, 303–317. doi:10.1101/sqb.2009.74.040
 Shi, L., Cui, X., and Shen, Y. (2024). The roles of histone methylation in the regulation of abiotic stress responses in plants. Plant Stress 11, 100303. doi:10.1016/j.stress.2023.100303
 Shi, T., Zhang, X., Hou, Y., Jia, C., Dan, X., Zhang, Y., et al. (2024). The super-pangenome of Populus unveils genomic facets for its adaptation and diversification in widespread forest trees. Mol. Plant 17 (5), 725–746. doi:10.1016/j.molp.2024.03.009
 Shi, X., Ng, D. W. K., Zhang, C., Comai, L., Ye, W., and Jeffrey Chen, Z. (2012). Cis- and trans-regulatory divergence between progenitor species determines gene-expression novelty in Arabidopsis allopolyploids. Nat. Commun. 3, 950. doi:10.1038/ncomms1954
 Skrøppa, T., Kohmann, K., Johnsen, Ø., Steffenrem, A., and Edvardsen, Ø. M. (2007). Field performance and early test results of offspring from two Norway spruce seed orchards containing clones transferred to warmer climates. Can. J. For. Res. 37, 515–522. doi:10.1139/x06-253
 Sow, M. D., Le Gac, A. L., Fichot, R., Lanciano, S., Delaunay, A., Le Jan, I., et al. (2021). RNAi suppression of DNA methylation affects the drought stress response and genome integrity in transgenic poplar. New Phytol. 232 (1), 80–97. doi:10.1111/nph.17555
 Vivas, M., Zas, R., Sampedro, L., and Solla, A. (2013). Environmental maternal effects mediate the resistance of maritime pine to biotic stress. PLoS One 8 (7), e70148. doi:10.1371/journal.pone.0070148
 Vongs, A., Kakutani, T., Martienssen, R. A., and Richards, E. J. (1993). Arabidopsis thaliana DNA methylation mutants. Science 260 (5116), 1926–1928. doi:10.1126/science.8316832
 Wan, T., Gong, Y., Liu, Z., Zhou, Y. D., Dai, C., and Wang, Q. (2022). Evolution of complex genome architecture in gymnosperms. GigaScience 11, giac078. doi:10.1093/gigascience/giac078
 Wang, R., Reng, M., Tian, S., Liu, C., Cheng, H., Liu, Y., et al. (2021). Transcriptome-wide identification and characterization of microRNAs in diverse phases of wood formation in Populus trichocarpa. G3 (Bethesda, Md.) 11 (8), jkab195. doi:10.1093/g3journal/jkab195
 Webster, A. K., and Phillips, P. C. (2024). Heritable epigenetic variation facilitates long-term maintenance of epigenetic and genetic variation. G3 (Bethesda, Md.) 14 (2), jkad287. doi:10.1093/g3journal/jkad287
 Weil, C., and Martienssen, R. (2008). Epigenetic interactions between transposons and genes: lessons from plants. Curr. Opin. Genet. and Dev. 18 (2), 188–192. doi:10.1016/j.gde.2008.01.015
 Yakovlev, I., Fossdal, C. G., Skrøppa, T., Olsen, J. E., Jahren, A. H., and Johnsen, Ø. (2012). An adaptive epigenetic memory in conifers with important implications for seed production. Seed Sci. Res. 22 (2), 63–76. doi:10.1017/S0960258511000535
 Yang, L., Machin, F., Wang, S., Saplaoura, E., and Kragler, F. (2023). Heritable transgene-free genome editing in plants by grafting of wild-type shoots to transgenic donor rootstocks. Nat. Biotechnol. 41, 958–967. doi:10.1038/s41587-022-01585-8
 Yu, D., Wildhagen, H., Tylewicz, S., Miskolczi, P. C., Bhalerao, R. P., and Polle, A. (2019). Abscisic acid signalling mediates biomass trade-off and allocation in poplar. New Phytol. 223 (3), 1192–1203. doi:10.1111/nph.15878
 Zhan, J., and Meyers, B. C. (2023). Plant small RNAs: their biogenesis, regulatory roles, and functions. Annu. Rev. Plant Biol. 74 (74), 21–51. doi:10.1146/annurev-arplant-070122-035226
 Zhang, Y., Liu, C., Cheng, H., Tian, S., Liu, Y., Wang, S., et al. (2020). DNA methylation and its effects on gene expression during primary to secondary growth in poplar stems. BMC Genomics 21 (1), 498. doi:10.1186/s12864-020-06902-6
 Zhao, T., Zhan, Z., and Jiang, D. (2019). Histone modifications and their regulatory roles in plant development and environmental memory. J. Genet. Genomics 46 (10), 467–476. doi:10.1016/j.jgg.2019.09.005
 Zohner, C., and Renner, S. (2014). Common garden comparison of the leaf-out phenology of woody species from different native climates, combined with herbarium records, forecasts long-term change. Ecol. Lett. 17, 1016–1025. doi:10.1111/ele.12308
 Zuk, O., Hechter, E., Sunyaev, S. R., and Lander, E. S. (2012). The mystery of missing heritability: genetic interactions create phantom heritability. Proc. Natl. Acad. Sci. U.S.A. 109 (4), 1193–1198. doi:10.1073/pnas.1119675109
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Groover. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Roles for epigenetics in wood formation and stress response intrees–from basic biology to forest management		Introduction

		Measuring epigenetic variation in trees

		Examples of epigenetic regulation of wood formation

		Examples of epigenetic regulation of drought stress response in trees

		Research needs and applications for forestry

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Epigenetics and Epigenomics

Roles for epigenetics in wood
formation and stress response
intrees—from basic biology to
forest management





OPS/images/logo.jpg
' frontiers ‘ Frontiers in Epigenetics and Epigenomics





