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Abstract

:

In the last decade, it has been suggested that epigenetics may enhance the adaptive possibilities of animals and plants to novel environments and/or habitats and that such epigenetic changes may be inherited from parents to offspring, favoring their adaptation. As a consequence, several Authors called for a shift in the Darwinian paradigm, asking for a neo-Lamarckian view of evolution. Regardless of what will be discovered about the mechanisms of rapid adaptation to environmental changes, the description of epigenetic inheritance as a Lamarckian process is incorrect from a historical point of view and useless at a scientific level. At the same time, even if some examples support the presence of adaptation without the involvement of changes in DNA sequences, in the current scenario no revolution is actually occurring, so we are simply working on a stimulating research program that needs to be developed but that is, at present, completely Darwinian.
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1. Introduction


The term epigenetics (from the Greek: epi = above, in addition, genesis = origin), originally coined by the British biologist Conrad H. Waddington [1], nowadays describes molecular factors and processes that regulate genome activity independently from DNA sequence and that are mitotically stable [2,3]. Genome activity involves gene expression but also genome stability, such as the silencing of transposable elements to maintain genome integrity. The mitotic stability of the epigenome (mitotic epigenetic inheritance) is essential to maintaining cell specificity and differentiation following cell duplication. Therefore, as a cell undergoes mitosis, both the DNA sequence and the epigenome are replicated to allow cells and tissues to maintain their normal state of differentiation [2,3].



The currently known molecular epigenetic factors include DNA methylation, histone modifications (such as methylation and acetylation), changes to chromatin structure, and the expression of non-coding RNA [4]. The first identified epigenetic mechanism was DNA methylation which occurs at a cytosine residue adjacent to a guanine residue (CpG) site to form 5-methylcytosine [4,5,6,7]. Histone modifications can also act as epigenetic factors that regulate gene expression. The chemical modification of histone proteins with methylation or acetylation can, for instance, tune gene expression by altering the chromatin structure [8,9]. Non-coding RNAs can regulate gene expression, and numerous classes of ncRNA have been identified with a role in the regulation of gene expression by binding to DNA or proteins involved in gene expression [10].



These different epigenetic factors do not only act independently but also integrate with each other in order to provide an epigenetic complexity useful to accommodate the needs of development and differentiation [8]. At the same time, the complexity of the epigenome with its various epigenetic factors can accommodate the requirements for the cellular, organ, and phenotypic variation observed. For instance, the UHRF1 protein binds to nucleosomes bearing methylation of lysine 9 of histone H3 (H3K9me3), but this binding is significantly enhanced when the nucleosomal DNA is CpG methylated [8]. Conversely, DNA methylation can inhibit protein binding to specific histone modifications. A good example is KDM2A, which only binds to nucleosomes bearing H3K9me3 when the DNA is not methylated [8].



These epigenetic molecular mechanisms also provide the ability for environmental factors to alter gene expression [2]. Epigenetic patterns may indeed change throughout the lifespan due to early life experience, environmental exposure, or nutritional status. Epigenetic signatures influenced by the environment may also determine behavioral and stress responses and disease susceptibility [2,11].



Environmental epigenetics includes different molecular mechanisms that animals and plants use to promote physiological and phenotypic alterations [11,12,13]. Nutrition, temperature, light, and exposure to toxicants, stress, or trauma can directly alter epigenetics, promoting a cellular response and an environmental-related phenotypic variation. Since cellular identity and function are determined by epigenetics, which regulates the transcriptome, environmental epigenetics may control cellular phenotypic variation. For instance, increased pup licking and grooming (LG) and arched-back nursing (ABN) by rat mothers altered the offspring epigenome at a glucocorticoid receptor (GR) gene promoter in the hippocampus [14]. Offspring of mothers that showed high levels of LG and ABN were found to have differences in DNA methylation as compared to offspring of ‘low-LG-ABN’ mothers. These differences emerged over the first week of life, were reversed with cross-fostering, persisted into adulthood, and were associated with altered histone acetylation and transcription factor (NGFI-A) binding to the GR promoter. Central infusion of a histone deacetylase inhibitor removed the group differences in histone acetylation, DNA methylation, NGFI-A binding, GR expression, and hypothalamic-pituitary-adrenal (HPA) responses to stress, suggesting a causal relation among epigenomic state, GR expression, and the maternal effect on stress responses in the offspring [14].



Evolutionary epigenetics emerged from environmental epigenetics as a sort of set of mechanisms useful for rapid adaptation by a population in response to an environmental stimulus [15,16]. For instance, Endler pioneered studies that assessed rapid phenotypic adaptation in fish populations exposed to predators [17]; such systems can be manipulated by experimental addition or removal of predators in different subpopulations and provide the opportunity to relate environmental change, corresponding variations in epigenotype, the transmission of changed epigenetic states through gametes, corresponding changes in gene expression in offspring, and changes in genotype across longer time scales [17].



The understanding of mechanisms for local adaptation to different habitats is also relevant for ecologists, so several published papers refer to ecological epigenetics [11]. For instance, Herrera and Bazaga [18] examined the distribution of genetic and epigenetic variation among and within wild populations of the Spanish violet, Viola cazorlensis, detecting population differentiation at both the genetic and epigenetic level, with epigenetic changes exceeding those at the genetic level. They also found an association between the patterns of epigenetic changes and the loci involved in adaptive differentiation, supporting the suggestion that ecological adaptation may involve epigenetic mechanisms [18].



At the same time, several published analyses discussed the role of epigenetic inheritance in terms of mechanisms able to improve animals’ and plants’ ability to survive in a complex and dynamic environment (Figure 1), suggesting a link to the proposal of Jean-Baptiste Lamarck [19,20,21,22]. Furthermore, in the last two decades, several papers have suggested the occurrence of epigenetic inheritance in animals and plants, and most of them referred to this kind of memory as Lamarckian inheritance and/or explored the properties and roles of the epigenetic machinery as Lamarckian mechanisms [23,24,25,26,27]. For instance, several studies focused on nutritional epigenetics suggested a role for environmental factors in heritable alterations of metabolisms, assessing that the amount of nutrients can alter the organic metabolism status and that these biochemical signals can be integrated into the gametic epigenome and may exert long-term influences on the expression of genes and the traits of offspring [28,29]. Additionally, environmental-dependent epigenetic effects underlying new behaviors may facilitate the fixation of genetic variants that make it possible to make them constitutively present if adaptative [16].



These data, as a whole, prompted some Authors to ask for an extended evolutionary synthesis that could incorporate new types of inheritance, related not only to epigenetics but also to culture, in order to further support the Modern Synthesis [30,31,32,33]. Similarly, several scientists, including James A. Shapiro, Eva Jablonka, and Evelyn Fox Keller, suggested the Third Way of Evolution to make the public aware that contemporary evolution science is not limited to the neo-Darwinian Modern Synthesis (MS) of the past century [34,35]. Even if it is true that science has made real progress in understanding the evolution of biological complexity, it could be useful to discuss if such an improvement in the comprehension of evolution has really been obtained or favored by including a Lamarckian point of view in the MS.



The present review discusses from a historian and molecular perspective these requests for extension of the Darwinian theory of evolution supporting the proposal that neo-Lamarckism is historically inadequate and unnecessary from a molecular point of view.




2. A Discussion about Terms


In the current scientific literature, there is a general consensus that with the term epigenetic inheritance, we should refer to the transfer of epigenetic information across mitotic cell divisions [27,36,37,38,39]. If we move from cells to individuals, two different epigenetic inheritances should be considered, and in particular, the term transgenerational epigenetic inheritance represents the transfer of epigenetic information across multiple generations [25,27,31,40,41,42,43], whereas effects spanning shorter timescales should be described as a parental or intergenerational inheritance [27,40,43]. In particular, transgenerational effects refer exclusively to phenomena that can not be attributed to the direct effects of a particular trigger on the affected organism. For instance, an environmental stimulus that directly affects the mother and a gestating embryo (or the already-formed oocytes within a female embryo in mammals) is related to intergenerational inheritance and not to transgenerational epigenetic inheritance.



Even if these definitions are useful, as discussed by Ashe and colleagues [16], several Authors are actually referring to a much broader view of epigenetic inheritance since the epigenetic mechanisms at the basis of both intergenerational and transgenerational epigenetic inheritance are essentially the same. At the same time, several Authors suggested that, in view of the rapid adaptation that characterizes traits under epigenetic control, epigenetic inheritance may represent the genetic basis of Lamarck’s proposal, referring to epigenetic memory as Lamarckian inheritance since it can influence the course of evolution of both plants and animals. Mounger and colleagues suggested, for instance, that transgenerational epigenetic inheritance is at the basis of the rapid adaptation that characterizes invasive plant populations [44], whereas McGuigan et al. [45] suggested a possible role that epigenetic processes may play in rapid responses to climate change. At the same time, epigenetic inheritance may be particularly important in spreading adapted traits in insect species and strains that propagate clonally by parthenogenesis [46]. For instance, in the absence of any genetic variation, the only way obligate parthenogenetic aphids can achieve rapid heritable adaptation to new environments is via transgenerational epigenetic inheritance.



Even if it is true that epigenetics may theoretically play an active role in favoring rapid adaptation, do we really have concrete evidence about the adaptative value of epigenetic inheritance? Is it really correct from both a historical and scientific level to consider epigenetic inheritance as a Lamarckian proposal? Replies to these questions are nowadays important not only to better understand the role of epigenetics during evolution but also to justify the use of the term “Lamarckian” to describe this kind of inheritance since the theory of Lamarck was based on adaptive modifications [47].



As discussed by Perez and Lehner [43], numerous examples of intergenerational and transgenerational effects in animals have been described using model organisms, such as the nematode Caenorhabditis elegans, that reproduce quickly and allow simple control of genomic variation. If we carefully check for literature data, it emerges that few of the well-established transgenerational effects are actually adaptive, in the sense of preparing future generations for enduring altered environmental conditions [27]. At the same time, adaptive transgenerational effects, although conceivable for species such as C. elegans with short and rapid lifecycles, would be unlikely for long-lived animals such as humans. Moreover, even if it is true that in the early nineteenth century, Jean-Baptiste Lamarck indicated that environmental stresses could induce heritable alterations of animal traits (including behavioral ones), what Lamarck really did was to accept the hypothesis that acquired characters were heritable, a notion that had been held almost universally for well over two thousand years and which his contemporaries accepted as a matter of course, and to assume that the results of such inheritance were cumulative from generation to generation, thus producing, in time, new species.



As quoted by Osborne [48], in Lamarck’s proposal “all that has been acquired or altered in the organization of individuals during their life is preserved by generation and transmitted to new individuals which proceed from those which have undergone these changes”, but the French naturalist never explained this kind of inheritance since his main contribution to biological theory consisted in the use of the acquired characters to explain the origin of new species. As discussed in detail by Zirkle [49], when Lamarck sought to explain the great diversity of species through the inheritance of acquired characters, he was merely applying a universally accepted, reasonable, and orthodox idea of inheritance. In the eighteenth century, the belief in the inheritance of acquired characters was universal, and it was cited by different Authors, including, for instance, Georges-Louis Leclerc, Comte de Buffon, and Erasmus Darwin [49]. The inheritance of acquired characters was also accepted by Johann Friedrich Blumenbach, Thomas Burnet, Pierre-Louis Moreau de Maupertuis, and Jacques DuBois [49], and it was also present in the early writings of Charles Darwin [50].



As a whole, therefore, the use of the adjective “Lamarckian” to describe epigenetic inheritance is incorrect and actually assesses the low relevance that today has in the history of science for several molecular scientists [51,52]. As discussed by Antonello La Vergata [53], scientists engaged in research can do their own work without a wealth of historical knowledge, but they could greatly benefit from the knowledge of how their disciplines have evolved over time. The history of science clearly shows that Lamarck supported rather uncritically several ideas that go far back in human history, and the inheritance of acquired characters was one of them (together with the importance of the use or disuse of structures and the existence in the organic world of a built-in tendency toward ever greater perfection) [47]. At the same time, the choice of picking a single element from the Lamarck proposal is incorrect from an epistemological point of view, and it demeans the work of Lamarck rather than improving his credit. Lamarck’s proposal deserves to be appreciated as a whole and not as a sort of immature attempt, made up of some (few) good intuitions lost among many imperfect elements, to explain biological evolution [51].




3. Toward a New Neo-Lamarckism?


The recent proposal to revitalize some of the Lamarckian ideas is not new at all in the history of science [51,54]. In the early 1880s, several Authors prompted a neo-Lamarckism, a reappropriation and reworking of certain concepts borrowed, sometimes abusively, from Lamarck [52]. In the United States, Alpheus Hyatt, Edward Drinker Cope, and Alpheus Packard suggested a revisited version of some Lamarckian proposals, and Packard was the first to propose the term “neo-Lamarckism” to describe their way of explaining evolution, which they claimed was a modernization of the views of Lamarck [52]. In particular, these proposals had great success both in the United States and in France, where the revival of Lamarckism was actually primarily based on the desire to resume the inheritance of the acquired characters rather than on a real return to the theory proposed by the French naturalist. Edward Cope and Alpheus Hyatt, for example, were interested in explaining the macroevolutionary trends they identified in the fossils of invertebrates and vertebrates. In this case, the inheritance of the acquired characters guaranteed a directionality to the evolution, which the Darwinian proposal instead did not ensure [55].



In France, Camille Dareste and Étienne Rabaud studied the effects of physicochemical perturbations (altering temperature, mechanical vibrations, ...) in the environment of developing bird embryos, observing the defects that resulted. They built an entire neo-Lamarckian epigenetic explanatory system, which Rabaud supported with new data and comments with virtually no modifications until his death in 1956. These experimental data assess for the first time that a direct transformation of living organisms may occur according to the constraints of their environment [52,56].



Many neo-Darwinians, including August Weismann, integrated the neo-Lamarckian experimental results into their explanations since they did not see anything in them that was directly against Darwinian evolution. This choice is still relevant today since it clearly assessed that the Darwinian explanation can entirely absorb the suggested neo-Lamarckian view [54].



A Lamarckian explanation has also been suggested by Cairns et al. [57], discussing adaptative mutations, so-called since they arose in non-dividing, nutritionally deprived cells of Escherichia coli, apparently in response to selective pressure. The link to Lamarckian ideas was based on the observation that these mutations arose among non-proliferating cells after the selection was applied so that the presence of the selective agent was required for their occurrence. Even if Cairns and colleagues gave several examples illustrating these points, as summarized by Gillis [58], the hypothesis of adaptative mutations has not been further supported in the scientific literature [59,60,61]. Overall, adaptative mutations represented an erroneous involvement of the Lamarckian proposal to explain biological events that can be properly explained by the Darwinian theory.



Similarly, nowadays several molecular biologists are calling for a change in how evolution is conceptualized in order to better include data published in several disciplines, including developmental biology, genomics, epigenetics, and ecology [62]. In particular, as stated by Skinner [63], environmental epigenetics and epigenetic transgenerational inheritance provide a molecular mechanism for the neo-Lamarckian, where environmental factors directly alter phenotypes, possibly without any change in DNA. At the same time, several scientists suggested that an Extended Evolutionary Synthesis is required since the Modern Darwinian Synthesis is not wide enough to accommodate new findings about epigenetic inheritance, plasticity, developmental constraints, and niche construction [32,64,65].



These proposals rely on the assumption that the inheritance of acquired traits and the Modern Darwinian Synthesis are incompatible [63,66,67]. Actually, the current theory of evolution is a flexible and pluralist approach that can profitably integrate even those mechanisms that go today under the label of epigenetic inheritance and that are strictly connected to phenotypic plasticity. Darwin himself [68] introduced other factors of evolution, together with adaptation and natural selection, to account for the splendid diversity we witness in the natural world. Looked through the lens of the further factors of evolution (such as the effects of external conditions, the principle of use and disuse, the correlation of growth, …) and although epigenetic inheritance were, of course, unknown to him, Darwin would have been keen to participate in the current debate about the role of epigenetics (perhaps more prone to suggest that phenotypic plasticity is a result rather than a cause of variation in life making), and he would have inserted epigenetics in his original theory.



As Lakatos suggested [69], mature scientific theories are those that struggle to grow through positive and negative heuristics. Capitalizing on these considerations, Darwin’s attitude toward other factors of evolution might provide valuable methodological insights into the challenges that molecular biologists face today in extending, expanding, or revising the Modern Darwinian Synthesis, particularly in integrating epigenetic mechanisms into existing models of evolutionary change [70,71,72,73]. His theory and practice of doing flexible science can work as a useful methodological paradigm, at least in the sense that, confronted with today’s epigenetics, Darwin would have surely concluded that there is nothing to be afraid of; rather, this is a stimulating research program to be developed.



As a whole, it is not really helpful to consider environmental epigenetics and epigenetic inheritance as neo-Lamarckian mechanisms, and there is no need to ask for a new neo-Lamarckism since the current theory of evolution may include Lamarckian inheritance of acquired characters without any specific change [74]. At the same time, as also suggested by Penny [75], attributing modern ideas to early researchers is not only not helpful, but it can be misleading.



Moving from the historical to the molecular level, epigenetic inheritance represents a sort of acquired state of gene function where only some traits of the epigenotype can be modified by the environment. In other words, epigenetic inheritance is biased toward genetics. Even if it is true that there are epigenetic mechanisms that seem to increase phenotypic variability when the environmental selection pressure changes, only a few phenotypic changes seem to be related to an environmental-based tuning of gene expression. At the same time, we cannot exclude that changes in gene sequence may affect tuning due to environmental stimuli.



As discussed by Henikoff [76], extended heredity might work when an adaptive epigenetic change lasts long enough in a population for the acquisition of a genetic adaptation in an individual, in which case the epimutation and the mutation can ratchet together along the adaptive landscape. However, the study of such a process is challenging not only in view of the transience of epimutations but also since it may result from different molecular mechanisms. For example, Waddington’s experiments selecting for stress-induced phenotypes that led to his epigenetic framework are now thought to have been caused by insertions and deletions resulting from stress-induced transposon mobilizations in place of epigenetics [77]. Interestingly, Klosin and Lehner [78] suggested that mechanisms that initially evolved as a means to suppress transcription of transposons and other repetitive DNA elements may serve to establish transgenerational epigenetic inheritance, emphasizing the importance of first ruling out genetic explanations for transgenerational phenomena.



At the same time, as suggested by Di Croce and Shilatifard [79], it has to be considered that epigenetic regulation is strongly related to the three-dimensional chromatin landscape that is characterized by topologically associated chromatin domains. These domains represent loops of self-interacting chromatin, permitting interaction between enhancers and promoters within the same chromatin domains. The presence of chromatin domains further supports the idea that epigenetic inheritance is under strong genetic control, limiting the loci whose epigenetics can be tuned by the environment. In this regard, it could be interesting to recall the diagram provided by Conrad Waddington in 1957 to explain the sequential developmental fate decisions allowing an egg to develop into an embryo [80]. In recent years, this diagram has been repurposed to illustrate how plasticity and epigenetics could work, and successively, it has been modified to explain cellular differentiation and tissue regeneration [81]. In particular, according to a second forgotten representation of the Waddington landscape, beneath the surface of the epigenetic landscape, there are genes whose regulatory sequences define the phenotypic output (the actions of genes) molding the landscape above. This illustration may also be useful nowadays to illustrate the strict genetic control of the epigenetic landscape. In this context, the deformation of the “normal” landscape resulting from an environmental stimulus would be possible for some genes only under strict genetic/genomic control.



In this context, further studies will be necessary to better understand the molecular machinery that creates these new epigenetic landscapes and what makes a gene susceptible to environmental-based epigenetic changes (Figure 2). For instance, DNA methylation is the clearest example of an epigenetic change that can persist over generations, long enough to be subject to forces of selection, but DNA methyltransferase would have no way, on their own, of specifying which genes to regulate under any given set of conditions, so it seems that we are still missing key elements to properly evaluate the role of environment to stably tune the altered gene expression we observed in cases of epigenetic inheritance.



A further element supporting the proposal that epigenetics is strictly regulated at the genetic level is related to the requirement of specific sequences for histone marks. In particular, several Authors assessed that histone marks require specific sequences in order to assure that epigenetic changes have been applied to the correct parts of the genome [82,83,84,85]. For instance, Joh et al. [85] suggested that epigenetic changes are initiated by sequence-specific events, which trigger a cascade of molecular interactions resulting in feedback mechanisms, alterations in chromatin structure, histone post-translational modifications, and ultimately the establishment of distinct transcriptional states. Similarly, Busturia and colleagues [86] suggested that the propagation of epigenetic states does not occur merely by templating them during cell division but involves specific sequences that play an active role in the maintenance of position-specific epigenetic changes. These data as a whole clearly support the idea that in the absence of specific sequences targeting the epigenetic molecular machinery to the proper domains, epigenetic marks disappear over time through mitotic cell divisions.




4. Conclusions


Although some published papers clearly assess that epigenetic effects may enhance the adaptive possibilities of different taxa, particularly in response to novel environments in both plants and animals [87,88], currently available data are limited to a few environmental factors and examples. At the same time, in view of our limited knowledge about how genomes actually function to create complex traits and adapt to complex environments [32], the proposal of changes in the Darwinian paradigm could be postponed until we have an improved understanding of ecological and evolutionary processes.



Regardless of what will be discovered about the mechanisms of rapid adaptation to environmental changes, the description of epigenetic inheritance as a Lamarckian process is incorrect at a historical level and useless from a scientific point of view, so it might be useful to let Lamarck rest in peace. At the same time, even if some examples will support the presence of adaptation without the involvement of changes in the DNA sequence, in the current scenario no revolution is actually occurring, so we are simply working on a stimulating research program that needs to be developed but that is, at present, completely Darwinian.







Funding


This publication resulted from the research activities of the project La biblioteca della vita, supported by Fondazione di Modena (Italy) (funding call FAR Interdisciplinare Mission Oriented 2021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank our colleague Vallori Rasini (the University of Modena and Reggio Emilia) for prompting the discussion about the contribution of Lamarck in current biosciences and the two anonymous Reviewers for their precious suggestions that allowed us to improve our manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Waddington, C.H. Organisers and Genes; Cambridge University Press: Cambridge, UK, 1940. [Google Scholar]

	



Dupont, C.; Armant, D.R.; Brenner, C.A. Epigenetics: Definition, Mechanisms and Clinical Perspective. Semin. Reprod. Med. 2009, 27, 351–357. [Google Scholar] [CrossRef]

	



Kan, R.L.; Chen, J.; Sallam, T. Crosstalk between epitranscriptomic and epigenetic mechanisms in gene regulation. Trends Genet. 2021, 38, 182–193. [Google Scholar] [CrossRef] [PubMed]

	



Deans, C.; Maggert, K.A. What do you mean, “epigenetic”? Genetics 2015, 199, 887–896. [Google Scholar] [CrossRef] [PubMed]

	



Mandrioli, M.; Borsatti, F. Analysis of heterochromatic epigenetic markers in the holocentric chromosomes of the aphid Acyrthosiphon pisum. Chrom. Res. 2007, 15, 1015–1022. [Google Scholar] [CrossRef] [PubMed]

	



Mandrioli, M. A new synthesis in epigenetics: Towards a unified function of DNA methylation from invertebrates to vertebrates. Cell. Mol. Life Sci. 2007, 64, 2522–2524. [Google Scholar] [CrossRef]

	



Tammen, S.A.; Friso, S.; Choi, S.W. Epigenetics: The link between nature and nurture. Mol. Asp. Med. 2013, 34, 753–764. [Google Scholar] [CrossRef]

	



Bannister, A.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sun, Z.; Jia, J.; Du, T.; Zhang, N.; Tang, Y.; Fang, Y.; Fang, D. Overview of histone modification. Adv. Exp. Med. Biol. 2021, 1283, 1–16. [Google Scholar]

	



Wei, J.W.; Huang, K.; Yang, C.; Kang, C.S. Non-coding RNAs as regulators in epigenetics. Oncol. Rep. 2017, 37, 3–9. [Google Scholar] [CrossRef]

	



Kilvitis, H.J.; Alvarez, M.; Foust, C.M.; Schrey, A.W.; Robertson, M.; Richards, C.L. Ecological epigenetics. Adv. Exp. Med. Biol. 2014, 781, 191–210. [Google Scholar]

	



Guillette, L.J.; Parrott, B.B.; Nilsson, E.; Haque, M.M.; Skinner, M.K. Epigenetic programming alterations in alligators from environmentally contaminated lakes. Gen. Comp. Endocrinol. 2016, 238, 4–12. [Google Scholar] [CrossRef] [PubMed]

	



Fabrizio, P.; Garvis, S.; Palladino, F. Histone methylation and memory of environmental stress. Cells 2019, 8, 339. [Google Scholar] [CrossRef]

	



Weaver, I.C.G.; Champagne, F.A.; Brown, S.E.; Dymov, S.; Sharma, S.; Meaney, M.J.; Szyf, M. Reversal of maternal programming of stress responses in adult offspring through methyl supplementation: Altering epigenetic marking later in life. J. Neurosci. 2005, 25, 11045–11054. [Google Scholar] [CrossRef]

	



Ledón-Rettig, C.C.; Richards, C.L.; Martin, L.B. Epigenetics for behavioral ecologists. Behav. Ecol. 2012, 24, 311–324. [Google Scholar] [CrossRef]

	



Ashe, A.; Colot, V.; Oldroyd, B.P. How does epigenetics influence the course of evolution? Philos. Trans. R. Soc. Lond. B Biol. Sci. 2021, 376, e20200111. [Google Scholar] [CrossRef] [PubMed]

	



Endler, J.A. Natural Selection in the Wild; Princeton University Press: Princeton, NJ, USA, 1986. [Google Scholar]

	



Herrera, C.M.; Bazaga, P. Epigenetic differentiation and relationship to adaptive genetic divergence in discrete populations of the violet Viola cazorlensis. New Phytol. 2010, 187, 867–876. [Google Scholar] [CrossRef]

	



Lamarck, J.B. Discours d’ouverture des Cours de Zoologie donnés dans le Museum d’Histoire naturelle (1800–1806). Bull. Sci. Fr. Belg. 1907, 40, 453–595. [Google Scholar]

	



Lamarck, J.B. Philosophie Zoologique, ou Exposition des Considérations Relatives à L’histoire Naturelle des Animaux; Librairie F. Savy: Paris, France, 1809. [Google Scholar]

	



Hala, D.; Huggett, D.B.; Burggren, W.W. Environmental stressors and the epigenome. Drug Discov. Today Technol. 2014, 12, e3–e8. [Google Scholar] [CrossRef]

	



Lillycrop, K.A.; Burdge, G.C. Environmental challenge, epigenetic plasticity and the induction of altered phenotypes in mammals. Epigenomics 2014, 6, 623–636. [Google Scholar] [CrossRef]

	



Koonin, E.V. Calorie restriction à Lamarck. Cell 2014, 158, 237–238. [Google Scholar] [CrossRef]

	



Joo, E.; Dowty, J.G.; Milne, R.L.; Wong, E.M.; Dugué, P.A.; English, D.; Hopper, J.L.; Goldgar, D.E.; Giles, G.G.; Southey, M.C. Heritable DNA methylation marks associated with susceptibility to breast cancer. Nat. Commun. 2018, 9, 867. [Google Scholar] [CrossRef]

	



Bošković, A.; Rando, O.J. Transgenerational epigenetic inheritance. Annu. Rev. Genet. 2018, 52, 21–41. [Google Scholar] [CrossRef]

	



Li, Y.; Xu, Y.; Liu, T.; Chang, H.; Yang, X. The regulation mechanisms and the Lamarckian inheritance property of DNA methylation in animals. Mamm. Genome 2021, 32, 135–152. [Google Scholar] [CrossRef] [PubMed]

	



Stajic, D.; Jansen, L.E.T. Empirical evidence for epigenetic inheritance driving evolutionary adaptation. Phil. Trans. R. Soc. B 2021, 376, e20200121. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, Z.H.; Chen, Y.; Jarosz, D.F. Protein-based inheritance: Epigenetics beyond the chromosome. Mol. Cell 2018, 69, 195–202. [Google Scholar] [CrossRef] [PubMed]

	



Nicoglou, A.; Merlin, F. Epigenetics: A way to bridge the gap between biological fields. Stud. Hist. Philos. Biol. Biomed. Sci. 2017, 66, 73–82. [Google Scholar] [CrossRef]

	



Jablonka, E.; Lamb, M.J. The inheritance of acquired epigenetic variations. J. Theor. Biol. 1989, 139, 69–83. [Google Scholar] [CrossRef]

	



Jablonka, E.; Raz, G. Transgenerational epigenetic inheritance: Prevalence, mechanisms, and implications for the study of heredity and evolution. Q. Rev. Biol. 2009, 84, 131–176. [Google Scholar] [CrossRef]

	



Pigliucci, M.; Müller, G.B. Elements of an extended evolutionary synthesis. In Evolution, the Extended Synthesis; Pigliucci, M., Müller, G.B., Eds.; MIT Press: Cambridge, MA, USA, 2010; pp. 3–17. [Google Scholar]

	



Jablonka, E.; Lamb, M.J. Inheritance Systems and the Extended Evolutionary Synthesis; Cambridge University Press: Cambridge, UK, 2020. [Google Scholar]

	



Shapiro, J.A. What we have learned about evolutionary genome change in the past 7 decades. Biosystems 2022, 215–216, e104669. [Google Scholar] [CrossRef]

	



Shapiro, J.A. Why the third way of evolution is necessary. Theor. Biol. Forum. 2021, 114, 13–26. [Google Scholar]

	



Martin, C.; Zhang, Y. Mechanisms of epigenetic inheritance. Curr. Opin. Cell Biol. 2007, 19, 266–272. [Google Scholar] [CrossRef] [PubMed]

	



Youngston, N.A.; Whitelaw, E. Transgenerational epigenetic effects. Annu. Rev. Genom. Hum. Genet. 2008, 9, 233–257. [Google Scholar] [CrossRef] [PubMed]

	



Heard, E.; Martienssen, R.A. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell 2014, 157, 95–109. [Google Scholar] [CrossRef] [PubMed]

	



Stewart-Morgan, K.R.; Petryk, N.; Groth, A. Chromatin replication and epigenetic cell memory. Nat. Cell Biol. 2020, 22, 361–371. [Google Scholar] [CrossRef]

	



Skinner, M.K. What is an epigenetic transgenerational phenotype? F3 or F2. Reprod. Toxicol. 2008, 5, 2–6. [Google Scholar] [CrossRef]

	



Rodgers, A.B.; Morgan, C.P.; Leu, N.A.; Bale, T.L. Transgenerational epigenetic programming via sperm microRNA recapitulates effects of paternal stress. Proc. Natl. Acad. Sci. USA 2015, 112, 13699–13704. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, H.; Sun, Z. Lamarck rises from his grave: Parental environment-induced epigenetic inheritance in model organisms and humans. Biol. Rev. 2017, 92, 2084–2111. [Google Scholar] [CrossRef]

	



Perez, M.F.; Lehner, B. Intergenerational and transgenerational epigenetic inheritance in animals. Nat. Cell Biol. 2019, 21, 143–151. [Google Scholar] [CrossRef]

	



Mounger, J.; Ainouche, M.L.; Bossdorf, O.; Cavé-Radet, A.; Li, B.; Parepa, M.; Salmon, A.; Yang, J.; Richards, C.L. Epigenetics and the success of invasive plants. Phil. Trans. R. Soc. B 2021, 376, e20200117. [Google Scholar] [CrossRef]

	



McGuigan, K.; Hoffmann, A.A.; Sgrò, C.M. How is epigenetics predicted to contribute to climate change adaptation? What evidence do we need? Phil. Trans. R. Soc. B 2021, 376, e20200119. [Google Scholar] [CrossRef]

	



Mandrioli, M.; Manicardi, G.C. Cytosine methylation in insects: New routes for the comprehension of insect complexity. AIMS Biophys. 2015, 2, 412–422. [Google Scholar] [CrossRef]

	



Mayr, E. Lamarck revisited. J. Hist. Biol. 1972, 5, 55–94. [Google Scholar] [CrossRef]

	



Osborn, H.F. From the Greeks to Darwin: An Outline of the Development of the Evolution Idea; Macmillan and Co.: New York, NY, USA, 1894; p. 284. [Google Scholar]

	



Zirkle, C. The early history of the idea of the inheritance of acquired characters and of pangenesis. Trans. Am. Phil. Soc. 1946, 35, 91–151. [Google Scholar] [CrossRef]

	



Portera, M.; Mandrioli, M. Who’s afraid of epigenetics? Habits, instincts, and Charles Darwin’s evolutionary theory. Hist. Philos. Life Sci. 2021, 43, 20. [Google Scholar] [CrossRef] [PubMed]

	



Barsanti, G. Lamarck and the birth of Biology (1740–1810). In Romanticism in Science. Science in Europe, 1790–1840. Boston Studies in the Philosophy and History of Science; Poggi, S., Bossi, M., Eds.; Springer: Dordrecht, The Netherlands, 1994; pp. 47–74. [Google Scholar]

	



Loison, L. Epigenetic inheritance and evolution: A historian’s perspective. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2021, 376, e20200120. [Google Scholar] [CrossRef]

	



La Vergata, A. L’evoluzione Biologica: Da Linneo a Darwin. Loescher Editore; UTET: Torino, Italy, 1979; pp. 12–13. [Google Scholar]

	



Burkhardt, R.W. The Spirit of System: Lamarck and Evolutionary Biology; Harvard University Press: Cambridge, UK, 1977. [Google Scholar]

	



Mandrioli, M. At the origin of the inheritance of acquired characters: From Erasmus Darwin to Jean Baptiste de Lamarck to remember their true legacy. Sci. Filos. 2022, 28, 26–38. [Google Scholar]

	



Rabaud, E. La Tératogenèse: Étude des Variations de L’organisme; Octave Doin: Paris, France, 1914. [Google Scholar]

	



Cairns, J.; Overbaugh, J.; Miller, S. The origin of mutants. Nature 1988, 335, 142–145. [Google Scholar] [CrossRef]

	



Gillis, A.M. Can organisms direct their evolution? BioScience 1991, 41, 202–205. [Google Scholar] [CrossRef]

	



Lenski, R.E.; Mittler, J.E. The directed mutation controversy and neo-Darwinism. Science 1993, 259, 188–194. [Google Scholar] [CrossRef] [PubMed]

	



Sniegowski, P.D.; Lenski, R.E. Mutation and adaptation: The directed mutation controversy in evolutionary perspective. Ann. Rev. Ecol. Syst. 1995, 26, 553–578. [Google Scholar] [CrossRef]

	



Foster, P.L. Adaptive mutation: Implications for evolution. Bioessays 2000, 22, 1067–1074. [Google Scholar] [CrossRef] [PubMed]

	



Laland, K.; Uller, T.; Feldman, M.; Sterelny, K.; Müller, G.B.; Moczek, A.; Jablonka, E.; Odling-Smee, J.; Wray, G.A.; Hoekstra, H.E.; et al. Does evolutionary theory need a rethink? Nature 2014, 514, 161–164. [Google Scholar] [CrossRef] [PubMed]

	



Skinner, M.K. Environmental epigenetics and a unified theory of the molecular aspects of evolution: A neo-Lamarckian concept that facilitates neo-Darwinian evolution. Genome Biol. Evol. 2015, 7, 1296–1302. [Google Scholar] [CrossRef] [PubMed]

	



Pigliucci, M. Evolution of phenotypic plasticity: Where are we going now? Trends Ecol. Evol. 2005, 20, 481–486. [Google Scholar] [CrossRef]

	



Huneman, P. Revisiting the modern synthesis. J. Hist. Biol. 2019, 52, 509–518. [Google Scholar] [CrossRef]

	



Camacho, M.P. What’s all the fuss about? The inheritance of acquired traits is compatible with the Central Dogma. Hist. Phil. Life Sci. 2020, 42, 32. [Google Scholar] [CrossRef]

	



Skinner, M.K.; Nilsson, E.E. Role of environmentally induced epigenetic transgenerational inheritance in evolutionary biology: Unified Evolution Theory. Environ. Epigenet. 2021, 7, dvab012. [Google Scholar] [CrossRef]

	



Darwin, C. The Variation of Animals and Plants under Domestication; John Murray: London, UK, 1868. [Google Scholar]

	



Lakatos, I.; Musgrave, A. Criticism and the Growth of Knowledge; Cambridge University Press: Cambridge, UK, 1970. [Google Scholar]

	



Brooks, D.R. The Mastodon in the room: How Darwinian is neo-Darwinism? Stud. Hist. Philos. Biol. Biomed. Sci. 2011, 42, 82–88. [Google Scholar] [CrossRef]

	



Hogeweg, P. Toward a theory of multilevel evolution: Long-term information integration shapes the mutational landscape and enhances evolvability. Adv. Exp. Med. Biol. 2012, 751, 195–224. [Google Scholar]

	



Pievani, T. Individuals and groups in evolution: Darwinian pluralism and the multilevel selection debate. J. Biosci. 2014, 39, 319–325. [Google Scholar] [CrossRef]

	



Brown, O.R.; Hullender, D.A. Neo-Darwinism must mutate to survive. Prog. Biophys. Mol. Biol. 2022, 172, 24–38. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y. Darwinian evolution includes Lamarckian inheritance of acquired characters. Int. J. Epidemiol. 2016, 45, 2206–2207. [Google Scholar]

	



Penny, D. Epigenetics, Darwin, and Lamarck. Genome Biol. Evol. 2015, 7, 1758–1760. [Google Scholar] [CrossRef] [PubMed]

	



Henikoff, S. Darwin meets Waddington. Curr. Biol. 2018, 28, R679–R694. [Google Scholar] [CrossRef]

	



Fanti, L.; Piacentini, L.; Cappucci, U.; Casale, A.M.; Pimpinelli, S. Canalization by selection of de novo induced mutations. Genetics 2017, 206, 1995–2006. [Google Scholar] [CrossRef] [PubMed]

	



Klosin, A.; Lehner, B. Mechanisms, timescales and principles of trans-generational epigenetic inheritance in animals. Curr. Opin. Genet. Dev. 2016, 36, 41–49. [Google Scholar] [CrossRef]

	



Di Croce, L.; Shilatifard, A. Editorial overview: Cancer genomics: Darwin meets Waddington: The interplay between cancer genomes and epigenomes. Curr. Opin. Genet. Dev. 2016, 36, iv–vi. [Google Scholar] [CrossRef]

	



Waddington, C.H. The Strategy of the Genes; Routledge: London, UK, 1957; p. 274. [Google Scholar]

	



Rajagopal, J.; Stanger, B.Z. Plasticity in the adult: How should the Waddington diagram be applied to regenerating tissues? Dev. Cell 2016, 36, 133–137. [Google Scholar] [CrossRef]

	



Holmes, S.G.; Broach, J.R. Silencers are required for inheritance of the repressed state in yeast. Genes Dev. 1996, 10, 1021–1032. [Google Scholar] [CrossRef]

	



Cheng, T.H.; Chang, C.R.; Joy, P.; Yablok, S.; Gartenberg, M.R. Controlling gene expression in yeast by inducible site-specific recombination. Nucleic Acids Res. 2000, 28, e108. [Google Scholar] [CrossRef]

	



Moazed, D. Mechanisms for the inheritance of chromatin states. Cell 2011, 146, 510–518. [Google Scholar] [CrossRef]

	



Joh, R.I.; Palmieri, C.M.; Hill, I.T.; Motamedi, M. Regulation of histone methylation by noncoding RNAs. Biochim. Biophys. Acta 2014, 1839, 1385–1394. [Google Scholar] [CrossRef] [PubMed]

	



Busturia, A.; Wightman, C.D.; Sakonju, S. A silencer is required for maintenance of transcriptional repression throughout Drosophila development. Development 1997, 124, 4343–4350. [Google Scholar] [CrossRef] [PubMed]

	



Jablonka, E.; Lamb, M.J. Evolution in Four Dimensions; MIT Press: Cambridge, MA, USA, 2005. [Google Scholar]

	



Geoghegen, J.L.; Spencer, H.G. Population-epigenetic models of selection. Theor. Popul. Biol. 2012, 81, 232–242. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 13 01077 g001 550] 





Figure 1. Plants maintained at different temperatures can show different phenotypes, even if genetically identical, as a consequence of the adaptation to their different habitats. Epigenetics allows not only rapid changes in the phenotype but also the inheritance of the acquired phenotype in the absence of the original environmental stimulus. 
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Figure 2. (A) In the epigenetic landscape, the pegs fitted into the hidden underground surface represent individual genes, while the strings represent gene products that pull down, so they model the surface of the landscape. (B) Environmentally related changes in epigenetic gene regulation (red strings) may change the landscapes, but, in view of constraints related to topologically associated chromatin domains, epigenetic changes may simultaneously affect different traits that could also affect adaptation. Illustration adapted from Waddington [80]. 
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