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Aging entails an irreversible deceleration of physiological processes, altered metabolic activities and a decline of the integrity of tissues, organs and organ systems.

The accumulation of alterations in the genetic and epigenetic spaces has been proposed as an explanation for aging. They result, at least in part, from DNA replication and chromosome segregation errors due to cell division during development, growth, renewal and repair. Such deleterious alterations, including epigenetic drift, irreversibly accumulate in a stepwise ratchet-like manner, and reduce cellular fitness, similar to the process known as Muller's ratchet. Here, we revisit the Muller's ratchet principle applied to aging of somatic cell populations and discuss implications for understanding the origins of senescence, frailty and morbidity.

Genetic and epigenetic somatic variation as a catalyst of senescence and aging

Aging entails an irreversible deceleration of physiological processes at the cellular level. It is accompanied by an altered metabolic activity and a decline of the integrity of tissues, organs and organ systems [START_REF] Kirkland | Cellular Senescence: A Translational Perspective[END_REF]. The cumulative impact of such deterioration is paralleled by a functional decline and affects viability and reproduction.

In principle, senescence and aging accompany differentiation, development and growth, a set of processes that are initiated with the formation of the zygote (See Glossary) [START_REF] Vijg | Aging of the genome: the dual role of the DNA in life and death[END_REF].

Thus, aging represents cumulative and deteriorative processes impacting on the architecture, development and growth of cell populations and individuals at all levels of the Genotype-Epigenetic-Phenotype (G-E-P) spaces with the passage of time [START_REF] Lewontin | The units of selection[END_REF].

From a gerontological perspective, however, aging is primarily restricted to postreproductive stages during which, many organs and organ systems of individuals show both physiological and functional decline, collectively termed frailty. Specifically, cellular frailty encompasses dynamic and stochastic processes of accumulation of deficits at the subcellular and cellular levels [START_REF] Mitnitski | Accumulation of deficits as a proxy measure of aging[END_REF][START_REF] Rockwood | Fifteen years of progress in understanding frailty and health in aging[END_REF]. Furthermore, independent or cumulative systemwide decline of physical and physiological factors contribute to the manifestation of frailty of the whole organism [START_REF] Van Deursen | The role of senescent cells in ageing[END_REF]. Thus, senescence, frailty and morbidities may share common origins [START_REF] Villacampa-Fernández | Frailty and multimorbidity: Two related yet different concepts[END_REF]. For clarity, although aging and senescence are often used interchangeably, we equate senescence to irreversible cessation of mitotic activities of normal somatic cells [START_REF] Melk | Cell senescence and its implications for nephrology[END_REF]. Similarly, because somatic mutations potentially start accumulating from the first mitotic division of the zygote, we define "aging as all possible changes between conception and death" [START_REF] Vijg | Aging of the genome: the dual role of the DNA in life and death[END_REF].

Several theories have been proposed to explain aging. One of them is based on the accumulation and amplification of inherited and acquired (somatic) genetic variants (mutation accumulation theory (MA) [START_REF] Szilard | ON THE NATURE OF THE AGING PROCESS[END_REF][10][11]). Another theory by Muller [START_REF] Muller | Our load of mutations[END_REF] emphasized the negative and cumulative effects of such accumulating mutations or mutation load (ML) that impose a burden, "measured in terms of reduced fitness, but felt in terms of death, sterility, illness, pain and frustration" [START_REF] Crow | Genetic Loads and the Cost of Natural Selection[END_REF]. Clearly, both MA and ML result from sequential cell division generated by growth and development, renewal and repair, which inevitably engenders DNA replication and chromosome segregation errors. Thus, the burden of somatic variants is time-dependent and increases with age.

Both MA and ML theories, subtleties aside, converge on the adverse effects that genomic variation exerts on somatic and reproductive tissues and, ultimately, on health and longevity. Accumulation of somatic mutations is initiated at the very first cell division, and numerically increase through successive mitotic divisions. Therefore, we assume that biological aging is initiated at the time of zygote formation, a view consistent with demographic and genetic principles [START_REF] Ricklefs | Life-history connections to rates of aging in terrestrial vertebrates[END_REF][START_REF] Innan | Genetic and epigenetic Muller's ratchet as a mechanism of frailty and morbidity during aging: a demographic genetic model[END_REF]. The MA process is a gradual and ubiquitous feature among all differentiating cell lineages within an organism [START_REF] Blokzijl | Tissue-specific mutation accumulation in human adult stem cells during life[END_REF] and is comparable to what happens in asexual or clonally-reproducing organisms [START_REF] Muller | Some genetic aspects of sex[END_REF]. Each additional de novo deleterious variant [START_REF] Goldmann | De Novo Mutations Reflect Development and Aging of the Human Germline[END_REF] may have both cumulative and multiplicative effects at various levels of organismic organization: genome instability, molecular heterogeneity, altered gene expression, impaired inter-cellular communication, tissue disintegration, vulnerability to stress, etc, which may influence both fitness [START_REF] Govindaraju | Evolutionary genetic bases of longevity and senescence[END_REF] and health span [20,[START_REF] Rattan | Biogerontology: research status, challenges and opportunities[END_REF].

Genetic variants roughly accumulate at a rate of 1-2 per cell division during embryogenesis [START_REF] Lee-Six | Population dynamics of normal human blood inferred from somatic mutations[END_REF]. Thus, cell division over decades entails the accumulation of billions of variants in every tissue and organ. The extent of this phenomenon can be appraised in an adult human who is composed of about 37 trillion cells [START_REF] Bianconi | An estimation of the number of cells in the human body[END_REF], all of which stem from a single cell -the zygote [START_REF] Evrony | One brain, many genomes[END_REF]. The Muller's ratchet principle suggests that genomic alterations accumulate in a stepwise ratchet-like manner (Figure 1a), especially in asexual lineages [START_REF] Felsenstein | The evolutionary advantage of recombination[END_REF][START_REF] Muller | THE RELATION OF RECOMBINATION TO MUTATIONAL ADVANCE[END_REF], and in non-recombining genomes or genomic regions. This process eventually leads to an increase in the average number of unfavorable variants present in the genome of each cell [START_REF] Felsenstein | The evolutionary advantage of recombination[END_REF] entailing a gradual decline of fitness of individual cells and tissues. Figure 1b shows a modified Muller plot [START_REF] Muller | Some genetic aspects of sex[END_REF], which is a convenient way to represent this process over time.

The epigenome also changes across cell generations [START_REF] Field | DNA Methylation Clocks in Aging: Categories, Causes, and Consequences[END_REF]. For instance, aging mammalian cells display generalized DNA hypomethylation, primarily in DNA repeats, and local hypermethylation concentrated at promoters. This epigenetic drift results from an incomplete restoration of normal epigenetic patterns after DNA replication or repair. Indeed, it is known that epigenetic marks in twins are very similar during infancy but change with age, impacting gene expression. The impact of epigenetic variation on aging has also to be considered along with that of genetic alterations because of its higher frequency and because epigenetic drift causes departures from the norm by many orders of magnitude [START_REF] Fraga | Epigenetic differences arise during the lifetime of monozygotic twins[END_REF][START_REF] Fraga | Epigenetics and aging: the targets and the marks[END_REF]. Loss and gain of methylation during replicative senescence are similar to those observed in cancer. Thus, the epigenome of senescent cells might promote malignancy, if such cells escape the proliferative barrier [START_REF] Cruickshanks | Senescent cells harbour features of the cancer epigenome[END_REF][START_REF] Day | Differential DNA methylation with age displays both common and dynamic features across human tissues that are influenced by CpG landscape[END_REF].

From the perspective of the G-E-P map [32,33], it is reasonable to suggest that the lifelong accumulation of genetic and epigenetic deficits in cells and tissues alters physiological homeostasis and ultimately leads or at least contributes to aging [START_REF] Clegg | Frailty in elderly people[END_REF].

Along with the Muller's ratchet principle applied to aging, we postulate that the frailty phenotypes that arise with age are a function of the load of harmful genetic and epigenetic variants carried by the individual and its components. In short, in a demographic sense, the degree of frailty is linked to the (epi-) mutational burden carried by the various cell lineages in relation to their age and stage of development [START_REF] Muller | Our load of mutations[END_REF][START_REF] Crow | The origins, patterns and implications of human spontaneous mutation[END_REF].

The mechanisms by which mutations of clonal origin influence aging and disease remain obscure [36]. Thus, ideas from evolutionary genetics can be extended to gain insights on some of the enduring questions in aging and human health. Although (epi-) genetic bases of the relationship among cellular aging, cancer and Muller's ratchet has been suggested by various investigators, detailed population and demographic genetic analysis of this phenomenon in terms frailty and morbidity are still required. Thus, we have extended here the Muller's ratchet principle to the biological aging process in somatic tissues [START_REF] Innan | Genetic and epigenetic Muller's ratchet as a mechanism of frailty and morbidity during aging: a demographic genetic model[END_REF] and discuss its implications for understanding the origins of frailty, senescence and morbidity.

Muller's ratchet model applied to aging

The Muller's ratchet in relation to cell proliferation and tissue formation can be modeled as Moran birth-death demographic process; which describes stochastic birth and death of individuals in finite populations. Accordingly, de novo genetic variants, with varying levels of deleterious effects, differentially accumulate among cells and tissues during the course of development. The Moran model allows us to explore the health (viability) consequences of such mutation-bearing clonal lineages. As the individual is a mosaic of cells and lineages of cell populations with different sets of somatic variants, heterogeneity among them also increases [37] leading to a spatial structuration [START_REF] Kryazhimskiy | Population subdivision and adaptation in asexual populations of Saccharomyces cerevisiae[END_REF]. By extension, we postulate that each specific cell population could show a range of viability fitness in adult tissues [START_REF] Arrojo E Drigo | Age Mosaicism across Multiple Scales in Adult Tissues[END_REF], which might have a translation in the existence of "ageotypes" at the population level [START_REF] Ahadi | Personal aging markers and ageotypes revealed by deep longitudinal profiling[END_REF]. Although this assumption is reasonable, experimental evidence for fitness differentials among cell lineages in relation to the accumulation of genetic variants in humans is yet to be established [41].

Recent studies, however, point toward such a possibility [START_REF] Hernando-Herraez | Ageing affects DNA methylation drift and transcriptional cell-to-cell variability in mouse muscle stem cells[END_REF][START_REF] Yamamoto | Large-Scale Clonal Analysis Resolves Aging of the Mouse Hematopoietic Stem Cell Compartment[END_REF].

The formal principles behind the model can be outlined as follows. We can reasonably consider that the cell is the unit of differentiation, development, growth and regeneration [START_REF] Jaenisch | Stem cells, the molecular circuitry of pluripotency and nuclear reprogramming[END_REF][START_REF] Brenner | Sequences and consequences[END_REF] and that tissues and organs are mosaics of cells carrying different mutation loads. Our model starts from a single "stem" cell through differentiation, development and growth into a mature individual. Thus, a population of N cells at any given time point results from a single cell. The model also encompasses gradual physiological decline. Each cell can be characterized by three time-dependent parameters, its rate of division (b), its functionality or healthiness (f) and its death rate (d), which depend on the number and impact of (epi-)genetic variants that the cell has accumulated over its entire life. However, keep in mind that mutations can occur not only through cell division but also replication-independently (BOX I). These three parameters may be affected by developmental stages and the environment. If we consider the negative effects of accumulating deleterious variants [START_REF] Ohta | Slightly deleterious mutant substitutions in evolution[END_REF]47], f and b are supposed to decrease and d increase with time. Assuming that f0 is the parameter at birth, the effect of mutation accumulation is given by f

= f0 (1-δf1)(1-δf2)…(1-δfi).(1-δfn),
where δfi is the reduction in the functionality caused by the i-th mutation. A similar reasoning applies to the other parameters.

After a lag-phase, the number of cells (N) rapidly increases up to a value K, representing the adult population size (growth phase). The cell population can maintain this size K when cells are healthy enough (so that b>d, stationary phase). As aging proceeds, the cell population becomes unhealthy and N declines (i.e., K cannot be maintained anymore). This decline phase appears when cell birth rate (b) becomes smaller than the population death rate (d). Throughout the whole process, the average of the number of accumulated mutations per cell (Save) increases, especially rapidly in the growth phase. BOX I provide further details on the principles and consequences of the model.

What the model says

The growth of a tissue from pluripotent stem cells to its adult size, relies on a large number of cell divisions, which are associated with the accumulation of numerous potentially deleterious variants among cells. Damage at the molecular level includes both benign and pathogenic variants that co-exist with an array of inherited variants [48]. The latter (constitutional) ones exert in most cases more powerful effects relative to somatic variants as they are already present since conception and affect all the cells of the individual. Somatic variants, in concert with constitutional variants will influence health, cancer and the course of hereditary diseases [49,[START_REF] Jones | Distinct DNA methylation patterns of cognitive impairment and trisomy 21 in Down syndrome[END_REF].

Our model and simulations suggest that the cell birth and death rates are crucial to determine the pattern of aging. In tissues like brain, where cells experience a relatively low death rate, genetic variants mainly accumulate during early stages of development, after which replication-independent mutations are the main contributors.

In contrast, in a tissue with a relatively high rate of cell turnover, (epi-)genetic variants keep accumulating all the way even during the stationary phase, so aging proceeds during maturity. These differences are illustrated in Figure I, which shows typical patterns of aging in normal tissues, together with an abnormal case. In both cases, the cell population size rapidly increases up to the adult size, arbitrarily set at K=100. Through the growth phase, the average number of accumulated somatic variants, Save, increased to ~4000 in both cases, resulting in a decline of cell healthiness (f, represented by the yellow-to-red transition in Figure I). The major difference between the two cases displayed is the death rate (d). In the normal aging case, with d=0.5b (Figure Ia), turnover of cells occurs quite often, leading to accumulation of new somatic variants after maturity (i.e., stationary phase). In the normal-aging case, Save keeps increasing in the stationary phase, resulting in further decrease of b and f and increase of d. Eventually d exceeds b. After this time point (denoted by TB=D), the system enters in the decline phase. In progeroid syndromes, such as the Hutchinson-Gilford syndrome [START_REF] Ahmed | Hutchinson-Gilford Progeria Syndrome: A Premature Aging Disease[END_REF], TB=D is small. Figure Ib shows a simulation where the curves cross around 25 years of age, which closely agrees with the average life expectancy of progeria patients [START_REF] Merideth | Phenotype and course of Hutchinson-Gilford progeria syndrome[END_REF]. In sum, a cell population can maintain a stable size when b>d but once d exceeds b, the population size starts declining and cells are no longer able to fill in all the empty space left by dead ones. In this decline phase, the aging process is accelerated, accompanied by a decline in cell population size. Thus, according to our model, b and d are key factors determining the pattern of aging among cell populations.

There is some experimental data supporting this concept in telomere dysfunctional mice. Indeed, both a slowdown in cell birth rates as well as an increase in cell death rates aggravate organism aging in the context of short telomeres [START_REF] Choudhury | Cdkn1a deletion improves stem cell function and lifespan of mice with dysfunctional telomeres without accelerating cancer formation[END_REF]54].

Our simple model recapitulates growth, stability and decline of cell populations both within organs and the organism. It is in agreement with molecular data [START_REF] Lee-Six | Population dynamics of normal human blood inferred from somatic mutations[END_REF]55] as well as with other models of aging [START_REF] Engelman | A Quiescent Phase in Human Mortality? Exploring the Ages of Least Vulnerability[END_REF][START_REF] Levitis | Before senescence: the evolutionary demography of ontogenesis[END_REF]. Cell deterioration closely tracks the number of "clicks" of the ratchet because cell division is its driving force. Not surprisingly, genetic variants appeared during early stages of development play a critical role in the aging of terminally differentiated tissues with minimum renewal. This is consistent with recent data suggesting that variants that appear before birth in the brain are subsequently amplified and can either cause or influence neurodegeneration [55,[START_REF] Bae | Different mutational rates and mechanisms in human cells at pregastrulation and neurogenesis[END_REF]. Indeed, in agreement with the Muller's ratchet principle, Lodato et. al 2018 reported the presence of approximately a few thousand single nucleotide variants by 5 months, steadily increasing after 40 and exponentially after 80 [55]. In contrast, tissues such as skin, blood or small intestine, with a high renewal rate, accumulate genetic variants all the way from early development to death. In concordance with these observations, clonal hematopoiesis as a factor of aging and disease has been proposed [36]. Our model also explains the almost star-shaped tree (i.e., with many short branches connected at an internal node) of hematopoietic stem cells [START_REF] Lee-Six | Population dynamics of normal human blood inferred from somatic mutations[END_REF], which grows rapidly, reaches a plateau while accumulating genetic variants by producing additional progenitor cells. As a rule, variants that arise very early during development have greater influence on aging than those appearing later in life because the former, in concert with inherited variants, can affect most tissues and organs. Accordingly, specific cell populations may accumulate an excessive number of variants and diverge with time, contributing to reduced viability fitness.

Throughout, we have assumed that accumulation of mutations with varying degrees of pathogenicity, from benign to clearly damaging, influence a range of cellular processes. However, rare 'advantageous' mutations arising in a few senescent cells could confer 'greater' fitness [START_REF] Gyllenberg | On fitness in structured metapopulations[END_REF][START_REF] Eyre-Walker | The distribution of fitness effects of new mutations[END_REF]. Such cells may consume large amounts of glucose for growth, survival, proliferation and long-term maintenance and turn into cancer cells [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF]. These plausible sequences indicate that cellular senescence and cancer may represent two Janus Faces of the same coin. Thus, an effective management of aging processes could perhaps help prevent cancer.

Concluding remarks and perspectives

The Muller's ratchet principle provides a theoretical foundation to study the origin and augmentation of vulnerability, frailty, morbidity and mortality of cells, tissues, organs and organ systems with age. This principle focuses on predictable effects of the accumulation of (epi-)genetic variants in line with the mutational, molecular, and cellular clocks that represent mutation rates, telomere shortening and the Hayflick process [62]. Moreover, it is not surprising that chromatin modifications, which link the G-P spaces have been shown to predict biological aging and longevity [START_REF] Field | DNA Methylation Clocks in Aging: Categories, Causes, and Consequences[END_REF][START_REF] Horvath | DNA methylation age of human tissues and cell types[END_REF]. Therefore, we postulate a predicable link between the pace of clicks and ticks of the Muller's ratchet and aging.

Clinical frailty involves a cumulative decline in anatomical and physiological functions [64]. It is apparent at multiple levels of biological organization: genome, epigenome, tissues, organs and the organism. Frailty is attributed to a "lifelong accumulation of molecular and cellular damage" [START_REF] Rockwood | Fifteen years of progress in understanding frailty and health in aging[END_REF][START_REF] Clegg | Frailty in elderly people[END_REF] leading to dysfunction of organs and the organism. Clearly, although frailty is primarily recognized as a geriatric condition, it can affect multiple components of the human body during the entire lifespan of individuals [START_REF] Buchman | The community of the self[END_REF].

How could the information discussed here be used in a clinical setting? It has become routine to classify genetic variants into a finite number of classes such as benign, pathogenic, uncertain, actionable, etc [START_REF] Adzhubei | A method and server for predicting damaging missense mutations[END_REF]. Instead, in some cases, and in accordance with the Haldane-Muller principle, which suggests that the average fitness of a population depends on the cumulative effect of the entire spectrum of genetic variants and not on the severity of individual ones. Accordingly, guidelines developed for clinical diagnostic purposes solely based on the effect of individual variants, needs to be reevaluated in the context of aging and genetic disorders that influence healthy aging. Detailed investigations into the origins, distribution and effects of somatic variants could shed light on many medically unexplained symptoms and even new disorders on the basis of their interaction with inherited variants and the degree of mutation load [START_REF] Calimport | To help aging populations, classify organismal senescence[END_REF].

From the perspective of precision medicine, this approach holds promise to effectively identify individuals at higher risk of developing single or multiple morbidities and for devising new preventive measures such as tissue-and organ-specific senolytics [START_REF] Kirkland | Cellular Senescence: A Translational Perspective[END_REF][START_REF] Lehmann | Senolytic drugs target alveolar epithelial cell function and attenuate experimental lung fibrosis ex vivo[END_REF].

Clearly, some concepts of evolutionary genetics have the potential not only to illuminate enduring questions in human health and longevity but also in public health (see also To gain insights into the principles and consequences of the model, let us first focus on the normal aging case. A simulated pattern of aging can be generated by assuming N=100, b=0.1, d=0.05, a per-genome mutation rate = 1 and replicationindependent mutations are ignored for simplicity. Initially, during development and growth (growth phase, Figure Ia), when b>>d, the global contribution of cell death d is small and cell division prevails. This leads to an increase of population size (N). Then, the system reaches a stationary phase, becoming mature at around 18 years old.

Throughout this process, we assume that when a cell dies, the dead cell is removed. This is supposed to be followed by a cell division to fill in the 'empty space', as long as b>d. Along with the accumulation of mutations, the functionality or healthiness (f) decreases, which is presented by the red color in the topmost panel. However, as cell accumulates deleterious (epi-)genetic variants through division, b would decrease and d increases. All the way up to the stationary phase, a process analogous to a Muller's ratchet in asexual populations is taking place [START_REF] Muller | Some genetic aspects of sex[END_REF], especially when the cell population size (N) is small. The ratchet proceeds with age and, at some time point (Tb=d), b becomes as smaller as d. After this point, the empty space left by a dead cell may not be filled by a new one (with a probability 1-b/d). As a consequence, the size of the cell population decreases (i.e., becomes < K), leading to the formation of interstitial spaces and eventual tissue disintegration (decline phase) [START_REF] Haubold | Acute effects of desmin mutations on cytoskeletal and cellular integrity in cardiac myocytes[END_REF][START_REF] Rodier | Four faces of cellular senescence[END_REF]. The average number of division-linked variants (Save) is expected to dramatically increase during the rapidgrowth phase required for development, whereas during the stationary phase, it increases linearly. Rapid aging can be modeled by setting d at 0.06. In this case, the pattern drastically changes and the stationary phase is shortened to about 25 years implying a rapid decline of the cell population (Figure Ib). In the above model, we assumed all mutations occur through cell division to obtain Save(t), and ignored replication-independent mutations. To take the latter into account, let v be the rate of production of such mutations. Thus, it is straightforward to derive S'ave(t) that incorporates both types of mutations as S'ave(t) = Save(t) + vt. 
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 1 Figures Figure 1. Accumulation of (epi-)genetic alterations upon cell division during development and subsequent stages of life. (a) Production of cell lineages with different mutation loads. (b) Modified Muller plot describing the same process in time. It combines information on the succession of different genotypes/phenotypes (horizontal axis) and their abundances (vertical axis). Different cell genotypes are represented by areas with different colors. Each genotype originates by mutation of the parental one.
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 I Figure I. Typical patterns of aging obtained by mathematical simulation. (a) Normal aging was simulated assuming N=100, b=0.1, d=0.05 and a per-genome mutation rate = 1. During the growth phase (b>>d), cell death d is small and cell division prevails leading to an increase of N (green rectangle). Afterwards, the system reaches a stationary phase (yellow rectangle). When b d, a dead cell is removed and replaced by cell division. This process entails accumulation of deleterious (epi-)genetic variants (thus, b decreases and d increases). After Tb=d (vertical red arrow), the empty space left by a dead cell is not be filled in by a new one and the size of the cell population decreases (decline phase, orange). The functionality of the tissue, coded in red, in the topmost panel decreases with time. (b) In the case of fast aging (i.e., d=0.06) the span of the stationary phase is shortened, leading to an earlier decline of the cell population.
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Glossary

Clonal hematopoiesis: Stem or progenitor cells in the bone marrow that give rise to genetically distinct subpopulations of blood cells. Such subpopulations are supposed to be "clonally" derived from single founder cells. It may occur in healthy people but it is often associated with hematologic and other diseases. Phenotype (G-E-P) map (spaces): metaphor used to describe the architecture and interaction between genotype and phenotype of traits via epigenetic modulation that can be influenced by the environment.

Genotype-Epigenetic-

Haldane-Muller principle:

The reduction in the average fitness of a population due to recurrent mutation depends only on mutation rate and is independent of the mild or harmful effect of individual variants. T b=d T b=d