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Abstract

Ageing remains one of biology’s most fundamental unresolved questions. Existing explanations often
attribute ageing to stochastic damage accumulation, adaptive programmes, or interacting hallmarks,
yet none fully explains why ageing emerges so broadly in organisms that undergo development.
Here, I introduce the Double Code Hypothesis of Ageing, which frames ageing as a consequence of
life’s dual inheritance system: the genome and the epigenome. In this manuscript, ‘code’ is used in a
computer-science-like sense, closer to source code than to the specialised meaning used in code
biology: an organised set of biological instructions whose effects depend on being read, interpreted,
maintained, and executed by cellular machinery. I propose that ageing is not merely the progressive
accumulation of epigenetic noise within an individual, but the consequence of an inherent instability
in a dual inheritance system whose two informational layers must remain functionally aligned across
cellular and organismal generations. The relative stability of the genome allows long-term
information preservation, whereas the plasticity of the epigenome enables development,
differentiation, adaptation, and the emergence of complex phenotypes, but also makes this layer
vulnerable to cumulative misalignment. Within this framework, ageing is interpreted as the
individual-level cost of an information-management architecture that preserves and renews
biological information across generations. In complex organisms, mitotically dividing cells
progressively lose or misalign epigenetic information, whereas meiotic/germline-associated
processes can restore or re-establish a functional genome—epigenome configuration for the next
generation. This falsifiable framework offers experimental predictions in model systems such as
Schizosaccharomyces pombe and provides a mechanistic explanation for why ageing exists.

Keywords: ageing theory; epigenetic inheritance; biological information theory; non-genetic
inheritance

1. Introduction

Ageing has long been a central enigma in biology. The prevailing view frames it as a
multifactorial process. In recent years, a broad consensus has emerged among ageing researchers to
study it within the framework known as the Hallmarks of Ageing [1-3]. This integrative model seeks
to address the apparent complexity of ageing by incorporating diverse insights into a cohesive
conceptual structure. The Hallmarks of Ageing concept is primarily a mechanistic framework
describing interlinked biological processes, including genomic instability, telomere attrition,
epigenetic alterations, mitochondrial dysfunction, deregulated nutrient sensing, cellular senescence,
altered intercellular communication, loss of proteostasis, and stem-cell exhaustion, that contribute to
organismal decline. It draws upon damage-based and programmatic views, together with
evolutionary concepts, to explain how these hallmarks arise and persist. However, it does not
explicitly unify formal evolutionary theories of ageing, such as antagonistic pleiotropy or mutation
accumulation. Rather, it acknowledges that these evolutionary theories provide the why, whereas the
Hallmarks framework addresses the how: the molecular and cellular processes that fail with age.
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Although the Hallmarks of Ageing paradigm does not inherently prioritise one hallmark over
another, the historical development of ageing research has led to proposals that do exactly that.
Telomere attrition, mitochondrial dysfunction, DNA damage, deregulated nutrient sensing, cellular
senescence, protein damage, and others have all been proposed as primary drivers of ageing [4].
Among the various models proposed, I wish to focus on those that frame ageing as a consequence of
the loss of epigenetic information [5-7]. This idea has gained significant attention in recent years,
particularly through Sinclair’s Information Theory of Ageing. The framework developed here shares
with these models the emphasis on epigenetic information, but differs in scale and logic: it focuses
not primarily on the erosion of a youthful epigenetic state within an individual lifespan, but on the
intergenerational transmission, maintenance, and progressive misalignment of genetic and
epigenetic information [7].

In this paper, I present a further step in the description of the proposed framework: the Double
Code Hypothesis of Ageing. This model posits that biological information is transmitted
intergenerationally through both the genome and the epigenome. Ageing arises from the asymmetry
created when mitotically dividing cells lose access to youthful epigenetic information, whereas
meiosis selectively restores or re-establishes it. This theory not only provides a mechanistic basis for
ageing and rejuvenation, but also unifies observations on epigenetic inheritance, disease prevalence
trends, and the limitations of current damage- and program-based theories.

Before developing this argument, it is necessary to clarify how the term ‘code’ is used in this
manuscript. In computer science, the full set of instructions contained in a given program is referred
to as the source code. In code biology, by contrast, the word ‘code’ is usually used in a more
specialised sense, referring to correspondences between independent molecular worlds mediated by
adaptors or related coding relations [8-11]. In this manuscript, I do not use ‘code’ in this strict
Barbieri-style sense. I use it deliberately in a computer-science-like sense, closer to the notion of
source code, to denote an organised set of biological instructions whose functional consequences
depend on being physically read, interpreted, maintained, and executed by cellular machinery [12].
Thus, when I refer to a genetic code or an epigenetic code in this manuscript, I am not claiming that
either corresponds to a single organic code in the narrow terminology of code biology. Rather, I am
referring to two source-code-like layers of heritable biological information whose interaction
determines phenotype.

A central argument of the model proposed in this paper is therefore that one of the fundamental
assumptions underpinning the current framework of biological knowledge is incomplete: namely,
the view that DNA is the sole or primary source of intergenerationally transmitted biological
information. This paper presents a refined and focused articulation of ideas originally developed in
a broader theoretical work. A broader version of this framework, including population-level disease
trends and wider biomedical implications, has been made available as a preprint on Zenodo [13].
Here, I concentrate on the central theoretical structure of the Double Code Hypothesis of Ageing and
on the informational mechanism proposed to connect inheritance, rejuvenation, and ageing.

This framework arose from serendipitous observations that I obtained while pursuing genetic
crosses in the fission yeast Schizosaccharomyces pombe [7], and has since been refined theoretically [13-
16]. Some of the data observed serendipitously cannot be easily explained within a framework in
which phenotype and heredity are considered to be determined by a single informational layer [17].
These observations suggested that ageing may be best understood as a consequence of how genetic
and epigenetic information are transmitted, repaired, lost, preserved, or progressively misaligned
across cellular and organismal generations.

A key implication of this interpretation is that epigenetic deterioration should not be conceived
only as a binary transition between a functional and a non-functional state. Rather, cells may occupy
metastable epigenetic states in which short-term viability is preserved, but the probability of
functional failure in mitotic or meiotic descendants is increased. Under this view, ageing-related
perturbations do not necessarily kill cells immediately; they may shift the population distribution
towards less stable epigenetic configurations. This provides a mechanistic bridge between gradual
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epigenetic drift, altered cellular fitness, and the eventual appearance of discrete phenotypic failures
such as loss of viability, impaired germination, defective sporulation, or reduced self-cross spore
survival.

2. The Epigenome as a Secondary Heritable Informational Layer

As noted above, a central assumption in modern biology is that many aspects of an organism’s
phenotype are influenced by information contained in its genotype. When biological development is
described in source-code-like terms, this often leads —implicitly or explicitly —to the view that the
relevant inherited ‘source code’ is essentially the genomic sequence alone. However, the relationship
between genotype and phenotype is straightforward only in a limited number of cases. In many
others, phenotypic outcomes are thought to emerge from complex interactions between genetic and
non-genetic factors, including environmental inputs, and their causal structure is often difficult to
disentangle [18,19]. The genotype—phenotype relationship therefore remains a central and active area
of research [20].

In this sense, I propose to recover the chromosomal theory of inheritance in a broader
informational form [21,22]. The biological information transmitted from parents to offspring should
not be understood as being restricted to the DNA sequence alone, but as the informational content
carried by the chromosome as a DNA-associated molecular system. This includes the information
contained in the DNA fibre itself, here referred to as genetic information or primary code, and the
information instantiated by DNA-associated factors, modifications, structural configurations, and
other components that contribute to the interpretation and execution of DNA, whether already
characterised or still unknown. This second layer is referred to here as epigenetic information or
epigenetic code in the source-code-like sense used in this manuscript.

Indeed, biological information requires at least two inseparable components: the material
substrate that carries the information and the cellular machinery that reads, interprets, maintains,
and executes it. Even information encoded in the DNA sequence cannot have biological consequences
on its own, because the products of that sequence are needed to generate the molecular machinery
that interprets and functionally deploys it [23,24]. DNA alone is therefore biologically inert unless
embedded within a cellular system capable of interpreting it.

Since the elucidation of the structure of DNA [25] and its extraordinary power to explain the
patterns of inheritance described by Mendel [26,27], DNA has been widely accepted as the material
substrate carrying the primary inherited information. In the source-code-like sense defined above,
DNA may therefore be referred to here as the substrate of the primary code. However, the dominant
interpretation of heredity has often reduced intergenerational inheritance to the transmission of this
primary code, assigning no comparable role to additional inherited informational layers. Recovering
the chromosomal theory of inheritance in its broader form —namely, the idea that intergenerational
biological information is carried by the chromosome as a whole [21,22]—therefore requires
considering whether DNA-associated components and configurations also contribute to inherited
biological information. In the framework proposed here, this contribution is conceptualised as a
secondary, source-code-like informational layer associated with the primary code.

Epigenetics, like genetics, began as an abstract concept before the molecular mechanisms
underlying it were known [28,29]. As molecular biology developed, it became increasingly clear that
epigenetic mechanisms constitute an additional informational layer through which genomic
information is interpreted, stabilised, modified, and transmitted [30]. In the source-code-like sense
used in this manuscript, this layer may be described as an epigenetic code. Unlike the primary code
in the broad source-code sense used here, however, this epigenetic code is not reducible to a linear
sequence. It is a multilayered informational system in which DNA-associated marks, chromatin-
bound factors, nuclear positioning, local genomic context, and other features jointly influence how
the DNA sequence is read and functionally deployed. This second layer allows additional functional
information to be associated with the same length of DNA fibre (see Figure 1).
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Figure 1. The Epigenetic Layer of Information. Schematic representation of the epigenome as an additional
informational layer associated with the DNA fibre. The DNA sequence is represented in red and the epigenetic
layer in blue. Arrows indicate functional outputs derived from the genome alone (red) or from the genome-
epigenome system (blue). The figure illustrates that DN A-associated components and configurations can expand
the functional information associated with the same DNA sequence, allowing a broader range of biological

outputs without changing the primary DNA sequence.

Because DNA can only exert biological effects through molecular systems that physically and
functionally interact with it, the definition of epigenetics adopted here is deliberately broad. In this
manuscript, epigenetics refers to DNA-associated components, modifications, and configurations
that contribute to the interpretation, deployment, maintenance, or execution of genomic information.
The term itself goes back to C. H. Waddington, who introduced epigenetics in the 1940s in connection
with the processes linking genotype and phenotype during development [31,32]. Since then,
epigenetics has become a prolific area of research, but also a concept marked by persistent definitional
tensions and controversy over what should count as epigenetic [33-35].

Although epigenetics is most commonly discussed in the context of eukaryotic organisms,
whose complex nuclear organisation requires elaborate epigenetic machinery, the broader definition
adopted in this manuscript can also be applied to simpler organisms such as archaea and bacteria.
Under this definition, even components such as RNA polymerase should be regarded as epigenetic
insofar as they participate in the physical reading and functional execution of the primary code. Such
organisms may operate with a simpler set of epigenetic components associated with DNA, but this
does not mean that their informational organisation is one-dimensional. Different parts of the DNA
may be functionally deployed or remain silent depending on the environmental circumstances faced
by the cell. In this sense, even in simpler organisms, the execution of the primary code is modulated
by a second layer of DNA-associated components.

In multicellular organisms, however, where cell differentiation occurs despite the fact that most
cells contain the same DNA sequence [36], the need for such a second informational layer becomes
much greater. This provides a simple means by which evolution can generate different cell types with
a wide variety of functional outcomes while, in most cases, leaving the primary code unchanged. In
the terminology used here, DNA is therefore referred to as the ‘primary code’, whereas the set of
epigenetic components, modifications, and configurations associated with its interpretation,
deployment, maintenance, and execution is referred to as the ‘secondary code’, again in the source-
code-like sense defined above, not in the narrower terminology of code biology.

I propose that the phenotype of a given cell, and by extension that of an organism at any given
time, arises from the combined action of these two source-code-like informational layers: the genome,
as primary code, and the epigenome, as secondary code.
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3. The Double-Code Hypothesis of Ageing: Ageing as a Consequence of the
Intergenerational Inheritance of a Dual Code of Information—The Genome and
the Epigenome

Having defined the genome and epigenome as two coupled source-code-like layers of biological
information, the central claim of the Double Code Hypothesis of Ageing can now be stated more
precisely: ageing arises as a consequence of how these two layers are transmitted, maintained,
repaired, and progressively misaligned across cellular and organismal generations. In this
framework, ageing is not merely a consequence of molecular deterioration occurring within an
individual lifespan, but an outcome of the architecture of inheritance itself.

More specifically, I propose that ageing emerges from the partial uncoupling between a
relatively stable genetic layer and a more plastic epigenetic layer. The plasticity of the epigenome
allows development, differentiation, adaptation, and the generation of complex phenotypes, while
also creating the conditions under which epigenetic drift, incomplete maintenance, and cumulative
functional misalignment can arise. To understand ageing within this framework, the central question
is therefore not only what deteriorates during life, but what is inherited intergenerationally, how this
inherited information is repaired or reset, and why some forms of epigenetic information become
inaccessible to mitotically dividing cells.

At the evolutionary level, this interpretation provides a modern informational reading of
Weismann's view that ageing contributes to lineage renewal and population-level continuity [37]. In
the framework proposed here, ageing is not treated simply as accidental deterioration, but as a
consequence of the way biological information is distributed between mitotically dividing cells and
the meiotic/germline route through which new individuals are produced. Thus, ageing is an
individual-level cost associated with a system that preserves and renews biological information
across generations.

If ageing is a consequence of the way genetic and epigenetic information are distributed,
maintained, and renewed across generations, then the first question to address is straightforward:
what is inherited intergenerationally, and how?

3.1. What Is Inherited Intergenerationally, and How?

Since Watson and Crick proposed the double-helical structure of DNA in 1953 [25], explaining
how genetic information could be replicated and transmitted across generations [26], DNA has been
regarded as the primary bearer of intergenerational information. This view has often carried the
implicit assumption that epigenetic information is largely reset with each generation and ultimately
derived from DNA sequence. The discovery of two waves of epigenetic reprogramming during
gametic and embryonic stages initially reinforced this interpretation [38-44].

However, recent work suggests that certain epigenetic marks can evade reprogramming and be
inherited. Multiple studies have investigated the phenomenon of Transgenerational Epigenetic
Inheritance (TEI) in various model organisms, including mammals [45], plants [46], invertebrates [47],
and fission yeast [48]. A recent study demonstrated that methylation marks artificially placed at
ectopic loci in mice were transmitted to offspring despite the well-documented waves of epigenetic
reprogramming. The ectopic epigenetic marks were undetectable in primordial germ cells and
gametes, and absent at the blastocyst stage, but were detectable again in epiblast cells [49]. These
observations suggest that, although reprogramming may erase certain marks during one of the
known waves, information about these marks can nevertheless be transmitted to subsequent
generations, likely through crosstalk and reinforcement mechanisms between different epigenetic
features [49].

The physiological significance of TEI should not be interpreted only through a Lamarckian or
purpose-driven lens. In this paper, I use TEI within a non-Lamarckian framework: epigenetic
information is not necessarily transmitted because an acquired trait is adaptively ‘meant’ to be
inherited, but because epigenetic information forms part of the biological material that is
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reconstructed, maintained, and transmitted across generations. Under this view, the epigenetic code
is inherited in a manner that is partially coupled to, but not reducible to, the primary genetic code.

In this interpretation, epigenetic reprogramming should not be viewed simply as the erasure of
previously acquired information. For a given epigenetic state to be functional, the relevant mark,
factor, or chromatin configuration must be established at the appropriate genomic position, in the
appropriate cell type, and at the appropriate developmental or reproductive time. Reprogramming
can therefore be understood as a specialised form of information rewriting: some epigenetic states
may be erased, but functional epigenetic information is also re-established. In this sense, meiotic or
germline-associated reprogramming is not merely a loss of epigenetic information, but a process
through which a young or functional epigenetic configuration is reconstructed and genome-
epigenome misalignment is corrected.

Building on this interpretation, I propose that germline cells possess, or maintain access to, an
epigenetic repair or rewriting capacity able to restore functional epigenetic configurations before
transmission to the next generation (see Figures 2 and 4). This repaired or re-established epigenetic
information is then transmitted to the offspring together with genetic information, restoring
alignment between genomic and epigenomic information and giving rise, according to this
hypothesis, to the young phenotype of the new generation (see Figure 2).

The somatic cells of this new generation may modify their epigenome during development and
life (see Figure 2B), but they do not normally regain access to the full germline-associated resetting
process. They are therefore prone to accumulate, in a random and/or programmatic manner, the
genome-epigenome misalignment that, according to the hypothesis defended in this manuscript,
leads to the acquisition of the aged phenotype. This asymmetry between mitotic lineages and the
meiotic/germline route is central to the Double Code Hypothesis of Ageing and will be developed in
the following sections.

A B MITOTIC/G1 CELLULAR LIFESPAN
MITOTlC/Gl CELLULAR LIFESPAN Development + Genome-Epigenome misalignment =
Genome-Epigenome misalignment = Epigenetic defects accumulation Epigenetic information reading + Epigenetic defects accumulation
e
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R V X
. ot Y A R =
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\;‘7 B \ . i
\ ’
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________________ ‘*~~~ "a"
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Genome-Epigenome Realignment = Epigenetic defects repair
(rejuvenation process) Genome-Epigenome Realignment = Epigenetic defects repair

(rejuvenation process + restarting of development)

Figure 2. Genome-epigenome misalignment and the ageing process. (A) Schematic representation of a simple
cyclical process with two phases. During the mitotic/G1 phase (top), genome—epigenome misalignment
progressively increases because mitotically dividing cells have restricted access to the information required to
fully restore the epigenome. This leads to the accumulation of epigenetic defects and drives the ageing process
forward. During the meiotic phase (bottom), meiotic cells gain access to an epigenetic repair or rewriting
programme that restores genome-epigenome alignment, thereby producing a rejuvenation-like reset. (B) In
multicellular organisms, by contrast, many additional steps of epigenetic information reading are required to
generate a fully functional organism. Dotted lines indicate steps in which relevant epigenetic information is read
or re-established, counteracting ageing-related misalignment. Solid black lines indicate steps in which epigenetic
information is progressively lost, misread, or misaligned faster than it is repaired or re-established. Figure
adapted from Marsellach 2018 [14].
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To understand why this mode of information management leads to ageing, it is first necessary
to clarify what is meant here by a living organism. This question is addressed in the next section.

3.2. What Is Life?

In informational terms, living beings can be defined as organised structures built and maintained
through accumulated biological information. This information contains the instructions required for
interaction with the surrounding environment, survival through maintenance of the organism’s own
structures, and self-replication through the production of new individuals or ‘instances’ carrying the
same or a related biological code. Life therefore persists as long as biological information remains
capable of maintaining the structures through which it is expressed. According to this interpretation,
life ends for an individual organism when it can no longer sustain its own structures (see Figure 5D).
However, the death of an individual does not signify the end of its species. As long as other
individuals of the same species retain and transmit the accumulated information, that form of life
continues to persist (see Figure 3B). Species extinction occurs when all such individuals are lost,
resulting in the irreversible loss of the accumulated biological information carried by that lineage.

In 1867, James Clerk Maxwell proposed a thought experiment involving a hypothetical being,
later known as Maxwell’s demon, capable of sorting gas molecules by speed and thereby apparently
creating a temperature difference without expending energy. This seemed to challenge the second
law of thermodynamics by reducing entropy locally. Later work by Leo Szilard, Claude Shannon,
Rolf Landauer and others clarified that the demon’s action depends on information: acquiring,
storing, processing, and erasing information has energetic and entropic costs [50-52]. Maxwell’s
demon therefore illustrates the deep connection between information, energy, and entropy. Although
local order can be generated through information-guided processes, the second law remains
preserved once the energetic costs of information processing are taken into account.

Living beings can be described as highly organised structures composed of numerous molecular
mechanisms that operate analogously to Maxwell’s demons [53]. By using biological information,
these mechanisms can locally decrease entropy and drive processes that would not spontaneously
occur without informational guidance. This local decrease in entropy is achieved at the expense of
energy obtained from the environment, thereby preserving the second law of thermodynamics at the
global scale.

Within the framework proposed here, life is therefore understood as the continuous use of
biological information to maintain organised structures against thermodynamic decay. Ageing, in
turn, is interpreted as the progressive impairment of this information-management process,
particularly through the loss, misreading, or misalignment of epigenetic information. The reasons
supporting this claim are developed in the sections below.

3.3. Why Does Ageing Exist?

The question ‘why does ageing exist?” can be addressed at more than one explanatory level.
Classical evolutionary theories of ageing, including mutation accumulation, antagonistic pleiotropy,
and disposable soma theory, explain why natural selection may fail to preserve somatic function
indefinitely, and why late-acting deleterious effects can persist in populations. These theories provide
an essential evolutionary framework [54]. However, they do not, by themselves, specify the concrete
molecular mechanisms through which ageing arises as a recurrent biological phenomenon, nor do
they identify the biological substrate whose deterioration produces the aged phenotype [55]. In
particular, they do not directly explain how the informational state of an individual is connected to
germline renewal, offspring quality, lineage continuity, and the emergence of complex phenotypes.
The Double Code Hypothesis addresses this mechanistic level by asking how a dual inheritance
system composed of a relatively stable genetic layer and a more plastic epigenetic layer can generate
both complexity and ageing.

In the framework defended here, ageing became evolutionarily successful because it allowed
biological complexity to accumulate beyond what would have been possible through the indefinite
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preservation of single individual organisms. Without a renewal mechanism capable of producing
new, functionally restored individuals, increasing organismal complexity would eventually have
become constrained by the growing probability of extrinsic death. The basic idea is developed in
more detail in the following subsection.

Trade-Off Between Complexity Lifestyle and Lifespan

I propose that life is an emergent property made possible by the materialisation of processes
encoded in accumulated biological information. Under this assumption, an organism can cease to be
a living entity through two primary mechanisms: 1) external causes of death, involving the
destruction of structures built using biological information, such as trauma or ectopically originated
diseases; or 2) internal causes of death, associated with the loss, degradation, or mismanagement of
the biological information required to maintain the organism’s ordered state. In the framework
defended here, ageing corresponds primarily to this second route.

Within this framework, organismal complexity affects the distribution of probabilities associated
with these two routes to death. A simpler organism, or an organism with a less complex lifestyle,
may have a lower probability of dying from extrinsic causes and can therefore sustain longer
individual persistence. Conversely, a more complex organism or lifestyle generally entails a larger
number of functional components, dependencies, behaviours, and environmental interactions, each
of which can increase the cumulative probability of extrinsic death. In such a context, mechanisms
that indefinitely preserve a single individual organism may contribute less to long-term
informational continuity than mechanisms that periodically renew biological information through
new generations.

The simultaneous use of two coupled informational layers —the genome as the inner, relatively
stable layer, and the epigenome as the outer, more plastic layer (see Figure 1) —provides a way for
evolution to generate diverse biological structures and functions while preserving a common primary
genetic substrate. In multicellular organisms, for example, different cell types can arise from largely
the same DNA sequence because different epigenetic configurations determine how that sequence is
interpreted and deployed. In this sense, the genome contains the information required to build and
maintain the molecular systems that reproduce the genetic layer through DNA replication and, at the
same time, re-establish or maintain the epigenetic layer through a more complex, multistep process
involving known and potentially not-yet-characterised DNA-associated mechanisms. This means
that the epigenetic layer is not simply reducible to the DNA sequence itself. The genome may encode
many of the components required to rebuild or maintain epigenetic states, but the concrete epigenetic
configuration present in a given cell emerges from the interaction between genomic information,
DNA-associated molecular systems, cellular history, developmental context, environmental inputs,
prior epigenetic states, including intergenerational steps, and other known or not-yet-characterised
influences.
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Figure 3. Complexity-lifespan trade-off and information-loss avoidance strategies in ageing organisms. (A)
Schematic representation of the complexity-lifespan trade-off. The Complexity Index, plotted in arbitrary units,
is represented over evolutionary time. During the pre-ageing era, the likelihood of further complexity increase
is represented as reaching a plateau because the probability of extrinsic death increases as complexity increases.
With the emergence of proper ageing in the eukaryotic lineage, cyclical reuse and renewal of epigenetic
information allowed further increases in biological complexity despite increased extrinsic lethality. The red
dotted line represents the complexity-lifespan trade-off limit and approximately corresponds to the threshold
C* defined in the main text. (B) Schematic representation of the overlapping-generation mechanism of
information-loss avoidance, used mainly by multicellular organisms. Individual lifespans are represented as
gradients that evolve from blue, indicating a young or properly aligned genome-epigenome state, to red,
indicating epigenetic defect accumulation or genome-epigenome misalignment. Lethality occurs when
individuals reach the temporal black line. The blue arrow represents transgenerational information transfer,
through which a functional genome and a functional, aligned epigenome are transmitted to subsequent
generations. Figure adapted from Marsellach 2021 [15].

In this framework, the epigenomic layer is what made higher biological complexity possible, by
allowing the same primary genetic substrate to generate a broader range of structures, cell states, and
functional outcomes. This provides a versatile and efficient way for evolution to generate highly
complex organisms, including multicellular organisms composed of phenotypically distinct cell
types that, in most cases, share the same physical primary code: DNA [36]. For this to be possible, the
dual-layered coding structure is essential. However, the emergence of more complex biological
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structures and behaviours also increased the number of ways in which an individual organism could
be lost through external causes of lethality.

Following this reasoning, I propose that the evolution of simpler organisms eventually reached
a constraint: further increases in complexity became increasingly limited by the probability that
individual organisms would be lost through external causes before their accumulated biological
information could be transmitted. In other words, beyond a certain threshold, increasing complexity
without an efficient renewal mechanism would compromise lineage continuity, because a sufficiently
high probability of externally caused death could lead to the loss of the accumulated biological
information carried by that lineage (see Figure 3A). Crossing such a threshold would therefore
require a mechanism capable of preserving biological information through renewal rather than
through the indefinite persistence of the same individual organism. In the framework proposed here,
ageing is interpreted as the individual-level cost of such a renewal-based strategy. Put in simpler and
non-teleological terms, being complex and remaining indefinitely non-ageing become increasingly
incompatible once the probability of extrinsic loss outweighs the advantage of preserving a single
individual organism.

This can be expressed as a minimal constraint rather than as a complete mathematical model:
when the probability of losing a complex individual through external causes becomes sufficiently
high, preserving biological information through repeated renewal of individuals becomes more
reliable than preserving it through indefinite persistence of the same individual. In symbolic form:

Pcontinuity(renewal) > Pcontinuity(individual persistence), when C > C*.

Here, C denotes organismal complexity, and C* denotes the threshold beyond which
intergenerational renewal is expected to preserve biological information more reliably than indefinite
individual persistence. In Figure 3A, this threshold is represented schematically as the complexity—
lifespan trade-off limit.

The emergence of eukaryotic organisms and sexual reproduction are deeply linked issues [56].
In the framework proposed here, the key innovation was the acquisition of meiotic division. Meiosis
made it possible to distinguish two modes of biological information management: mitotic division,
which propagates cellular lineages and can either preserve cellular identity or, in developmental
contexts, generate differentiated phenotypic states (see Figure 2B); and meiotic division, which
enables genetic recombination and the production of sexually derived descendants. In unicellular
eukaryotes, this distinction is temporal rather than anatomical. In multicellular organisms, it later
became spatially and developmentally organised as the soma-germline distinction, with mitotic
lineages generating and maintaining the somatic body, and meiotic/germline lineages enabling
intergenerational renewal. It is worth noting that a multicellular organism, although belonging to a
species that reproduces sexually, is itself largely composed of somatic cell lineages that divide
mitotically. In the framework proposed here, these somatic lineages are subjected to the ratchet-like
mechanisms described below, whereas the germline is the cellular route through which such
ratcheting can be bypassed, reset, or counteracted.

The acquisition of meiosis had two major informational consequences. First, genetic
recombination provided a way to counteract the irreversible accumulation of deleterious genetic
mutations that can occur in non-recombining or asexual lineages, a process known as Muller’s ratchet
[57,58]. Second, and more centrally for the hypothesis defended here, meiosis created an asymmetry
in access to epigenetic restoration. Mitotically dividing soma-like cells are proposed to have restricted
access to the genome-encoded information required to fully rebuild a functional epigenome,
something that germline cells, by contrast, are allowed to do (see Figure 4A). As a result, mitotic cells
accumulate both genetic and epigenetic defects (see below). By contrast, meiotic or germline-like cells,
by retaining or regaining access to mechanisms capable of reconstructing a functional epigenetic
configuration before information is transmitted to the next generation, avoid the progressive
accumulation of epigenetic defects (see Figure 4B and 4C).
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Figure 4. Intergenerational Flow of Epigenetic Information. (A). Silenced loci in somatic cells are represented
as closed black dots, while the same loci, expressed in germline cells, are shown in green. Red lines indicate how
gene expression re-establishes youthful epigenetic information, effectively repairing epimutations present in the
previous generation (orange cylinders). (B). When no saturability issues occur during meiotic epigenetic repair,
all defects are corrected, and the resulting organism is free of epigenetic defects. (C). Persistent saturability

problems during meiotic epigenetic repair, occurring over successive generations, lead to the progressive

accumulation of epigenetic defects within the population.
This asymmetry generates two distinct informational trajectories. The mitotic/soma-like

trajectory is characterised by progressive genome—epigenome misalignment and the accumulation of
epigenetic defects, eventually leading to internally caused lethality. The meiotic/germline-like
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trajectory is characterised by epigenetic restoration, genome-epigenome realignment, and the
production of renewed biological instances in which internally caused lethality has been bypassed
(see Figure 3B). Importantly, the production of new individuals does not merely bypass internally
caused lethality; it also restarts the exposure of biological information to external selection in a
renewed organismal instance. Each new individual carries a restored informational state, but also
begins a new trajectory of vulnerability to external causes of death, exposure to selection, and
potential transmission. This creates an epigenetic counterpart to the classical genetic Muller’s ratchet
(see Figure 5C). Whereas Muller’s ratchet concerns the accumulation of deleterious genetic mutations
in lineages unable to efficiently recombine them away, the proposed epigenetic ratchet concerns the
accumulation of epigenetic defects in mitotically dividing lineages that lack full access to epigenetic
restoration. According to the hypothesis defended in this manuscript, this epigenetic ratchet is the
fundamental underlying mechanism of ageing.

In this framework, ageing is interpreted through an explicitly Weismannian lens [37], but
reformulated in molecular and informational terms: ageing is the individual-level cost of an
inheritance architecture that preserves and renews biological information across generations by
restricting full epigenetic repair or reset primarily to the meiotic/germline route. The question is
therefore not only why selection permits ageing, but why the biological architecture that made
complex life possible also makes ageing an expected consequence.

3.4. Interplay Between Genome and Epigenome: The Ratchet Mechanisms

Organisms accumulate both genetic and epigenetic defects during ageing. These two classes of
defect differ in an important way: epigenetic defects are, at least in principle, more readily reversible
through rewriting or re-establishment of chromatin-associated states [59], whereas genetic mutations
are generally not reversible by the same type of information-restoring process. This asymmetry raises
a key question: how do the genome and epigenome interact in the preservation or loss of biological
information?

A possible clue comes from a study in Arabidopsis thaliana showing that de novo mutations occur
less frequently in coding regions, particularly in essential genes, and that this mutation bias is
associated with epigenetic features [60]. This finding does not by itself establish a universal causal
mechanism, but it is consistent with the possibility that epigenetic organisation can influence the
mutational vulnerability of different genomic regions. In the framework proposed here, this suggests
a potential dual protection mechanism: genomic information can contribute to the rebuilding or
maintenance of epigenetic states, while epigenetic organisation may, in turn, help protect critical
genomic regions from mutation accumulation (see Figure 5A).

Such a mechanism could allow negligibly ageing or very long-lived organisms to preserve
biological information—both genomic and epigenomic—for extended periods. In contrast, ageing
organisms are proposed to progressively lose epigenetic features or genome—epigenome alignment,
potentially rendering some genomic regions more vulnerable to mutational processes. This would
result in the accumulation not only of epigenetic defects but also, secondarily, of genetic defects (see
Figure 5B), thereby compounding the overall burden of biological information loss.

In practical terms, this creates a dual ratchet mechanism operating through the differential
consequences of mitotic and meiotic information management: the classical genetic Muller’s ratchet
and the epigenetic ratchet proposed here, which I interpret as the ageing process itself [7] (see Figure
5C). The genetic ratchet refers to the accumulation of deleterious mutations in lineages in which
recombination and selection cannot efficiently remove them. Genetic recombination counteracts this
process by breaking linkage between deleterious mutations and creating variation on which natural
selection can act. The proposed epigenetic ratchet operates in an analogous but non-identical manner:
epigenetic defects may accumulate in mitotically dividing lineages that lack full access to epigenetic
restoration, whereas meiotic or germline-associated processes can restore, rewrite, or re-establish
functional epigenetic configurations before information is transmitted to the next generation.
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Figure 5. Shields and Ratchets. (A) Epigenome rebuilding during meiosis. The correct epigenetic information
required to produce the young phenotype is restored to generate a functional, rejuvenated epigenetic
configuration. Epigenetic factors are proposed to act as shields that protect genomic regions from mutation

accumulation [60]. (B) As ageing progresses and epigenetic defects accumulate, or epigenetic factors are lost

this shielding effect is weakened, potentially increasing the rate of genetic mutations

. (@) Schematic
representation of Muller’s genetic ratchet (left) and the proposed epigenetic ratchet-like mechanism (right)

Genetic and epigenetic information are represented as in Figure 1. (D) Schematic representation of how genomic
and epigenomic information jointly maintain phenotypic functionality. The combined action of the epigenetic
ratchet, corresponding to the ageing process, and Muller’s genetic ratchet in non-meiotic cells progressively
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compromises phenotypic functionality and ultimately leads to cell death. Panels C and D adapted from
Marsellach 2017 [7].

Under this interpretation, rejuvenation corresponds to the reading, re-establishment, and
transmission of the information required to restore a functional epigenome (see Figure 5A). Natural
selection then acts not only on genetic variation but also on the phenotypic consequences of inherited
genome-epigenome configurations. In both cases, slightly deleterious mutations or epimutations
may accumulate in asexually or mitotically dividing lineages. If such accumulation persists across
generations, the probability that a lineage will lose functional viability increases.

Importantly, the epigenetic ratchet proposed here would not necessarily operate through abrupt,
all-or-none transitions. Because epigenetic states are inherently metastable, the ratchet may act by
progressively shifting cells towards configurations that remain compatible with short-term viability
but are increasingly prone to functional collapse. At the population level, this would appear as a
gradual decline in fitness or viability; at the single-cell level, it would manifest as stochastic
phenotypic failure once a critical epigenetic threshold is crossed [17]. More broadly, this metastable-
state interpretation may help explain how gradual epigenetic deterioration could translate into
population-level changes in disease susceptibility, although that epidemiological extension lies
beyond the central scope of the present manuscript [13,16].

Within this framework, ageing can be described as the accumulation of deleterious epimutations
and mutations within an organism, with epigenetic defects acting as the primary driver. The soma,
consisting of mitotically dividing cells, is subjected to both genetic and epigenetic ratchets, whereas
germline cells, through meiosis, possess mechanisms that can counteract these accumulations. Thus,
ageing is fundamentally a mitotic issue. Germline cells bypass ageing while producing new ‘instances’
that preserve functional genetic and epigenetic information at the population level. Only new
‘instances” with sufficiently functional phenotypes—derived from their own genetic and epigenetic
codes—can establish successful evolutionary lines and avoid extinction.

At the individual level, an organism remains alive as long as its biological structures —encoded
in its genetic and epigenetic codes —can withstand environmental challenges (see Figure 5D). If not
killed by external factors, an organism will eventually succumb to ageing, understood here as an
internal cause of death, due to accumulating defects in the epigenome and genome. In this model,
epigenetic defects are proposed to accumulate faster than genetic ones [7], a possibility consistent
with reports that epimutational differences can be more frequent than some classes of genetic
variation and may accumulate over evolutionary time [61]. Together, these considerations support
the view that ageing emerges from the coupled deterioration of genetic and epigenetic information,
with epigenetic misalignment acting as the primary driver and genetic damage as a downstream
amplifier.

4. How the Double Code Hypothesis Differs from Existing Ageing Frameworks

Historically, the scientific approach to ageing has been shaped by two broad lines of enquiry:
theoretical attempts to explain why ageing exists, and experimental approaches aimed at identifying
how organisms deteriorate with age. The first line includes evolutionary theories such as mutation
accumulation, antagonistic pleiotropy, and disposable soma theory [62-64]. The second includes
damage-based, stochastic, and programmatic models, as well as experimental approaches focused on
lifespan, healthspan, and more recently rejuvenation, particularly following the discovery and
application of Yamanaka factors [65].

Despite the large ageing literature, there is still no consensus on the fundamental nature of
ageing itself [66-68]. Most researchers consider ageing to be a multifactorial process involving genetic,
environmental, stochastic, and regulatory components. Integrative frameworks such as the
Hallmarks of Ageing have therefore become influential by organising diverse ageing-associated
processes into a shared conceptual map [1-3]. However, such frameworks do not by themselves
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resolve the causal relationship between evolutionary explanations, molecular mechanisms, and the
informational architecture of inheritance.

In this section, I clarify how the Double Code Hypothesis differs from existing ageing
frameworks. I first discuss its relationship to evolutionary theories of ageing, then to damage-based
and programmatic theories, including Hallmarks-style integrative frameworks. I then examine how
trade-offs have been framed in ageing research and contrast these with the central trade-off proposed
here. Finally, I discuss the information-based conception of life and ageing that underlies the model,
including the concept of biological instantiation and its relationship to existing information-based
accounts of ageing.

4.1. Evolutionary Theories of Ageing

Classical evolutionary theories of ageing, including mutation accumulation, antagonistic
pleiotropy, and disposable soma theory, provide a powerful population-level framework for
understanding why late-acting deleterious effects can persist and why natural selection may fail to
maintain somatic function indefinitely [62-64]. In that sense, these theories explain an important
evolutionary pattern. However, they do not by themselves specify what biological substrate
deteriorates with age, why this deterioration takes the particular form observed in ageing organisms,
or how the state of that substrate affects both the individual and its descendants. In practice, this
mechanistic gap is often filled by broad notions of damage accumulation, declining somatic
maintenance, or wear-and-tear-like deterioration.

The Double Code Hypothesis proposes a more specific substrate: the real-time genome-—
epigenome configuration that generates the phenotype on which selection acts. Under this view,
natural selection does not act directly on genes in isolation, nor on chronological age as such, but on
phenotypes produced by the combined action of genetic and epigenetic information. A young
organism and an old organism are therefore differently exposed to selection because their genome—
epigenome configurations differ in functional integrity (see Figure 5D). As epigenetic defects
accumulate and genome-epigenome alignment deteriorates, the phenotype expressed by the
individual becomes progressively less capable of maintaining the biological structures required for
survival and reproduction.

This interpretation also changes how the relationship between parental state and offspring
fitness should be understood. If ageing reflects the accumulation of epigenetic defects in mitotically
dividing lineages, then reproduction through the meiotic/germline route becomes a test of whether
those defects can be repaired, rewritten, or transmitted. In this framework, older or more
epigenetically degenerated individuals are expected to enter reproduction with a greater burden of
epigenetic states requiring correction. If the meiotic/germline repair process is saturable, this
increases the probability that some defects will escape repair and be transmitted to descendants (see
Figures 4B,C). The consequence would be reduced offspring fitness, altered disease susceptibility, or
a higher probability of functional defects in the next generation.

This provides a mechanistic interpretation of age-dependent selection that differs from the
standard claim that selection simply declines with chronological age. The relevant variable is not
chronological age itself, but the functional state of the biological information that produces the
phenotype. Chronological age is only a proxy for the progressive accumulation of genome-—
epigenome misalignment. In this sense, the Double Code Hypothesis does not reject the importance
of natural selection; rather, it proposes a more explicit biological substrate on which selection acts
and through which the effects of ageing can influence both individuals and lineages.

In addition, the repeated production of new individuals increases the number of occasions on
which biological information is recombined, reconfigured, and exposed to selection. In this sense,
ageing and renewal do not merely preserve information across generations; they also increase the
tempo at which variation can be generated and filtered. A lineage composed of indefinitely persistent,
non-renewed individuals would provide fewer opportunities for such recurrent filtering and
reconfiguration of biological information.
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For these reasons, the framework defended here returns explicitly to a Weismannian perspective,
but reformulates it in molecular and informational terms [37]. Ageing is interpreted as an individual-
level cost of an inheritance architecture that preserves and renews biological information across
generations. The soma is progressively subjected to epigenetic and genetic ratchets, whereas the
meiotic/germline route provides the possibility of repair, resetting, and renewal. Thus, ageing
contributes to lineage renewal not as a vague group-selectionist principle, but through a concrete
information-management asymmetry between mitotically dividing somatic lineages and the
meiotic/germline route through which new individuals are produced. These claims are testable
within the framework proposed here, as described in more detail in section 7.

4.2. Relationship to Damage-Based and Programmatic Theories of Ageing

Historically, ageing was often approached through damage-based theories, initially framed
through the metaphor of “‘wear and tear’ and later reformulated in terms of mutation accumulation,
oxidative stress, DNA breaks, protein misfolding, mitochondrial dysfunction, and other forms of
molecular disruption. A different line of work emerged from the discovery that the rate of ageing can
be modified by single mutations or conserved signalling pathways, including insulin/IGF-1, mTOR,
sirtuins, FOXO, AMPK, mitochondrial pathways, and nutrient-sensing mechanisms [69-79]. These
findings contributed to the emergence of programmatic or quasi-programmatic views of ageing, in
which ageing is not treated as purely stochastic but as being modulated by conserved biological
programmes and regulatory pathways.

The Hallmarks of Ageing framework integrates many of these observations into a shared
descriptive map of ageing-associated processes [1-3]. This has been useful for organising the field,
but it does not by itself identify a single underlying mechanism explaining why these diverse ageing-
associated processes emerge together as part of a recurrent biological phenomenon. From the
perspective developed here, many hallmarks can be interpreted as downstream consequences,
amplifiers, or modulators of genome—-epigenome misalignment rather than as independent primary
causes of ageing.

The Double Code Hypothesis therefore differs from both damage-based and programmatic
theories. It does not deny that damage accumulates during ageing, nor that conserved pathways
modulate lifespan and healthspan. Instead, it proposes that damage accumulation and pathway-
dependent changes are secondary to, or interact with, a more fundamental process: the progressive
loss, misreading, or misalignment of epigenetic information in mitotically dividing lineages. In this
view, molecular damage is not the origin of ageing but one of its consequences and amplifiers.
Likewise, pathways traditionally described as ageing regulators are interpreted as mechanisms that
modulate the rate or trajectory of the epigenetic ratchet rather than as the root cause of ageing itself.

This framework also differs from Sinclair's Information Theory of Ageing. Both models
emphasise epigenetic information loss, and Sinclair’s work has been important in showing that
epigenetic states can be manipulated and partially restored [59,80,81]. However, the Information
Theory of Ageing primarily focuses on the erosion and reprogrammability of youthful epigenetic
information within an individual lifespan, while leaving unresolved the nature and location of the
putative ‘backup copy’ from which youthful epigenetic information is restored. The Double Code
Hypothesis places this problem within an intergenerational inheritance architecture: youthful
epigenetic information is restored or re-established through the meiotic/germline route, transmitted
to new generations together with genetic information, and progressively lost or misaligned in
mitotically dividing cells. In this sense, ageing and transgenerational epigenetic inheritance are two
sides of the same coin.

Thus, while damage-based, programmatic, Hallmarks-style, and information-theoretic models
each capture important aspects of ageing, the Double Code Hypothesis proposes a different causal
hierarchy. The fundamental process is not damage accumulation, pathway deregulation, or
epigenetic erosion alone, but the differential management of genetic and epigenetic information
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between mitotic and meiotic/germline lineages. This makes ageing a consequence of the architecture
of inheritance itself, rather than merely a collection of downstream molecular failures.

4.3. The Central Trade-Off Proposed Here

Most theories of ageing involve trade-offs between short-term reproductive or survival
advantages and long-term maintenance or longevity. Mutation accumulation theory focuses on the
weaker selection against late-acting deleterious mutations [62]; antagonistic pleiotropy proposes that
traits beneficial early in life may have detrimental late-life effects [63]; and disposable soma theory
frames ageing as a consequence of resource allocation between reproduction and somatic
maintenance [64]. Damage-based and programmatic theories also contain implicit trade-offs, for
example between short-term function and long-term repair, or between developmental/growth
programmes and late-life maintenance.

The trade-off proposed here is different. In the Double Code Hypothesis, the central trade-off is
not primarily reproduction versus maintenance, or early-life fitness versus late-life deterioration, but
indefinite individual persistence versus intergenerational renewal. More simply, it is the trade-off
between a non-ageing, low-complexity mode of biological persistence and an ageing, high-
complexity mode of biological renewal. The emergence of a dual genome—epigenome inheritance
system made it possible to generate complex phenotypes, but it also shifted the preservation of
biological information away from the indefinite maintenance of a single individual organism and
towards the repeated production of new, epigenetically restored individuals.

This interpretation must be understood non-teleologically. Ageing is not proposed to exist
because organisms ‘need’ to die, nor because evolution deliberately favoured deterioration. Rather,
once biological complexity became sufficiently dependent on a plastic epigenetic layer, lineage-level
continuity could be better preserved through renewal than through indefinite persistence of the same
individual organism. In this sense, ageing is the individual-level cost of a system that allows
biological information to be renewed, filtered, and reconfigured across generations.

This trade-off also explains why ageing can be detrimental at the individual level while still
being compatible with long-term lineage continuity. Complex organisms pay the cost of progressive
genome-epigenome misalignment in mitotically dividing somatic lineages, while the
meiotic/germline route provides a mechanism for epigenetic restoration and the generation of new
individuals. Put plainly, within the framework proposed here, ageing is the price paid for the
possibility of complex life.

4.4. Information-Based Conception of Life, Ageing, and Instantiation

The model defended in this paper aligns with recent attempts to understand life and
individuality in informational terms. For example, informational approaches have proposed that an
individual may be understood as an informationally coherent entity, whose parts ‘hang together’
through structured information flow [82]. The Double Code Hypothesis extends this perspective to
ageing by proposing that the relevant biological information of a cell or organism is not only genomic,
but genome—-epigenome based. A phenotype is therefore not produced by DNA sequence alone, but
by the real-time execution of a coupled genomic and epigenomic informational state (see Figure 5D).

To describe the intergenerational transfer of this biological information, I use the concept of
‘instantiation” from the Object-Oriented Programming (OOP) paradigm as an analogy. In OOP, a
class is a blueprint from which individual objects are instantiated. Analogously, a fertilised egg can
be viewed as containing class-like biological information—the genome together with an initial
epigenetic configuration—which is then ‘run’ through development to produce an individual
organism. This is not intended as a literal computational equivalence, but as a conceptual tool for
distinguishing inherited biological information from the individual organism generated by that
information.

In this framework, each organism is an instantiated biological object produced from an inherited
genome—epigenome configuration. Monozygotic twins illustrate the distinction: they begin from a

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1902.v5
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2026 d0i:10.20944/preprints202507.1902.v5

18 of 38

shared initial biological code, but become two distinct instantiated individuals, each with its own
allocated resources, developmental trajectory, environmental history, and evolving epigenetic state.
Ageing can therefore be viewed as the progressive evolution of the genome-epigenome configuration
within each instantiated organism, primarily through the epigenetic layer (see Box 1).

Environmental inputs are expected to act primarily through the epigenetic layer. Although the
genome can be altered by mutation, most ordinary environmental effects are more likely to modify
how the genome is interpreted, deployed, maintained, or silenced, that is, the epigenome. A given
biological instance therefore evolves during its lifetime mainly through changes in its epigenetic
configuration. In mitotically dividing somatic lineages, such environmentally induced or stochastic
epigenetic changes are not normally corrected by full germline-like resetting, and can therefore
contribute to the epigenetic ratchet described above.

This analogy also clarifies the difference between somatic development and intergenerational
renewal. Somatic cells can modify their epigenome during development, differentiation, stress
response, and ageing, but they do not normally regain full access to the germline-associated resetting
process. By contrast, the production of new organismal instances involves the re-establishment of a
functional genome-epigenome configuration. This is why the Double Code Hypothesis treats ageing
and rejuvenation as consequences of the same intergenerational information-management system
(see Figure 2).

This framework differs from other information-based accounts of ageing. Although I share with
others the view that concepts borrowed from information theory and software can be useful in ageing
research [6,83], the OOP analogy proposed here differs from the digital-analogue comparison. The
genome and epigenome do not merely encode the same message in different formats. Rather, they
form a coupled, hierarchically organised system in which the epigenome enables context-dependent
execution of genomic information. In this sense, the OOP analogy better captures the distinction
between inherited biological code, instantiated organism, and dynamically evolving cellular state.

Another difference concerns the interpretation of ageing as a ‘design flaw’ [83]. From the
perspective defended here, this framing is teleologically biased. Ageing is not a flaw relative to an
ideal design, because biological evolution does not operate by intentional design. It is an individual-
level cost of an information-management architecture that allowed complex biological structures to
be renewed across generations. What appears as a flaw from the standpoint of an individual
organism can therefore be interpreted, non-teleologically, as a consequence of the architecture that
makes complex life possible.

A further difference concerns the causal relationship between genetic and epigenetic defects. In
Sinclair’s Information Theory of Ageing, DNA damage and repair responses are often treated as
drivers of epigenetic disruption [5,81,84]. The framework proposed here gives causal priority to the
opposite direction: epigenetic defects and genome-epigenome misalignment are proposed to
compromise the protection, interpretation, and maintenance of genomic regions, thereby increasing
the probability of subsequent genetic damage. This direction of causality remains hypothetical, but
is consistent with the dual-protection interpretation developed above.

This leads to a concise definition of life within the present framework: life is the persistence of
an information-based organism in the absence of effective negative selection. Negative selection may
be external, as in predation, trauma, infection, or other environmental causes of lethality, or internal,
as in the accumulation of genetic or epigenetic defects that make the organism unable to maintain its
own structures. An organism remains alive as long as its genome—epigenome-derived phenotype can
withstand both forms of negative selection. Death occurs when this condition is no longer met (see
Figure 5D).

Ultimately, this information-based conception of life and ageing helps clarify why ageing is not
merely deterioration, nor merely the failure of maintenance, but the progressive failure of an
instantiated genome—epigenome system to remain functionally coherent over time. In this view,
ageing is the life-history trajectory of a biological instance whose epigenetic configuration changes,
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drifts, and eventually becomes unable to sustain the structures through which the inherited biological
information is expressed.

Box 1. A conceptual analogy between object-oriented programming and biology: the genome—epigenome system
acts as a class blueprint, with each organism as an instantiation — highlighting how identical twins emerge from

a shared but independently instantiated biological code.

BOX 1

Object-Oriented Paradigm (OOP)

- In OOP, a class is a blueprint describing how to build an object.

- Each object is an instantiation—i.e., a concrete realization—of the class.

- Two objects instantiated from the same class share the same blueprint but can differ in their specific,
dynamically assigned attributes or states.

- Instantiation allocates memory, or resources, for the new object and typically initializes the object’s state via

a constructor, if the language uses one.

The Biological Analogy

- A fertilised egg, or zygote, can be viewed as containing class-like biological information: the genome plus an
initial epigenetic configuration.

- A developing organism is then the instantiation of that information, meaning that the biological code is
executed to produce an actual phenotype in real time.

- Monozygotic twins can be viewed as two separate biological objects instantiated from the same initial class-
like state. The class corresponds to the initial genome-plus-epigenome configuration in the zygote, but
embryonic splitting results in two individuals that share the same initial blueprint while each acquires its own
allocated resources.

- Twins differentiate during their lifetime due to the different evolution of their own genetic and, above all,
epigenetic states.

- If no embryonic split occurs, resources are allocated to produce a single individual, corresponding to one

biological object instantiated from the initial class-like state.

5. Random and Programmed Ageing Processes: Information Maintenance in
Unicellular and Multicellular Organisms

The study of ageing in unicellular organisms—including prokaryotes, naturally unicellular
eukaryotes, and derived unicellular eukaryotes such as yeasts—has traditionally been framed in
terms of damage accumulation. In bacteria, ageing-like behaviour was initially considered
paradoxical because bacterial cells lack a defined organismal lifespan and can, in principle, dilute
damage through division. However, ageing-like phenomena have been observed in bacteria, and
mechanisms such as asymmetric damage segregation have been proposed to explain how damage
can be unevenly distributed between daughter cells [85-92]. Yeasts have also been extensively used
to study replicative and chronological ageing, as well as genetic and pharmacological interventions
that affect lifespan [93-96].

From the perspective defended here, however, damage accumulation is not treated as the
primary cause of ageing. Damage may accumulate during ageing, but it is interpreted as a
downstream consequence or amplifier of a more fundamental process: the progressive loss,
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misreading, or misalignment of biological information, primarily at the epigenetic level. The key
question is therefore not simply how damage is diluted, segregated, or repaired, but how biological
information is maintained, renewed, or lost across different modes of reproduction and cellular
organisation.

Unicellular organisms possess comparatively simple strategies for maintaining biological
information. Under favourable conditions, many can generate large numbers of mitotically or binary-
fission-derived descendants, allowing selection among many near-identical individuals (see Figure
6). Under harsher conditions, specialised survival forms such as bacterial endospores or yeast spores
can preserve information through environmental stress. In such systems, continuity can be
maintained through rapid proliferation, stress resistance, and selection among large numbers of
descendants. This selection can eliminate individuals that are less fit not only because they have
acquired deleterious genetic mutations, but also because they have acquired less functional
epigenetic states, here referred to as epimutations (see Figure 6). Ageing-like phenomena in such
organisms may therefore be more stochastic, depending on the balance between information loss,
repair, dilution, and selection among descendants.

Multicellular organisms face a different problem. Their existence depends on developmental
programmes in which a single cell gives rise to specialised tissues and cell types through tightly
regulated epigenetic differentiation. This allows much higher biological complexity, but it also
removes the simplicity of maintaining the organismal line through ordinary binary fission or mitotic
propagation. Only a limited number of multicellular animal groups retain the capacity to reproduce
through processes that resemble, at the organismal level, the fission-like propagation observed in
unicellular life. These include sponges, some cnidarians such as hydra, corals and sea anemones,
certain flatworms including planarians, some annelids, and a few echinoderms such as fissiparous
starfish [97-107]. In these cases, a fragment or body half can regenerate missing structures and give
rise to a complete individual. However, this capacity is exceptional rather than typical of animal life.
In most multicellular animals, reproduction is separated from somatic growth and repair, and the
maintenance of biological information becomes reorganised around the soma—germline distinction.

Within the Double Code Hypothesis, this distinction is central. Somatic lineages can modify and
deploy epigenetic information during development, repair, stress response, and ageing, but they do
not normally regain full access to the germline-associated epigenetic reset. Germline cells, by contrast,
retain or regain access to mechanisms that can reconstruct a functional genome-epigenome
configuration for the next generation (see Figure 4A). In this sense, germline cells are not ‘amortal’
because they remove damage more effectively, but because they occupy the route through which
biological information is renewed.

This distinction also helps explain why ageing may be more random-like in unicellular
organisms and more programmatic in multicellular organisms. In unicellular organisms, where
complex developmental programmes are absent or minimal, ageing-like decline may largely reflect
stochastic information loss, damage segregation, stress history, or selection among descendants (see
Figure 6). In multicellular organisms, by contrast, once both development and ageing become linked
to the regulated use of epigenetic information, the two processes can evolve side by side.
Development builds the organism by reading and deploying epigenetic information (see Figure 2B);
ageing emerges as mitotically dividing somatic lineages progressively lose, misread, or misalign this
information over time (see Figures 3B and 5D).

I therefore propose that the relationship between unicellular and multicellular ageing should be
understood in terms of different information-maintenance strategies. Simpler organisms can preserve
biological information through proliferation, stress-resistant forms, and selection among many
descendants (see Figure 6). Complex multicellular organisms preserve biological information
through germline renewal and overlapping generations, at the cost of somatic ageing (see Figure 3B).
In this view, ageing and development evolved side by side in multicellular organisms as two
consequences of the same epigenetic architecture: one builds the complex organism, while the other
reflects the progressive restriction and deterioration of the somatic information state.
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Figure 6. Lethality-avoidance strategies of unicellular organisms. A schematic example of the growth of
unicellular organisms in laboratory test tubes is shown. Epi-wild-type individuals are represented in orange,
whereas epimutant individuals are represented in red. Under favourable conditions, rapid proliferation allows
the population to be progressively enriched for fitter individuals, thereby preserving biological information
through selection among many mitotically or binary-fission-derived descendants. In this interpretation, culture
renewal is not necessarily a neutral technical step: when a population is transferred into fresh conditions, cells
occupying more functional and stable genome-epigenome states are expected to contribute disproportionately
to the next population, whereas cells closer to a functional threshold contribute little or not at all. Thus, apparent
‘renewal’ in unicellular laboratory cultures may reflect selection among metastable epigenetic states rather than
repair of every individual cell. Figure adapted from Marsellach 2018 [14].

In summary, ageing succeeded during evolution because it provided complex organisms with a
strategy for maintaining biological information despite the increased vulnerability associated with
complex structures and lifestyles. This involved: 1) replacing older, epigenetically deteriorated
individuals with young individuals carrying restored genome—epigenome configurations (see Figure
3B); 2) allowing complex organisms to preserve biological information without relying on simple
binary fission-like strategies; and 3) increasing the opportunities for biological information to be
recombined, filtered, and renewed across generations (see Figure 5C).

6. The epigenetics of Ageing

The relationship between ageing and epigenetics is not a recent idea. As early as the 1970s and
1980s, ageing was linked to epigenetic features [108-111]. Later, the concept of epigenetic drift was
introduced to describe gradual, stochastic changes in epigenetic marks over time [112-114]. Histone
modifications, chromatin remodelling, and other chromatin-associated processes were also
progressively linked to ageing [74,84,115-118]. Today, epigenetic alterations are widely recognised
as one of the hallmarks of ageing [1-3].

The strongest practical demonstration of the connection between epigenetics and ageing came
from the development of epigenetic clocks. Horvath’s multi-tissue DNA methylation clock showed
that methylation patterns can estimate chronological age with remarkable accuracy across many
human tissues [119]. Since then, multiple clocks have been developed, including Hannum’s clock,
PhenoAge, GrimAge, and many species-specific clocks [120-123]. These clocks are associated with
all-cause mortality [124,125], and DNA methylation patterns not restricted to clocks have also been
linked to mortality risk [126-128]. From the perspective developed here, these findings are consistent
with the view that epigenetic state is not merely a biomarker of ageing, but may be closely connected
to the functional integrity of the organism.
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Epigenetic clocks have also been used to study the effects of disease, lifestyle, pharmacological
interventions, and experimental reprogramming on biological ageing [80,129-150]. These studies
reinforce the idea that ageing can be modulated through epigenetic state, but they do not by
themselves explain why epigenetic information is lost, how it is restored, or why restoration is
physiologically linked to the germline.

The success of DNA methylation clocks has also inspired other molecular ageing clocks,
including Al-based, metabolomic, microbiome, mutational, proteomic, transcriptomic, and multi-
omic clocks [151-167]. From the perspective defended here, many of these clocks measure
downstream correlates of ageing rather than the primary cause itself. Their success is nevertheless
informative because it shows that ageing leaves coherent, measurable signatures across molecular
layers. The key task is therefore not merely to build more clocks, but to identify which epigenetic
features are closest to the causal loss or misalignment of biological information.

This is where the Double Code Hypothesis differs from a purely biomarker-oriented view.
Yamanaka-factor-based reprogramming shows that somatic cells can be driven into states with
rejuvenated features without changing their DNA sequence [65,119,168-170]. Earlier experiments by
Gurdon, Wilmut, and colleagues also showed that somatic nuclei can be reprogrammed by exposure
to oocyte cytoplasm [36,171]. In the framework proposed here, these observations are interpreted as
artificial or experimental analogues of a process that normally occurs through the meiotic/germline
route: the restoration or re-establishment of a functional epigenome.

Yamanaka factors can re-establish an embryonic-like epigenetic landscape before the normal
developmental programme has unfolded. For this reason, their indiscriminate expression in already
developed organisms can disrupt tissue identity and induce tumour formation, making full in vivo
reprogramming unsuitable as a direct rejuvenation strategy [172-174]. To address this problem,
partial reprogramming approaches have been developed, based on transient or cyclic expression of
reprogramming factors. These approaches can ameliorate ageing phenotypes and extend lifespan in
some settings [129,175], but their usefulness for achieving complete rejuvenation of already
developed organisms remains uncertain. Indeed, repeated partial reprogramming cycles do not
eliminate death in mice; even when applied periodically within a limited timeframe, they extend
lifespan rather than preventing death from old age [176].

This limitation can be understood within the framework proposed here. Ageing and
development are tightly intertwined processes because both depend on the way epigenetic
information is deployed, restricted, and modified during life. Full or partial expression of Yamanaka
factors does not simply restart ageing; it also interferes with developmental identity. Although
ectopic reprogramming may restore some ageing-associated phenotypes in particular tissues, as
reported in models of vision loss in glaucoma [80], muscle fibres [177], liver tissue [178],
cardiomyocytes [179], skin tissue [180], or multiple tissues in mice [181], partial reprogramming can
also be beneficial in some tissues and detrimental in others [143]. A deeper understanding of
development is therefore needed not only for basic biological knowledge, but also for tissue-specific
therapeutic approaches. In summary, reversing ageing may require more than resetting a limited set
of epigenetic markers induced by Yamanaka factors; it may require restoring a coherent genome—
epigenome configuration across cells, tissues, and developmental contexts.

A central limitation of the current clock-centred view is that it may confuse what is easiest to
measure with what is most causally relevant. DNA methylation clocks have been extraordinarily
successful in part because DNA methylation is stable, genome-wide, quantifiable, and technically
accessible. However, this practical accessibility should not be mistaken for proof that DNA
methylation is the primary epigenetic substrate of ageing. DNA methylation may be one important
readout of epigenetic ageing in many organisms, but the relevant causal information may also reside
in other chromatin-associated features, structural states, histone modifications, DNA-associated
factors, or still poorly characterised components of the genome—epigenome system.

This point is especially important because many organisms that lack canonical DNA methylation
pathways nevertheless age. In such species, methylation-based clocks cannot be used to detect the
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relevant ageing-associated epigenetic state, and alternative functional readouts are needed. My early
work in Schizosaccharomyces pombe suggested that, in sporulating yeasts where meiotic products can
be assayed individually, self-cross spore survival may function as an indirect epigenetic biomarker
of ageing [7]. This is not proposed as a general readout for all organisms lacking DNA methylation,
but as a system-specific functional assay for organisms in which meiotic products can be directly
scored. Moreover, spore survival appeared to improve after meiotic passage, paralleling the lifespan
reset observed during gametogenesis in Saccharomyces cerevisiae [182].

These observations remain preliminary and require systematic experimental validation.
However, they illustrate a broader methodological point: the relevant question is not which
molecular feature is easiest to measure, but which readout best captures the functional state of the
genome—epigenome system. DNA methylation clocks are powerful and useful, but they represent
only one accessible layer of epigenetic regulation. In sporulating yeasts, self-cross spore survival may
provide a more functional readout, because it connects the pre-meiotic cellular state, meiotic passage,
and the viability of the resulting descendants [7,17]. If self-cross spore survival reflects, even
indirectly, the functional state of the inherited epigenome, then meiotic passage may provide an
experimental readout of epigenetic repair or rebuilding. The key point is not that such repair must
be perfect in every case, but that its efficiency should be experimentally measurable. If the repair
process is incomplete or saturable, as hinted [7] and proposed in this manuscript (see Figure 4C), then
some defects should escape correction, and the resulting descendants should display variable degrees
of restored or impaired function.

This interpretation is also compatible with observations from iPSC-derived animals. While some
iPSC-derived animals are viable, fertile, and produce healthy offspring, others exhibit reduced
lifespan, immune dysfunction, or hidden phenotypes, indicating that being apparently normal at
birth does not guarantee lifelong health [183-189]. In the framework proposed here, such findings
are consistent with the possibility that epigenetic resetting can restore developmental viability
without necessarily restoring a fully optimal or long-term stable epi-wild-type state.

The broader implications of potentially incomplete or saturable epigenetic resetting lie beyond
the scope of this manuscript, but have been developed elsewhere [13,16] and will be addressed in
future work. Overall, these observations are consistent with a view of life and health as
fundamentally information-based phenomena.

Epigenetics of Long-Lived Organisms

Long-lived and negligibly ageing organisms provide useful tests for the framework proposed
here. Organisms often described as ‘immortal’, such as hydra or some jellyfish, are better understood
as amortal or negligibly ageing: they can still die if their biological structures are destroyed, but they
show little or no intrinsic age-related functional decline under suitable conditions. Within the Double
Code framework, such organisms may retain broader access to epigenetic restoration mechanisms,
allowing them to avoid or delay the accumulation of epigenetic defects. By contrast, in most complex
animals, somatic cells progressively lose or misalign epigenetic information and cannot fully restore
a young functional epigenome, while the meiotic/germline route retains this capacity.

Complex long-lived organisms, such as turtles, whales, sharks, or naked mole-rats, are different
from simple amortal organisms. Their long lifespans often correlate with reduced extrinsic mortality,
effective protection against environmental threats, or ecological conditions that lower predation risk
[190-193]. This fits the complexity—renewal constraint described above: organisms with lower
exposure to extrinsic death can afford slower ageing trajectories without compromising lineage
continuity (see Figure 3A). In such species, the epigenetic ratchet may be slowed rather than absent
(see Figure 5C). Consistent with this interpretation, DNA methylation change rates often scale
negatively with maximum lifespan across species, suggesting that long-lived species may experience
slower epigenetic drift [194-202].

This distinction also helps explain why complex organisms cannot simply become amortal in
the same way as simpler organisms such as hydra. Complex organisms are built through
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developmental programmes that progressively deploy, restrict, and stabilise epigenetic information
across tissues. Once development and ageing have become intertwined in this way, attempting to
reverse ageing in a whole organism resembles trying to turn an ocean liner in a narrow river: the
system can, in principle, be redirected, but every movement is constrained by its size, structure, and
prior trajectory. In biological terms, full rejuvenation of a complex organism would require not
merely resetting selected ageing-associated marks, but restoring a coherent genome-epigenome
configuration across differentiated tissues without erasing the developmental identities that make
the organism functional.

Together, the evidence reviewed in this section supports the view that epigenetic state is deeply
connected to ageing, rejuvenation, lifespan variation, and biological resilience. However, the key
question is not merely whether epigenetic marks correlate with ageing, but whether changes in
epigenetic information can be tested as causal, heritable, and repairable components of the ageing
process. In the following section, I outline experimental routes, based on the Schizosaccharomyces
pombe framework, that could provide Popperian tests of the Double Code Hypothesis of Ageing. The
aim is not merely to identify factors that modify the rate of ageing, but to test falsifiable predictions
that distinguish the proposed framework from mainstream damage-based, regulatory-drift, and
biomarker-centred accounts.

7. Testing the Double Code Hypothesis of Ageing

A theory about the nature of ageing should not be evaluated only by asking whether it can
accommodate known ageing-associated observations. Most current frameworks can incorporate, at
least retrospectively, damage accumulation, pathway modulation, epigenetic drift, lifespan extension,
epigenetic clocks, or partial rejuvenation. The more important question is whether a framework
makes predictions that are specific enough to be falsified. The purpose of this section is therefore to
outline experimental routes through which the Double Code Hypothesis of Ageing could be tested.

A major limitation of much ageing research is that modifying ageing is often treated as
equivalent to explaining ageing. Lifespan extension, improved stress resistance, delayed epigenetic-
clock progression, reduced damage markers, or partial reversal of ageing-associated phenotypes are
all informative. However, none of these outcomes, by itself, identifies the fundamental nature of
ageing. A treatment may delay ageing without revealing what ageing is, just as a clock may measure
ageing without explaining why the measured process exists. The Double Code Hypothesis should
therefore be evaluated not only by asking whether known interventions modify ageing-associated
phenotypes, but by asking whether mitotic lineages progressively lose access to epigenetic
information that meiotic or germline-associated processes can restore.

The central experimental claim proposed here is that self-cross spore survival in
Schizosaccharomyces pombe can be used as a functional readout of the epigenetic or metastable state of
vegetative cells. This does not mean that self-cross spore survival is simply another ageing biomarker.
Rather, it is proposed as a readout capable of testing a discriminating prediction about the nature of
ageing. If ageing is primarily driven by progressive genome-—epigenome misalignment, then
conditions known to alter vegetative ageing, viability decline, or cellular stress trajectories should not
only affect survival in vegetative cells; they should also produce corresponding, experimentally
measurable changes in self-cross spore survival.

In other words, self-cross spore survival should behave as a meiotic readout of the pre-meiotic
cellular state. This is the critical prediction. Damage-based, pathway-based, or biomarker-centred
models can explain why a perturbation changes vegetative lifespan, chronological survival, stress
resistance, or molecular ageing markers. However, they do not necessarily predict that the same
perturbation should produce a parallel or predictable change in the viability of meiotic descendants
after self-crossing. The Double Code Hypothesis does predict this, because it interprets vegetative
viability and self-cross spore survival as different manifestations of the same underlying genome—
epigenome information state.
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Testing this prediction requires a specific experimental tool: tetrad dissection. Bulk growth
assays, survival curves, stress-resistance measurements, molecular clocks, and omics-based profiles
are useful, but they do not directly test the critical prediction. The decisive readout is whether
perturbations that alter ageing-related vegetative trajectories also alter self-cross spore survival in the
predicted direction, and whether meiotic passage can partially or fully restore that readout. In this
sense, tetrad dissection is not a technical detail, but the experimental route through which the
proposed framework becomes falsifiable.

A minimal experimental design would start from single-cell-derived lineages in several
Schizosaccharomyces pombe genetic backgrounds. These lineages should be propagated under
conditions known or suspected to modify ageing-related trajectories, such as chronological ageing,
quiescence, nutrient limitation, glucose availability, rich versus minimal media, temperature stress,
freeze—thaw exposure, oxidative stress, or other perturbations affecting cellular viability. At defined
time points, two measurements should be taken in parallel: vegetative cell viability and self-cross
spore survival. The key question is whether these two measurements move together, diverge, or
behave independently.

Schizosaccharomyces pombe is particularly suitable for this experimental design. It allows
controlled genetic backgrounds, clonal propagation, environmental perturbation, vegetative viability
assays, self-crossing, meiotic passage, and direct tetrad dissection. Another important advantage is
that isogenic haploid and diploid cells can be generated and maintained relatively easily under
laboratory conditions [7,203]. This makes it possible to ask whether a given perturbation affects
haploid and diploid cells at the same or at different rates. In the original observations, for example,
strain JB953 showed a differential response between isogenic haploid and diploid cells after
environmental exposure, suggesting that ploidy can reveal dominance-like or recessiveness-like
patterns in the acquisition or expression of the underlying defect [7,17]. Such comparisons are
especially valuable because they provide an additional way to distinguish genetic, epigenetic,
dosage-dependent, and background-dependent explanations.

If the Double Code Hypothesis is correct, perturbations that accelerate the loss of vegetative
viability should also tend to accelerate the reduction in self-cross spore survival. Conversely,
perturbations that preserve vegetative viability should tend to preserve self-cross spore survival.
Passage through meiosis should, in at least some cases, improve self-cross spore survival in
descendants, consistent with partial epigenetic repair or rebuilding. Different genetic backgrounds
may vary in the magnitude, rate, or stability of these effects. This is especially relevant because the
original observations included clear differences in self-cross spore survival among closely related
fission yeast isolates, including isolates whose whole genomes had been sequenced and that differed
by only a small number of SNPs [7,17,204]. Under the Double Code Hypothesis, such variability is
not treated as experimental noise, but as a potentially informative feature of genome-epigenome state.
The key prediction is that, despite background-dependent differences, the coupling between
vegetative state and self-cross spore survival should remain experimentally detectable.

Importantly, self-cross spore survival was not the only phenotype observed to change, and
mostly to improve, after meiotic passage. Other phenotypes, including increased mating efficiency,
changes in colony size, altered flocculation, and faster colony germination, were also noted after
repeated meiotic cycles; moreover, these were only the phenotypic changes observed unintentionally
[7,17]. This broader phenotypic instability is consistent with the idea that epigenetic deterioration
does not necessarily operate as a binary transition between normal and defective states. Instead,
lineages may remain vegetatively viable in the short term while already carrying altered metastable
genome—-epigenome configurations.

This prediction should not be misunderstood as excluding threshold-like failure at the single-
cell level. On the contrary, the model proposed here assumes that some genome-epigenome
configurations remain metastable and compatible with short-term viability, whereas others cross a
functional threshold and become incompatible with life. The key point is that, at the population level,
ageing-related deterioration should appear as a progressive shift in the distribution of such
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metastable states, rather than as a uniform transition affecting all cells simultaneously. In this sense,
the proposed behaviour is analogous to epigenetic variegation. In classical heterochromatin
variegation systems, genetically identical cells may differ in whether a locus is silenced or expressed,
producing variegated phenotypic outcomes [205-209]. Here, the relevant variegated output is not
colony colour or eye pigmentation, but the probability of survival itself. A cell may remain
vegetatively viable while already occupying a metastable epigenetic configuration closer to a lethal
threshold. Self-cross spore survival, among other phenotypes, may therefore reveal this hidden
functional deterioration by measuring the probability that such cells produce viable mitotic or meiotic
descendants.

The role of meiosis is especially important. Under the Double Code Hypothesis, meiosis is not
only a mechanism for genetic recombination, but also a route through which functional epigenetic
configurations can be restored or re-established. Therefore, if self-cross spore survival decreases
during vegetative ageing or after destabilising perturbations, meiotic passage should be tested for its
ability to restore, partially restore, or fail to restore this value. If restoration is complete, descendants
should recover high self-cross spore survival. If restoration is incomplete or saturable, some defects
should escape correction, and descendants should show variable degrees of recovered or impaired
function. This provides a direct way to test whether epigenetic repair is efficient, partial, saturable,
background-dependent, or condition-dependent. The possibility of saturable repair is also important
at the population level. If meiotic epigenetic repair is efficient, most defects should be corrected before
information is transmitted to the next generation. If the process is incomplete or saturable, however,
a fraction of epigenetic defects may escape correction and be transmitted. Repeated over successive
generations, this would provide a mechanistic route for the gradual accumulation of epigenetic
defects within populations [13,16], as schematically represented in Figure 4C.

Several alternative explanations must be explicitly controlled. Whole-genome sequencing
should be used to determine whether observed changes are explained by DNA mutations, structural
variants, aneuploidy, ploidy changes, mitochondrial mutations, or selection of pre-existing genetic
variants. Experimental designs should distinguish between defects in mating, meiosis, sporulation,
germination, and vegetative growth. Replicate lineages derived from single cells should be used to
separate reproducible background-dependent effects from stochastic clonal variation. Where possible,
reciprocal crosses, outcrosses, and repeated meiotic passages should be used to determine whether
the observed effects are transmitted, repaired, diluted, or eliminated.

The model would be weakened or falsified if the relevant phenomena can be fully explained by
genetic mutation, aneuploidy, mitochondrial defects, selection, or technical artefact. It would also be
weakened if perturbations that robustly alter vegetative ageing or viability trajectories consistently
fail to affect self-cross spore survival; if self-cross spore survival behaves independently of the pre-
meiotic cellular state; if meiotic passage never restores reduced self-cross spore survival; or if all
apparent restoration can be explained by selection among genetically distinct cells rather than by
epigenetic rebuilding. Conversely, the model would be strengthened if vegetative viability and self-
cross spore survival repeatedly co-vary across perturbations, if meiotic passage restores the readout
without a corresponding genetic explanation, and if sequence-independent, ploidy-dependent, or
background-dependent effects are reproducibly observed.

These experiments would therefore test more than the ability of particular interventions to slow
or accelerate ageing. They would test whether vegetative viability and the viability of meiotic
descendants are coupled through a shared genome—epigenome information state. If confirmed, such
coupling would support a causal architecture different from models based primarily on damage
accumulation, pathway dysregulation, or biomarker drift: ageing would reflect the progressive
mismanagement of a dual genome—epigenome system, with meiosis or the germline route providing
access to a repair or rewriting process unavailable to ordinary mitotic lineages.

If reproducible patterns are observed, dense insertion libraries may provide an additional route
to map the approximate genomic regions associated with the putative epiloci affected during these
procedures. In S. pombe, for example, Hermes transposon insertion libraries derived from Musca
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domestica [210-212] could be used to test whether specific genomic regions modify, buffer, or expose
the changes in vegetative viability and self-cross spore survival. Such experiments would not be part
of the minimal test, but could help move from a functional readout of epigenetic deterioration to the
identification of candidate loci or genomic regions involved in the underlying genome-epigenome
state. Once candidate regions or states are identified, downstream approaches such as quantitative
proteomics [213], chromatin profiling, or other high-throughput assays could be used to investigate
the molecular basis of phenotypic divergence in genetically identical but phenotypically discordant
populations.

The required experiment is therefore conceptually simple: follow vegetative viability and self-
cross spore survival together across ageing-modifying conditions. If the two trajectories are coupled
in the predicted way, and if meiotic passage can restore the spore-survival readout without a genetic
explanation, the Double Code Hypothesis gains direct experimental support. If they are not coupled,
or if all effects reduce to conventional genetic or technical explanations, the hypothesis must be
rejected or substantially revised.
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