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The expanding repertoire of hereditary information carriers
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ABSTRACT

A hereditary system that is based on double-helix DNA sequences
provides a stable way to store inherited traits and is favored by most life
forms on Earth. However, emerging studies on the phenomenon of
non-DNA sequence-based inheritance in multiple species, including
mammals, urges a rethinking of the nature of hereditary information
carriers and the ways in which they encode heritable traits. In this short
opinion piece, we discuss how potential hereditary information carriers
such as DNA-associated proteins, epigenetic marks, RNAs and
organelles could function via distinct and synergistic modes of action
in encoding and transmitting ancestral traits, either inherited or
acquired from the environment. In particular, we discuss how the 3D
structure of chromatin, in addition to its DNA sequence, may represent
a higher-order carrier of hereditary information.
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Introduction

The ability to reproduce and pass on heritable information to
offspring is a prerequisite of life. An ideal hereditary system is
expected to be stable enough to maintain a species while being
tolerant of information input and/or modification, thus enabling
natural selection and evolution. DNA sequences have long been
believed to be the building blocks of hereditary information and are
sufficient to allow evolution through the introduction of mutations.
However, recent studies have shown non-DNA sequence-based
inheritance of a variety of traits across multiple species (e.g. yeast,
plants, worms, flies and mammals), including the intergenerational
(i.e. in immediate offspring) and transgenerational (i.e. in
subsequent generations of offspring) epigenetic inheritance of
acquired characteristics from environmental exposure, e.g. diet-
induced metabolic disorders, stress-induced behavioral changes
(Chen et al., 2016a; Gapp et al., 2014; Gapp et al., 2018; Grandjean
et al., 2015; Ost et al., 2014; Rechavi et al., 2014; Sharma et al.,
2016; Zhang et al., 2018). These emerging studies have begun to
resurrect the once disputed idea of the ‘inheritance of acquired traits’
(favored by Jean-Baptiste Lamarck; see Box 1) and to erode the
concept that DNA sequence is the sole hereditary information
carrier. These findings also highlight the potential involvement and
functional mechanisms of other (epigenetic) hereditary information
carriers such as DNA methylation, histone modifications, RNAs,
prions and organelles. In this Spotlight article, we do not elaborate
on the cases of non-DNA sequence-based inheritance or the
methods used to study them, as they have been extensively reviewed
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elsewhere (Bohacek and Mansuy, 2017; Chen et al., 2016b; Heard
and Martienssen, 2014; Miska and Ferguson-Smith, 2016; Perez
and Lehner, 2019; Skvortsova et al., 2018). Instead, we would like
to initiate a discussion by rethinking what it means to be a hereditary
information carrier, how these carriers evolved and the potential
modes by which carriers can encode and transmit ancestral traits that
are either inherited or acquired from the environment.

Rethinking inheritance and hereditary information carriers
From RNA to DNA: the ‘RNA world’ hypothesis

The ‘RNA world” hypothesis (Higgs and Lehman, 2015) posits that,
in the early history of life on Earth, RNA first emerged as both a
hereditary information carrier and an enzymatic tool (in the form of
ribozymes) to orchestrate self-replication, to create perhaps the
simplest version of life on Earth (Joyce, 2012). However, sometime
during evolution, the RNA world began to embrace an alternative
form of hereditary information carrier: DNA. Concurrent with this
major shift was the emergence of specialized factors — proteins — as
more sophisticated enzymatic tools that could be used, for example,
for converting RNA-based hereditary information into a DNA-
based version (reverse transcriptase) and for DNA replication (DNA
polymerases). This was a major transition point in evolution;
scientists today still do not have a clear idea of how this ‘quantum
leap’ in hereditary information storage originated. Yet the impact of
this transition was huge, as the chemical structure of DNA is more
stable than that of RNA and is thus more suitable for the storage and
long-term propagation of hereditary information. As such, the use of
DNA as the new hereditary information carrier led to the abundance
of DNA-based life forms and eventually drove evolution towards the
development of more complicated life forms. Today, RNA still
serves as the hereditary material for some viruses, which evolve
rapidly because RNA is not as faithfully replicated as DNA and bears
higher rates of mutation. However, the majority of more complex life
forms use DNA as their primary hereditary information carrier.

Building blocks beyond linear DNA sequence
Another major leap in evolution, after the advent of using DNA as a
hereditary information carrier, was the transition of life from
prokaryotic to eukaryotic cells. This transition was characterized by
the development of membrane-bound nuclei; inside these nuclei,
the DNA evolved from circular to linear, and began to bind to
proteins (e.g. histones, protamines and other anchor proteins). This
binding enabled DNA to form regulated secondary structures and to
increase its density without affecting its sequence. The formation
of such higher-order structures could be also facilitated by
modifications on DNA-associated proteins (e.g. histone
modifications) and on DNA itself (e.g. DNA methylation), as
well as by non-coding RNAs and their associated modifications.
Importantly, the resulting secondary structure could represent a new
layer of hereditary information.

Outside the membrane-bound nucleus, almost all eukaryotic cells
contain mitochondria that contain circular DNA (mtDNA), which
possibly originated from the endocytosis of an ancient prokaryote.
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Box 1. Lamarckian inheritance: now and then

In his (1809) book Philosophie Zoologique, Jean-Baptiste Lamarck
proposed two key ideas to explain how a species may adapt to its
environment and continuously change over evolution: (1) changes in the
environment alter an organism’s behavior, leading to greater or lesser
use of a given structure and/or organ (e.g. a giraffe’s neck), which could
then result in an increase or decrease in the size of this structure; (2)
these adaptive changes are inherited by subsequent generations in a
process known as the ‘inheritance of acquired traits’ or ‘Lamarckian
inheritance’. From a modern day perspective, Lamarck’s original idea
regarding the use and disuse of an organ is obviously crude and naive,
but under certain circumstances it may not be entirely wrong. For
example, it has been shown that physical exercise can indeed alter the
size, metabolism, transcriptome and epigenome of muscle tissue in
mammals (Barrés and Zierath, 2016). Yet the real challenge is to
understand how altered (hereditary) information in the soma, either
induced by environmental changes or not, can be transferred to the
germline and passed to future generations without losing fidelity. This is
currently difficult to ascertain, especially without knowing the nature of
the hereditary information carrier that is involved; this leads to the
downfall of ‘Lamarckian inheritance’. Interestingly, Charles Darwin later
supported Lamarck’s idea of the ‘inheritance of acquired traits’ by
proposing his ‘Pangenesis’ theory, which poses that hypothetical
particles termed ‘gemmules’ can transfer (hereditary) information
between the soma and germline and to subsequent generations (Liu
and Chen, 2018). Whether and to what extent the newly appreciated
category of hereditary information carriers we discuss here may live up to
the vision of Lamarck and Darwin remains to be clarified and is a topic of
contemporary debate.

This DNA serves as another hereditary information carrier.
Mitochondrial-encoded information, such as mtDNA, is
maternally inherited. Moreover, the state of mitochondria can be
affected by the environment (e.g. dysfunction induced by diet) and
such states can be inherited by offspring, either dependent or
independent of mtDNA (Saben et al., 2016; Wu et al., 2015).
Importantly, alterations in the environment, such as nutritional
fluctuations, can change various types of metabolites that are closely
related to both mitochondrial function and DNA/chromatin
modifications (Ma et al., 2018). For example, some metabolites
that are generated by mitochondria, such as acetyl-CoA, are needed
for histone acetylation, whereas mitochondria-controlled S-adenosyl
methionine (SAM) synthesis is essential for both histone and DNA
methylation (Matilainen et al., 2017). Thus, the cellular energy state
that is mediated by and related to mitochondrial function is
inextricably linked to the epigenetic state of the cell.

In addition to DNA, RNA can play a role in assisting the
propagation of hereditary information and might contribute to
adaptation to certain environments. This idea is supported by
findings in worms, in which exogenous small double-strand RNAs
(dsRNA) can induce RNA interference (RNA1) and heritable gene
silencing that persists for multiple generations (Fire et al., 1998).
Moreover, the alteration of endogenous small interfering RNAs
(siRNAs) in response to environmental stimuli (i.e. calorie
restriction) can persist transgenerationally in the absence of the
initial environmental stimuli, which contributes to an altered
phenotype (i.e. longevity) in offspring (Rechavi et al., 2014).
Under these circumstances, maintenance of the altered gene
expression state requires a small RNA amplification system, the
RNA-dependent RNA polymerases (RARPs), as well as chromatin
modifying pathways that may interplay with the RNA signal
(Rechavi and Lev, 2017). Similar RNA-based hereditary systems
exist in yeast and plants, in which an RdRP system is also present;

however, other strategies to exert RNA-mediated inheritance may be
present in flies and mammals in which such an RARP system is
absent.

Equipped with the above building blocks and hereditary
information carriers, eukaryotic cells were likely able to evolve
from unicellular into more complex multicellular organisms,
whereas prokaryotic cells never achieved this leap in evolution
and remained unicellular.

Hereditary information in 3D?

In the majority of multicellular organisms, the germline comprises
specialized cells that store and pass on hereditary material to
progeny. Recent studies of the 3D structures of eukaryotic genomes
in both germline and somatic cells have revealed that chromatin
contains genomic regions that are organized into topologically
associating domains (TADs), within which DNA preferentially
interacts with itself, as well as DNA loops that bridge functional
DNA regions (e.g. promoters, enhancers) that are far apart in linear
distance (Rowley and Corces, 2018); the establishment of these
structures is facilitated by anchor proteins (e.g. CTCF and cohesin),
transcription factors, histone marks and non-coding RNAs etc. This
suggests that the correct folding of chromatin within the nucleus
might be crucial for gene expression and phenotype. Based on this,
it would be a reasonable hypothesis to assume that hereditary
information in the germline is encoded in 3D, and that the secondary
structure of the genome itself, if replicable between generations,
could represent a higher-order dimension of hereditary information
beyond just its DNA sequence (Fig. 1). Importantly, if hereditary
information stored in 3D format also allows for the input of certain
modifications from the environment, such a 3D chromatin structure
may encode and/or memorize acquired traits from the environment
and thus transmit these traits to offspring, thereby mirroring the
ancestral environmental exposure.

Indeed, recent emerging evidence has shown that altered histone
marks and non-coding RNAs, either by genetic alteration of
enzymes or environmental input, affect offspring phenotypes across
multiple generations without altering DNA sequence (Ciabrelli
etal., 2017; Daxinger et al., 2016; Gaydos et al., 2014; Klosin et al.,
2017; Ost et al., 2014; Seong et al., 2011; Siklenka et al., 2015;
Zhang et al., 2018). For example, it was shown in worms that
temperature-induced alterations in H3K9me3 (via the histone
methyltransferase SET-25) and in transposon expression can be
inherited for multiple generations (Klosin et al., 2017). In flies, a
paternal high-sugar diet can induce intergenerational obesity
conveyed by H3K9/K27 methyltransferase-dependent chromatin
changes (Ost et al., 2014). In addition, transgene-induced
phenotypic variation (i.e. eye color) in flies can be determined by
Polycomb repressive complex 2 (PRC2)-mediated H3K27me3
levels, which are stably inherited without changing DNA sequence;
these molecular events are triggered by 3D contacts between the
transgenic and endogenous loci (Ciabrelli et al., 2017). Similar
examples exist in mammals. For example, transgenic mice that
overexpress the H3K4 demethylase LSD1 (Kdmla) during
spermatogenesis exhibit decreased H3K4me2 in sperm, which
results in transgenerationally impaired development and survival in
offspring despite the absence of germline LSD1 overexpression
(Siklenka et al., 2015). In addition, the deletion of the RNA
methyltransferase Dnmt2 (Trdmtl) in mice can diminish RNA-
mediated intergenerational transmission of paternally acquired
metabolic disorders by disrupting the sperm RNA signature that is
induced by a paternal high-fat diet (Zhang et al., 2018). Under these
circumstances, altered histone marks and non-coding RNAs may
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Generation 1 Generation 2

— Phenotype A ——

Environmental input ?

——> Phenotype B ——

Fig. 1. Higher-dimension hereditary information: beyond linear DNA
sequence? The schematic depicts a hypothetical self-replication process in
which a higher-order chromatin structure (facilitated by anchor proteins,
chemical marks on DNA/histones and RNAs etc.) encodes hereditary
information and can be modified by environmental input to allow transmission of
amodified phenotype across generations. Red boxes represent anchor proteins.

generate as yet unidentified effects on 3D chromatin structure, in
addition to their roles in conferring chromatin opening and closing.
If such altered 3D chromatin structures represent a type of hereditary
information, and could be maintained across generations, they may
drive adaptation and Darwinian evolution under the laws of natural
selection, similar to natural selection acting on DNA mutation.

Synergistic and distinct coding mechanisms for hereditary
information
In many species, especially mammals, extensive reprogramming
events erase most epigenetic marks (i.e. DNA methylation and histone
modifications) that are carried by germ cells during early embryo
development, and this is followed by another round of erasure during
fetal germ cell development (Miska and Ferguson-Smith, 2016;
Skvortsova et al., 2018). The extent of this germline reprogramming
process varies greatly between species, and may be rooted in the
relative time over which these species are exposed to a specific
environment; species with a short lifespan (i.e. yeast and worm) and
those that cannot move freely (i.e. plants) are more likely to be exposed
to constant stimuli within their lifespan or between generations, and
thus may have developed less extensive germline reprogramming
relative to mammals. Given the robust reprogramming of epigenetic
marks during development (Eckersley-Maslin et al., 2018), a key issue
that underlies the argument of using 3D structures to carry hereditable
information in the germline concerns how the disassembly and
reassembly of such 3D structures between generations is achieved.
Using genetically engineered transgenes, it has been shown that
DNA methylation at the early embryo stage alters chromatin state by
up- or downregulating certain histone modifications in adult mice
(Hashimshony et al., 2003), which suggests an important role for
DNA methylation in regulating chromatin structure. However,
whether the germline inherits this type of chromatin alteration, and
whether this contributes to the phenotype of offspring, remains
unknown. In fact, recent data in mammals appear to suggest against
the role of DNA methylation, at least in most cases, as a persistent
mark that transfers phenotypes to subsequent generations
(Kazachenk, 2018; Radford et al., 2014), which has inspired the
search for other modes of action. Interestingly, in recent studies of
yeast, worms and mice, transgenerational inheritance of phenotype
was shown to involve altered histone marks associated with an
altered RNA signal (Rechavi and Lev, 2017; Siklenka et al., 2015,

Yu et al., 2018). Although not fully demonstrated, these changes in
RNAs may be involved in both establishing the altered chromatin
structure and being a consequence of altered chromatin structure.
Recent reports have also demonstrated that the zygotic injection of
sperm RNAs from male mice that had been exposed to a high-fat
diet or mental trauma is sufficient to induce phenotypic changes in
the offspring that (partially) mimic the original paternal phenotype
following environmental exposure (Chen et al., 2016a; Gapp et al.,
2014; Gapp et al., 2018; Grandjean et al., 2015; Zhang et al., 2018).
This effect possibly involves the interaction of RNAs (both long and
small RNAs) with chromatin structures, in addition to more well-
known small RNA-based mechanisms such as post-transcriptional
gene silencing (PTGS) at the level of cytoplasmic RNA, and
transcriptional gene silencing (TGS) in the nucleus. However, the
detailed mechanism that underlies these RNA-mediated epigenetic
inheritance phenomena remains largely unknown.

Based on the above findings, we hypothesize that synergistic
interactions between different hereditary information carriers —
DNA, RNA, chromatin modifications and mitochondria — may be
required to achieve a specific 3D chromatin structure in the
germline, which in turn is used to encode and transmit complex
traits, either inherited or acquired from the environment. A
dissection of the modes of action that are exerted by such different
hereditary information carriers may lead to a better understanding of
how these layers of regulation are possible. Below, we further
discuss some principles and concepts that should be considered
when evaluating potential hereditary information carriers and their
functions in encoding and transmitting heritable traits.

Read-only versus read-written

In general, if a specific trait that has been acquired from the
environment is inherited by offspring, the information of such a trait
needs to be transferred either directly to the germline or via somatic
cells (Chen et al., 2016b), and to be transformed (written) into a
form of hereditary information that is carried by the germline and
that is readable during offspring development. This process is
difficult when considering DNA sequences as the hereditary
information carrier because the information stored in genomic
DNA sequences is largely ‘read-only’, i.e. it cannot be modified
(although multigenerational DNA mutation followed by natural
selection may change the DNA sequence and thus bias a trait in a
specific environment). However, as certain environmentally
induced parental phenotypes (e.g. diet, stress) are indeed known
to be recapitulated in immediate offspring (Perez and Lehner, 2019;
Skvortsova et al., 2018), this suggests that other hereditary
information carriers that are more readily ‘read-and-written’ are
involved. For example, DNA methylation and histone marks could
be added or erased by specific enzymes, and the loci-specific
recruitment of specific enzymes could be mediated by non-coding
RNAs (Holoch and Moazed, 2015), such as small RNAs and their
associated RNA modifications that are also read-and-written (Zhang
etal., 2016). A synergistic interplay between these more labile non-
DNA sequence-based epigenetic information carriers enables an
attractive mode of action, and provides the potential for hereditary
information to be ‘written” based on environmental input. If such
‘written’ information in the germline can be transmitted to the next
generation, it may enable the once-dismissed idea of the
‘inheritance of acquired traits’.

Replication versus reconstruction

The epigenetic reprogramming that is known to occur during early
development creates a major barrier in allowing ancestrally ‘written’
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information in the germline to be transmitted to offspring. This has
also generated a certain degree of skepticism over the idea of the
‘inheritance of acquired traits’ in mammals (Horsthemke, 2018).
Indeed, how certain acquired hereditary information escapes the
extensive epigenetic reprogramming that occurs during early
development to enable intergenerational and transgenerational
inheritance remains a central question. In general, preservation
and amplification of the original hereditary information that is
carried by the germline during embryo development could be
achieved either by means of replication or by reconstruction, as
discussed previously (Jablonka and Raz, 2009; Miska and
Ferguson-Smith, 2016). Essentially, the replication of hereditary
information involves directly copying DNA or epigenetic marks; for
the latter, this means the original epigenetic marks need to be
protected from erasure, as occurs in the case of DNA methylation on
certain imprinted genes and repetitive sequences. By contrast, the
reconstruction of hereditary information suggests a mode of action
wherein epigenetic marks are first erased but are then re-established
after extensive epigenetic reprogramming. This reconstruction of
epigenetic marks likely involves other molecules, such as those that
could act in #rans and are not subject to erasure by epigenetic
reprogramming. Regulatory RNAs could represent such trans-
acting molecules in the germline. Hypothetically, the alteration of
DNA methylation and histone marks may trigger specific non-
coding RNA expression, and these non-coding RNAs in turn may
reconstruct the specific DNA methylation and histone marks after
their erasure. Such a regulatory cycle has not yet been demonstrated
in mammals but, in our opinion, merits further investigation. The
action of non-coding RNAs in mammals may also involve a self-
amplification system similar to that involving RARPs in plants and
worms (Rechavi and Lev, 2017), which may be achieved by yet to
be discovered protein complexes in mammalian germ cells or the
early embryo.

In addition, another special form of RNAs — transcribed
transposon elements (e.g. LINEl) — could act as trans-acting
factors. These elements can change not only DNA-associated
epigenetic information, such as chromatin structure, but also the
DNA sequence itself (Rodriguez-Terrones and Torres-Padilla,
2018). Moreover, the expression of transcribed transposon
elements can be regulated by germ cell-derived small RNAs such
as piRNAs (Siomi et al., 2011) and by tRNA-derived small RNAs
(tsRNAs) (Martinez et al., 2017; Schorn et al., 2017; Sharma et al.,
2016). Because of these unique features, RNAs, especially small
non-coding RNAs, have recently emerged as an important type of
hereditary information carriers in mediating non-DNA sequence-
based inheritance (Chen et al., 2016b).

Digital versus analog

Another fundamental feature that is observed in non-DNA
sequence-based inheritance is that the inherited traits in offspring
typically exhibit non-Mendelian patterns with variable penetrance
of phenotype (Chen et al., 2016b; Heard and Martienssen, 2014,
Miska and Ferguson-Smith, 2016), compared with the relatively
stricter Mendelian distribution patterns that are induced by DNA
mutation. This could be explained, in part, by the fact that the
information stored in a defined segment of DNA sequence in the
germline is ‘digital’ (i.e. mutant or wild type), whereas the
information that is stored by other epigenetic carriers is usually
‘analog’ (i.e. dose-dependent). Thus, the hereditary information that
is carried by DNA sequences (e.g. a single-copy gene that controls
eye color) has limited manifestation regarding genotype (+/+, +/—,
—/—), which is digital in its nature. The phenotype that is encoded by

such a digital signal could be represented as either strong or none,
depending on the genotype. On the other hand, hereditary
information carried by other forms, such as that encoded by non-
coding RNAs, is analog in nature. This is because of the fact that
RNA copy numbers can range from zero to tens of thousands, and
their function with regard to altering DNA methylation and histone
marks is dose-dependent and thus variable. As such, the phenotypic
output shows a ‘noisy’ pattern: the magnitude of the phenotype may
depend on the strength of signal input, such as the frequency,
intensity and timing of an environmental exposure.

In addition to RNA-based analog signals, multi-copy genes such
as sperm ribosomal DNA (rDNA) exhibit intrinsic genetic
variations, and this also provides a basis for differential levels of
DNA methylation at specific loci upon environmental exposure
(e.g. dietary exposure). For example, it has been shown that the level
of methylation at multi-copy rDNA loci is linearly correlated with
the growth phenotype of offspring (Holland et al., 2016). This
provides another example of how a hereditary phenotype can be
controlled by an analog signal based on multi-copy DNA elements.
Interestingly, using a recently improved bioinformatic pipeline (Shi
et al., 2018), sperm were found to harbor ribosomal RNA-derived
small RNAs (rsRNAs) that are sensitive to dietary exposure (Zhang
etal., 2018). The potential link between DNA methylation at IDNA
loci and the level of sperm rsRNAs in this context is interesting;
their mechanism in regulating offspring phenotype may relate to
ribosomal heterogeneity (Genuth and Barna, 2018) during embryo
development and warrants further investigation.

Finally, it is noteworthy that, although DNA sequence-coded
hereditary information could be thought of as digital information,
many DNA-mutation induced phenotypes, according to mouse
knockout studies, also show incomplete penetrance of phenotype.
The underlying mechanisms may involve the compensation of other
functionally redundant and/or modifier genes, but they could also
involve epigenetic regulators (DNA methylation, histone
modifications, non-coding RNAs) that function as analog signals
that interfere with the ‘digital’ (clear) manifestation of a phenotype.

Future perspectives

The evidence for non-DNA sequence-based inheritance is now
growing, but the molecular mechanisms that underlie these
phenomena remain mostly elusive, especially in mammals. In
these cases, the information that is acquired through either heritable
epimutations or environmental input that is transmitted to offspring
is likely encoded in a manner that goes beyond a linear DNA
sequence. In some cases, it is difficult to attribute the underlying
mechanism to any of the known hereditary information carriers
(Cartier et al., 2018). This suggests that our current understanding of
the ‘coding mechanism’ of non-DNA sequence-based inheritance
in mammals remains rudimentary at best.

The higher-order level of information that is encoded by 3D
chromatin structure, which is established via multiple hereditary
information carriers such as DNA methylation, histone
modifications and RNAs under their distinctive and synergistic
modes of action, begins to form a framework that may lay the
foundation for future research. Understanding the cycle of how such
higher-order information exerts self-replication while allowing
environmentally induced modification holds the key to a deeper
understanding  of inheritance and life. = Spatiotemporal
compartmentalization and segregation of signals, such as that
mediated by nuclear speckles and cytoplasmic granules (which are
known to be facilitated by non-coding RNAs and anchor proteins)
(Wan et al., 2018), may provide potential systems that link different
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hereditary information carriers together. This would allow these
carriers to regulate collectively the dynamic disassembly and
reassembly of heritable information.

Additional studies, especially in mammals, are much needed in
the future to establish the principles of how non-DNA sequence-
based information carriers and/or their effects are maintained and
relayed throughout development and across generations. It will be
especially important to address how different hereditary information
carriers are dynamically organized into a higher-order chromatin
structure to allow storage and propagation of hereditary information,
and to what extent these hereditary information carriers acquire
information from parental exposure and contribute to offspring
phenotypes that may be adaptive to the ancestral environment.
Complete clarification of these issues might be a distant goal but, in
our opinion, these topics represent the most exciting challenges in
genetic and epigenetic research of our time.
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