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Abstract

Transposable elements (TEs) contribute to genomic innovations, as well as genome
instability, across a wide variety of species. Popular designations such as ‘selfish DNA’
and ‘junk DNA,” common in the 1980s, may be either inaccurate or misleading, while a
more enlightened view of the TE-host relationship covers a range from parasitism to
mutualism. Both plant and animal hosts have evolved epigenetic mechanisms to reduce
the impact of TEs, both by directly silencing them and by reducing their ability to transpose
in the genome. However, TEs have also been co-opted by both plant and animal genomes
to perform a variety of physiological functions, ranging from TE-derived proteins acting
directly in normal biological functions to innovations in transcription factor activity and also
influencing gene expression. Their presence, in fact, can affect a range of features at
genome, phenotype, and population levels. The impact that TEs have had on evolution is
multifaceted, and many aspects still remain unexplored. In this review, the epigenetic
control of TEs is contextualised according to the evolution of complex living systems.

Keywords

Analog information; Complex living systems; Digital information; Transposable elements;
Epigenetic mechanism



32

33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58
59

60
61
62
63

1. Introduction

Transposable elements (TEs) are DNA sequences capable of changing position
within the host genome (McClintock, 1984; Huang et al., 2012; Bourque et al., 2018;
Koonin et al., 2020). Their repositioning occurs directly through a ‘cut and paste’
mechanism or indirectly through a ‘copy and paste’ mechanism which provides the
formation of an RNA intermediate (retrotransposons, REs). By virtue of these
mechanisms, TEs can disperse within single genomes, between genomes of the same
population, or even between genomes of different species (Koonin et al., 2020; Gill et al.,
2021). In most prokaryotes and eukaryotes, TEs constitute the preponderant fraction of the
entire genome (Bourque et al., 2018; Neumann et al., 2019; Fambrini et al., 2020; Gill et
al., 2021) (Fig. 1).

Many excellent reviews are available on the classification, mobilisation, and impact of
TEs on both genetic and genomic variability (Feschotte, 2008; Pace et al., 2008; Lisch,
2013; Oliver et al., 2013; Ayarpadikannan and Kim, 2014; Chuong et al., 2017; Bourque et
al., 2018; Dubin et al., 2018; Cosbhy et al., 2019; Neumann et al., 2019; Orozco-Arias et al.,
2019; Fambrini et al., 2020; Koonin et al., 2020; Almojil et al., 2021; Gill et al., 2021).
Nevertheless, the main focuses of this review are the discovery of TEs, the epigenetic
control of these elements, and how these sequences have impacted evolution processes

in a complex system, like a living organism (Fig.1).

To understand the role that TEs have played during evolution, it is essential to
consider both the history of their discovery and their mechanisms of action. It is necessary
to reconstruct the path that, over a few decades, demonstrated the presence of TEs in an
increasing number of organisms (McClintock, 1950; Sotero-Caio et al., 2017; Dubin et al.,
2018; Neumann et al., 2019; Orozco-Arias et al., 2019; Cain et al., 2020; Fambrini et al.,
2020). Furthermore, it is important to understand how the progress of modern sequencing
technologies has made it possible to explain the influence they have exerted on
spontaneous mutations and on the regulation of gene expression during evolution (Warren
et al., 2015; Bourque et al., 2018; Neumann et al., 2019; Orozco-Arias et al., 2019).

According to Kuhn (1962), scientific progress does not evolve by virtue of an
accumulation of direct observations, but due both to the advancement of experimental
technologies and to the progressive theoretical elaboration of their interpretations. The

ultimate resolution of this process is the inclusion of available information in a single
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paradigm/theory capable of unifying old and new data in a coherent logical framework. The
objective is achieved when the initial contradictions expressed by alternative theories are
resolved in the prevalence of a dominant paradigm, which sometimes requires a long time
before its acceptance. Mendel's discoveries had to wait over thirty years before their
importance was recognised and the implications analysed (Singh, 2015). The scientific
work of Barbara McClintock (1902-1992), who discovered TEs (McClintock, 1950), is also
exemplary in this sense because it summarises all the phases of a path in the history of
science that leads from the initial discovery to the recognition and acceptance of the
validity of her interpretations (McClintock, 1984).

It should also be considered that from the initial scepticism, the subsequent
acceptance of the role of TEs in the genomic evolution of various organisms reached
unimaginable evolutionary connotations (Fambrini et al., 2020). Furthermore, concepts
such as symbiosis, conflict, cooperation, co-optation and exaptation between TEs and
their host have been developed (Labrador and Corces, 1997; Joly-Lopez and Bureau,
2018; Cosby et al., 2019). Many examples are now emerging showing that TEs can
contribute significantly to the well-being of the organisms they populate (Fig. 1 and 2).
Nevertheless, in the host-TE interaction, epigenetic controls on their mobilisation,
localisation, and inactivation have evolved and continue to evolve (Cosby et al., 2019;
Fambirini et al., 2020).

2. Discovery of transposable elements

Native Americans have cultivated the corn plant (Zea mays subsp. mays) for
thousands of years. When the Europeans arrived in America, they were impressed by the
great variability of colours in corn ears and their kernels. In the 1930s and 1940s, the
colour variegation of corn kernels attracted the attention of many researchers, among
which the most active was certainly Barbara McClintock. In collaboration with and
stimulated by Marcus Rhoades (Rhoades, 1936), McClintock began studying these
phenotypes to understand their genetic basis. The two researchers were impressed by the
widespread and uneven mosaicism of some characteristics, from the non-Mendelian
distribution of segregating phenotypes in the hybrid progenies, and by the high rate of
somatic and germinal reversion of the mutations. Many years of experimental work

allowed McClintock to identify genetic elements as responsible for some of the observed
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phenomena, among which Dissociation (Ds) and Activator (Ac) constituted the first and
one of the most representative examples. In particular, she observed that whenever the Ds
element was inserted in particular chromosomal regions, it produced a variety of
phenotypic effects on the kernels, attributable to insertional mutations or chromosomal
deletions. A further series of crossings and cytological observations allowed her to observe
how the Ac element controlled the transposition of Ds and how this mobilisation could
sometimes be associated with breakdown events of the chromosome itself (McClintock,
1950). It is in coincidence with these transposition events that alterations in the synthesis
of starch and in the deposition of pigments were determined with the phenomena of
mosaicism due to the colour and shape of the kernels. To interpret these observations,
McClintock correctly hypothesised that the Ds and Ac sequences, which she defined as
‘controlling elements,’” could act as mobile chromosomal regions capable of modulating or
even suppressing the expression of genes at different times in the development of the
kernel (McClintock, 1950; 1953; 1956).

Subsequent molecular analyses have shown that Ds is a non-autonomous element
derived from Ac due to the loss of some fundamental regions upon transposition (Fedoroff
et al., 1983). The numerous cytogenetic analyses carried out in support of these
experiments also led McClintock to discover other controlling elements involved in the
mechanism of chromosomal instability (McClintock, 1953; 1956). The conformity of the
genetic and cytological results eventually led her to develop a dynamic view of the
genome, according to which entire gene portions can move from one chromosome to
another, generating gene inactivation, gene deletions, or more extensive chromosomal
mutations (Xiao et al., 2008; Yu et al., 2011; Cerbin and Jiang, 2018). Chromosomes are
no longer rigid structures but show flexibility, thereby allowing reorganisation of the genetic

material (Underwood et al., 2019).

For many decades, the scientific community has viewed McClintock’s work with great
scepticism. Not only was the role of TEs considered marginal, with respect to genetics
known in the first half of the twentieth century, but it was also the same interpretation
proposed by McClintock that was hindered because it was incompatible with the dominant
paradigms in the 1950s and 1960s. The genetics of those years were mainly centred on
the study of allozyme polymorphism to decipher the structure and phylogeny of a
population. The research tended to identify any possible mutation that modified or altered

the coding function of allozymes and that could therefore itself be considered a primary
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source of evolutionary change (Biémont, 2010). Ultimately, it was the study of mutant
alleles that allowed the genetic population approach to define the central paradigm of early
twentieth century genetics (Rolls-Hansen, 2014). The invariance of gene recombination
frequencies was considered a demonstration of the stability of the related genes in a
chromosomal position. Following this interpretation, genes were conceived as static loci
placed on the chromosome according to a linear succession as beads on a string. Further
support for this chromosomal schematisation was provided by the hypothesis of Beadle
and Tatum (1941), according to which each gene is correlated with the production of a
specific enzyme. Both these concepts were required to justify the discovery of new genetic
elements in functional terms, based on the criteria of presumed usefulness for the
organism that was the bearer. McClintock also suggested a parallelism between the
‘controlling elements’ and the operon control systems in bacteria (Jacob and Monod, 1961)
and maize (McClintock, 1961). In contrast, Jacob and Monod referred to ‘controlling
elements’ as extrachromosomal episomes that were perhaps viral in origin but not as
components of the normal regulatory equipment of cells (Comfort, 2001). It is probably for
these reasons that, unable to attribute any role to the existence and diffusion of TEs, the
scientific community tried to denigrate their importance. Therefore, for a long time, TEs
were labelled selfish or junk DNA due to their alleged evolutionary neutrality or parasitic
nature (Orgel and Crick, 1980). Conversely, TEs have played and will continue to play

important evolutionary roles despite their often deleterious effects on gene activity (Fig. 1).

Many spontaneous mutations with important evolutionary features in plants [e.g.,
regulation of TEOSINTE BRANCHED1 (TB1) gene during maize domestication (Studer et
al., 2011) and animals (e.g., the origin of Biston betularia subsp. carbonifera) during the
industrial revolution of the 18th century (Van't Hof et al., 2016) are explicative of the key
role of TE activity. In maize, a RE (Hopscotch) inserted into an enhancer region of the TB1
gene increased the gene expression of TB1 (Studer et al.,, 2011). The insertion,
approximately 60 kb from the TB1 locus, determined the increase in apical dominance and
a different position of male and female inflorescences, in respect to its wild ancestor
teosinte (Clark et al., 2006). In B. betularia, the event that gave rise to industrial melanism
was the insertion of a large (9 kb) TE (carb-TE), repeated in tandem, into the first intron of
the CORTEX gene (Van'tHof et al., 2016). Outstandingly, the wrinkled-seed trait of pea
described by Mendel in his studies on the inheritance of characters is caused by a TE-like
(i.,e., a non-autonomous TE element) insertion in a gene encoding starch-branching

enzyme isoform 1 (SBE1) (Bhattacharyya et al., 1990; 1993). Many other examples have
6
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been described (Volff, 2006: Bourque et al., 2018; Dubin et al., 2018; Neumann et al.,
2019; Orozco-Arias et al., 2019; Fambrini et al., 2020; Almojil et al., 2021). Therefore, it is
sightless to assign a fundamental role in evolution to repetitive sequences (Fig. 1), as has
often happened (Doolittle and Sapienza, 1980; Orgel and Crick, 1980).

Over the next several decades, from the first discovery of TEs (McClintock, 1950), it
became apparent that not only do TEs ‘jump’, but they are also found in almost all
organisms (both prokaryotes and eukaryotes) and typically in large numbers (Gierl et al.,
1989; Hershberger et al., 1995; SanMiguel et al., 1998; Borodulina and Kramerov, 1999;
Tavakoli and Derbyshire, 2001; Yu et al., 2004; Feschotte, 2008; Pace et al., 2008; Stoye,
2012; Lisch, 2013; Oliver et al., 2013; Bourque et al., 2018; Neumann et al., 2019; Gill et
al., 2021). For example, TEs make up approximately 50% of the human genome and up to
90% of the maize genome (Wang et al., 1998; International Human Genome Sequencing
Consortium, 2001; Zhao et al., 2018; Guio and Gonzales, 2019).

Notably, the possibility that TEs can move within the genome between individuals of
the same species and between genomes of phylogenetically very distant species makes
any conceptualisation of the individual genome as the only repository of genetic
information obsolete (Fig. 1). It is therefore conceivable that the exchange of genetic
information could take place between very different levels of genomic organisation (Fig. 1).
Thus, although insertions within genes are often deleterious, there is no doubt that TEs
can play important roles in evolution in many ways (Volff, 2006; Feschotte, 2008; Pace et
al., 2008; Lisch, 2013; Oliver et al., 2013; Ayarpadikannan and Kim, 2014; Chuong et al.,
2017; Bourque et al., 2018; Cosby et al., 2019; Koonin et al., 2020; Almojil et al., 2021).

3. Transposition mechanisms

An extensive classification of TEs and their mobilisation systems is widely described
(Lisch, 2013; Martin, 2018; Bourque et al.,, 2018; Neumann et al., 2019; Koonin et al.,
2020; Orozco-Arias et al., 2019; Usai et al., 2020b). With an extreme simplification, based
on the intermediary used for transposition, TEs can be divided into two main classes:
Class 1 (REs) and Class 2 (DNA TEs). Both types of mobile elements are divided into
different orders and lineages, basing on sequence homology and on whether or not the
TEs encode their own transposition machinery (Fig. 1). The most abundant RE order in

plant genomes are long terminal repeats REs (LTR-REs), which are made of the
7
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sequences encoding the transposition machinery, flanked by two long terminal sequences,
which are identical at the time of insertion. LTR-REs are generally 5-7 kb long but can
even reach lengths of 15 kb, mainly due to the length of the LTRs that can reach several
hundred base pairs (Neumann et al., 2019; Fambrini et al., 2020). The internal region
contains sequences corresponding to the group-specific antigen (gag) and polymerase
(pol) genes, which are homologous to those of retroviruses. These genes encode the
proteins necessary for retro-transcription: GAG, protease (PROT), integrase (INT), reverse
transcriptase (RT), and ribonuclease H (RNAse H) (Defraia and Slotkin, 2014; Bourque et
al., 2018; Neumann et al., 2019; Orozco-Arias et al., 2019; Usai et al., 2020b). LTR-REs
are divided into two main lineages, Tyl-Copia and Ty3-Gypsy which, in turn, can be
classified into several major evolutionary lineages (Kumar and Bennetzen, 1999;
Bennetzen, 2005; Wicker et al., 2007; Llorens et al., 2011; Huang et al., 2012).

Non-LTR-REs lack LTRs. Non-LTR-REs are divided into two classes: long
interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINES)
(Bourque et al., 2018). LINEs contain a gene encoding an RT (Doucet et al., 2015);
conversely, SINEs are short repeated sequences ranging in size from 100 to 600 bp
(Schmid and Maraia, 1992; Deragon et al., 1994). SINEs are non-autonomous elements
that mobilise using the autonomous enzymatic mechanism of LINEs (Sheldock and
Okada, 2000; Dewannieux et al., 2003; Finnegan, 2012; Bourque et al., 2018; Nishiyama
and Ohshima, 2018; Fambrini et al., 2020).

REs are mobilised by a reverse transcription process with the formation of an
intermediate RNA. The extra DNA copy is then inserted at a different site in the genome.
Due to their transposition system, REs have largely contributed to the increase of total
genomic DNA in plants and animals, such as Arabidopsis, wheat, barley, corn, fig,
sunflower, and humans, making up the most represented TEs (Tsay et al., 1993;
Feschotte and Pritham, 2007; Finnegan, 2012; Giordani, et al., 2014; Badouin et al., 2017;
Mascagni et al., 2015; 2017; Chen et al., 2019; Usai et al., 2020a). Therefore, in most
plants and animals, including humans, most of the genome is made up of TEs. In addition,
for this transpositional mechanism, RE restructuring is frequent, and RE insertions are
responsible for both gene and chromosomal mutations (Fig. 1), as well as changes in gene
expression (Bourque et al., 2018; Fambrini et al., 2020). The selection of several orange
(Citrus sinensis) varieties is one example. In orange, the Ruby gene encodes for a MYB

transcription factor involved in the regulation of anthocyanin biosynthesis. In the Navalina
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variety, the Ruby gene is normally functional and shows a rather limited relative
expression in the fruit pulp. In the Tarocco variety, the Ruby allele shows a RE inserted
upstream of the coding sequence (Butelli et al., 2012). The LTR sequence provided a new
promoter, resulting in increased Ruby expression with consequent accumulation of
anthocyanins in the pulp. Recombination between the LTRs also led to a further
enhancement of the transcriptional activity of the Ruby gene, giving rise to the Maro

variety, with increasing concentration of anthocyanins in the pulp (Butelli et al., 2012).

Class 2 elements are classified into two subclasses and different families according
to their sequence, terminal inverted repeat (TIR), target site duplication (TSD), and
transposition process. Some of the subclass | families enclose Tcl/mariner,
PIF/Harbinger, hAT, Mutator, Merlin, Transib, P, piggyBac, and CACTA (Fambrini et al.,
2020). Helitron and Maverick TEs belong to subclass Il, as they perform a distinct process
of transposition and insertion into DNA (Morgante et al., 2005; Wicker et al., 2007; Mufioz-
Lépez and Garcia-Pérez, 2010; Bourque et al., 2018). Among the non-autonomous Class
2 elements, the miniature inverted-repeat transposable elements (MITES) are the most
common in many eukaryotes, especially in plant species. These short elements (80-500
bp) lack the gene encoding the transposase (Jiang et al., 2004; Bourque et al., 2018).
MITEs are flanked by TIR and TSD sequences, and their transposition is mediated by
transposases related to autonomous DNA TEs of the same families. In addition, MITEs are

frequently associated with alternative splicing events (exonisation) (Jang et al., 2004).

Most Class 2 TEs or DNA TEs can operate insertions and excisions in the host
genome in a completely autonomous way by virtue of a specific enzyme, the transposase
(Wicker et al., 2007; Finnegan, 2012; Oliver et al., 2013; Stuart et al., 2016; Bourque et al.,
2018; Dubin et al., 2018; Neumann et al., 2019; Orozco-Arias et al., 2019). Transferring
the DNA TE from its current location to a new destination in the genome employs a ‘cut
and paste’ mechanism (Fig. 1). Acting like scissors, the transposase makes three cuts in
the host's double helix DNA. Of these, two cuts are borne by the same ends of the TE,
which include some terminal repetitive sequences, while a third cut is borne by the target
DNA. In this case, the transposition mechanism is autonomous since the DNA regions of
the TE encode the transposase. These are the repeated sequences present at the end of
the TE, which, acting as recognition and anchoring sites for the same transposases, define
the position of the cuts. The ultimate result of this operation is the formation of a synapse

between the two ends of the TE and the interaction between the respective transposases:
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a necessary and sufficient condition for the formation of an active complex capable of
cutting the double strand of the DNA TE. Once excised from the original site, the TE is
then transferred to another region of the host DNA or even to another chromosome by the
ability of the transposases to localise, recognise, and bind to a new target site. Even TEs
that have lost all or part of their transposase (non-autonomous) can be mobilised (Fedoroff
et al., 1983). To perform the transposition, non-autonomous elements rely on enzymes
encoded in trans by autonomous elements (Sabot and Schulman, 2006; Fambrini et al.,
2011; 2014a).

This mechanism is called conservative because it allows the transfer of a nucleotide
sequence from one region of the DNA to another without any copy remaining in the
original site. Therefore, in the absence of replication, the TE is effectively eliminated from
the chromosome or plasmid of origin. However, excision frequently generates genetic
‘fingerprints’ that can cause variability in the old insertion site (Fambrini et al., 2011).
Frequently, multiple allelism phenomena are generated by these imprecise excision

mechanisms (Fambrini et al., 2014a).

In many prokaryotes, there are DNA TEs that are mobilised in the genome by a
transposition that is called replicative. In this case, during transposition, a new copy of the
transposable sequence is generated, which is why, in addition to the one transferred to the
new site, another copy that remains in the original site, with easily imaginable
consequences on genomic amplification, is also formed (Tavakoli and Derbyshire, 2001).
TEs using this mechanism are known as composite TEs that consist of two inverted
repeats from two separate TEs moving together as one unit and carrying the DNA
between them. For example, consider a segment of DNA flanked at both ends by two
identical insertion sequences. The transposase will move any segment of DNA surrounded
by a pair of inverted repeats that it recognises. Consequently, when transposition occurs,
there are several possibilities. First, each of the insertion sequences may move
independently. Second, the whole structure between the two outermost inverted repeats
may move as a unit, that is, as a composite TE. Replicative transposons need an extra
enzyme, resolvase, and a site in the DNA for it to act on. Many of the well-known bacterial
TEs that carry genes for antibiotic resistance or other properties are composite TEs (Sun
et al., 2019).
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4. Evolutionary impact of transposition
4.1. The complex living system

To understand the mechanisms of action of the TEs, it is necessary to refer to the
concept of information according to which everything that a living organism achieves on a
physiological level is attributable to the action of its genes (Dawkins, 1976; Doolittle and
Sapienza. 1980). At the same time it will be important to contextualize the activity of the
TEs in the evolution of a complex living system.

In the reductionist view, it is implicitly assumed that the structures and functions that
the organism expresses are causally correlated with the sole functionality of the genetic
program encoded in its DNA. The reductionist approach aims to decrypt phenotypic
variability in stages, founded on the underlying hypothesis that genome-to-phenotype
relations are largely constructed from the additive effects of their molecular players
(Williams and Auwerx, 2015). Every event is attributable exclusively according to the
strictly logic of the principle of causality (Monod, 1970). The most significant consequence
of this assumption is that natural selection operates on the genes that the organism carries
(Dawkins, 1976), rather than on the organism as the subject of natural selection (Darwin,
1859). The reductionist method dissecting biological systems into their constituent parts
has been effective in explaining the biochemical and molecular basis of numerous living
processes in animals and plants. However, this approach has some limitations. Gilbert and
Sarkar (2000) argued against reductionism, as it insufficiently explains phenotypes and is
unable to predict development. Indeed, the reductionist program has not uncovered the
fundamental laws from which we can deduce how a particular living system actually works
(Cohen and Harel, 2007). As an example of why the reductionist approach fails, consider
the function of one cell within a multicellular organism. Even if we understand the cell's
function, that does not mean we fully understand the organism's physiology. In 1970,
already Jacob proposed a non-reductionist approach to study biological phenomena,
introducing the concept of ‘integron’ (Jacob, 1976). This concept, not to be confused with
some type of TEs (Domingues et al., 2012), is similar to what is understood today when
speaking of complex living systems. In fact, Jacob (1976) claims that the advances of
molecular biology mark, at last, the merging of physiology and natural history: organisation
and evolution, molecular mechanisms of heredity and teleonomy can finally be treated in a
unified biological framework. As a consequence, the nested organisation of living beings,

composed of layers of integrated sub-units (called integrons), becomes a consequence of
11
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evolutionary processes. Biological systems are extremely complex and have emergent
properties that cannot be explained or even predicted by studying their individual parts
(Van Regenmortel, 2004). The systems approach aims to examine large-scale interactions
of many components simultaneously, on the premise that interactions in gene networks
can be both linear and nonlinear (Williams and Auwerx, 2015). The reductionist approach
underestimates this complexity and therefore can have an increasingly detrimental
influence on many areas from physical, biological, and physiological research. As Gould
and Eldredge (1993) wrote, the “most important implications of punctuated equilibrium
remain the recognition of stasis as a meaningful and predominant pattern within the history
of species, and the recasting of macroevolution as the differential success of certain
species (and their descendants) within clades.” Thus, these authors rejected the
reductionist view that natural selection operates exclusively on discrete genes but also the
idea that selection on individuals in populations is the sole force shaping large-scale

evolutionary trends.

Complex biological activity does not arise from the specificity of the individual
components that are involved (Strogatz, 2000; Van Regenmortel, 2004; Cohen and Harel,
2007; Aziz and Caetano-Anollés, 2021). Thus, a systems approach favours the concept of
the reciprocal relationships between genes, organisms, and their environment, in which all
three elements act as both causes and effects (Alm and Arkin, 2003). In addition, it
emphasises the selective advantage of these features during evolutionary history.
Functional explanations are more useful for understanding complex biological systems
with many interactions than are causal explanations that give unwarranted importance to a

single factor (Van Regenmortel, 2002).

According to a systems approach that is conceptually opposed to the reductionist
one, the relationship that exists between form and information in a living organism must be
conceived as an emerging dimension with respect to the structural conditions that precede
it. Indeed, a living organism is an active system and not mere sequential transformations
of information encoded by a DNA coding. Living cells, organisms and species emerge from
the concurrent interactions of various entities and processes; DNA is only one of the many
participating informational entities (Cohen and Harel, 2007). The activation of specific
genes, includes TEs, emerges from the dynamic state of the cell, which interacts, among
others, with environment, protein expression, developmental cell phase, epigenetic marks

(Fig. 2). Therefore, the comparison between the reductionist and systems approaches
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requires us to clarify what is meant by information and what role TEs could play in its

implementation during evolution of cells and living organisms.

In fact, every living system has a digital coding DNA (or RNA) capable of providing a
kind of self-referential description (genotype) through the combinatorial use of individual
letters (Pattee, 1972), which eventually contributes to germ cells. On this view, any DNA
gene is a carrier of digital information by virtue of its unique base sequence (Janga et al.,
2009; Travers et al., 2012; Muskhelishvili and Travers, 2013). However, in a living system
the DNA also provides an analog information to express this same description in both
structural and functional terms (phenotype). While the digital information uses only
combinatorial rules of a order to build a non-temporal memory system, the analog
information makes these same rules significant every time they update them in the
temporal domain (Wilden, 1980). Although there is no definitive answer, it is still possible
to speculate on the evolutionary advantages that the use of discrete codes could offer
compared to analog dynamics alone. In the absence of discrete coding, the system would
necessarily have been autopoietic, and each component would have had to catalyse its
own formation through a catalytic synthesis process (Hordijk and Steel, 2015). If that had
been the case, evolution would have proceeded much more slowly, and the survival of the
fittest would have been threatened by a higher likelihood of copying errors. The benefits of
discrete genetic coding must therefore be sought in the possibility of constructing arbitrary
and improbable combinations and of making identical heritable copies of them in forms
completely separate from the need to associate them with catalytic functions (Cariani,
1998).

DNA information is expressed in the analogical form when the nucleotide sequence
is translated for the synthesis of proteins, while it is replicated in digital form when it is only
handed down unchanged from one generation to another through a semi-conservative
replication mechanism. To fully understand what is meant by information in this context, it
is necessary to show the causal connection that exists between the nucleotide sequence
of DNA and the series of phenotypic structures that its reading produces. The sequence
itself cannot be the cause of any biological event. Natural selection operates onto
phenotypes; therefore, the so-called ‘survival of the fittest’ still refers to the organism as a
unit and not to any of its parts. The outcome of this struggle for survival is natural selection
(Cohen, 2016). For Darwin, any individual plants and animals that happened to vary in an

advantageous way would be more likely to triumph over their competitors. Only the
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survivors would produce offspring, which might diversify and develop further to fill any
available ecological niche (Darwin, 1859). This follows that the knowledge of what survives
does not give us any opportunity to understand the mechanisms through which genotypic
information is mapped on the respective phenotypic characteristics during evolution.
Mapping indicates the correspondence between the domain of the nucleotide sequences

of the DNA and the real characteristics of the organisms.

In molecular biology, the use of the concept of information refers exclusively to the
computational theory of communication according to which information (entropy) is
measured by the logarithm of the number of available choices (Shannon and Weaver,
1964). In this perspective, the information coincides with the fidelity with which a message
can be communicated and is therefore a quantitative measure of the improbability with
which it reaches a recipient. According to this interpretation, the information depends only
on the statistical distribution of the symbols (nucleobases) of which a nucleotide sequence
is composed (Gentlemen and Mullin, 1989).

The most important result that this definition has allowed us to achieve is the
comparison between different genomes through the alignment of homologous sequences.
However, this procedure still tells us nothing about the meaning that emerges from the
comparison between the variety of sequences found in the different organisms and the
relative phenotypic characteristics for which they encode. In other words, adherence to this
restrictive concept of information entails the loss of its semantic content and consequently
the lack of an understanding of the relationship between nucleotide sequences and the

system that interprets them as instructions for its own construction (Wills, 2014).

In essence, it is no longer a question of considering the cellular structure as an
ultimate product of the translation process of genomic information. In contrast, the cellular
structure and the genome must be seen as partners in a constant homeostatic interaction,
one corresponding to the temporal realisation of the analogical code and the other
including its digital memory (Hoffmeyer and Emmeche, 1991; Hoffmeyer, 2008). The fact
that natural selection favoured the persistence of the relationship between replication and
gene translation, on the one hand, and related protein products, on the other, suggests
that both processes might have been compartmentalised within shared spaces from the
beginning of life (Wills, 2016). In addition, it is very likely that it was the same co-
localisation that favoured the emergence of reaction-diffusion mechanisms between

polymeric phenotypes and the production of autocatalytic cycles (Kauffman, 1986).
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Moreover, when a set of molecules is confined within a shared space, the spontaneously
created autocatalytic cycle leads to the formation of a self-assembly system within which
each component is automatically connected to the others over time (Rodon Fores et al.,
2020). The emergence of a spontaneous relationship is such that only those polymeric
sequences that express it can be selected for the construction of a code of
correspondence between structure and function (Wills, 2001; Hordijk and Steel, 2018).
This is an essentially computational process that, in the long run, allows for the creation of
new meanings between the memory system and the polymeric elements that have
acquired a role for the replication and translation functions that they realise (Carter and
Wills, 2017). TEs probably played a role in realizing the correlation between digital and
analog information with transcriptional and post-transcriptional epigenetic mechanisms.
This is to allow the living system to explore new relationships for each newly developed
combination (Fig. 2).

4.2. Co-evolution between transposable elements and their hosts

Given the widespread presence of TEs in the genome of almost all living organisms,
including mammals, it is natural to presume that their persistence in the host represents an
evolutionary advantage and that, for this reason, it could have some benefit for the host
(Volff, 2006; Feschotte, 2008; Pace et al., 2008; Lisch, 2013; Oliver et al., 2013;
Ayarpadikannan and Kim, 2014; Chuong et al., 2017; Bourque et al., 2018; Cosby et al.,
2019; Koonin et al., 2020; Nishihara, 2020; Almoijil et al., 2021; Gill et al., 2021). It is based
on the considerations that some authors have proposed to consider the genome as
equivalent to a “habitat” or “ecosystem” that TEs colonised over time and from which they
were then domesticated (Kremer et al., 2020). This trend is clearly evidenced by numerous
comparative studies (Habibi et al., 2015; Bourque et al., 2018), according to which the
presence of TEs enhances with increasing biological complexity while, at the same time,
the percentage of the genome occupied by coding genes decreases (Boeke and Devine,
1998).

However, to verify the effects that TEs have exerted in the long term, it is necessary
to evaluate their persistence in relation to those mechanisms, which, on the one hand,
guarantee their replication and, on the other, suppress their activity. If the genome can be

compared to a “habitat” (Kremer et al., 2020), the TEs that have settled there can be
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considered parasites. As such, they had to deal with two different strategies: either (1)
making the most of the host's resources with the risk of cause their own elimination or (2)

co-evolving to build a lasting symbiotic relationship (Schrader and Schmitz, 2019).

In the first case, the TEs must guarantee a high level of proliferation within the
genome, keeping their proliferation rate below a threshold beyond which they would be
detrimental to their host. Faced with excessive proliferation and a consequent risk for the
survival of the host, TEs can still make use of the alternative strategy of starting a new
cycle of proliferation through horizontal transfer, virtually affecting all major families of TEs
in all phylogenetic branches of the tree of life (Wright and Voytas, 1998; Diao et al., 2006;
Gao et al., 2014; Hosaka and Kakutami, 2018; lvancevic et al., 2018; Thybert et al., 2018;
Wallau et al., 2018; Nishihara, 2020). It is the availability of a transfer vector (virus,
bacteria, nematode, or other parasites) that allows TEs to mobilise between genomes of
phylogenetically distant species (Walsh et al., 2013; Gao et al., 2014; Bourque et al., 2018;
Gilbert and Feschotte, 2018) (Fig. 1).

Some believe that horizontal transfer has a major influence on the speciation process
of placental mammals (Chuong, 2013). The separation of eutherians from monotremes
(Warren et al.,, 2008), which occurred about 160-190 million years ago, most likely
coincides with the invasion of LINEs into the genomes of placentates (Waters et al., 2007).
Genomic expansion and the increase in genetic variability caused by LINE-1 elements
may have allowed the mammalian genome to adapt to multiple environmental conditions
and regulate gene transcription in relation to the completion of foetal development via the
placenta (lvancevic et al., 2016; 2018; Rodriguez-Terrones and Torres Padilla, 2018). In
contrast, the lack of genetic variability limited the evolutionary expansion of monotremes,
forcing them to adapt to smaller ecological niches.

To co-evolve with the host, TEsS must have derived mechanisms to ensure their
permanence in the genome as tolerated parasites. For example, in humans, there are
about 500,000 copies of the LINE-1 element (Sassaman et al., 1997). However, regardless
of the mode of transmission, whether vertical within the same species or horizontal
between different species, there is no possibility for TEs to have a guaranteed perpetual
survival (Blumenstiel, 2019). Presuming persistence in the host as the result of a
precarious balance between the level of proliferation and the incidence of mutations, it is
easy to understand how a low transposition rate leads to the extinction of the transposable

sequences. The most significant result of this condition is the continuous erosion of TEs by
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point mutations, which are prevented from producing new integration events due to the
loss of coding for the transposition enzymes. For example, more than 99.9% of the
500,000 copies of LINE1 elements in the human genome have undergone various forms of
structural mutations and arrangements, so that only about 100 are still active (Nishiyama
and Ohshima, 2018). In summary, TEs owe their evolutionary success, both horizontal and
vertical, to a condition of equilibrium between transposition and selection, as it has

gradually been defined over the course of evolution (Fig. 2).

The relationship between TEs and their hosts is therefore attributable to a
competitive/cooperative relationship and has induced the transposable sequences to
change over time due to the accumulation of point mutations or genomic integration
(Bourque et al., 2018; Nishihara, 2020). Stochastic shuffling by TEs is most likely due to
the imprecision with which they are inserted and/or removed from the genomic content of
the host (Venner et al.,, 2009). Due to this inaccuracy, transposition processes can
indirectly affect the adjacent sequences of the host genome, including coding genes and
regulatory sequences (Jiang et al.,, 2004). However, the existence of a competitive
relationship with the genome makes the transposition more complex than it might appear

upon first analysis.

Regardless of the type of element, in evolutionary terms, the insertion sites of TEs
are truly significant (Fig. 1). Furthermore, the genetic consequences can be very different if
the TEs are inserted in the coding region of a gene, in proximity to a gene (e.g., promoter
region), in introns or untranslated regions of the gene, and in heterochromatic regions of
the chromosome (Greene et al., 1994; Wicker et al., 2007; Finnegan, 2012; Oliver et al.,
2013; Bennetzen and Wang, 2014; Stuart et al., 2016; Bourque et al., 2018; Dubin et al.,
2018; Neumann et al., 2019; Orozco-Arias et al., 2019; Fambrini et al., 2020). In contrast
to the expectations, the distribution of TEs is not random but shows a clear trend towards
confinement in preferential compartments of the genome (Capel et al., 1993; Wicker et al.,
2007; Finnegan, 2012; Bourgue et al., 2018). As a result of opposing selective forces, TEs
tend to occupy those regions of the genome that guarantee their maximum proliferation,
while the host will tend to confine them to regions that mitigate their deleterious effects
(Almojil et al., 2021). Indeed TEs can sometimes be advantageous at the species level as
a source of evolutionary innovation capable of modifying existing genes or originating
novel genes through the mechanism of exaptation (Joly-Lopez and Bureau, 2018), a

process whereby TEs conferring positive phenotypic benefits to the host genome begin to
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evolve as conventional genes rather than through self-duplication (Volff et al., 2006;
Tsuchiya et al., 2013; Hoen and Bureau, 2015). TEs exaptation provided a major
contribute to the evolution of gene regulation (De Souza et al., 2013) and indeed in plant
genomes were found ‘exapted transposable element genes' (ETEsS) involved in
physiological functions such as flowering (Cowan et al., 2005), development (Bundock and
Hooykaas, 2005), light signaling (Hudson et al., 2003) and stress response (McClintock,
1984; Chénais et al., 2012; Makarevitch et al., 2015).

TEs can also alter gene expression by inserting within promoter or intronic regions
(Umeda et al., 1991; Selinger and Chandler, 2001; Roccaro et al., 2005; Fambrini et al.,
2014a), inactivate genes by inserting into exonic regions, and causing extensive genomic
restructuring (Fambrini et al., 2011; 2018; Zhang et al., 2011; Chapman et al., 2012) (Fig,
1). Conversely, the host will tend to minimise the deleterious impact of the transposition
and to react by favouring insertion in less transcriptionally active parts of the genome, such
as heterochromatic and centromeric regions (Gao et al., 2008). Therefore, the mobilisation
of TEs during evolution and early embryogenesis may have contributed to the construction
of mosaic genomes, including highly sophisticated regulatory networks (Garcia-Perez et
al., 2016). In addition, TE-derived proteins have been recurrently repurposed as part of
defence systems that protect prokaryotes and eukaryotes against the proliferation of
infectious or invasive agents, including viruses and TEs themselves (Jangam et al., 2017)

(Fig.1).

It is possible to distinguish the mutations that confer new functions to the genome
(gain-of-function) from those that instead involve a loss-of-function. This distinction could
also be applied to mutations induced by TEs (Wicker et al., 2007; Finnegan, 2012; Oliver
et al., 2013; Stuart et al., 2016; Bourque et al., 2018; Dubin et al., 2018; Neumann et al.,
2019; Orozco-Arias et al., 2019). Frequently, the insertion of a TE in the coding region of a
gene induces a null mutation (Fambrini et al., 2011; Chapman et al., 2012; Ventimiglia et
al., 2020). However, the insertion of a TE outside the coding region can also interfere with
the activity of the promoter, modifying the regulatory regions or the transcription start sites,
phenomena that alter or abolish transcription (Dubin et al., 2018; Neumann et al., 2019;
Orozco-Arias et al., 2019; Fambrini et al., 2020). Nevertheless, there are also examples of
TE insertions, especially in promoter regions, which cause a gain-of-function for the
involved genes (Roccaro et al., 2005; 2007; Chapman et al., 2012; Fambrini et al., 2014a;
2014b; 2018).
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This could explain the scenario proposed for the origin of eukaryotic chromosomes.
In eukaryotic chromosomes, the physical ends of chromosomes are telomeres. The
maintenance of telomeres requires telomerase, a specific RNA-dependent DNA
polymerase enzyme complex that carries its own RNA template and adds telomeric
repeats to the ends of chromosomes using a reverse transcription mechanism. In
Drosophila, LINEs form and maintain telomeres to replace the telomerase enzyme lost
during Diptera evolution (Gladyshev and Arkhipova, 2007; Pardue and DeBaryshe, 2011).
Phylogenetic analysis of Drosophila telomeres demonstrated that multiple autonomous
and non-autonomous ancient REs were recruited to perform telomere maintenance
(Villasante et al., 2007; Pardue and DeBaryshe, 2011; Casacuberta, 2017), a mechanism
that is considered a primary evolutionary mode of protection for linear chromosome ends.
This molecular domestication event of ancient TEs could be seen as a replica of what
could have happened much earlier in the evolution of eukaryotic chromosomes. This
solves the problem created by the linearisation of chromosomes from a circular ancestral
chromosome after a double strand break—sticky endings with deleterious consequences
in the mitotic process (Belfort et al., 2011; Fulcher et al., 2014; Kordyukova et al., 2018).
The transition of an ancestral circular genome to multiple linear chromosomes was crucial
for the development of eukaryotic organisms because it allowed rapid evolution from
aneuploid to polyploid ancestral genomes (Garavis et al., 2013). In a theory elaborated by
E. V. Koonin (2006), the origin of linear chromosomes is associated with the invasion of
archaeal hosts by an a-proteobacterial progenitor that resulted in mitochondrial
endosymbiosis and the invasion of Group Il self-splicing introns (Lambowitz and Zimmerly,
2004), the most ancient genetic entities (Garavis et al., 2013). Group Il introns were
suggested as eukaryotic evolutionary ancestors of REs and spliceosomal introns. They
consist of a catalytically active intron RNA and an intron-encoded RT that is related to non-
LTR REs and assists splicing by stabilising the catalytically active RNA structure (Eickbush
and Jamburuthugoda, 2008; Lambowitz and Zimmerly, 2011). It is believed that the
attachments of non-LTR REs at the ends of DNA double-strand breaks have finally
developed to ‘proto-telomeres’ of the initial linear chromosomes (Garavis et al., 2013).
Therefore, telomere function and TE regulation seem to be evolutionarily joined (Servant
and Deininger, 2015; Kordyukova et al., 2018). Moreover, telomere elongation, as well as
TE activation, occurs in the narrow time window during gametogenesis and early
development, suggesting that common principles could drive both processes (Richardson
et al., 2017).
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5. Epigenetic regulation of transposable elements

The development of each cell results from the combination of a two logically distinct
types of information provided by the DNA: digital, which represents its specific memory to
be handed down unchanged from generation to generation, and analog that expresses its
functionality in the temporal domain (Hoffmeyer, 2008). Therefore, the nature of the
contribution of TEs as major component of large organism genomes and main drivers of
genome evolution is evident (Fig. 1). In fact, the insertion of new sequences and or
mobilisation of TEs has made it possible to expand the genome complexity and extend the
range of possible combinations (Gregory et al., 2007; Lee and Kim, 2014; Bourque et al.,
2018; Fambrini et al., 2020). For example, different stressors, such as high and low
temperatures, and interspecific hybridisations can influence TE mobilisation
(Grandbastien, 1998; Lang-Mladek et al., 2010; Pecinka et al., 2010; Tittel-Elmer et al.,
2010; Ito et al., 2011; Bartlett and Hunter, 2018; Dubin et al., 2018; Rech et al., 2019). This
is not surprising, considering that some TE families contain sequences that constitute
stress response elements (SRES) in their own promoters and are sensitive to external
signals, such as biotic and abiotic stress (Cavrak et al., 2014; Wibowo et al., 2016; Dubin
et al., 2018; Vangelisti et al., 2019).

Given the extent of climate change recorded over the geological eras, it is very likely
that this strategy has been instrumental in favouring the expansion of the adaptive
solutions of many organisms. Additionally, given the irregularity with which periods of rapid
change have alternated with long periods of stability during evolution, it is equally likely
that TEs have been inserted as predicted by the theory of punctuated equilibria (Eldredge
and Gould, 1972). The coincidence between the greater diffusion of TEs and the periods
of more rapid change can be thought of as the best solution selectively available to
organisms to respond to the stress generated by the change. Neither climate change nor
genomic adaptation alone can have causal value, but the relationship between the two
does, implying that conditions of balance must exist between the flexibility of the host
genome and the proliferative capacity of TEs (Casacuberta and Gonzales, 2013; Gill et al.,
2021; Muyle et al., 2021).

Absolute stability would effectively prevent the evolution of hosts and TEs, while
excessive flexibility would inevitably lead to their extinction. From this perspective, it is

therefore interesting to consider which and how many mechanisms organisms have been
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able to devise to respond to the challenge represented by the diffusion of TEs, and how
these same mechanisms have allowed them to evolve towards levels of increasing
structural and functional complexity (Ali et al., 2021). In other words, if TEs have provided
the prime elements for the construction of a combinatorial syntax, the adaptive response of
organisms has provided semantic content to this growing digital grammar. One hypothesis
suggests that TEs have caused the genome to evolve towards levels of greater complexity
and to create new genes and increasingly complex gene regulation networks (Sundaram
et al., 2014; Rayan et al., 2016; Vicient and Casacuberta, 2017; Trizzino et al., 2018).

Despite these concepts, an arms race has been established between TEs and hosts,
and several mechanisms appear to have emerged during eukaryotic evolution to suppress
TE activity (Fig. 1). However, the consequence of the struggle between TEs and hosts
should be considered as a passage from a first phase characterized by the invasion of TEs
welcomed by the host as parasites, up to the evolution of mutualistic relationships between
TEs and hosts (Cosby et al. 2019).

An assortment of host-encoded mechanisms are known to repress eukaryotic TEs.
Most often, it involved epigenetic mechanisms relating to a variety of pre-transcriptional to
post-translational events (Fedoroff et al., 1995; Slotkin and Martienssen, 2007; Song and
Schaack, 2018; Deniz et al., 2019; Drongitis et al., 2019). Among the mechanisms most
frequently used by host genomes to counter their transposition are the methylation of DNA
cytosines, the modification by deacetylation of histone proteins, and silencing by
microRNA (miRNA) directed towards complementary transposable sequences and small
interfering RNA (siRNA) for RNA-directed DNA methylation (Law and Jacobsen, 2010; Ito
et al., 2011; 2013; Li et al., 2015; Zhang et al., 2018; Jansz, 2019; Koonin et al., 2020).
Overall, these epigenetic mechanisms tend to make most of the TEs dormant or inactive,
with the dual objective of repressing their activity and inducing a progressive compaction
of the chromatin of the adjacent regions (Oliver and Greene, 2009). Notably, this implies
that the compacted state of the adjacent chromatin can extend to the promoter of the
proximal gene and therefore suppress its expression (Dubin et al., 2018).

The presence of methyl groups on DNA molecules was discovered by Wyatt in 1951.
The methylation of DNA directly silences transcription. In animals, DNA methylation
regards cytosines placed in the dinucleotide CpG, but in plants, the CpHpG and CpHpHpG
patterns (where H = A, T, or C and p is a phosphate group) can also be of interest. Among

these modifications, 5-methylcytosine (5mC) and N4-methylcytosine (4mC) are the most
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studied. To date, these modifications can be predicted through three main approaches;
chemical conversion-based methods, enzymatic-based methods and direct DNA-based
methods (Lv et al.,, 2021). In mammals, DNA methylation, catalysed by DNA
methyltransferases (DNMTs), can be reversed by the ten-eleven translocation (TET)
proteins (Wu and Zhang, 2010). In plants, the regulation of DNA methylation is, to some
extent, independent of the different sequence contexts (Law and Jacobsen, 2010). For GC
sites, DNA methyltransferase (MET1) catalyses the transfer of a methyl group to cytosine
to maintain the epigenetic state during DNA replication. Cytosine-5 DNA
methyltransferases (C5-MTases) mainly accomplish two functions: recognition of a specific
DNA sequence and catalysis of the transfer of a methyl group from the cofactor S-
adenosyl-L-methionine (AdoMet) to carbon 5 in the pyrimidine ring of cytosine residues
(Kumar et al.,, 1992). CHG sites are methylated by CHROMOMETHYLASE3 (CMT3),
depending on the chromatin state of dimethylation of lysine 9 of histone H3 (H3K9me2)
(Law and Jacobsen, 2010; Zemach et al., 2010; Nicetto and Zaret, 2019). Since CHH
methylation does not have a template for maintenance, it must be methylated de novo
after replication. Asymmetric CHH methylation is maintained by de novo methylation,
which is catalysed by CMT3 and DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2), an ortholog of the mammalian Dnmt3a/b de novo methyltransferase (Chan et al.,
2005). DRM3, a catalytically mutated DNA methyltransferase paralog, also plays an
important role in establishing de novo cytosine methylation in all sequence contexts in the
process of RNA-directed DNA methylation (RdDM) by stimulating the activity of DRM2
(Henderson et al., 2010; Saze et al., 2012). The average level of cytosine methylation in
vertebrates is 3-8% of all cytosine, but the highest levels among eukaryotes have been
observed in plants, usually 6—30% (Chen et al., 2004), and up to 50% in some plants, e.g.,
maize (Suzuki and Bird, 2008). Such high methylation in plants is due to the methylation of
both CpG and CpHpG sequences while in animals, methylation usually only concerns
cytosines located in CpG dinucleotides (Pradhan and Adams, 1995). The presence of
DNA methylation in promoter regions may prevent RNA polymerase from binding via steric
hindrance, thereby inhibiting transcription. The removal of the methyl group from cytosine
(demethylation) can proceed in a passive or active way. In Arabidopsis, the DEMETER
(DME) family of DNA glycosylase actively removes DNA methylation by a base-excision
repair (BER) mechanism (Choi et al., 2002; Gong et al., 2002; Agius et al., 2006) and thus
has a key role in the plasticity of the epigenome (Zhu et al., 2007; Zhu, 2009).
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In a wide range of plants, genes and TEs adopt distinct patterns of methylation. Plant
genes tend to have low levels of methylation at CHG and CHH sites within the coding
regions, while different patterns have been observed in CG sites, which can exhibit
different ratios between exons and intron methylation levels (Feng et al., 2010; Bucher et
al., 2012; Finnegan, 2012; Bourque et al., 2018; de Mendoza et al., 2018; Usai et al.,
2020a). CHG methylation is rare in exon regions; conversely, the occurrence of extensive
methylation is common in introns (Zhang et al., 2006; Zilberman et al., 2007; Cokus et al.,
2008; Rigal and Mathieu, 2011; Bucher et al., 2012; Rigal et al., 2016; Zakrzewski et al.,
2017); in many instances, these introns contain a complete or defective TE (Roudier et al.,
2011; Du et al.,, 2012; Hirsh and Springer, 2017; Zhang et al.,, 2018). Maintaining
methylation in non-CG sites of heterochromatic TEs also requires the activity of CMT2
(Zemach et al., 2013). Lysine 9 methylation of histone H3 (H3K9me2) is mediated by the
SET domain of SU (VAR) 3-9 HOMOLOGUE 4/KRYPTONITE (SUVH4/KYP), SUVH5, and
SUVH6 proteins, which promotes the binding of CMT3 to chromatin and maintains
methylation in CHG sites (Law and Jacobsen, 2010; Du et al., 2012). Furthermore, the
activity of DECREASE IN DNA METHYLATION 1 (DDM1) is required both to modify the
chromatin conformation and to maintain the DNA methylation patterns of the TEs inserted
in the heterochromatic regions, which are distinct targets of the RNA-directed DNA
methylation (RADM) pathway (Stroud et al., 2013; 2014; Zemach et al., 2013).

The ddm1 mutant of Arabidopsis is unable to methylate DNA in centromeric repeats
(Vongs et al., 1993). These mutants have become a useful tool for studying the role of
epigenetic silencing and activation processes in specific plant TE classes (Gendrel et al.,
2002; Lippman et al., 2003; 2004). An explicative example is the FLOWERING
WAGENINGEN (FWA) locus of Arabidopsis: in this circumstance, a SINE element,
immediately upstream of the FWA coding region, was epigenetically silenced in the
vegetative tissues (Soppe et al., 2000). This process involved small RNAs and DNA
methylation (Kinoshita et al., 2007). The ectopic expression of FWA in ddm1 causes a late
flowering phenotype. A second epiallele, bonsai (bns), originated from the ddm1l mutant
after activation of a non-LTR-RE downstream of the BNS coding sequence (Saze and
Kakutani, 2007). Through genetic selection of mutants, which showed an increase in
methylation, in the INCREASE IN BONSAI METHYLATION 1 (IBM1) protein, the
JUMONJI domain was also identified (Saze and Kakutani, 2007; Saze et al., 2008). IBM1
is a member of the JHDM2/KDM3 family, which includes plant-to-mammal conserved

H3K9me demethylases (Klose et al., 2006; Sun and Zhou, 2008; Shen et al., 2014). The
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iboml mutation induced a combination of developmental abnormalities, which were
suppressed by mutants in both KYP/SUVH4 and CMT3 genes. The results suggested that
the ectopic location of chromatin methylation H3K9me and CHG sequences was
responsible for the developmental abnormalities induced by ibm1 (Saze et al., 2008). The
ibm1l mutation induced extensive hypermethylation in thousands of genes in all
chromosomal euchromatic regions. Hypermethylation was specific for CHG sites within
genes. Therefore, it has been proposed that IBM1 can protect transcribed genes from
CHG methylation and maintain genome integrity by distinguishing between genes and TEs
(Miura et al., 2009).

Methylated and silenced TEs are generally excluded from gene regions, suggesting a
trade-off between gene expression and TE silencing (Hollister and Gaut, 2009). Despite
this, genomic-level studies in eukaryotes showed that there were substantial numbers of
intragenic TEs in both animals and plants (Nekrutenko and Li, 2001; Jiang and
Ramachandran, 2013; Choi and Purugganan, 2018). In addition, host factors such as
IBM2/ANTI-SILENCING 1 (ASI1)/SHOOT GROWTH 1 (SG1) and ENHANCED DOWNY
MILDEW 2 (EDM2), which are specifically required for gene transcription in
heterochromatic regions, have been identified (Saze et al., 2013; West et al., 2014).

In Arabidopsis, the epigenetic modification of a TE can attenuate, rather than
eliminate, gene expression. Actually, epigenetic silencing of a TE inserted into the first
intron of the FLOWERING LOCUS C (FLC) gene is associated with a reduced expression
of this gene in natural populations, a property that may have been selected for the
evolution of late flowering accessions (Liu et al., 2004). It might be expected that the
genomes of plants with a large amount of TEs would show more of this type of variation.
Furthermore, the rice genome, which is considerably larger than the Arabidopsis genome,
shows evidence for several TEs that appear to regulate neighbouring genes by antisense
transcription. In plants, LTR-REs are generally methylated and transcriptionally inactive
(Gehring et al., 2009; Usai et al., 2021). However, non-methylated LTR-RES can become
transcriptionally active, resulting in transcriptional activation that extends into the flanking
sequences (Kashkush et al., 2003). Dasheng is an RE that is polymorphic in numerous
rice species and subspecies (Jiang et al., 2002); the expression of some Dasheng
presents tissue-specific DNA methylation correlating with nearby gene expression tissue
specificity (Kashkush and Khasdan, 2007). Furthermore, non methylated copies of
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Dasheng REs impact host gene expression by producing antisense chimeric transcripts

that putatively promote mRNA degradation (Kashkush and Khasdan, 2007).

Notably, flowering plants have epigenetic control of the spatial distribution of TEs
during the fertilisation process. In Arabidopsis, the pollen vegetative nucleus undergoes a
programmed loss of heterochromatin, resulting in TE activation, TE transposition, and TE
siRNA production (Slotkin et al., 2009). These epigenetically activated siRNAs accumulate
at higher levels in the neighbouring sperm cells in which TEs are transcriptionally silenced.
The authors suggested that the vegetative nucleus sacrifices the integrity of its genome to

provide protective siRNAs to sperm cells.

In addition to transcriptional silencing phenomena, post-transcriptional inactivation
mechanisms of TEs are also active. RNA interference (RNAI) is one of the main
mechanisms by which double strand RNAs (dsRNAs) are cleaved by members of the
DICER protein family into short sequences of 21-30 nucleotides that originate in the
siRNA that drives the RNAI (Lee et al., 2004; Leuschner et al., 2006). Argonaute (AGO)
proteins bind to siRNAs and form the RNA-induced silencing complex (RISC), in which
siRNAs recognize the target genes with complementary sequences and AGO proteins

cleave and repress the targets (Ghildiyal and Zamore, 2009).

In Drosophila melanogaster, a series of studies demonstrated one of the most
interesting post-transcriptional control mechanisms for the diffusion of TEs. P TEs are one
of the best-studied eukaryotic transposons in metazoans (Majumdar and Rio, 2015).
These elements were initially discovered in the late 1960's because they cause a
syndrome termed hybrid dysgenesis in D. melanogaster (Hiraizumi, 1971). Hybrid
dysgenesis is the appearance of a set of unusual characteristics in the progeny of crosses
between certain strains of D. melanogaster (Bucheton et al., 1984). The molecular cloning
and biochemical characterization of the P element transposition reaction have led to
general insights regarding eukaryotic cut-and-paste-transposition (Bingham et al., 1982;
Bucheton et al., 1984). Two independent systems of hybrid dysgenesis, I-R and P-M, are
known, and strains of D. melanogaster may be classified as one of two types with respect
to each system (Bingham et al., 1982; Bucheton et al., 1984). In the last years, P-element-
induced wimpy testis (PIWI)-interacting RNAs (piRNAs) were demonstrated to be master
repressors of TE activities in D. melanogaster (Luo and Lu, 2017; Luo et al., 2020). This
small non-coding RNAs identify their targets, mRNAs of active TEs, through perfect or

nearly perfect antisense matching (Brennecke et al., 2007). piRNAs repress their target
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mMRNAs through a “Ping-Pong” cycle (Czech and Hannon, 2016). The interaction between
piRNAs and TEs also explained the hybrid dysgenesis for the I-R and P-M systems (Luo
and Lu, 2017). In addition, the population genetic analysis showed the importance of
PiIRNA protection to the host organism. In particular, Luo et al. (2020) suggested that the
de novo generation of piRNAs is a key mechanism to repress the newly invaded TEs.
Thus, it was demonstrated the existence of an evolutionary arms race between the copy
numbers of TEs and the abundance of antisense piRNAs at the D. melanogaster

population level (Luo et al., 2020).

While epigenetic modifications and post-transcriptional/translational suppression may
act against the activation of TEs, much less known are the molecular processes involved
in the targeted removal of individual TEs. Unequal homologous recombination between
invariant, TE-flanking target site duplications, is a probable mechanism to remove
exclusively young TEs that are usually flanked by perfect short duplications (van de
Lagemaat et al.,, 2005). The efficiency of such homology-dependent illegitimate

recombination is also recognized in the formation of isolated-LTRs (Shirasu et al., 2000).

Finally, if the ultimate purpose of TE regulation is to achieve a condition of
equilibrium in the control of their gene expression, those effects that result from excessive
silencing by the host deserve to be considered as well. Although a pronounced
proliferative activity of TEs is in itself deleterious, even their too efficient silencing can have
equally negative consequences, particularly when the TEs associated with the host's
genes are silenced. In essence, the host genome will have to avoid excessive repression
of gene expression, reducing its redundancy, and with it the same evolvability, forcing the
population to survive in a too narrow ecological niche. Balanced management of genetic
and/or epigenetic regulation should instead allow the host to efficiently co-opt many
genetic variations, which, in the long term, could prove to be evolutionarily advantageous
(Schrader and Schmitz, 2019).

As in all dynamic situations in which equilibrium is a point of arrival rather than of
departure, the problem arises from knowing whether the epigenetic regulation of TEs
represents the functional response that the host has been able to implement to limit their
proliferation or vice-versa, whether it is the very existence of epigenetic mechanisms that
have allowed the TEs to spread in all eukaryotic organisms and enrich their syntactic
heritage.
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However, despite the apparent contradiction, it is interesting to recall the
interpretation of Fedoroff (2012), according to which it was precisely the evolution of
epigenetic mechanisms in prokaryotes that favoured homologous genome recombination
and consequently TE accumulation. Therefore, it would not be the epigenetic mechanisms
to oppose the diffusion of TEs but the opposite, namely that the TEs would have
accumulated in the genomes of all living organisms because of the existence of epigenetic
silencing mechanisms. Despite the plausibility of this interpretation, however, it will be
necessary to undertake much more research before a shared and essentially historical
interpretation can be reached regarding the origin and diffusion of TEs in eukaryotes.

6. Conclusions

In conclusion, this review has partly shown how TEs have developed strategies to
ensure maximum proliferation and how the host genomes have opposed the invasion,
evolving epigenetic mechanisms to silence the expression and mobility of TEs. In the
absence of a functional attribution, TEs were initially interpreted as ‘selfish’ or as ‘junk.’
This is a distorted view of repeated sequences that is unfortunately still abused but no
longer makes sense considering the role of TEs now recognised in the evolution of
organisms. Many TEs encode a wide range of biochemical activities that normally benefit
their own propagation. For example, TEs often contain promoter or enhancer elements
that highjack cellular RNA polymerases for transcription, and autonomous elements
encode proteins with various biochemical and enzymatic activities, all of which are
necessary for the TE to replicate. Considering what has been discussed, it should also be
evident that there was, and could not have been, any pre-existing TE function and that all
silencing mechanisms implemented by the host genomes emerged over time, gradually
transforming their relationship from competitive to cooperative.
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Legend of figures.

Fig. 1. Features and effects of transposable elements (TES) into host genomes.

Fig. 2. Schematic representation of transposable elements (TEs) activation and

mobilization. The combination of TE activity and epigenetic-mediated control impact host

evolution.
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