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The evolutionary success of vertebrates lies in the functional and structural
complexity of their genomes. An increasing number of papers has provided
support to the observation, initially made by Barbara McClintock (1956), that
transposable elements (TEs) play a key role as drivers of genome diversity
and hence of speciation. Indeed, TEs are known to influence the plasticity and
structure of the genome thanks to their transposition and recombination
ability. Vertebrate genomes are largely made up of TEs that contribute to the
genome size and architecture. During evolution, vertebrates have faced
significant environmental changes and transitions leading to extinction or
adaptation and speciation. These events of environmental instability were
accompanied by transposition bursts likely due to impaired TE silencing
mechanisms.

In line with these premises, the aim of this PhD thesis was to investigate the
impact of TEs in genome composition and how their activity and related
silencing mechanisms respond to variation of abiotic factors. I focused my
attention on ray-finned fish, adapted to different ecological niches and
responsive to environmental changes. For comparison, basal sarcopterygian
species, interesting for their genome size and phylogenetic position, were also

investigated.
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1.1 Genome composition

In eukaryotes, the haploid DNA content (C-value) varies widely across
lineages without an apparent correlation with the complexity of organisms.
This incongruity has been called the C-value paradox and has been solved by
demonstrating not all DNA is made up of genes but, on the contrary, most of
it is constituted by non-coding DNA and often by repetitive DNA. This kind
of DNA includes sequences present in multiple copies in the genome and can
account for up to 90% of the genome size in some species (Biscotti et al.
2015; Lopez-Flores and Garrido-Ramos 2012). Repetitive DNA can be
grouped into two main types: tandem repeats (TRs) and interspersed repeats
that include transposable elements (TEs). Tandem repeats are sequences
ranging from few to mega bases and are classified, based on the size of the
repeat, in three major classes: microsatellites (short repeat units, usually <10
bp), minisatellites (longer units, between 10 and 100 bp), and satellites (units
>100 bp). Mini and microsatellites have gained increasing attention over the
past decade due to their contribution to intraspecies genetic diversity and use
as genetic markers in population genetic studies. Satellite DNAs (satDNAs)
have key roles in centromere function, heterochromatin formation and
maintenance, and chromosomal pairing. Indeed, they can be found

predominantly in pericentromeric, subtelomeric, and interstitial regions,



forming building blocks of constitutive heterochromatin that constitute the
centromeres and telomeres. Moreover, satDNAs promote genome plasticity
and modulate genomic architecture by promoting rearrangements (Plohl et al.
2014; Louzada et al. 2020; Heslop-Harrison and Schwarzacher 2013).

As regard the other class of repetitive elements, TEs are ubiquitous in both
prokaryotes and eukaryotes. These genetic elements can mutate genomes by
transposing to new locations or by facilitating homology-based recombination
due to their abundance in the genome (Ahmed and Liang 2012). In
vertebrates, the increasing number of sequenced genomes has shown that
differences in genome size between lineages are ascribable to a variation in
transposon content. These mobile elements, previously perceived as “junk
DNA” or “selfish DNA”, are now recognized as the major players in shaping
genomes. During vertebrate evolution, TEs have been repeatedly co-opted
and exapted to generate regulatory sequences, coding exons, or entirely new
genes that lead to evolutionary advantages for the host. Moreover, TEs are
also responsible for substantial rearrangements such as insertions, deletions,
inversions, and duplications potentially associated with, or following,

speciation events (Biscotti et al. 2019).



1.2 Transposable elements

Among repetitive sequences, TEs are genetic elements characterized by the
ability to insert themselves in novel genome locations of the host and to
increase in number by replication. Therefore, they are responsible for
generating genetic variability on which natural selection acts and they can

create pronounced differences in genome size (Garrido-Ramos 2017).

1.2.1 History: Barbara McClintock and the “jumping gene”

Some of the most famous genetic discoveries have been made using model
organisms that are easily exploited by scientists due to their wide availability
and ease of maintenance and proliferation. Around the 1950s Barbara
McClintock, an American biologist, used the Zea mays (maize), a perfect
organism for genetic analyses since each grain is an embryo produced by an
individual fertilization, and thus hundreds of descendants can be marked on a
single ear. This paved the way for the study of cytogenetics.

Together with Harriet Creighton, she provided the first experimental evidence
that genes were physically located on chromosomes studying the genetic
recombination. In particular, she described the phenomenon called crossing-
over that is exchange and genetic recombination between parts of

chromosomes during meiosis, which is fundamental for understanding genetic



variability. This was in line with the ideas proposed by Thomas Hunt Morgan
who suggested the link between genetic traits and the exchange of genetic
material between chromosomes. Thus, she discovered the existence of
transposons, i.e. portions of DNA capable of moving from one chromosome
to another.

McClintock's work was ground-breaking, suggesting the genome of
organisms is subject to alteration and reorganisation. This concept was met
with criticism but then in 1983 she was awarded the Nobel Prize for her study
on the role of transposons and also for other contributions to the field of
genetics.

Moreover, Barbara McClintock was the first scientist to investigate
epigenetics or heritable changes in gene expression. In particular, she
demonstrated that genes can be expressed and silenced during mitosis. This
theory was proposed before understanding the molecular structure of DNA
and the mechanisms of epigenetics, confirming herself as an innovator in this

field (Pray and Zhaurova 2008).

1.2.2  Classification of TEs
TEs are DNA sequences capable of replicating, moving, and integrating into

new regions of the genome. On the basis of their transposition mechanism,



TEs can be distinguished into Class I retroelements or retrotransposons and
Class II DNA transposons (Goerner-Potvin and Bourque 2018; Bourque et al.

2018) (Figure 1).
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Figure 1. Mobile genetic element classification based on transposition mechanisms (Carducci et al. 2020).

Class I elements transpose via RNA intermediaries and are characterized by a
copy and paste transposition mechanism. Their RNA intermediate is reverse-
transcribed into its complementary DNA by a reverse transcriptase (RT)
encoded by the mobile element. Reverse transcription is followed by
reintegration of the new copy into the host genome. Through the copy and
paste mechanism of transposition, Class I elements are the main source of
increased repetitive fractions, thereby having a major impact in large
genomes. Class I mobile elements are composed of long terminal repeat
(LTR) and non-LTR subclasses. LTR retrotransposons are characterized by

long terminal repeats that confer the ability to transpose. LTR
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retrotransposons are structurally composed of gag and pol genes: the former
encodes viral structural particles and the latter encodes the complete
retrotranscription machinery (reverse transcriptase, ribonuclease H, and
integrase). In contrast to LTR retrotransposons, exogenous retroviruses
possess the env gene, which encodes the viral envelope. However, traces of
the env gene have been found also in LTR retrotransposons. Dictyostelium
Intermediate Repeat Sequence (DIRS), considered the most complex LTR
retroelements, is structurally characterized by a tyrosine recombinase (YR)
instead of an integrase and by inverted terminal repeats. non-LTR
retroelements include Long Interspersed Nuclear Elements (LINEs) and Short
Interspersed Nuclear Elements (SINEs). The former are autonomous
retroelements constituted by two open reading frames (ORFs) and a poly A
tail at the 3’ end. Generally, ORF2 encodes a reverse transcriptase and an
endonuclease protein. In contrast, SINEs are RT-lacking retroelements and
need RT encoded by autonomous elements to transpose. Finally, another
group of Class I elements, Penelope retroelements, must be considered
separately due to their very large diversity in terms of structural features. The
common components are pseudo-LTRs (pLTRs), a reverse transcriptase, and

an endonuclease.

11



Class II mobile elements use a DNA intermediate to transpose their genomic
DNA copies into a novel chromosomal position and can be divided into
subclasses I and II. Subclass I consists of two main elements: TIR and
Crypton. TIRs are autonomous elements characterized by terminal inverted
repeats (TIRs) and a transposase through which transposition occurs via a cut
and paste mechanism, in which both DNA strands are cleaved. The DNA
transposons hAT, Merlin, Mutator, PiggyBac, PIF-Harbinger, Tc1-Mariner,
and Transib can be found in this subclass. Crypton elements use a tyrosine
recombinase (YR) in the transposition mechanism probably involving
recombination between a circular intermediate and the DNA target. Helitrons
and Maverick are the two major representative elements of subclass II. These
DNA elements transpose via a copy and paste mechanism. Helitron DNA
transposons replicate using a rolling-circle mechanism and encode for a
replication initiation (Rep) and a DNA helicase (Hel), while Maverick
transposons encode for an integrase, an ORF, and a polymerase B. For
polymerase B, transposition involves a single-strand excision phase,
extrachromosomal replication, and consequent reintegration into a new
location. Miniature Inverted Transposable Elements (MITEs), also grouped in
Class II, do not encode a transposase, therefore, they exploit transposases

encoded by autonomous elements to move throughout the genome.
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1.2.3  Tools of TE analysis

The advent of high-throughput sequencing technologies and bioinformatics
has provided a wealth of genomic data that is extremely useful for obtaining
more precise information about the genomes of model and non-model
organisms.

The identification of TEs and their annotation are extremely important to
characterize these elements in the genome. Various tools have been developed
in relation also to the availability of the assembled genome. With an
assembled genome, repository-based annotation can be performed, or
alternatively, in absence of genome assembly, de novo annotation using raw
reads can be used. While the repository-based RepeatMasker is currently the
best choice for TE annotation, de novo approaches are excellent for
identifying new TE families.

Given the importance of classifying items de novo, such tools can be used to
achieve increasingly comprehensive and complete results. The performance
of repository based annotation tools is linked to the quality and specificity of
the databases used. The most widely wused tool 1s RepeatMasker
(http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker) that screens DNA

sequences for interspersed repeats and low complexity DNA sequences. The
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output provided by this software is a detailed annotation of the repeats that are
present in the query sequence and a modified version of the query sequence in
which all the annotated repeats have been masked. Currently, over 56% of
human genomic sequence is identified and masked by the program. Sequence
comparisons in RepeatMasker are performed by one of several popular search
engines such as nhmmer, cross_match, ABBlast/WUBlast, RMBlast and
Decypher. RepeatMasker uses curated libraries of repeats and currently
supports Dfam (profile HMM library derived from Repbase sequences) and
Repbase, a service of the Genetic Information Research Institute.

To annotate newly sequenced genomes and identify missing TEs from
RepeatMasker genome annotations, most popular tools for de novo annotation
using assembled genomes are RECON (Bao and Eddy 2022), RepeatScout
(Price et al. 2005), RepeatModeler (Smit and Hubley 2018) and phRAIDER
(Schaeffer et al. 2016). Despite they might include false positives, a high
percentage of TEs and novel families are annotated by these tools. For
example, in the human genome an additional 10% or more is assigned to TEs.
De novo annotation tools use low coverage sequencing data to assemble TEs
and other repetitive sequences directly from raw reads. One of the first tool
was RepeatExplorer (Novak et al. 2013) initially published as algorithm to

identify TEs from next generation sequencing (NGS) reads, then used as
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cluster with RepeatMasker. In line with this principle, dnaPipeTE (Goubert et
al. 2015) was designed to find, annotate, and quantify TEs in small samples of
NGS datasets. It is very useful to quantify the proportion of TEs in newly
sequenced genomes since it does not require genome assembly and works on
small datasets. Finally, with REPdenovo (Chu et al. 2016) it is possible to
assemble long repeats and identify missing reference TE. Recently, RepL.ong
(Guo et al. 2018) was developed for long-read de novo TE annotation. This
tool is the most sensitive by assigning 35% of the human genome to repeats.

Globally, TE assembly tools here described are excellent methods for
annotating TEs in all those organisms for which there is no reliable reference
genome. Tools used in repository-based annotation or de novo annotation of
assembled genomes are more sensitive than these latter methods. However,
they are able to assign a higher percentage of the genome to repeats including

TEs that are absent in RepBase (Goerner-Potvin and Bourque 2018).

1.3 Regulation of TE transcription

TEs can be co-opted to benefit the host and be a source of genetic diversity
and regulatory innovations. However, through insertions in coding-gene
regions, TEs can have deleterious effects that can lead to decreased host

fitness. To counteract the threat posed by TE transposition and new insertions,
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different lineages have evolved protective mechanisms. For example, during
the first days of embryogenesis TEs are repressed through RNA- and protein-
based epigenetic mechanisms.

Kruppel-associated zinc finger box proteins (KRAB-ZFPs) constitute a large
family of transcription factors that first emerged more than 350 million years
ago in the genomes of higher vertebrates. These are encoded by hundreds of
genes and are involved in TE silencing, including endogenous retroviruses,
LINE retroelements, and SINEs (Ecco et al. 2016). During the expansion of
this gene family, they underwent strong positive selection at positions
encoding for amino acids predicted to determine DNA-binding specificity,
consistent with a role in countering rapidly mutating genetic invaders (Jacobs
et al. 2014; Emerson and Thomas 2009). KRAB-ZFPs contain in the C-
terminal an array of zinc fingers motifs to bind DNA and in the N-terminal
the KRAB domain to recruit their co-repressor, belonging to the TRIM
family, Tripartite Motif Containing 28 (TRIM28) protein also called KRAB
associated protein 1 (KAP1). This protein includes the RING, B-box, coiled-
coil (RBCC) motif consisting of a RING domain with ubiquitin E3 ligase
activity, two B-box type zinc fingers, and a coiled-coil domain. The KAPI
binding surface of the KRAB domain is enriched in exposed hydrophobic

amino acids and recognizes a hydrophobic patch in the core region of the
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KAPI1 coiled domain. The hydrophobic core is surrounded by a network of
polar interactions and salt bridges. Recently, Stoll and colleagues (2022) have
evidenced that the amino acids involved in the binding with KAP1 (Asps,
Val9, llel1, Phel3, Glul7, Trpl8, Leu2l, Tyr29, Val 32, and Met33) are
conserved and required for silencing. KRAB domain forms contacts with both
the subunits of the KAP1 dimer by binding in different regions. The amino
acid sequences of the KRAB-ZFP KRAB-A box are highly conserved in
tetrapod vertebrates, with the exception of a small KRAB-ZFP subset, which
appears to have acquired KAPI-independent functions (Helleboid et al.
2019).

The central part of KAPI contains a PxVxL motif that recruits
heterochromatin protein 1 (HP1), essential for transcriptional silencing, and
the DNA Methyltransferases (DNMT1 and DNMT3A), which allow the
deposition of transcriptional repressive marks. In the C-terminal region it is
present a PHD bromodomain that recruits the SUMO E2 ligase Ubc9 to
SUMOylate several lysines in the bromodomain. This post-translational
modification is required for the recruitment and activation of the histone
methyltransferase SETDB1, which adds the H3K9me3 mark, and the
recruitment of the Nucleosome Remodelling and Deacetylase (NuRD)

complex (Stoll et al. 2019). This latter is one of the major chromatin
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remodelling complexes found in cells and contains the histone deacetylases 1
and 2 (HDACI1 and HDAC?2), the chromatin helicase DNA binding protein 4
(CHD4), the Retinoblastoma-binding protein 4 and 7 (Rbbp4 and Rbbp7),
either the zinc-finger proteins GATA Zinc Finger Domain Containing 2A or
2B (GATAD2a and GATAD?2b), two Metastasis-associated Proteins (MTAI,
MTAZ2, and/or MTA3), and the Methyl-CpG Binding Domain Protein 2 or 3
(MBD2 or MBD3). Although this mechanism was initially presumed to only
act during early development, an increasing number of papers suggests that it
may be also functional in adult tissues (Carotti et al. 2022; Carotti et al. 2023;
Carducci et al. 2021; Pappalardo et al. 2021).

Another conserved mechanism of TE silencing is based on the action of
Argonaute proteins (AGOs) that use small non-coding RNAs (ncRNAs), such
as small interfering RNAs (siRNAs) and microRNAs (miRNAs), to degrade
the mRNAs, to repress translation, and to form heterochromatin. These small
RNAs are produced through the activity of DROSHA and DICER proteins.
The former acts in the nucleus, loading double-stranded RNA substrates,
helped by the DiGeorge Syndrome Critical Region Gene 8 (DGCRS), and
modifying them to produce miRNA precursors. DICER cleaves these
molecules as well as endogenous or exogenous siRNAs in the cytoplasm

(Carducct et al. 2021). AGOs interact with trinucleotide repeat containing
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adaptor 6 (TNRC6) called also multiple glycine/tryptophan repeats (GW or
WG). This protein, together with Ago proteins, exerts its silencing activity in
siRNA and miRNA pathways via multiple domains. Indeed, the Ago2-
GWI182 interaction is critical for the localization of Ago2 in the cytoplasmic
foci and its repression function. Knockdown either GW182 or Ago2 causes
loss of silencing activity correlating with the disassembly of cytoplasmic foci
named GW bodies (GWBs) (Yao et al. 2013). GWBs are enriched in proteins
that are involved in mRNA degradation, repressing translation, and enhancing
mRNA turnover. Recent works have reported that exogenously introduced
human Ago2 is also enriched in GW bodies, indicating that RNA interference
function may be somehow linked to these structures (Braun et al. 2013;

Jakymiw et al. 2005).

1.4 TE and environment: the influence of abiotic factors

Various interactions exist between genome size, transposons and base
composition, as well as between these and the environment. In some cases,
the environmental factors would seem to be the direct cause of changes in size
and/or genome composition, while in other cases genome characters influence
some cell structures and functions (Olmo 1983; Vinogradov 1999); thus, these

relationships may not be always simple and linear.
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The evolutionary success of species is strictly related to their ability to adapt
to the environment and to cope with changes of environmental conditions.
Phenotypic plasticity is the main mechanism used by organisms to response to
rapid environmental perturbations. Indeed, it can produce well-adapted
phenotypes that in turns might improve the fitness of organisms. Phenotypic
plasticity is also the result of environmental sensitivity of genome that
through modifications in the heterochromatin structure varies the expression
not only of genes but also of TEs.

Recently, an increasing number of papers has reported the influence of abiotic
factors such as temperature, salinity, and pH on TE activity, suggesting a role
of mobile elements in the regulation of mechanisms responsible for
environmental adaptation. Indeed, changes in the abiotic factors can cause
variations in the epigenetic status leading to gene activation but also to the
impairment of transposon silencing mechanisms inducing the activation of
TEs with possible creation of genetic variability. Therefore, TEs represent a
powerful adaptive response to environmental perturbations.

Recently, many researches on transposons have shown that their activity is
stimulated by various environmental stressors (Canapa et al. 2015; Carducci
et al. 2019b; Pappalardo et al. 2021), such as temperature, thermal shocks,

radiations, chemicals, and viral infections (Capy et al. 2000; Fujino et al.
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2021; Garcia Guerreiro 2012; Carducci et al. 2019b). In some cases, these
stressors would act directly on transposons with a mechanism typical of
defensive gene activation, since some transposons have sequences similar to
the promoters of these genes (Takeda et al. 1999; Capy et al. 2000). However,
in many other cases, the action would mainly depend on a temperature-
dependent activation of transposase (Capy et al. 2000; Fujino et al. 2021;
Carducci et al. 2019b). Besides to be involved in transposon activation,
temperature is one of the most important elements of natural selection able to
interact both with base composition and genome size. Studies conducted on
base composition have clearly shown that body temperature affects GC
percentage. This effect is evident in structural changes of macromolecules. In
accordance with the “thermodynamic stability hypothesis”, higher GC values
are directly related to an increased DNA thermostability (Bernardi 2004)
which in turn influences RNA composition and chemical and physical
properties of proteins, which in species showing this genomic feature are
richer in hydrophobic amino acids (Canapa et al. 2020).

In addition to temperature, salinity is an abiotic factor that influences the
adaptation of marine and freshwater organisms. Variations in this parameter
can represent a possible stress that threatens the survival of aquatic species. In

teleosts, the physiology and morphology but also the genomic composition
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are influenced by changes of environmental salinity due also to the migratory
ability for some species (Palzenberger and Pohla 1992; Friedman et al. 2012;
Evans et al. 2005). A recent analysis of five teleost species (i.e. zebrafish,
medaka, stickleback, takifugu, and pufferfish) has showed that small
differences of the average genome base composition hide great differences at
the genome organization level. Furthermore, within the genome of the green
spotted pufferfish the GC-rich genes showed higher transcriptional levels than
GC-poor ones. Comparisons between migratory and non-migratory species
have showed GC%, gill area, and metabolic rate significantly higher than
non-migratory species (Tarallo et al. 2016).

The relationship between TE activation, environmental changes, and species
adaptation is still poor understood and many questions remain unsolved. This
topic is extremely interesting to be explored in fish species that are sensitive

to variations in the environment even more in the context of climate changes.

1.5 Evolutionary success of vertebrates and their mobilome

Functional and structural complexity of the genome allowed the evolutionary
success of vertebrates. One of the key components is represented by TEs,
considered the major drivers of genomic and biological diversity. Their

activity 1s responsible for genome expansion and chromosomal
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rearrangements (Rebollo et al. 2010; Zhang et al. 2011; Auvinet et al. 2018),
but also generates regulatory sequences, coding exons or entirely new genes
that may represent evolutionary advantages for the host (Carducci et al.
2019a). It is important to underline that the transposon content varies
considerably between lineages as I reviewed in the papers number 3.1 and 3.2
presented in the section Articles. Indeed, birds and pufferfishes present low
amount of TEs while in elephant shark, lamprey, coelacanth, Xenopus,
mammals, and non-bird reptile genomes mobile elements are widely
represented (>20%). Moreover, TE composition varies among the genomes of
vertebrates: DNA transposons are prevalent in Xenopus and some teleosts
(tilapia, platy fish, medaka, cod, zebrafish, and European eel); LINE and
SINE retroelements prevail in non-bony vertebrates, some actinopterygian
fish (fugu and spotted gar), coelacanth, chicken, and mammals (Chalopin et
al. 2015).

The differences in TE type and content in vertebrates might be the results of
the significant transitions and severe ecosystem changes that have
characterized the evolution of this taxon. One of the most important step was
the transition from water to land. The terrestrial vertebrates would have
derived from fossil forms of lobe-finned fishes as coelacanths and dipnoans,

dated in the Devonian (400 Mya) (Cloutier and Ahlberg 1996). The first
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living coelacanth (Latimeria chalumnae) was found off the estuary of river
Chalumna, in South Africa and represents the only unique extant
representative of the lineage from which dipnoans (lungfish) and tetrapods
should have arisen (Amemiya et al. 2013; Pallavicini et al. 2013). This
discovery was a great surprise since around the 1940s only two
sarcopterygian taxa, dipnoans and tetrapods, were considered to have
survived post-Devonian extinction.

With 26 TE superfamilies in its genome, coelacanths present the highest TE
richness, in which LINE and SINE retroelements are dominant and have had
at least one major middle-aged transposition burst and some recent LINE
copies (Chalopin et al. 2015). While coelacanths have a genome size
comparable to that of human (3.5 Gb), lungfish are characterized by very
large genomes (40-130 Gb) (Figure 2) (Wang et al. 2021; Amemiya et al.
2013). Moreover, the activity of TEs in these two basal sarcopterygians
showed clear differences. Indeed, in lungfish Protopterus annectens it has
been recorded a lower TE activity than coelacanths, in line with the
hypothesis that its genome is mainly made up of no active mobile elements
(Biscotti et al. 2016; Biscotti et al. 2017; Metcalfe et al. 2012; Metcalfe and

Casane 2013). This can be explained by the hypothesis of an ancient burst of
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transposition followed by a long period of degeneration creating a “cemetery
of TEs” (Wang et al. 2021; Sirijovsky et al. 2005).

Among vertebrates, also salamanders (Amphibia, Caudata) present large
genomes ranging from 13.89 to 120.60 Gb. Indeed, Caudata shows a great
variation in genome size also considering metamorphic and neotenic species,
with the smallest and the largest genomes, respectively (Biscotti et al. 2020).
In this taxon as in lungfish, the transition to land was accompanied by a high
proliferation of TEs leading to organisms with giant genomes (Carducci et al.
2019a; Metcalfe et al. 2012; Sun et al. 2012b; Canapa et al. 2015; Biscotti et
al. 2016). This feature in salamander genomes has been explained by
observing a reduced DNA loss rate and the accumulation of TEs, in particular
of LTR retrotransposons (Sun et al. 2012a). Moreover, the genomic expansion
in lungfish lineage, dated in the Carboniferous (360-320 Mya), occurred
independently (Meyer et al. 2021; Liedtke et al. 2018) and earlier than that of
amphibian lineage, started in the Permian (280 Mya) up to the Middle
Jurassic (208 Mya) (Laurin et al. 2016; Organ et al. 2016; Liedtke et al.
2016). This is in line with data obtained during my PhD project showing that,
differently from lungfish, the mobilome of the newt Cynops orientalis
presents younger TE copies responsible for the higher values of activity

observed in this species (Biscotti et al. 2020). Moreover, in the transcriptome,
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the major impact was due to non-LTR retroelements. Furthermore, by
evaluating TE silencing pathways, we confirmed that the NuRD complex was
active also in adults and that their expression was elevated in the gonads to
preserve genome integrity. The findings obtained are presented in the paper

number 3.3 in the section Articles.
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Figure 2. Cladogram showing evolutionary relationships between the main lineages of chordates. Whole
Genome Duplication (WGD) events in vertebrate evolution are indicated in red: 1R and 2R occurred before
the divergence of Vertebrata, 3R in teleosts and 4R* in salmonids, cyprinids, and catfishes (Canapa et al.
2020).

Among vertebrates, actinopterygians are one of the most successful and
diverse groups with over 30,000 species (www.fishbase.org). Several
molecular phylogenetic analyses have shown that polypterans are a basal

lineage of ray-finned fishes. The order Acipenseriformes includes two
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families: Acipenseridae (sturgeons) and Polyodontidae. Holostei and
Teleostei are part of the Neopterygii, a group of fish that appeared in the late
Permian and is characterized by improved swimming skills and feeding
mechanisms that allowed the colonization of a wider range of habitats.
Teleosts appeared in the late Triassic and their evolutionary radiation
occurred during the Mesozoic and Cenozoic. As in other gnathostomes, their
genome has undergone two rounds of whole genome duplication (WGD)
(Figure 2) (Dehal and Boore 2005; Postlethwait et al. 2000; Vandepoele et al.
2004). In addition, teleosts have undergone a third specific event led to the
duplication of genes that were probably responsible for their radiation clades
(Vandepoele et al. 2004; Christoffels et al. 2004; Meyer and Van de Peer
2005). A further fourth round occurred independently in Neotropical
Corydoradinae catfishes between 54-66 Mya (Marburger et al. 2018), in
salmonids ~88-103 Mya (Alexandrou et al. 2013; Macqueen and Johnston
2014), and in cyprinids ~5.6-11.3 Mya (Wang et al. 2012). Teleosts are the
most successful ray-finned fish with over 24,000 species. This might be
linked to the high TE diversity that characterizes their genomes. Therefore,
during my PhD thesis, I have analysed the TE genome contribution and
landscape in 24 teleost fish species. Among these, some specie (Anguilla

genus, Salmo salar, Thunnus orientalis) presented a balance between Class |
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retroelements and Class II DNA transposons while in others, as Cyprinus
carpio, Danio rerio, Scartelaos histophorus, Neogobius melanostomus, and
Astyanax mexicanus, DNA transposons prevail. Moreover, the major impact
of LTR retroelements were emerged in Araipama gigas, Tenualosa ilisha and
Lates calcarifer. The findings obtained are presented in the paper number 3.4

in the section Articles.

1.5.1 Environmental changes and teleost fish species

Teleosts populate a wide range of habitats across the world, from tropical to
polar regions of both sea water (SW) and freshwater (FW). However, some
species are characterized by the ability to migrate, between these two
environments, during their lifespan. Therefore, they are an excellent model to
investigate the relationship between environmental parameters and TEs.
Recently, an increasing number of works has reported a link between the
genomic abundance of TEs and genetic elements involved in mechanisms
responsible for environmental adaptation. In general, fish and in particular
those that migrate have to face changes in abiotic factors such as temperature,
salinity, and pH (Casacuberta and Gonzalez 2013; Makarevitch et al. 2015;
Schmidt and Anderson 2006; Carducci et al. 2019b; Pappalardo et al. 2021).
Migration can occur within freshwater for potamodromous, marine water for

oceanodromous, or between these two environments for diadromous. In the
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latter case, the migratory behaviour is carried out for reproductive purposes
and organisms have to face, in a defined stage of their life cycle, variations in
salinity that require changes in the osmotic regulation. Among fish, this
aspect is better tolerated by euryhaline species sensu stricto that have
acquired the ability to adapt to various salinity conditions.

To cope with aquatic environments characterised by differences in salinity
and temperature, migrating organisms have evolved an extraordinary
physiological plasticity. Diadromous fish has always attracted scientific
attention due to their spectacular migratory routes between SW and FW and
some species are also of commercial importance for fishing activities. Three
different types of diadromy have been recognised: anadromy and catadromy
are related to spawning and differ for the passage from SW to FW and vice
versa, respectively; a third typology, still debated among fish biologists, is
amphidromy, for which migration to SW is not correlated with spawning
necessity and occurs in a specific life stage (hatched larvae) for a restricted
period of time (up to 200 days), after which juveniles return to FW, where
they spend their adult life. Catadromous species belong to Anguilla genus that
includes 19 species displaying a complex catadromous life cycle, with
oceanic migrations ranging from a few hundred to thousands of kilometres

depending on the species. Satellite systems, used to document the oceanic
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migration route up to 1300 km off the European coasts, have shown that they
perform daily vertical migrations between depths of 200 and 1000 m. They
appear to swim into shallower, warmer waters during the night (average of
282 m and 11.7 °C), while at dawn they descend into deeper, colder waters
(average of 564 m and 7-10 °C). The complexity of their life cycle includes
major morphological changes. First, the larvae hatch as leptocephalus, which
has a laterally compressed body and looks like a leaf with a small head. These
first larvae are carried by ocean currents to continental coasts, where they
transform into glass eels. At this stage, they show the eel-like shape but are
thin, small, and non-pigmented. Subsequently, glass eels migrate to coastal
waters and transform into pigmented eels, which subsequently migrate to
inland waters and become yellow eels. In this stage, the eels undergo a phase
of sedentary and freshwater feeding before entering the silver eel stage (called
silvering). Silvering is an event related to puberty, marking the onset of sexual
maturation, migration, and the reproductive stage. Silver eels are still sexually
immature when they begin their spawning migration. Sexual maturation
occurs during the period of migration to the spawning site in the ocean. On
the contrary, anadromous fish species as salmons spend much of their life in
salt water and go up rivers to spawn (Lee et al. 2020; Beechie et al. 2021)

(Figure 3).
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Figure 3. Catadromous and anadromous life cycles (https://thefisheriesblog.com/2013/05/20/anadromous-
catadromous-amphidromous-oceanodromous-or-potamodromous/).

The migration is a common behaviour among salmonids, although the
seawater acclimation period varies from species to species. For example,
differently from other salmonids, the chum salmon fry shows a remarkable
seawater adaptability prior to seawater entry (Lee et al. 2020). The analyses
on 15 migrating species allowed to evidence a remarkable relationship
between the content of SINE retroelements and the migratory behaviour of
catadromous species. The results obtained of this topic are reported in the
paper number 3.4 in the section Articles.

Moreover, diadromous species as eel and salmon migrate between SW and
FW and thus they have to face changes in salinity in a defined stage of their
life cycle. It is known that salinity is an abiotic factor that strongly influences
the adaptation of marine and freshwater fish, and its changes can also

represent a possible stress that threatens their survival. In line with this topic,
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data obtained during my PhD evidenced a variation in TE transcriptional
contribution in the juvenile eels, commonly adapted to salty water, when
exposed to brackish and freshwater conditions. This increase was followed by
a higher transcription of genes involved in TE silencing mechanisms in gill
cells. The results obtained are reported in the paper number 3.5 in the section
Articles.

Another important abiotic factor for fish species is the environmental
temperature. This is a major stimulus affecting physiological and metabolic
activities, especially for poikilothermic species (Dos Santos et al. 2013).
Tolerance to this abiotic factor and the mechanisms activated by temperature
stress have been extensively explored in eurythermal and extreme
stenothermal fish (Logan and Buckley 2015; Gracey et al. 2004). To support
this concept, interesting data have been reported for damselfish (Pomacentrus
moluccensis) (Kassahn et al. 2007), barramundi (Lates calcarifer) (Newton et
al. 2013), and tiger barb Puntius tetrazona (Liu et al. 2020; Carotti et al.
2023). This latter is a popular aquarium trade fish worldwide (Ng and Tan
1997; Kirankumar and Pandian 2003; Leknes 2014; Chapman 1997; Russo et
al. 2007) belonging to the family Cyprinidae, living in freshwater fish at 21-
28 °C. In my PhD project, I have considered this species to clarify the

response of TEs to temperature changes in tissues of interest as gills, brain,
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and liver. The data obtained evidenced a clear response of TEs and related
silencing mechanisms in the hepatic tissue suggesting this organ as target for
this king of stress. Indeed, TE activation might regulate the expression of
stress-induced genes leading this organism to adapt to changes in temperature.
Once again, these findings support the idea of a potential role of TEs in the
rapid adaptation, thus representing a promising molecular tool for species
resilience. The results obtained on this topic are reported in the paper number

3.6 in the section Articles.
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3. Anticles



3.1 Shedding light upon the complex net of genome size, genome composition

and environment in chordates
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Abstract

The nucleotype theory has been advanced on the basis of studies regarding genome size and composition in various plant and
animal species, i.e. the influence that genome can have on the phenotype independently of the informational content of DNA. It has
also been noted that during evolution various interactions between different environmental factors and genome structural and
functional parameters would have occurred. In this review, changes in genome size, transposon content, and base composition
occurred during the evolution of chordates were examined. Many environmental stresses, such as temperature, can act on
transposons and through these on genome size. Temperature is also one of the most important elements of natural selection able
to interact both with base composition and genome size. It has been evidenced that temperature exerts a direct influence on base
composition and its increase would have led to an higher content of genome GC-rich components during the evolution of
chordates, in particular in endotherms. Temperature would have controlled the rate of biosynthesis in G1 phase and consequently
the cell cycle duration which in turn would have interacted with genome size. The combined action of temperature, base
composition, and genome size would also have been very important in controlling the metabolic rate. Finally, another important
aspect of the nucleotypic effect is the influence that genome size and cell cycle duration, in correlation with environmental
temperature, would have exert on embryo and larval development, very important for environmental adaptation. In conclusion,
studies here reviewed to confirm the existence in chordates of a mutual influence between environment and genome non-coding
components that would have played an important role in the evolution of these animals especially in environmental adaptation
processes.

Keywords: Genome evolution, transposons, GC composition, methylation

Introduction parameters such as size and metabolism, and also par-

allelisms between quantitative genome variations and
environmental conditions have been evidenced.

The idea that DNA plays a quantitative role, indepen-
dently from its sequences, besides that one of protein

coding, was first proposed by Commoner (1964). This
was explicitly formulated by Bennett (1971, 1972)
with the nucleorype theory according to which “that
condition of the nucleus (most notably the DNA con-
tent) that affects the phenotype independently of the
informational content of the DNA”. This theory was
based on the relationships evidenced initially for many
plant species and subsequently observed also in various
animal species, especially chordates (Gregory 2005).
Indeed, in these latter, associations between genome
size and several structural and functional cell

Possible interactions with environment have been
hypothesized also for other genome components such
as transposons (McClintock 1984) and base composi-
tion (Bernardi 2004). Since genome size, transposon
percentage and base composition are known for many
species of chordates, this phylum is particularly inter-
esting to understand the meaning of interactions
between genome and environment. Indeed, they are
one of the most common models to study the evolu-
tionary processes and mechanisms. In this regard, it is
important to examine the variations that the
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aforementioned genome parameters have undergone
during the evolution of chordates and potential inter-
actions with the environment, assessing if they are
random or an important constitutive phenomenon
for some evolutionary processes such as, for example,
speciation and adaptation. Other important aspects
that have to be clarified are if variations in genome
features are the consequence of environmental
changes or if at the contrary, they are the drive for
adaption of organisms to new habitats. Moreover, it
is interesting to understand if genome—environment
interactions are the same for variations in nuclear
DNA content, in the transposon percentage and in
base composition and if any reciprocal influences can
be identified between these three parameters. In this
review, we firstly examined changes that genome and
environment have undergone in chordates evolution,
since it is known that transposons and genome size are
closely related.

Genome size and transposons

Data on genome sizes derive from Gregory (2019),
while those related to TE percentage are referred to
Canapa et al. (2015) (see Figure 1).

The trend of variations in genome size and in
transposon percentage leads to both phylogenetic
considerations and evaluations of the meaning of
correlations between the aforementioned genome
characters and various structural and functional
parameters of cell and organism in adaptive
processes.

It is assumed that the ancestral values of genome
size in chordates were low and later they increased
during evolution; however, the situation is more
complex because during evolution of this phylum,
increases and decreases in genome size occurred and
a similar trend is also found within each class.
Furthermore, even if it is ascertained that the main
cause of genome size increase is due to TE (trans-
posons) amplification (Canapa et al. 2015), other
mechanisms such as whole genome duplication and
polyploidy have been suggested (Gregory 2005).

In the primitive chordates, genome size is very low
and ranges from 0.07 pg in Ozkopleura to 0.74 pg in
Botryllus. The transposons range from 16.7% in
Ciona to 22% in the amphioxus and in the three
species studied are DNA, L TR, and nonLLTR.

A first substantial increase would have occurred at
the origin of vertebrates and it is assumed that one

Genome size Transposons percentage Main
Urochordata
0.07-0.74 16.7-19.5 DNA, nonLTR, LTR
i) Cephalochordata 054 227 DNA
Myxiniformes
1.3-46 347 nonlTR (LINE)
Craniata L pevompinirames
Chondrichthyes 1.5-17 422 nonlTR (LINE)
Vertebrata
WGD 1R, 2R Polipteriformes
G Acipensariformes
1.2.93 138 nonlTR
Holostei
Osteichthyes Teleostei 5
Y WGD 3R, 4R | 0.35-44 6-55 DNA
Coelacanthiformes
‘ 35 2 non-LTR
Dipnoi 40-120 39 nonlTR
Amphibia Apoda
Urodeia 15-120 25-475 LTR
Anura 0.95-124 38.4-41 DNA-LTR
Testudines
Lepidosauria
1.32-5.44 23.4-496 nonlTR (LINE)
[ Crocodyfia
Amniota Aves 091-2.2 55-10.7 nonLTR (LINE)
Monotremata
Mammalia 1 Mewatie 17.84 29.2.538 nonL TR (UNE)
Thena Eutheria

Figure 1. Cladogram showing evolutionary relationships between the main lineages of chordates. Whole Genome Duplication (WGD)
events in vertebrate evolution are indicated in red: 1R and 2R occurred before the divergence of Vertebrata, 3R in Teleost and 4R* in

salmonids.
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of the causes was the first whole genome duplication
(Meyer & Schartl 1999).

In cyclostomes, the genome size ranges from 1.3
pg to 2.5 pg in Petromyzontiformes and from 2.3 pg
to 4.6 pg in Mixyniformes and it has been hypothe-
sized that this difference is linked to the complexity
of the development since Mixyniformes have
a direct development while Petromyzontiformes pre-
sent a metamorphosing stage (Hardie & Hebert
2003). The transposons have been studied only in
Petromyzon where they represent 34.7% and are
mainly nonL TR retrotransposons.

The genome size of Chondrichthyes ranges from
1.51 pg in the holocephalus Hydrolagus to over 17 pg
in the elasmobranch Rhinobatus. In this subclass, the
average genome size is significantly different in rays
(6.7 pg) and sharks (5 pg). Furthermore, studies on
the reassociation kinetics have highlighted cases of
cryptic polyploidy in selachians (Olmo et al. 1982).

In Chondrichthyes, there is a positive correlation
between genome size and nuclear and cell volume.
The highest values were found in species that live in
extreme conditions of temperature, light, pressure,
and scarce food availability, such as deep and/or
cold sea (Stingo et al. 1980; Hardie & Hebert
2003). The differences in the genome size can also
be correlated with development complexity since
clear differences between viviparous species and
those ovoviviparous and oviparous have been evi-
denced (Hardie & Hebert 2004). Transposons
have been studied only in the elephaOnt shark
Callorhinchus milii where they represent 42.2% and
are nonL'TR retrotransposons.

The genome size of the primitive Osteichthyes
ranges from 1.15 pg in Amia to 7.25 pg in
Polyprerus. Also in this group, there is a positive
correlation between genome size and nuclear and
cell volume. Transposons have been studied in
Lepisosteus in which are mainly of the nonLL'TR type
and represent 19.77% of its genome.

In vertebrates, the third whole genome duplica-
tion occurred at the origin of Teleostei, but this did
not lead to genome size values higher than the aver-
age values of most living vertebrates (Meyer &
Schartl 1999). The genome size varies from 0.35
pg in tetraodontids that have the smallest and most
compact genome of all chordates to a maximum of
4.4 pg. However, if polyploidy cases are excluded,
the maximum values rarely exceed 2.5 pg. The gen-
ome size is positively correlated with nuclear and cell
volume (Hardie & Hebert 2003).

There are several parallelisms between genome size
and environment: freshwater and anadromous species
have larger genomes, while marine and catadromous
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species have smaller genomes (Hardie & Hebert
2004). This is in agreement with the observations
made by Ebeling et al. (1971) according to which the
genomes of eurobiotic (eurihalyne) species are larger
than those of stenobiotic (stenohalyne) species.
Moreover, in the primitive Protoacanthopterygii and
Paraacanthopterygii, species that live in the ocean
depths and in cold environments, poorly lighted and
with scarce nutrients, have larger genomes than those
of the related species living in coastal waters (Ebeling
etal. 1971). In addition to climatic characteristics, the
stability of the environment, in which certain teleost
species live, would be also very important. Indeed, it
has been observed that polar teleosts and those of poor
variable tropical environments, have small genomes
and this could be related to a specific reproductive
strategy (Hardie & Hebert 2003, 2004).

The percentage of transposons varies from only
6% in tetraodontids to 55% in zebrafish and, unlike
most vertebrates, are mainly DNA transposons
(Chalopin et al. 2015). On average, teleosts exhibit
the widest diversity in transposons reaching 27
superfamilies in zebrafish (Sotero-Caio et al. 2017).

A case of correlation between transposons and
environment was observed in a study on the identifica-
tion and characterization of the transposable elements
Rex3 in teleosts. In this paper, Carducci et al. (2019a)
have demonstrated for the first time, through phylo-
genetic analyses, the correlation between these trans-
posable elements and environmental temperature. In
particular, the results highlighted a clear sequence
distinction of Rex3 elements belonging to fish living
in cold waters compared to those of fish living in
temperate waters, regardless of the evolutionary and
taxonomic relationships of the analysed species.

The most significant increase in genome size and
in the transposon percentage would have occurred
during the transition from aquatic to terrestrial
environment, that is, in a crucial step of evolution,
and this led to the large genomes that are observed
in lungfish and amphibians (Organ et al. 2015). It is
difficult to establish whether this increase is directly
related to the conquest of the land, but it is interest-
ing that a similar situation has also been noted in the
transition from aquatic to terrestrial gastropods
(Vinogradov 2000).

Primitive sarcopterygians occupy a very important
position in the evolution of vertebrates because tet-
rapods originated from them. The genome size is
very different in crossopterygians and lungfish.

The only two living species of Larimeria have
a genome of 3.5-3.6 pg and the TE percentage
(mainly SINE and LINE Chalopin et al. 2015) is
22% (Amemiya et al. 2013).
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In lungfish, the genome size is the highest of all
vertebrates and ranges from 50 pg to over 120 pg.
A polyploid karyotype has been noted in the species
Protoprerus dolloi. The living lungfish have several char-
acteristics that make them paedomorphic organisms
and it has been speculated that this would be related to
the large genome size (Joss 2006; Joss & Johanson
2007). In primitive lungfish, genome size would have
been similar to that of Lazimeria (Organ etal. 2015) but
from the Carboniferous a great expansion would have
started which would have led to the current huge gen-
omes and it would have been accompanied by an
evolutionary decline with great reduction in the num-
ber of genera and species (Thomson 1972; Thomson
& Muraszko 1978). This decline contrasts with the
hypothesis that genome size increase may promote
evolutionary diversification (Kraaijeveld 2010).
Transposons have only been studied in Neoceratodus
in which they are mainly nonlL'TR retrotransposons
and make up 39% of’its genome (Metcalfe et al. 2012).

In amphibians, genome size shows very different
values in the three orders. In anurans it ranges from
0.95 pg to 12.4 pg; in gymnophions, in which only
three species have been studied, it ranges from 3.7
pg to 13.95 pg; in urodeles it ranges from
a minimum of 15 pg, higher than the maximum
value observed in the other two orders, to over 120
pg in Necturus, a value similar to that recorded in
lungfish. Cases of polyploidy are known in both
anurans and urodeles (Schmid et al. 2015).

The transposon percentage in the only two anuran
species analysed is around 40% and are both DNA
and L'TR elements; in urodeles it ranges from 25%
to 47.5%, and, unlike the majority of vertebrates,
they are almost exclusively LTR retroelements
(Canapa et al. 2015; Chalopin et al. 2015). In
both the most primitive and most recent species,
the majority of transposons belongs to a few families
and is mainly represented by the LTR Gypsy ele-
ments constituting more than 25% in Cryptobranchus
alleganiensis (Sun & Mueller 2014). Several works
have shown that transposons have been the main
cause of genome expansion in these amphibians.

Fossil amphibians (rhipidistians, labyrinthodonts
and anthracosaurs) had low values similar to the
current ones of bufonids and ranids (5-10 pg)
(Thomson & Muraszko 1978; Organ et al. 2011).

The expansion of the lissamphibian genome would
have started in the Permian before the separation of
urodeles from anurans and the expansion of the uro-
deles genome, due to a few L'TR families, would have
continued in the early and Middle Triassic (Laurin
et al. 2015; Christoph-Liedtke 2016). The first phase
of the expansion took place gradually and led to larger

genomes in anuran; the next phase would have
occurred because of the L' TR retrotransposon saltatory
proliferation (Sun & Mueller 2014) and would have led
to very large genomes typical of current urodeles
already in the Middle Jurassic (Laurin et al. 2015;
Organ et al. 2015; Christoph-Liedtke et al. 2018).

An interesting aspect, common to the great expan-
sion of genome in lungfish and amphibians, especially
urodeles, is that it would have occurred in periods of
drastic environmental changes such as the beginning of
Carboniferous and the transition from Permian to
Triassic and this is in agreement with the observation
that transposon activity is often the consequence of
environmental stresses (McClintock 1984; Capy et al.
2000).

A positive relationship between genome size and
nuclear and cell volume has been recorded in anur-
ans and urodeles.

Even in amphibians, there are correlations
between the genome size and the environment. In
general, species that live in cold environments have
more DNA and a longer development; in particular,
in urodeles there is a direct correlation between
genome size and latitude (Litvinchuk et al. 2007).

In amphibians, variations in genome size show
interesting relationships with reproductive strategies
and embryonic development. A positive correlation is
observed between genome size and cell cycle duration
during the synchronous divisions of segmentation
(Vinogradov 1999). In anurans, genome size is corre-
lated with cell proliferation rate and with developmen-
tal rates in different embryonic stages (Chipman et al.
2001); in urodeles, on the other hand, there is
a negative relationship between genome size and
regeneration and growth rates during embryogenesis
and differentiation (Sessions & Larson 1987). In
Plethodontid urodeles genome size is positively corre-
lated to development duration (Jockusch 1997).

A peculiar feature of urodeles is the relationship
between genome size, paecdomorphosis and neoteny:
species that have a biphasic life cycle have the smallest
genomes; those with large genomes are often optional
neotenic and those with giant genomes are obliged
neotenic (Morescalchi 1991; Gregory 2005).

Also the direct correlation between genome size and
cell cycle duration (Vinogradov 1999) and the inverse
correlation between genome size and metabolic rate
observed in amphibians (Monnickendam & Balls
1973; Licht & Lowcock 1991) are interesting from
an evolutionary point of view.

The genome size in reptiles ranges from 1.32 pg to
5.44 pg. The average higher values are found in che-
loniids and in Tuatara. There is an inverse relationship
between genome size and chromosome changing rate
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that is higher in Squamata and is directly related to the
number of living species (Olmo 2005). Furthermore,
genome size is also directly correlated with nucleus
and cell size and is inversely correlated to the meta-
bolic rate (Olmo 2003).

A difference between cheloniids/crocodiles and
squamates is the presence in the latter of two types
of chromosomes: microchromosomes, richer in
genes, and macrochromosomes (Kasai et al. 2019).

The percentage of transposons ranges from 23.4%
to 49.6% and are mainly LINE. Unlike what is
known in other amniotes, in the Squamata, despite
a little genome size variations, there is a surprisingly
large variability in the amount of repetitive
sequences especially transposons and in snakes
there is the highest content of microsatellites origi-
nating from transposons (Pasquesi et al. 2018).

Birds have very low genome size ranging from 0.91
pg to 2.16 pg, with the highest value in ostrich. The
percentage of transposons is the lowest among verte-
brates and ranges from 5.5% to 10.7% and are mainly
LINE.

Even in birds, there are microchromosomes richer in
genes and macrochromosomes. Originally the genome
of birds would have had a similar size to that of current
mammals (3-3.7 pg) and would have undergone
a reduction in Mesozoic and Caenozoic eras that
would have led to current values (Organ et al. 2007).
A similar situation is assumed to have previously char-
acterized the pterosaurs (Organ & Shedlock 2009).
There is an inverse relationship between genome size
and metabolic rate (Vinogradov 1997; Gregory 2001)
leading to hypothesize that small genomes and corre-
sponding high metabolism would have been the premise
for the development of flight (Hughes & Hughes 1995).

In mammals, the nuclear DNA content ranges from
2.9 pg to 3.6 pg in monotremes, from 2.99 pg to 5.02
pg in marsupials, and from 1.7 pg to 8.4 pg in
placentals.

The percentage of transposons is 44.6% in platy-
pus, from 52% to 53.8% in marsupials and from
29.2% to 46% in placental and are nonL TR
retrotransposons.

An inverse relationship between genome size and
metabolic rate has also been noted in mammals
(Vinogradov 1995) and it has been hypothesized that
there is also a correlation between genome size, meta-
bolism and flight adaptation in Chiroptera, even if
data are contradictory (Smith et al. 2013).

Base composition and methylation

The research groups of Bernardi and Vinogradov
have been the main conductors of studies
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concerning the base composition. They have high-
lighted variations of this parameter during the evo-
lution of the chordates.

Vinogradov (1998a) evidenced a general positive
but not linear relationship between GC content and
genome size; the GC percentage shows great varia-
bility at lower values while it tends to stabilize at the
level of about 46% with the increase of genome size.
The regression line of reptiles and birds follows the
general trend but has a steeper slope due to a greater
increase in GC composition compared to the
increase in nuclear DNA content, while in teleosts
an inverse relationship has been noted. The higher
percentage of GC is positively correlated with bend-
ability, thermostability and the ability to change the
DNA from B to Z form, property linked to chroma-
tin opening and transcription activation, and inver-
sely related to curvature that favours chromatin
condensation. Bernardi and colleagues’ studies
have shown GC% values in line with those reported
by Vinogradov, although they have noted a negative
correlation with genome size in most vertebrate
classes (Bernardi & Bernardi 1990; Jabbari et al.
1997; Bernardi 2004). These researchers have
shown a compartimentalization in eukaryotic gen-
ome, i.e. made up of a series of distinct fractions,
each characterized by a specific and different GC
average composition, the so-called isochores.
Changes in base composition would have mainly
depended on body temperature. In fact, during ver-
tebrate evolution, a clear variation in GC percentage
has been observed in isochore distribution, only in
the transition from cold-blooded to warm-blooded.
In the former, similarly to invertebrates, genome is
constituted almost exclusively of AT-rich isochores,
while in birds and mammals there are GC-rich iso-
chores. An intermediate situation has been reported
for reptiles, where in Squamata the isochore pattern
is similar to that one observed in fish and amphi-
bians, while in turtles and crocodiles it is more
similar to that of birds and mammals (Hughes
et al. 2002). The transition in base composition
from ectothermic to endothermic vertebrates has
been explained with the “thermodynamic stability
hypothesis” according to which the increase of GC-
rich components in endotherms would have led to
a greater thermodynamic stability of DNA, RNA,
and proteins. This is of great importance to cope
with the impact that the increase in body tempera-
ture has on various structural and functional aspects
of cell and genome (Bernardi 2004). The percentage
in base composition has shown a positive correlation
with methylation level which, however, is different
between fishes and amphibians on the one hand,
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and birds and mammals on the other, where two-
fold values have been evidenced in the former group
(Bernardi 2004). Moreover, for reptiles, an inter-
mediate situation has been described (Varriale &
Bernardi 2006). In all vertebrates, methylation is
inversely related to the genome size and methylation
level is inversely correlated with body temperature in
fish (Bernardi 2004; Varriale & Bernardi 2006).
A positive correlation has been noted between the
GC content and the metabolic level (Uliano et al.
2010; Berna et al. 2012; Varriale 2014; Tarallo et al.
2016). In teleosts, it has been observed that the GC
percentage increases from freshwater to marine spe-
cies and within these from non-migratory to migra-
tory species. This trend would be related to both
salinity changes and higher costs in terms of energy
for migratory species (Tarallo et al. 2016).

Relationship of genome characters with the
environment

As described in the previous sections, various inter-
actions exist between genome size, transposons and
base composition, and between these and the envir-
onment. Some of these interactions concern all the
aforementioned genome characters, while others are
referred to some of these features. However, these
relationships may not be always simple and linear,
since in some cases the environmental factors would
seem to be the direct cause of the changes in the size
and/or genome composition, while in other cases
genome characters influencing some cell structures
and functions, such as cell size (Olmo 1983) and cell
cycle (Vinogradov 1999) would have favored
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adaptation to new environmental conditions.
However, not all these interactions seem to be sup-
ported by experimental data.

Recently, many researches on transposons have
shown that they are among the main causes of genome
expansion and that their activity is stimulated by var-
ious environmental stressors (Canapa et al. 2015;
Carducci et al. 2019b), such as temperature, thermal
shocks, radiations, chemicals, and viral infections
(Capy et al. 2000; Fujino et al. 2011; Garcia
Guerreiro 2012; Carducci et al. 2019a, b). In some
cases, these stressors would act directly on transposons
with a mechanism typical of defensive gene activation,
since some transposons have sequences similar to the
promoters of these genes (Takeda et al. 1999; Capy
et al. 2000); however, in many other cases, the action
would mainly depend on a temperature-dependent
activation of transposase (Capy et al. 2000; Fujino
et al. 2011; Carducci et al. 2019a).

Besides to be involved in transposon activation,
temperature is one of the most important elements
of natural selection able to interact both with base
composition and genome size (see Figure 2). Studies
conducted on base composition have clearly shown
that body temperature affects GC percentage. This
effect is evident in structural changes of macromo-
lecules. In accordance with the “thermodynamic
stability hypothesis”, GC higher values are directly
related to an increased DNA thermostability
(Bernardi 2004) which in turn influences RNA com-
position and chemical and physical properties of
proteins, which in species showing a higher GC
percentage are richer in hydrophobic amino acids.
Thus, macromolecules of endothermic organisms

Temperature
GC content Transposons Biosynthesis
G1
Cell cycle
v

Metabolism €= Genome size =3 Development

Figure 2. Schematic representation of interactions between genome features and parameters.
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are thermodynamically more stable and can function
optimally even in the case of an increase in body
temperature (Bernardi 2004).

As previously described, an increase in GC con-
tent confers to DNA not only a greater thermostabil-
ity, but also facilitates chromatin opening and the
consequent transcriptional activation; on the con-
trary, a higher GC richness reflects a lower DNA
curvature which favors chromatin condensation
(Vinogradov 1998a, 2003, 2005). The GC-rich
DNA, with its higher physical stability would com-
pensate for higher gene mutation rate observed in
larger genomes and would also protect against
damages due to chemical mutagens, many of which
have a higher affinity for GC-rich DNA and then
would be more easily absorbed and neutralized by
the higher GC-rich DNA regions (Vinogradov 1994;
Bernardi 2004).

However, the influence of temperature would
not be the direct cause of the GC content
increase but it would be one of the main selective
factors responsible for structural changes in
macromolecules, allowing birds and mammals to
cope with the increase of body temperature
(Bernardi 2004).

Moreover, the direct relationship between GC per-
centage and methylation increase demonstrates that
temperature, via base composition, has been able to
influence an important epigenetic mechanism
involved in transposon inactivation (Canapa et al.
2015) and in the control of different cellular func-
tions, such as tissue-specific gene expression, cell dif-
ferentiation, and development (Varriale 2014).

In addition, the influence of temperature on gen-
ome size could act indirectly through the control of
the cell cycle duration.

This cycle mainly depends on the DNA amount
that has to be duplicated. However, differences have
been observed in two phases of the cell cycle:
S phase is strictly related to the DNA amount,
while the G1 phase duration is influenced both by
DNA content and biosynthesis rate. Therefore,
a higher biosynthesis rate corresponds to a shorter
G1 phase and thus to a shorter cell cycle.

Since the biosynthesis rate is influenced by tem-
perature, the G1 phase and the cell cycle can be
controlled by temperature variations. Xia (1995)
has reported an inverse relationship between bio-
synthesis rate and genome size. This would explain
why species, living in warm environments (especially
poikilothermic species), have smaller genomes,
a higher biosynthesis rate, and a shorter cell cycle
compared to related species living in colder
environments.
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According to this author, smaller changes in G1
phase duration (and in biosynthesis rate) at specific
changes in body temperature occur in species with
large genomes compared to those with smaller gen-
omes. Therefore, a large genome could be used by
poikilothermic species to buffer potential damages
caused by climate changes (Xia 1995).

The relationship between genome parameters and
temperature-related metabolism (Kleiber 1932) is
more complex.

An inverse relationship between genome size and
metabolic rate has been observed in all vertebrates
(Licht & Lowcock 1991; Gregory 2005; Vinogradov
& Anatskaya 2006) in which a different trend has been
evidenced in reptiles-birds compared to amphibians-
mammals: indeed, an increase in genome size corre-
sponds to a greater reduction in the metabolic rate in
the former than the latter (Vinogradov & Anatskaya
2006); these two trends are similar to those concerning
the ratio between genome size and GC content, i.e. in
reptiles-birds at the same genome size the GC percen-
tage is higher than that of amphibians-mammals
(Vinogradov 1998a).

The GC content is proportional to chromatin
condensation, thus nuclei with a greater GC quan-
tity are larger for the same DNA amount. Therefore,
it has been hypothesized that metabolic rate is influ-
enced not by the genome size but mainly by the
nuclear volume as determined by the interaction
between genome size and GC content (Vinogradov
& Anatskaya 2006).

It is assumed that metabolism is conditioned by
both respiratory and nutritive exchanges which
depend on surface—volume ratio of nucleus and cell
(Olmo 1983; Vinogradov 1995). Consequently,
genome size determining these two-dimensional
cell parameters is probably one of the most impor-
tant factors regulating cell metabolism (Olmo 1983;
Hardie & Hebert 2003).

Relationships observed between metabolic rate
and base composition are less clear. In teleosts,
contradictory aspects have been evidenced in the
relationships between these two parameters and the
temperature (Uliano et al. 2010). Indeed, the GC
composition has a positive correlation with meta-
bolic rate, but both these parameters have
a negative correlation with temperature. This trend
cannot be generalized since a similar low metabolic
rate has been found in tropical species and in organ-
isms living in deep sea, characterized by lower
temperature.

In this sub-class, genome parameters would also be
influenced by salinity, especially by the ability to cope
variations in saline concentration: it has been observed
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that GC content increases from non-migratory fresh-
water species to migratory marine species, similarly
the genome size is higher in eurobiotic species than
in stenobiotic ones (Ebeling et al. 1971; Hardie &
Hebert 2003, 2004; Tarallo et al. 2016).

Tarallo et al. (2016) have hypothesized that this
situation is linked both to metabolic rate and to
a higher necessity of oxygen for migratory species.
Another possible explanation has been proposed by
Vinogradov (1998b, 1998c) which hypothesizes that
non-coding DNA performs a buffering function on
the intracellular concentration of solutes through
non-specific bonds with proteins. Cells with
a major amount of repetitive DNA, and therefore
constituted by larger genomes, have a higher ability
to regulate the intracellular composition of solutes
balancing the variations in the composition of the
extracellular solutes.

Finally, another interesting aspect of the relation-
ship between genome size and processes involved in
speciation and environmental adaptation concerns
both time and mode of embryo and larval
development.

It is known that the cell cycle length influences
the duration of embryo and larval development
(Vinogradov 1999; Gregory 2005). A positive rela-
tionship between genome size, cell cycle, and
developmental duration has been detected in
many classes of vertebrates, especially anamniotes,
while no relationship has been reported in
amniotes (Gregory 2001; Olmo 1983) concerning
these aspects. These correlations have been studied
particularly in amphibians. In anurans genome size
is directly related to cell proliferation rate in seg-
mentation and developmental rates in different
stages (Chipman et al. 2001). In urodeles, besides
a positive relationship between nuclear DNA con-
tent and developmental duration (Jockusch 1997),
there is a negative relationship with the regenera-
tion, the differentiation, and the growth rate dur-
ing embryogenesis (Sessions & Larson 1987).

The relationship between genome size and the
related developmental duration can represent
a limiting factor in environment adaptation, especially
concerning temperature and water availability. Indeed
it has been observed that in amphibians, especially in
anurans, species that live in environments character-
ized by scarcity of water have a small genome and
a rapid development, while species that live in cold
environments with water availability have larger gen-
omes and a slow development (Goin et al. 1968;
McMenamin & Hadly 2010); similarly in urodeles
species living in cold environments have a larger gen-
ome and a longer duration of development compared

to species living in warmer environments (Litvinchuk
et al. 2006; Lertzman-Leofsky et al. 2019). Similar
correlations have also been reported for some fishes
(Hardie & Hebert 2003, 2004). In addition to the
developmental duration, variations in the DNA con-
tent also seem to affect the developmental complexity
(Gregory 2001, Gregory 2005). Genome size shows
relationships with different aspects of development
such as viviparity, direct or indirect development,
and neoteny. In Chondrichthyes viviparous species
have larger genomes (Hardie & Hebert 2004).
A trend reported in several animals concerns the
increase in genome size in relation to the transition
from metamorphosis to the direct development, and
facultative or obligatory neoteny. In cyclostomes,
anurans, and urodeles, species having a complete
metamorphosis present smaller genomes than those
with direct development. Moreover, urodeles that
have large genomes are facultative or obligatory neo-
tenic species.

This trend could be common to all metazoans
since also in insects it has been observed an increase
in DNA content from holometabolous, to incom-
plete metamorphosing species (hemimetabolous) to
those with direct development (ametabolous)
(Gregory 2005). This aspect would be linked to
heterochrony, a mechanism that involves changes
in developmental rate and duration, and from
which paedomorphosis can result, i.e. the mantain-
ment of immature characters in adults, when devel-
opment slows down or interrupts prematurely
(Morescalchi 1991). In amphibians, one of the
main causes of paedomorphosis would be an
increase in genome size since this increase would
reduce the growth rate, differentiation, and cell
migration during embryogenesis by preventing the
formation of late-developing traits (Roth et al. 1997;
Womack et al. 2019).

Paedomorphosis played a very important role in
the evolution of amphibians, since paedomorphic
forms were already present in the labyrinthodonts
and in the dyssorophoids which are the ancestors of
the current lissamphibians (Morescalchi 1991).
Paedomorphosis would have played an important
role also in the Dipnoi, which have large genomes
(similar to those of the facultative or obligatory neo-
tenic urodeles) and show larval characters (Bemis
1984; Joss 2006; Joss & Johanson 2007).

Conclusions

This analysis shows the existence in chordates of
a mutual influence between environment and the

43



200 A. Canapa et al.

non-coding components of the genome and this sup-
ports the hypothesis that the nucleotype would have
played an important role in the evolution of this phy-
lum, mainly in environmental adaptation processes.

The parameter that seems to be most relevant in
genome—environment relationships is certainly the
temperature variation (Figure 2) that directly or indir-
ectly, e.g. through metabolism, has an effect on trans-
posons, genome size, and base composition. The
action of genome—temperature interactions was one
of the most relevant phenomena, mainly for the evolu-
tion of the poikilothermic species. However, tempera-
ture-dependent enrichment of the GC-rich isochores
that has occurred in the transition from ectothermic to
endothermic vertebrates was very important for the
latter since it has contributed to making these verte-
brates less environment-dependent.

Overall, it is the environment that exerts its effect on
genome, but in certain cases the variations in the gen-
ome components, which influence the structural and
functional characteristics of cell, regulate evolutionary
processes, such as the environmental adaptation.

In all cases, the interactions between environmen-
tal factors and genome components are part of the
typical processes of natural selection and the varia-
tions affecting genome size, the transposon percen-
tage, and base composition represent preadaptations
on which environmental variations operate.
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Abstract: Ray-finned fishes (Actinopterygii) are a very diverse group of vertebrates, encompassing
species adapted to live in freshwater and marine environments, from the deep sea to high mountain
streams. Genome sequencing offers a genetic resource for investigating the molecular bases of this
phenotypic diversity and these adaptations to various habitats. The wide range of genome sizes
observed in fishes is due to the role of transposable elements (TEs), which are powerful drivers of
species diversity. Analyses performed to date provide evidence that class Il DNA transposons are the
most abundant component in most fish genomes and that compared to other vertebrate genomes,
many TE superfamilies are present in actinopterygians. Moreover, specific TEs have been reported
in ray-finned fishes as a possible result of an intricate relationship between TE evolution and the
environment. The data summarized here underline the biological interest in Actinopterygii as a model
group to investigate the mechanisms responsible for the high biodiversity observed in this taxon.

Keywords: ray-finned fishes; transposable elements; genome evolution

1. Introduction

Actinopterygii is one of the most diverse groups of vertebrates, with over 30,000 species [1].
This taxonomic group includes Polypteriformes, Acipenseriformes, Holostei, and Teleostei. The order
Polypteriformes comprises a unique family, Polypteridae, with two extant genera, Erpetoichthys
(including only one species) and Polypterus (including eleven species). These fish appeared during the
Cretaceous and inhabit equatorial and subequatorial freshwater areas in Africa. Several molecular
phylogenetic analyses have shown that bichirs are a basal lineage of the ray-finned fishes [2-5]. Data
about genome size are available for only four species, with values ranging from 3.69 to 7.25 pg/N [6]
(Figure 1), while entire genomic DNA sequencing has been performed for only Erpetoichthys calabaricus
(Ensembl release 99—]January 2020). The order Acipenseriformes includes two families: Acipenseridae
(sturgeons), with four extant genera (Acipenser, Huso, Scaphirhynchus, and Pseudoscaphirhynchus),
contains 24 species, and Polyodontidae (paddlefish), with two extant genera (Polyodon and Psephurus),
contains three species. These fish are widely distributed in the rivers, lakes, and seas of Northern
Hemisphere countries. Data from 17 species reveal that these taxa have a very wide range of genome
sizes, spanning from 1.22 to 9.32 pg/N [6]. Moreover, the high value (9.32 pg/N) recorded in Acipenser
brevirostrum is the highest value among ray-finned fishes (Figure 1).
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Figure 1. On the left: cladogram showing the relationships of bony fishes (modified from Betancur-R et al. [7]), with the relative DNA content from the genome size
database [6]. The teleost orders lacking genome size information are shown in red. Whole-genome duplications (WGDs) are shown in blue: WGD 1R and 2R occurred
in the common ancestor of vertebrates; WGD 3R occurred in the common ancestor of teleosts. The blue stars indicate taxa that underwent further independent WGD
events. On the right: a separated cladogram of the Eupercaria clade with its relative nuclear DNA content. Order-level incertae sedis (O level in this figure) includes
families awaiting evidence to clarify their phylogenetic status [7].
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Holostei and Teleostei are part of the Neopterygii, a group of fishes that appeared in the late
Permian and were characterized by better swimming capabilities and feeding mechanisms that
allowed them to colonize a wider range of habitats. The infraclass Holostei comprises two orders:
Amiiformes (bowfins) has a single family, Amiidae, which includes only one living species, Amia calva;
Lepisosteiformes also has a single family, Lepisosteidae (gars), including seven species subdivided
into two genera, Atractosteus (three species) and Lepisosteus (four species). Amia calva is found in
freshwater rivers and lakes of North America, while gars are distributed in fresh, brackish, and,
sometimes, marine waters of North and Central America. Genome sizes are available for only three
species of Holostei, with an average of 1.29 pg/N [6], and only the genome of Lepisosteus oculatus has
been fully sequenced (Ensembl release 99—]January 2020). Teleostei is the most successful group of
ray-finned fishes, with more than 24,000 species subdivided into 72 orders [7]. Teleosts appeared in
the Late Triassic, and their evolutionary radiation occurred during the Mesozoic and Cenozoic. They
have adapted to aquatic environments worldwide, from salt to fresh waters, from cold to warm seas,
and from high-elevation mountain lakes to extreme sea depths [8]. In the genome size database, more
than 1800 teleost species are listed, with values ranging from 0.34 pg/N (the most compact genome
among vertebrates, recorded in a species of the Tetraodontidae family) to 4.90 pg/N (in a species
belonging to the Salmonidae) [6], and the genomes of more than 300 species have been sequenced
(NCBI genome database).

Knowledge of genome composition and architecture is fundamental in the comprehension of
the evolutionary processes responsible for fish radiation. The advent of high-throughput sequencing
technologies and bioinformatics has provided a great amount of genomic data, which has been extremely
useful for obtaining insights into the evolution of ray-finned fish genomes. Indeed, the identification of
gene loss and duplication events, genomic arrangements, variation in base composition, and different
selection pressures on specific genomic regions have been highlighted through comparative genomics [8].
Moreover, it is known that, as in other vertebrates, the genome of actinopterygians underwent two
rounds of whole-genome duplication (WGD) [9-11]. A third event occurred in teleosts approximately
226-350 Mya, leading to duplicated genes that were probably responsible for the radiation of these
clades [11-13]. A fourth round of whole-genome duplication occurred independently in Neotropical
Corydoradinae catfishes between 54 and 66 Mya [14], in salmonids approximately 88-103 Mya [15,16]
and in cyprinids, approximately 5.6-11.3 Mya [17]. Another interesting aspect of the fish genome is the
GC content. On the basis of GC percentage, genomes can be divided into five isochores, i.e., regions
longer than 300 kb, with a high degree of uniformity in guanine and cytosine: two light isochores,
L1 with 34-36% and L2 with 37—40%, and three heavy isochores, H1 with 41-45%, H2 with 46-52%,
and H3 with more than 53%. While the genomes of mammals and birds contain heavy isochores,
resulting in GC heterogeneity, fish and amphibian genomes have isochores with low CG content and
typically have two light isochores [18]. Excluding salmonids, a negative correlation between genome
size and genomic GC% in fish has been reported [19]. In contrast, nonteleost gars possess an AT/GC
compartmentalized genome [20], and their closest living relatives, the bowfin Amia calva, have a typical
teleost-like AT/GC homogenous genome, despite being nonteleosts [19].

Finally, the presence of mobile elements in fish genomes most likely contribute to shaping their
genomes, providing advantageous features that have allowed them to successfully adapt to different
environments [21-23]. Given the ability to move throughout the genome, the impact of mobile elements
on genome evolution is higher than commonly supposed, and several papers have recognized the role
of these elements as one of the most powerful evolutionary tools [23]. On the basis of these premises,
this review is focused on the importance of mobile genetic elements for the genomes of actinopterygian,
one of the most diverse vertebrate groups (Table 1).
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Table 1. Table summarizing works published to date about transposable elements in teleost orders.

Teleost Orders References
Polypteriformes
Acipenseriformes [24,25]
Amiiformes
Lepisosteiformes [19,20,26-35]
Elopiformes [36]
Albuliformes
Notacanthiformes
Anguilliformes [24,32,36-62]
Osteoglossomorpha [63,64]
Clupeiformes [65,66]
Alepocephaliformes
Gonorynchiformes [67]
Cypriniformes [14,68-76]
Characiformes [77-91]
Gymnotiformes [92-94]
Siluriformes [14,31,95-100]
Lepidogalaxiiformes
Argentiniformes [101]
Galaxiiformes [102]
Esociformes [103]
Salmoniformes [104-107]
Osmeriformes [108,109]
Stomiatiformes [109]
Ateleopodiformes [109]
Aulopiformes [109,110]
Myctiophiformes [109]
Lampriformes [109]
Percopsiformes [109]
Zeiformes [109]
Stylephoriformes [109]
Gadiformes [109,111,112]
Polymixiiformes [109]
Trachicthtyiformes
Beryciformes [34,109,113-116]
Holocentriformes [109]
Ophidiaria [109,111,117]
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Table 1. Cont.

Teleost Orders References
Batrachoidiaria [109]
Pelagiaria [109]
Synghatharia [118]
Gobiaria [109]
Anabantaria [109,119]
Carangaria [109,120-122]
Ovalentaria [109,123-126]
Eupercaria [30,31,109,119,127-152]

2. Mobile Elements

Mobile elements are genetic elements capable of moving throughout the genome by a transposition
mechanism. The effect of their movement can be deleterious for the host genome if they interrupt
genes; in contrast, it can lead to advantageous innovations, creating new genes or regulatory sequences
through a process called molecular domestication.

On the basis of their transposition intermediate, either RNA or DNA, mobile elements can
be distinguished into two main classes, according to the classification proposed by Wicker and
colleagues [153] (Figure 1).

Class I elements transpose via RNA intermediaries and are characterized by a copy and paste
transposition mechanism. Their RNA intermediate is reverse-transcribed into its complementary DNA
by a reverse transcriptase (RT) encoded by the mobile element. Reverse transcription is followed by
reintegration into the host genome. Through the copy and paste mechanism of transposition, Class I
elements are the main source of increased repetitive fractions, thereby having a major impact in
large genomes [153-155]. Class I mobile elements are composed of long terminal repeat (LTR) and
non-LTR subclasses. LTR retrotransposons are characterized by long terminal repeats that confer the
ability to transpose. For exogenous retroviruses, LTR retrotransposons are structurally composed
of gag and pol genes; gag genes encode viral structural particles and pol genes encode the whole
retrotranscription machinery (reverse transcriptase, ribonuclease H, and integrase; Figure 2). In contrast to
LIR retrotransposons, exogenous retroviruses possess the env gene, which encodes the viral envelope.
However, traces of the env gene have been found in LTR retrotransposons [156]. DIRS, considered more
complex LTR retroelements [37], are structurally characterized by a tyrosine recombinase (YR) instead of
an integrase and by inverted terminal repeats. Long and short interspersed nuclear elements (LINEs
and SINEs) are non-LTR retrotransposons. Of these, LINEs are autonomous retroelements constituted
by two open reading frames (ORFs) and a poly A tail at the 3’ end. Generally, ORF2 encodes a reverse
transcriptase and an endonuclease protein [153]. In contrast, SINEs are RT-lacking retroelements,
and they need RT encoded by autonomous elements to transpose [157]. Finally, another group of Class
I elements, Penelope retroelements, must be considered separately due to their very large diversity in
terms of structural features. The common components are pseudo-LTRs (pLTRs), a reverse transcriptase,
and an endonuclease [158,159].
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Figure 2. Mobile genetic element classification based on transposition mechanisms (according to Wicker
et al. [153]). The main structural components of the elements are reported on the right (modified from
Makalowsky et al. [155]).

Class II mobile elements use a DNA intermediate to transpose their genomic DNA copies
into a novel chromosomal position [160,161] and can be divided into subclasses I and II. Subclass
I consists of two main elements: TIR and Crypton. TIRs are autonomous elements characterized
by terminal inverted repeats (TIRs) and a transposase through which transposition occurs via
a cut and paste mechanism, in which both DNA strands are cleaved. The DNA transposons hAT,
Merlin, Mutator, PiggyBac, PIF-Harbinger, Tc1-Mariner, and Transib can be found in this subclass.
Crypton elements use a tyrosine recombinase (YR) in a transposition mechanism, probably involving
recombination between a circular intermediate and the DNA target [37]. Helitrons and Maverick are
the two major representative elements of subclass II. These DNA elements transpose via a copy and
paste mechanism [153]. Helitron DNA transposons replicate using a rolling-circle mechanism and
encode for replication initiation (Rep) and a DNA helicase (Hel) [162], while Maverick transposons
encode for an integrase, an ORF, and polymerase B. For polymerase B, transposition involves
a single-strand excision phase, extrachromosomal replication, and consequent reintegration into a new
location [163]. Miniature Inverted Transposable Elements (MITEs), also grouped in Class II, do not
encode a transposase; therefore, they exploit transposases encoded by autonomous elements to move
throughout the genome [164].

3. Transposable Elements in Actinopterygians

The evolutionary dynamics of TEs are different in several lineages, which strongly support their
pivotal role in genome evolution. The evaluation of mobile element impact on the actinopterygian
genome is a fundamental step toward understanding the biodiversity of this taxon. With increasing
genomic resources, a clear positive correlation between genome size and the percentage of TEs has been
found in ray-finned fish [21,37,68,164,165]. Moreover, a wide range of TE amounts has been recorded
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in this taxon, with only 6% in the compact pufferfish genome and 55% in the zebrafish genome [165]
(Figure 1).

Data published to date suggest that compared to other vertebrate genomes, class II DNA
transposons are the most abundant component in most fish genomes [32,165]. Most TE superfamilies
(i.e., Gypsy, BEL/Pao, ERV, DIRS, Penelope, Rex6/Dong, R2, L1, RTE, L2, Rex1/Babar, Jockey, Helitron,
Maverick, Zisupton, Tcl-Mariner, hAT, PIF-Harbinger, PiggyBac, and EnSpm) are present in the
actinopterygian genome, evidencing a higher diversity than that in other vertebrates [165]. Among
them, Te/mariner, hAT, L1, L2, and Gypsy are the most widespread and predominant TE superfamilies
in fish genomes [31,68]. Comparing the distribution of the transposon superfamilies among the
actinopterygians, the Cyprinidae family presents the highest level of TE diversity [165]. However,
some organisms present a predominance of specific TE superfamilies, such as Gypsy in Boleophthalmus
pectinirostris, L2 and RTE in Nothobranchius furzeri, Tc/mariner in Astyanax mexicanus, and hAT in Danio
rerio [165]. These elements have been preserved in the genomes of these organisms, and, thus, they could
have had a pivotal role in their evolution. Shao and colleagues [165] proposed that the interaction
between TEs and host genomes is comparable to that between organisms and their environments,
explained by the Red Queen paradigm: harmful TEs are eliminated by host genomes, while beneficial
TEs are instead preserved. Moreover, a critical role of CR1 in vertebrate evolution has been reported
by the same authors. The low copy number of CR1 elements found in teleosts, contrary to primitive
fishes and sarcopterygians, suggests the preservation and proliferation of these elements during the
transition from water to land in tetrapods [165].

In the deeply branched nonteleost ray-finned fishes, the mobilome has been inferred from
the genomes of the sturgeon Acipenser ruthenus and the spotted gar, L. oculatus. The former has
a similar pattern to that observed in teleosts [166], while the latter shows a predominance of non-LTR
retrotransposons [32,37]. The condition observed in spotted gar is also common to the elephant
shark, Callorhinchus milii, and the lamprey, Petromyzon marinus [32]. The amount of non-LTR in bony
fishes might be due to the presence of mechanisms restricting the invasion of retroelements in their
genomes [31].

Another interesting feature of the ray-finned fish mobilome is the presence of more recent TE
copies than those found in other vertebrate lineages. In particular, cod, stickleback, and fugu have
very recent TE copies, and differences in TE activity can also be observed between species closely
related to medaka and platyfish [37]. Kimura distance-based copy divergence analysis performed on 35
actinopterygians shows one or, at most, two TE amplification bursts [32,37,68,165]. These events were
preceded by periods in which new elements arose through genetic mutations or where TEs invaded
the host genome through horizontal transfer. Subsequently, natural selection and defense mechanisms
of the host genome select beneficial mobile elements, and a period of coexistence between TEs and the
host genome begins. These steps, which occurred during the history of TE activity, are associated with
species radiation [148,167-170], suggesting that TEs are responsible for important evolutionary events.

L. oculatus is a nonteleost ray-finned fish that has not undergone further WGDs after those that
have occurred at the base of vertebrates (1R and 2R WGDs). The quantitative analysis of TEs showed
no differences among teleosts. This finding does not support any link between ancestral genome
duplication and TE expansion in the teleost lineage [32]. The analysis of the Salmo salar genome
revealed an expansion of DNA transposons, with a return to the diploid state after the 4R WGD [106].
The rediploidization is also achieved through the contraction of the genome associated with TE loss.
This could explain the loss of Rex3, a teleost-specific non-LTR retroelement, absent in salmonids [61].

A positive correlation has been reported between the GC content of TEs and genomes [19].
Analyzing the GC% in the main TE groups, Class I retrotransposons, with 45.6%, are more GC-rich
than Class II DNA transposons, with 40.1%; DIRS are the TEs with the highest GC content (53.8%),
while the CMC transposons are the mobile elements with the lowest GC content (35.8%) in fish
genomes. The GC-poor DNA transposons seem to be responsible for the overall GC homogenization
of fish genomes.
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4. Rex Retroelements

Rex retroelements are repeated elements that are widely distributed among teleost genomes
and were deeply active during the evolution of this lineage [59-61]. Published in 1999 by Volff and
his research team [59], the first report of three reverse transcriptase (RT)-carrying retrotransposons in
the model fish Xiphophorus maculatus is attributable to the origin of the name Rex for this class of
fish-specific retroelements.

A sequence derived from the Y chromosome of X. maculatus of the Rio Jamapa allowed Volff and
colleagues firstly to isolate a truncated copy Rex1-Ximj, and then to evidence many other copies of
this non-LTR retrotransposon in different teleost species, defining a second class of Rex retroelements
named Rex1. Concerning their main structural features, Rex1 non-LTRs are characterized by an RT,
an apurinic/apyrimidinic (A/P¥) site that can be located upstream or downstream of the RT-encoding
region, and a 3’-UTR region. On the other hand, Rex3 and Rex6 retroelements harbor a gene encoding
an endonuclease (EN) in addition to RT.

A high copy number of a novel class of Rex retroelements, the so-called Rex6 elements, was further
evidenced by Volff and colleagues in 2001 in the genomes of several teleosts [61]. Rex6 is a member of
the R4 family [171] of non-LTR retrotransposons and it encodes a specific type of endonuclease, closely
related to the type IIS restriction enzymes isolated from trypanosomes, nematodes, and arthropods [172].
Rex6 elements have been found in many teleost orders: Anguilliformes [55,59], Beloniformes [60,61],
Carangiformes [129], Centrarchiformes [59], Characiformes [79,82,149,173-175], Cichliformes [60,132,
133,136,176-180], Cypriniformes [59], Cyprinodontiformes [59], Esociformes [60], Perciformes [60,181],
Salmoniformes [60], Siluriformes [174,182-184], and Tetraodontiformes [60,61,134,142,185].

Although no evolutionary relationship among Rex1, Rex3, and Rex6 has emerged to date, they are
usually considered together in fluorescence in situ hybridization (FISH) studies, demonstrating their
key role in karyotype evolution in fish (for review, see Carducci et al. [186]). Overall, their localization
has been observed in heterochromatin at telomeric [82,129,173,183], pericentromeric, and centromeric
regions [149,177,180,181,183] and in supernumerary chromosomes [79,176]. Of extreme interest is the
non-negligible number of papers underlying the localization of Rex retroelements at the euchromatic
level [129,134,179,182,184], strongly supporting the relatively high rate of gene-linkage disruption and
chromosomal rearrangements in teleost genomes [149]. In general, the distribution of Rex retroelements
in chromosomes varies considerably between teleost orders and families [186].

All the papers reviewed herein highlight the significant role of the Rex retroelements in the rapid
evolution of teleosts, in particular, acting on karyotype and genome structure.

5. Endogenous Retroviruses

Retroviruses are viruses constituted by a single-stranded positive-sense RNA. After infection,
a retrovirus reaches the cytoplasm of the host cell, where a reverse transcriptase (RT) converts its ssSRNA
into cDNA, ready to be integrated into the nuclear genome of the infected host cell. Once integrated,
the provirus will exploit the nuclear machinery of the host cell to transcribe and translate its components.
There are four main components of the basic toolkit of retrovirus genomes: long terminal repeats (LTRs),
which carry a promoter sequence that mediates the interaction with integrase for retrovirus integration
into the host cell genome; gag (group-specific antigen) genes, which encode structural protein components;
pol (polymerase) genes, which enclose the RT, protease, and integrase domains; env (envelope) genes, which
encode coat proteins [187]. Structurally, retroviruses differ from retrotransposons by the presence of
genes encoding envelope proteins. Moreover, a characteristic hallmark that allows the identification of
a past retrovirus infection is provided by the solo-LTR derived from ectopic homologous recombination
between two LTRs [187]. Infection by a retrovirus may occur within a germline, leading to the
generation of endogenous viral elements, the so-called endogenous retroviruses (ERVs).

ERVs are inherited through vertical transmission and consequently maintained within the host
genome over millions of years [188]. Identified in all vertebrate lineages [189] and all belonging to
the Retroviridae family, ERVs can be approximately grouped into three main classes based on the
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phylogenetic relationships between the seven exogenous retrovirus genera identified: Class I (closely
related to Gammaretroviruses and Epsilonretroviruses), Class II (closely related to Betaretroviruses),
and Class III (Spumavirus-like elements) [190]. Hayward and colleagues [189] have identified two
further clades: human endogenous retroviruses S/L (HERVS/L)-like and snakehead fish retrovirus
(SnRV)-like elements.

Naville and Volff [191] have shown that the overall ERV content in fish genomes ranges from 0.01
to 1%. In particular, epsilon-related retroviruses are the most frequent ERVs in ray-finned fishes [192].
The lowest value reported is 0.033% for Takifugu rubripes (with approximately 1800 insertions), and the
maximum is 0.76% in Danio rerio (with more than 30,000 insertions) [191]. The best-studied ERV
element in teleosts is Zebrafish Endogenous Retrovirus (ZFERV), isolated from zebrafish [193].

In addition to epsilon-related retroviruses and Snakehead fish retrovirus (SnRV)-like elements,
endogenous foamy virus (EFV) sequences have been detected in different teleost species, including
cod, platyfish, and zebrafish [194,195]. No reports of gamma or Class II elements have been described
to date [189].

Whereas the evolutionary importance of ERVs, as a source of new genes [196] and, in general,
as a mediator of gene expression [197,198] in catalyzing genome evolution, has been evidenced in
mammals, nothing is known about the roles of ERVs in teleost evolution [191].

The complex evolutionary history of retroviruses has been recently investigated by Xu and
colleagues [190]. Through an extensive genomic and phylogenetic analysis performed on species
representing the main evolutionary lineages, of which 66 were ray-finned fishes, the authors unveiled the
role of teleosts and turtles, as vehicles for retrovirus transmission, in overcoming the water-land barrier.

6. TEs and Sex Chromosomes

The wide chromosomal diversity in teleosts (e.g., interspecific diploid number variation;
the presence or absence of sex and supernumerary chromosomes) has been suggested to be correlated
with the ability to incorporate transposable elements [199]. The evolutionary success of TEs in a given
population is strictly linked to their persistence, which is obtainable through TE vertical transmission in
the germline, from one to the next generation [199]. Moreover, the accumulation of repetitive sequences
is a common phenomenon in sex chromosomes, characterized by the absence of recombination [200].

Several papers have reported the involvement of Rex retrotransposons in the differentiation of
sex chromosomes [149,173,175,181], with a key role played by Rex6 [173]. These elements have been
mapped on the sex chromosomes of four species belonging to the Characiformes [173,175] and one
species of Perciformes [181] and on the largest pair of chromosomes recognized as sexual chromosomes
in one species belonging to the Cichliformes [180]. Other convincing examples of the role of TEs
in the control of sexual development and function have been recently reviewed by Dechaud and
colleagues [199]. A clear example of TE control in a germline through cis-regulation was reported in
the medaka, Oryzias latipes: a LINE/Rex1 retroelement was found within the nonautonomous P element
Izanagi, corresponding to the upstream region of the master sex-determining gene (dmrt1bY) in medaka.
In particular, the LINE/RexI-derived sequence located within the Izanagi element carries the binding
site for Sox5, a transcriptional factor involved in the regulation of dmrt1bY [201,202]. A role of TEs in
the determination of sex chromosome structure and evolution has also been observed in X. maculatus,
in which the accumulation and spreading of Texim genes in only the Y chromosome is due to the
activity of Helitron transposons, deeply influencing the evolution of this chromosome in platyfish [203].
Finally, in salmonids, analyses performed on the boundary regions of the master sex-determining gene
(sdY) have shown a certain accumulation of TEs, which is probably responsible for the different sdY
gene chromosomal locations despite their conservation [105,204].

7. Fish Transposons and the Environment

Both abiotic and biotic factors are continuously changing, resulting in new selective pressures that
challenge population survival. To cope with these changes, organisms colonize new habitats and exploit
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their phenotypic plasticity and/or adaptive evolutionary traits. Natural selection allows organisms
with features appropriate for a specific environment to survive and, thus, to reproduce, increasing
their fitness. Genetic variants will be transmitted to the next generation, increasing in frequency in
the population. Genetic variation can be caused by not only point mutations and whole-genome
duplications but also TE activity. Moreover, transposons can be co-opted and exapted, creating
regulatory sequences, coding exons, or entirely new genes useful for the host genome [22,23,37,205].
Indeed, a great number of reports have suggested the responsiveness and susceptibility of TEs to
environmental changes or stressful conditions [206-214]. Yuan and colleagues [31] analyzed 52 fishes
and reported an increase in the DNA transposons in bony fish living in freshwaters and an abundance
of tandem repeats in marine species that was not explained by phylogenetic relationships. In particular,
among DNA transposons, Tc1 is the most well-represented in freshwater bony fishes. This association
clearly suggests a potential role of TEs in the adaptation of fish to their living environments. Freshwater
environments might encourage the proliferation and spread of DNA transposons, probably because
transposition can cause new genetic variants useful for host adaptation to the environment. According
to these authors, the large number of repetitive elements can contribute to the generation of novel
genes useful for adaptability to the environment. Moreover, the presence of such a high content of
repetitive elements can cause unstable genomes due to recombination and splicing events. Due to
natural selection, uncontrollable increases in genome size do not occur. Auvinet and colleagues [148]
reported a preferential accumulation of four families of DIRS1 in specific chromosomal locations
of the Antarctic teleost species belonging to the Trematomus genus. According to these authors,
the concentration of these TEs in pericentromeric and centromeric areas could have been mediated by
multiple glacial-interglacial cycles that took place in the Antarctic region. The variation in temperature
probably led to changes in epigenetic regulation that have allowed TE bursts. An interesting correlation
between TEs and the environmental temperature has also been evidenced by our group in a recent
publication [207], in which a phylogenetic analysis was performed on the partial reverse transcriptase
of the Rex3 retroelement in 39 teleost species. Surprisingly, in this investigation, there was a lack of
correspondence with the canonical taxonomy relationships. Indeed, the Rex3 sequences analyzed
clustered into two groups, strictly related to the environmental temperature in which these species live,
suggesting a selective role of temperature on specific TE sequence variants.

8. Conclusions

Actinopterygii is a taxon characterized by a high diversity of species adapted to a wide range of
environments. There is generally a positive correlation between genome size and TE coverage, and the
major contributors to the genome size variation are DNA transposons. The data summarized here
show that the ray-finned fish genomes are unique among vertebrates in their overall TE composition.
The high level of TE diversity suggests that these genetic elements represent an important evolutionary
tool that has had a pivotal role in fish evolution. However, it is not clear whether repetitive elements
lead to environmental adaptation or vice versa [31].

Moreover, significant differences are also evident in TE activity, which might be linked to body
temperature and host defense mechanisms. Indeed, body temperature is influenced by environmental
conditions, which could affect the activity of the proteins involved in transposition mechanisms;
the capacity to replicate and compete with other TEs is influenced by host defense mechanisms, such as
piRNAs and methylation. However, information about genome size and data on genome sequencing
in ray-finned fishes is still limited. Such is the case for the deep-branching nonteleost ray-finned fishes
belonging to the Polypteriformes; the investigation of the genomes of these taxa could be extremely
useful for providing information on the common ancestor of TEs among actinopterygian species.
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Caudata is an order of amphibians with great variation in genome size, which can reach enormous
dimensions in salamanders. In this work, we analysed the activity of transposable elements (TEs)

in the transcriptomes obtained from female and male gonads of the Chinese fire-bellied newt,

Cynops orientalis, a species with a genome about 12-fold larger than the human genome. We also
compared these data with genomes of two basal sarcopterygians, coelacanth and lungfish. In the
newt our findings highlighted a major impact of non-LTR retroelements and a greater total TE activity
compared to the lungfish Protopterus annectens, an organism also characterized by a giant genome.
This difference in TE activity might be due to the presence of young copies in newt in agreement

also with the increase in the genome size, an event that occurred independently and later than
lungfish. Moreover, the activity of 33 target genes encoding proteins involved in the TE host silencing
mechanisms, such as Ago/Piwi and NURD complex, was evaluated and compared between the three
species analysed. These data revealed high transcriptional levels of the target genes in both newt and
lungfish and confirmed the activity of NuRD complex genes in adults. Finally, phylogenetic analyses
performed on PRDM9 and TRIM28 allowed increasing knowledge about the evolution of these two
key genes of the NURD complex silencing mechanism in vertebrates. Our results confirmed that the
gigantism of the newt genomes may be attributed to the activity and accumulation of TEs.

Genome size varies considerably across eukaryotes and it is correlated neither with the number of genes, nor with
the morpho-functional complexity of a species. Besides having a significant impact on the number and the size of
introns'?, as well as on the placement of regulatory regions, genome size is profoundly influenced by the relative
abundance and activity of transposable elements (TEs)*~*. These genetic elements constitute a large fraction of
the repetitive genomic DNA and are able to move throughout genomes through mechanisms of transposition
based on a DNA intermediate molecule, in the case of DNA transposons, and on an RNA intermediate molecule,
in the case of retrotransposons (LTR and non-LTR retroelements).

Adaptive and non-adaptive evolutionary hypotheses have been proposed to explain the surprising genome
size variation observed in eukaryotes®®. However, a scientific consensus about this issue is still far from being
reached, as the genome size observed in extant metazoan species is the result of the combination between com-
plex events that may have occurred ancestrally or relatively recently. These include auto- or allo-polyploidization
events”'?, large-scale structural variations that may include deletions and insertions, expansions of tandem repeat
arrays, and changes in the relative abundance of TE families'!. Moreover, the amount of nuclear DNA does not
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only affect the size of both cells and nuclei in a given species, but also determines the duration of cell cycle and
influences metabolic rates and the speed of development'?!4.

The amphibian order Caudata is characterized by a great variation in genome size between metamorphic
and neotenic species, which show the smallest and the largest genomes, respectively. As of February 2021, the
170 urodele species listed in the Animal Genome Size database display a genome size ranging from 13.89 to
120.60 Gb'°. The highest values belong to salamanders, which together with lungfish are the record holders for
the largest genomes among extant vertebrates.

Even though several factors, such as metabolic rate and cell cycle duration, have been associated with amphib-
ian genome size®'®7, the molecular mechanisms favouring the persistence of extreme repetitive DNA contents
in salamander genomes remain to be addressed.

Evidence suggest that the gigantism of urodele genome is not attributable to polyploidy but rather to a reduced
DNA loss rate and to the accumulation of TEs, in particular of LTR retrotransposons'®-2°. Among phylogeneti-
cally different crown salamanders, differences in genome composition have been linked to a balance between
TE proliferation and host silencing mechanisms. The increase in genome size could be due to a reduced level of
TE suppression, which can be likely traced back to the latest common ancestor of crown salamanders and was
inherited by all the organisms belonging to this lineage. Moreover, an ongoing proliferation of Ty3/Gypsy LTR
retroelements has been reported for three of the five species analysed®. In addition, the large-scale analysis of the
Mexican axolotl genome has evidenced a recent burst of LTR retroelement expansion also for Ambystomatidae'.

Although the transposition of TEs can be source of genetic diversity and regulatory innovations, such events
are also known to have deleterious effects, which may lead to a decrease of host fitness. To counteract the steady
threat posed by TE transposition and novel insertions, diverse lineages have evolved a number of different protec-
tive mechanisms. The Ago proteins interact with small interfering RNAs (siRNAs) and microRNAs (miRNAs)
to degrade the mRNAs, to repress translation, and to form heterochromatin®'. These small RNAs are produced
through the activity of DROSHA and DICER proteins. The former acts in the nucleus, loading double-stranded
RNA substrates, helped by the DiGeorge Syndrome Critical Region Gene 8 (DGCRS), and modifying them to
produce miRNA precursors. DICER cleaves both these molecules and endogenous or exogenous siRNAs in the
cytoplasm. In germline cells, PIWI proteins are guided by small non-coding RNAs, called piRNAs (PIWI-inter-
acting RNAs), to transcriptionally and post-transcriptionally silence transposons through base complementarity.
piRNAs are extremely heterogeneous since they derive from transposons inserted in piRNA clusters, genomic
regions transcribed as long single-stranded precursor RNA molecules, later processed into mature piRNAs. The
transcription of these genomic regions seems to be activated by the deposition of histone 3 lysine 9 trimethylation
(H3K9me3) by the protein SETDB1%2. Subsequently the piRNA precursor transcripts are shuttled by the HMG
protein Maelstrom from the nucleus to the cytoplasm, where they are cleaved by the PLD6 nuclease to form the
primary piRNAs and by the HMG protein Maelstrom to form primary and secondary piRNAs*>*.

Additional strategies can be used to repress mobile elements. Kriippel-associated box domain zinc finger
proteins (KRAB-ZFPs), the largest family of transcriptional regulators in higher vertebrates, are notably involved
in the silencing of TEs, including endogenous retroviruses, LINE and SINE retroelements®. KRAB-ZFPs contain
the KRAB domain and bind DNA through a C-terminal array of zinc finger motifs, and the Tripartite Motif Con-
taining 28 (TRIM28) protein through their N-terminal KRAB domain. TRIM28, known also as KRAB-associated
protein 1 (KAP1), serves as a scaffold for binding the heterochromatin protein 1 (HP1) and the DNA Methyl-
transferases (DNMT1 and DNMT3A), which allow the deposition of transcriptional repressive marks. Moreover,
TRIM28 triggers the formation of heterochromatin by also recruiting the histone methyltransferase SETDBI,
which adds the H3K9me3 mark, and the nucleosome remodelling and deacetylase (NuRD) complex®*?’. This
multiprotein chromatin remodelling complex contains the histone deacetylases 1 and 2 (HDAC1 and HDAC2),
the chromatin helicase DNA binding protein 4 (CHD4), the Retinoblastoma-binding protein 4 and 7 (Rbbp4
and Rbbp?7), either the zinc-finger proteins GATA Zinc Finger Domain Containing 2A or 2B (GATAD2a and
GATAD?2b), two Metastasis-associated Proteins (MTA1, MTA2, and/or MTA3), and the Methyl-CpG Binding
Domain Protein 2 or 3 (MBD2 or MBD3)*-%. Although this mechanism was initially presumed to only act dur-
ing early development, an increasing number of papers suggests that it may be also functional in adult tissues*' -4,

The host TE silencing mechanisms evolve to counteract the rapidly mutating TEs and invasion of new TE
families in the germline cells according to the “arm race” model. In mammals, the expansion of KRAB-ZFPs
is positively correlated with the number of endogenous LTR elements®. The lack of silencing mechanisms effi-
ciency might lead to an increase in genome size due to TE proliferation. In the lungfish giant genome, Meyer
and colleagues (2021)% have hypothesized that transposon silencing machinery did not adapt to reduce the TE
expansion. In the strawberry poison frog, it has been proposed that its large genome might be the result of TE
proliferation not suppressed by Piwi proteins in female gonad?’.

Moreover, in the genomes expanded because of TEs DNA methylation seems to be essential for the long-term
accommodation of these mobile elements in the host genome?®.

In light of these observations, we analysed the activity of transposable elements and 33 genes encoding
proteins involved in the TE host silencing mechanisms in the transcriptomes of the Chinese fire-bellied newt
Cynops orientalis (David, 1873), a species with a genome about 12-fold larger than the human genome. Moreo-
ver, comparisons were performed with transcriptomic data obtained from tissues of the coelacanth Latimeria
menadoensis® and the lungfish Protopterus annectens®, two species characterized by significant differences in the
activity of TEs and in genome size**!. The data obtained showed a higher TE activity in the newt, with a major
impact of non-LTR retroelements. The transcriptional activity of genes involved in TE silencing mechanisms
highlighted that, although these mechanisms are active in adults, differences in TE activity evidenced between
the species compared in this study may be due to the presence of old and inactive copies. In addition, to increase
knowledge about the TE silencing mechanisms in amphibians, phylogenetic analyses were performed on PRDM9
and TRIM28, two key genes of the NuRD complex. The former gene (also named Meisetz) is considered the
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Figure 1. Relative contribution of transposon transcriptional activity in the transcriptomes obtained from
gonadal tissues of Cynops orientalis, Protopterus annectens, and Latimeria menadoensis. FG female gonad, MG
male gonad.

ancestor of the KRAB domain* and its absence in amphibians, crocodiles, and birds led to support its lost in these
lineages®. The latter gene belongs to the TRIM family, highly diversified in vertebrates*, and acts as platform in
the recruitment of NuRD complex proteins. Our results revealed the presence of PRDM9 in Gymnophiona, the
sister group of Anura and Caudata, and the presence of TRIM28 in the three amphibian clades (Gymnophiona,
Urodela, Anura).

Results

Transposable element activity in gonadal tissues in C. orientalis. The transcriptional activity of
TEs was investigated in the ovary and testis transcriptomes of three female and three male specimens of C.
orientalis (Fig. 1). In the females, the analysis showed a higher relative contribution of SINE retroelements, in
contrast with males, where the strongest impact was due to LINE retroelements. However, the transcriptional
contribution of other TE types was not negligible in testes. The comparison between TE activity in the gonadal
tissues of P. annectens, L. menadoensis, and C. orientalis revealed that the lowest activity was found in lungfish
(Fig. 1). Moreover, the highest activity of LTR retroelements was observed in P. annectens, while SINE retroele-
ment activity prevailed in L. menadoensis (for statistical support see Supplementary Table S1).

Identification and transcriptional activity of genes involved in TE silencing mechanisms.  Four
transcripts (AGOI1, AGO2, AGO3, and AGO4) related to the Ago subfamily and three transcripts (PIWILI,
PIWIL2, and PIWIL4) related to the Piwi subfamily were retrieved in the female and male gonadal transcrip-
tomes of C. orientalis (Supplementary Table S2). All transcripts included a complete CDS with the exception of
AGOI, which was truncated at the 5" and 3’ ends. As in vertebrates other than eutherian mammals, no sequence
ascribable to the PIWIL3 gene was identified in the newt transcriptomes. The evaluation of the expression levels
of Ago genes in female gonads of C. orientalis (Fig. 2a) showed a very high activity of AGO4, followed by AGO2.
The expression of the other two Ago genes was lower. Although AGO4 gene was expressed in newt testis, we
evidenced an expression level much lower than in female gonads (for statistical support see Supplementary
Table S1). The comparison with the results previously obtained in lungfish and coelacanth revealed a similar pat-
tern of expression for AGO2 and AGO4 in the female gonads of newt and lungfish, with lower expression levels
in P annectens (Supplementary Fig. S1).

Concerning the Piwi genes, investigation of their expression levels revealed a high level of expression of
PIWILI in both ovary and testis transcriptomes (Fig. 2b). The transcriptional activity of PIWILI in C. orientalis
female gonads was comparable to that observed in lungfish ovaries (Supplementary Fig. S2). We also investigated
the presence of expressed transcripts orthologous with genes involved in miRNA and siRNA biogenesis pathways
in the transcriptomes of C. orientalis. Three transcripts containing the complete CDS of DICER, DROSHA, and
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Figure 2. Expression levels of AGO genes. (a) Expression values of Ago genes detected in Cynops orientalis
transcriptomes obtained from the female and male gonadal tissues. (b) Expression values of Piwi genes detected
in C. orientalis transcriptomes obtained from the female and male gonadal tissues. FG female gonad, MG male
gonad.
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Figure 3. Expression levels of genes involved in small RNA biogenesis. Expression values of genes encoding
proteins involved in small RNA production detected in Cynops orientalis transcriptomes obtained from the
female and male gonadal tissues. FG female gonad, MG male gonad.

DGCRS8 (Supplementary Table S2) were found to be expressed in all the samples analysed (Fig. 3). Similarly,
three transcripts containing a complete CDS and involved in piRNA production were also expressed in all tis-
sues, with Mael in particular showing high expression values in both ovary and testis (Fig. 3). Although all the
six genes involved in small RNA biogenesis were actively transcribed in the fire-bellied newt, their expression
levels were significantly lower than those observed in lungfish and coelacanth (Supplementary Fig. S3). Moreover,
transcripts containing complete CDS were identified for TRIM28, the three HP1 (HP1a, HP1b, and HP1g) and
the two DNMT genes (DNMT1 and DNMT3A) as well as for 12 genes encoding proteins of NuRD complex (Sup-
plementary Table S2). The analysis of the transcriptional activity showed a high level of expression of HP1g and
between the two methyltransferases analysed the DNMT1 was more active in gonads (Fig. 4). Overall, the genes
encoding proteins that are part of the NuRD complex were expressed at considerably high levels, with the lone
exception of GATAD2b (Fig. 4). Moreover, these genes were also expressed in P. annectens and in L. menadoensis,
but at lower levels than those observed in the newt (Supplementary Fig. S4). The transcriptional activity of these
genes in the liver of the three species was found to be lower than in the gonadal tissues (Supplementary Fig. S4).

Phylogenetic analyses and evolutionary history of PRDM9 and TRIM28. No sequence ortholo-
gous to PRDMY could be identified in the available transcriptomes. However, investigation of the genome of
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Figure 4. Expression levels of genes involved in heterochromatin formation and genes encoding proteins of the
NuRD complex. Expression values of 18 genes investigated in Cynops orientalis transcriptomes obtained from
the female and male gonadal tissues. FG female gonad, MG male gonad.

the caecilian Microcaecilia unicolor revealed a bona fide PRDM9 sequence. The orthology assessment of this
sequence was confirmed by phylogenetic analysis (Fig. 5A), which also demonstrated the loss of this gene in
Anura and Caudata (Fig. 5B). The protein domains of PRDM9 and PRDM?7 sequences considered in the phylo-
genetic analysis were investigated, highlighting the presence of a KRAB A box in basal sarcopterygians and in M.
unicolor (Supplementary Fig. S5). PRDM?7 sequences were present only in mammals.

Phylogenetic analysis also confirmed the presence of TRIM28 in C. orientalis (Fig. 6A), as well as in Xenopus
tropicalis and M. unicolor, which supports the presence of this gene in all three amphibian lineages. Moreover, a
TRIM28 sequence was also identified in the elephant shark Callorhinchus milii (Fig. 6B).

Discussion
Salamanders and lungfish display the largest genomes among vertebrates'®. This characteristic was specifically
acquired along the Caudata lineage, since the ancestor of modern Lissamphibia (salamanders and frogs) likely
had a nuclear DNA content of 5-10 pg*>*. In extant salamanders, genome expansion was attributed to the pres-
ence of long introns, slow rates of DNA loss, and high density of TEs, in particular of LTR retroelements"!8-2.
In axolotl, where repetitive sequences account for 65.6% of the genome assembly size, the estimated relative
age of the LTR retroelements permitted identification of a long period of activity followed by a recent burst of
expansion'. The study of the amphibian genome size variation is even more interesting if we consider that organ-
isms with small genomes, similar to those of birds, are present in this lineage. The recent genome sequencing of
the ornate burrowing frog Platyplectrum ornatum has shown that reduced genome size is correlated with shorter
intron lengths, low amount of TEs, and an increased expression of Piwi pathway genes*.

The evolutionary processes underlying the accumulation and persistence of high levels of repetitive sequences
in these organisms are not completely understood.

TE activity in gonadal transcriptomes of C. orientalis. The relative contribution of TE activity in the
ovary and testis transcriptomes of three C. orientalis individuals of each sex suggested a major impact of non-
LTR retroelements (Fig. 1). Nevertheless, we need to point out that, in absence of a complete genome sequence
for this species, we cannot establish whether this observation simply reflects a higher transcriptional activity or
if it indicates a parallel genome-wide expansion of this TE class. If the high amount of LTR retroelements found
in common among salamander genomes is also shared by the fire-bellied newt, this finding might suggest either
alower activity of LTR elements in gonads or the presence of old/degenerate copies. Moreover, in female gonads,
SINE strongly prevailed as the most active non-LTR retroelements. Although LINE retroelements were the most
active elements in male gonads, all TE types showed a considerable transcriptional contribution. TEs are well-
known potential regulators of gene networks that may influence the expression of neighbouring genes by hitch-
hiking promoters, transcription factor binding sites, insulators, splicing sites or epigenetic modifications®'. The
different pattern of TE activity observed in gonads could be due to their involvement in the regulatory toolkit
of ovaries and testes in C. orientalis, which would be in line with the different transcriptomic expression profiles
obtained in these tissues in our previous work*!. Moreover, inter-sex variations in the activity of TEs in gonads
have been also previously described in other vertebrates**.

The impact of TEs and mechanisms for transposition silencing in giant genomes.  The low TE
activity values observed in the lungfish P. annectens, compared with C. orientalis, is particularly intriguing since
the two species share a comparable genome size. A possible explanation for this discrepancy might be sought in
the different expression of genes involved in TE silencing mechanisms in the two species. It is noteworthy that
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Figure 5. PRDMO9 phylogeny. (A) Phylogenetic analysis of PRDM9 performed through Bayesian inference.
The two curly brackets group PRDM7 and PRDM9 sequences. Vertical bars indicate to which animal group the
sequences analysed belong to. (B) Schematic representation of PRDM9 evolutionary history in gnathostomes.
Red cross indicates gene loss.

the Ago and Piwi gene activity was found to be significantly higher in the newt. On the other hand, the genes
involved in heterochromatin formation and those encoding proteins of the NuRD were actively transcribed in
both species. In light of these observations, the lower TE activity in P. annectens might be consistent with the
hypothesis that its genome is mainly made up of nonactive mobile elements?**>**2, Indeed, the genomic expan-
sion in lungfish lineage occurred independently*®* and earlier than that of salamander lineage. In lungfish, the
increasing in genome size can be dated in the Carboniferous (360-320 Mya) while in amphibians the expansion
started in the Permian (280 Mya) up to the Middle Jurassic (208 Mya)*®>>**, The recent genome sequencing
of the West African lungfish has provided further support to the hypothesis of an ancient burst of transposi-
tion followed by a long period of degeneration creating a “cemetery of TEs”>*. Moreover, the high number of
KRAB-ZFPs identified in the genome of the African lungfish has also suggested that this species evolved a higher
ability to repress TEs” Taking into account the genome size and the high transcriptional levels of the genes here
investigated, we hypothesize that the TE repression system may have also been enhanced in Cynops. By contrast,
coelacanths did not evolve a strong TE repression toolkit due to the low number of TEs in their genome, about
12-fold lower than those of the fire bellied newt and lungfish. This idea is consistent with the expression levels of
TEs and genes encoding proteins involved in heterochromatin formation and silencing in this species. Overall,
the activity of TEs can increase due to environmental stressors such as temperature?>. In particular, the begin-
ning of Carboniferous and the transition from Permian to Triassic were characterized by severe environmental
changes® that might have provoked a reduction of the efficiency of silencing mechanisms in gonads, leading to
a mobilization of TEs and thus to an increase of genome size in lungfish and newts”.

The transcriptional activity of TRIM28, HP1, DNMTs, and NuRD complex genes in adults supports the
evidence that these silencing mechanisms are not only active in early developmental stages®'-**. Moreover, the
levels of expression of these genes were quite high in gonads compared to the somatic hepatic tissue. This find-
ing might be correlated with the need to repress TE activity and to preserve genome integrity in gonads. The
NuRD complex is involved in endogenous retrovirus silencing® and consequently the high expression levels of
its genes in C. orientalis suggested a high prevalence of these elements in the newt genome. This hypothesis is
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Figure 6. TRIM28 phylogeny. (A) Phylogenetic analysis of TRIM28 performed through Bayesian inference.
The two curly brackets group TRIM33 and TRIM28 sequences. Vertical bars indicate to which animal group the
sequences analysed belong to. (B) Schematic representation of TRIM28 evolutionary history in gnathostomes.
Red cross indicates gene loss. Cynops orientalis TRIM28 is in bold.

in line with the results that emerged from the complete genome sequencing of axolotl, which revealed that LTR
retroelements and endogenous retroviruses were the most abundant classes of repetitive sequences'. Moreover,
the high transcriptional activity of the DNMTI methyltransferase suggested this gene as the main candidate
regulator of TE methylation in C. orientalis. This mechanism has been proposed as essential for the long-term
accommodation of TEs in the host genome?®.

TE silencing mechanisms evolved in amphibians as in other tetrapods. Phylogenetic analyses
were focused on PRDM9 and TRIM28, two genes of interest to increase our knowledge about the evolution of
the KRAB-ZFPs and NuRD complex, involved in TE silencing mechanisms in vertebrates. It is known that the
KRAB domain contained in the KRAB-ZFPs derived from PRDM9 gene**. This gene shows an interesting evo-
lutionary history since it was lost in crocodiles, birds and, among amphibians, in salamanders and frogs*. Our
analysis confirmed the absence of this gene in C. orientalis. However, we identified PRDMY in the caecilian M.
unicolor, demonstrating that its loss in the amphibian lineage might have occurred in the common ancestor of
frogs and salamanders, after the split from the Gymnophiona (caecilian) lineage. On the other hand, TRIM28
was found in all three amphibian lineages. Moreover, the identification of a TRIM28 sequence in the elephant
shark C. milii suggests that this gene was already present in the common ancestor of gnathostomes and conse-
quently hints that the absence of this gene in Actinopterygii was due to a secondary loss. The presence of PRDM9
and TRIM28 genes suggested that the TE silencing mechanisms evolved in amphibians as in other tetrapods.

Conclusions

The findings here obtained highlighted a major impact of non-LTR retroelements and a greater total TE activity
in the newt C. orientalis compared to the lungfish Protopterus annectens, another organism characterized by a
giant genome. Therefore, the activity and accumulation of TEs likely played a key role in the genomic gigantism
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in urodeles. In particular, the difference in TE activity between the newt Cynops and the lungfish Protopterus
might be due to the presence of younger and active copies in newt.

The transcriptional activity of target genes encoding proteins involved in the TE host silencing mechanisms
confirmed that the NuRD complex was active also in adults and that their expression was high in gonads to pre-
serve genome integrity. Further comparative studies that may include species characterized by smaller genomes
will provide new insights on the evolutionary “arms-race” between TEs proliferation and silencing mechanisms
acting in host genome.

Finally, our phylogenetic analyses showed that PRDM9 was present in the common ancestor of amphibians
and TRIM28 was present in the common ancestor of gnathostomes. Therefore, these findings allowed to increase
knowledge about the evolution of these two key genes of NuRD complex silencing mechanism in vertebrates.

Material and methods

Identification of transposable elements and estimate of transcriptional activity. The identi-
fication of expressed transposable elements was carried out using the methodology described in a previous
work®’. Briefly, the de novo assembled transcriptome of C. orientalis*® was first masked with RepeatMasker
(http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker) against the Dfam*” database, and then scanned with
RepeatScout®® to identify novel active repeated elements. Following a false positive decontamination step aimed
at removing protein-coding sequences not ascribable to TE-associated conserved domains, the elements were
classified with TEClass® into the following categories: DNA transposons, LTR retroelements, LINEs, SINEs,
retroelements (whenever a retroelement could not be discriminated with certainty as a LTR or non -LTR retro-
elements) or unclear. The likely collapse of nearly identical TEs belonging to the same family, as well as the fre-
quent fragmentation of transcripts containing repeats, typical of transcriptome de novo assembly approaches®,
prevented the classification of the identified TEs on a finer scale.

The cumulative activity of each class of TEs was calculated in C. orientalis, P. annectens, and L. menadoensis
available gonadal tissue samples, as their relative contribution to the total transcriptional effort, i.e. by calculating
the fraction of reads mapped to the elements included in the repeat library, relative to the total number of reads
mapped to the reference transcriptome assemblies in each sample. This task was carried out with the proprietary
map reads to reference tool included in the CLC genomics Workbench v.20 (Qiagen, Hilden, Germany), using the
following mapping parameters: length fraction=0.75, similarity fraction =0.98. TE counts for C. orientalis were
listed in the Supplementary Table S3. The statistical significance between the relative abundance of any TE class
between male and female gonads was evaluated with an unpaired t-test (Supplementary Table S1).

Characterization and expression of genes involved in TE silencing mechanisms. The de novo
transcriptome assembly obtained from the ovary and testis collected from three C. orientalis specimens of each
sex (FG1/FG2/FG3 and MG1/MG2/MG3, respectively) was used as a reference database for sequence homology
searches*® with tBLASTn®". In detail, the search involved transcripts orthologous to members of the Ago (AGO1,
AGO2, AGO3, AGO4) and Piwi (PIWILI1, PIWIL2, PIWL4) subfamilies, as well as those involved in small RNA
biogenesis (DICER, DROSHA, DGCRS8, PLD6, SETDB1, Mael). In addition, the search was extended to P. annect-
ens* and L. menadoensis®® for PRDMY9, TRIM28, HP1a, HP1b, HP1g, DNMT1 and DNMT3A, and for the tran-
scripts encoding proteins of the NuRD complex (CHD4, HDAC1, HDAC2, MBD2, MBD3, MTA1, MTA2, MTA3,
GATAD2a, GATAD2b, RBBP4, RBBP7). All transcripts were translated using Sequence Translation (https://
www.ebi.ac.uk/Tools/st/), allowing the identification of UTR and CDS regions (Supplementary Table S2). The
sequences were deposited in GenBank under the accession numbers provided in the Supplementary Table S2.
The presence of conserved protein domains in PRDM9 and its paralog PRDM?7 was inferred with CD-Search®.

The expression values of genes of interest are reported as transcripts per million (TPM) to allow compari-
sons both within and between tissues®® (Supplementary Table S3). These values were further adjusted following
the procedure described in Biscotti et al. 2016*® to ensure full compatibility with data previously published for
other species. Briefly, to take into account possible distortions of TPM calculations linked with the different
structure of the transcriptomes, gene expression values were computed by using a scaling factor, based on the
cumulative expression of 2111 broadly expressed verified single-copy orthologs shared by all the species taken
into account. The expression levels of such genes were calculated with the CLC Genomics Workbench v.20,
using the following parameters: length fraction = 0.75, similarity fraction = 0.98. Read counts obtained from the
three biological replicates of male and female gonads, normalized by quantile, were used to perform a statistical
analysis of differential gene expression, carried out with a Baggerlys’ test®. The presence of the genes of interest
among the subset of those differentially expressed between the gonads of the two sexes was ascertained based
on a Bonferroni-corrected p-value < 0.05 (Supplementary Table S1).

Phylogenetic analyses. Phylogenetic analyses were performed to assess the orthology and the evolu-
tionary history of genes of interest. Orthologous Similar sequences were retrieved from GenBank (http://www.
ncbi.nlm.nih.gov/) or ENSEMBL (http://www.ensembl.org/index.html) and used in the phylogenetic analyses
(for accession numbers see Supplementary Table S4). Multiple alignments of the amino acid sequences were
obtained with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) using default parameters. PRDM9
and TRIM28 phylogenetic analyses with midpoint rooting were performed by Bayesian inference using MrBayes
(version 3.2)% and 1,000,000 generations were run (the burn-in was set to 2,500). The Jones amino acid model®®
was identified by the MrBayes program with a potential scale reduction factor (PSRF) of 1.00. Stationarity
defined as the condition where the average standard deviation of split frequencies was of 0.0019 for PRDM9
phylogeny and of 0.0051 for TRIM28 phylogeny.
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Abstract: Transposable elements (TEs) represent a considerable fraction of eukaryotic genomes,
thereby contributing to genome size, chromosomal rearrangements, and to the generation of new
coding genes or regulatory elements. An increasing number of works have reported a link between
the genomic abundance of TEs and the adaptation to specific environmental conditions. Diadromy
represents a fascinating feature of fish, protagonists of migratory routes between marine and fresh-
water for reproduction. In this work, we investigated the genomes of 24 fish species, including
15 teleosts with a migratory behaviour. The expected higher relative abundance of DNA transposons
in ray-finned fish compared with the other fish groups was not confirmed by the analysis of the
dataset considered. The relative contribution of different TE types in migratory ray-finned species
did not show clear differences between oceanodromous and potamodromous fish. On the contrary, a
remarkable relationship between migratory behaviour and the quantitative difference reported for
short interspersed nuclear (retro)elements (SINEs) emerged from the comparison between anadro-
mous and catadromous species, independently from their phylogenetic position. This aspect is likely
due to the substantial environmental changes faced by diadromous species during their migratory
routes.

Keywords: genome evolution; transposable elements; environmental adaptation; fish

1. Introduction

Teleosts, comprising more than 32,000 extant species [1], represent an evolutionarily
successful and highly diverse group of vertebrates that populate a wide range of both sea
water (SW) and freshwater (FW) habitats across the world, from polar to tropical regions [2].
The genome composition of these organisms most certainly represents one of the key factors
behind such evolutionary success. Two major events of whole genome duplication (WGD)
occurred during the early evolution of vertebrates 500 million years ago, and thus also
affected the lineage of actinopterygians. Subsequently, a third duplication (3R) took place,
300 million years ago, in the teleost lineage and specific events (4R) occurred independently
only in some lineages [3-5]. The genome size of ray-finned fish is characterised by a wide
range of variation, with the smallest values found in Tetraodontiformes species (~0.35 Gb)
and the highest values in Acipenseriformes (~9.5 Gb). These differences are mostly ascrib-
able to the presence of repetitive DNA [6-8]. Indeed, as postulated by the C-value paradox,
the complexity of an organism is not related to the amount of DNA, because not all DNA is
made up of genes, but it is mostly constituted by intergenic non-coding DNA, and in partic-
ular by repetitive DNA [9]. These large genomic regions contain highly repeated sequences
that are classified into two main groups: transposable elements (TEs) and tandem repeat
elements, with the latter including satellite DNA, minisatellites, and microsatellites [10-12].
TEs are DNA sequences capable of replicating, moving, and integrating into new regions
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of the genome. They are divided into two main classes: (i) retrotransposons (Class I) are
able to propagate their copy sequences in the host genome by reverse transcription of an
RNA intermediate molecule through a copy-and-paste mechanism; (ii) DNA transposons
(Class II) are generally eliminated from their original location in order to be inserted in a
different portion of the genome by a cut-and-paste mechanism. The Class I retroelements
include long terminal repeat (LTR) retrotransposons and non-LTR retrotransposons, these
latter encompassing long interspersed nuclear elements (LINEs) and short interspersed
nuclear elements (SINEs) [13]. The structure of LTR retroelements comprises the open
reading frames (ORFs) encoding for viral structural proteins (GAG), an aspartic protease
(Pol), a reverse transcriptase (RT), an RNase H, and an integrase. LINE retroelements en-
code a reverse transcriptase and a nuclease necessary for transposition. Conversely, SINE
retroelements are non-autonomous and their origins are related to tRNA, 7SL RNA, and 55
RNA. The Class Il includes autonomous elements characterised by the presence of terminal
inverted repeats and the ability to encode for a transposase. This Class of TEs comprises
also Helitrons that use a rolling-circle mechanism for replication [13]. Although repetitive
DNA was long considered to be devoid of any functional meaning and therefore labelled as
“junk DNA”, a large number of reports now support a functional and evolutionary role for
a significant fraction of the non-coding portion of vertebrate genomes [14-17]. In particular,
TEs can be considered important factors for the reorganisation of the genome through
chromosomal rearrangements such as duplications, inversions, translocations, and creation
of novel genes or regulatory elements through molecular domestication [7,18,19] but also
function themselves as enhancers, promoters, silencers, and boundary elements [20,21].
Overall, the fish mobilome shows a wide variety of TE superfamilies, and, compared to
other vertebrates, it is mainly dominated by DNA transposons [22-25]. In addition, some
lineage-specific TEs have played a significant role in karyotype evolution and, in particular,
in the genesis of sex chromosomes [26-31]. In plants, several works have highlighted a rela-
tionship between TEs and the environment to which species are adapted [32-36]; however,
growing evidence suggests that TEs might be among the main drivers of adaptation even
in animals [37,38]. This aspect is particularly intriguing in fish, which are characterised by
a high biodiversity [39-41].

Therefore, the possible correlation between TEs and migration, one of the most in-
triguing behaviour of fish, is of extreme interest. To cope with aquatic environments
characterised by substantial differences in salinity and temperature, migrating organisms
have evolved an extraordinary physiological plasticity. In this context, diadromous fish
species represent a particularly interesting case study. This group of fish has always
attracted scientific attention due to their spectacular migratory routes between SW and
FW, and some of them are also of commercial importance for fishing activities. Three
different types of diadromy have been recognised: anadromy and catadromy are related to
spawning and differ for the passage from SW to FW and vice versa, respectively. A third
typology, still debated among fish biologists, is amphidromy, for which migration to SW is
not correlated with spawning necessity and occurs in a specific life stage (hatched larvae)
for a restricted period of time (up to 200 days), after which juveniles return to FW, where
they spend their adult life [42,43]. On the contrary, oceanodromous and potamodromous
species migrate within SW and FW, respectively.

While multiple studies are progressively building up a significant amount of evidence
corroborating the existence of a correlation between the genomic abundance of particular
TE classes and the adaptation to specific environments, to date this fascinating topic has
never been comprehensively investigated in migrating fish. With the present study, we
aim to fill this knowledge gap by analysing the TE content in 24 fish species, including 15
having a migratory behaviour.
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2. Results
2.1. Evaluation of TE Impact in Bony Fish Genomes

The masking analysis of genome repetitive fraction showed a variable TE content
in fish genomes (Figure 1, Supplementary Table S1). The highest abundances of TEs
were detected in the Petromyzon marinus, Callorhinchus milii, Neogobius melanostomus, and
Danio rerio genomes. The impact of each TE type on the genome of the analysed species
was graphically represented as the TE relative contribution (Figure 2), that evidenced a
clear difference between the two non-bony vertebrates, where LINE retroelements were
clearly prevalent compared to actinopterygians. A balance between Class I retroelements
(LINE, SINE, and LTR) and Class II DNA transposons was observed in the three species
belonging to the Anguilla genus, in Salmo salar, Periophthalmodon schlosseri, Dicentrarchus
labrax, Thunnus orientalis, and Sinocyclocheilus grahami. In the remaining ray-finned fish,
retroelements were more abundant than DNA transposons, except for Cyprinus carpio, D.
rerio, Scartelaos histophorus, N. melanostomus, and Astyanax mexicanus, where a major impact
of DNA transposons emerged. We recorded a very similar amount of DNA transposons
and LINE retroelements in Oncorhynchus mykiss, Gadus morhua, and Arapaima gigas. The
impact of LTR retroelements on the genome of A. gigas, Tenualosa ilisha, and Lates calcarifer
was higher than the other species. Overall, SINE retroelements had a minor relative
contribution in all ray-finned fish species, except for Lepisosteus oculatus and Scleropages
formosus.

We found a positive correlation between TE content and assembled genome size,
supported by statistically significant Spearman and Kendall correlations (Spearman: tho =
0.536, p-value = 0.009; Kendall: tau = 0.352, p-value = 0.019; Supplementary Figure S1).

Moreover, the trends evidenced from the distribution of TE relative abundances was
not consistent with species phylogeny.
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Figure 2. Relative abundance of TE types in the mobilome of the fish species analysed. The histogram shows the relative
abundance of each TE type in the mobilome of two non-ray finned fish and 22 actinopterygians. The migratory behaviour

of Actinopterygii is indicated.

2.2. TE Contribution in Migratory Species Genomes

Nine of the species analysed here were characterised by a diadromous behaviour: the
three eel species (Anguilla anguilla, Anguilla japonica, Anguilla megastoma) are catadromous,
T. ilisha, S. salar, and O. mykiss are anadromous, while N. melanostomus, P. schlosseri, and S.
histophorus are amphidromous. The comparison of TE relative abundances enabled recogni-
tion of distinct patterns in the different fish groups. In particular, concerning retroelements,
the three catadromous species presented a higher abundance of LINE, followed by a very
similar amount of LTR and SINE retroelements, while SINE retroelements were the least
represented in the other six species considered (Figure 2, Supplementary Table S2).

One-way analysis of variance (ANOVA) identified the abundance of SINE retroele-
ments as the only statistically significant difference (p-value < 0.05) between anadromous
and catadromous species, and the abundance of DNA transposons as the only significant
difference between amphidromous and catadromous species.

A potential caveat of this study is linked with the congeneric status of the three catadro-
mous species we considered, which may have led to the introduction of a phylogenetic
signature in genomic TE composition in this group. Unfortunately, no fully sequenced
genome of other catadromous species not belonging to Anguilla genus is presently available
to broaden taxonomical sampling.

The variation partitioning analyses were performed to test the influence of phylogeny
or migration on TE quantitative composition. Data obtained showed a marked correlation
of migratory behaviour on the quantitative difference observed for SINE retroelements
in the comparison between catadromous and anadromous species. Moreover, migratory
behaviour was found to have a slighter correlation on the quantitative difference of DNA
transposons observed between catadromous and amphidromous species (Figure 3).

To provide a fine-scale overview of the expansion of particular TE families in catadro-
mous and anadromous species, we analysed the relative abundance of TE families, gen-
erating two Z-score-based heat maps (Supplementary Figure S52). Despite their high
phylogenetic distance, the three anadromous species displayed a very similar content of
SINE retroelements, much lower than the three closely related catadromous species. Curi-
ously, some elements (SINE/tRNA and SINE/tRNA-Core) displayed a similar abundance
between anadromous and catadromous species, except for A. anguilla, where they were
particularly expanded (Supplementary Figure S2A). While larger interspecific differences
were evidenced by a broader overview of the relative abundance of all TEs (Supplementary
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Figure S2B), the clustering of anadromous and catadromous species in two distinct groups
was still strongly supported. Moreover, the comparison between the two heat maps evi-
denced distinct relationships between patterns observed for the three species belonging
to the Anguilla genus: Supplementary Figure S2B shows a cluster comprising A. anguilla
and A. japonica, and in an external position A. megastoma, while Supplementary Figure S2A
outlines a closer relationship between A. japonica and A. megastoma; for the anadromous
species considered, the two heat maps did not show any difference in terms of relationships
between the obtained patterns.

A Catadromous vs Anadromous

7R

0.3368 lO 2111 0.0014

\ X /Res-duals 0.4507

B Catadromous vs Amphidromous

/X\

0.1193 |o 5754)

\\ \< Resnduals 0.3163

Values <0 not shown

Figure 3. Venn diagrams obtained by variation partitioning analyses (VPA) using redundancy analy-
sis (RDA). The partition of the variation of a response variable (X) between two sets of explanatory
variables (X1 and X2) is shown. Each circle represents the portion of variation accounting for an
explanatory variable or a combination of the explanatory matrices. The intersection between the
two circles represents the amount of variation explained by both variables X1 and X2 [45]. (A): the
response variable (X) is the quantitative difference reported for SINE retroelements from the compar-
ison between anadromous and catadromous fish species; the explanatory variable X1 represents the
migration and the explanatory variable X2 indicates the sequence divergence obtained by p-distance
matrix using 16S rDNA. (B): the response variable (X) is the quantitative difference reported for
DNA transposons from the comparison between catadromous and amphidromous fish species; the
explanatory variable X1 represents the migration and the explanatory variable X2 indicates the
sequence divergence obtained by p-distance matrix using 16S rDNA.

Although a specific pattern was not clear in the comparison between the relative TE
abundances of diadromous, oceanodromous and potamodromous teleosts, we observed
that oceanodromous species were generally characterised by a higher quantity of LINE
retroelements (>37%) compared to potamodromous and diadromous species, except for O.
mykiss (Figure 2).

2.3. Kimura Distance-Based Copy Divergence Analyses of Transposable Elements

The analysis of TE sequence divergence by Kimura distance evidenced the presence of
one or two amplification bursts in all actinopterygians. The position of these bursts on the
left part of the graph (K-value < 25, that indicates a relatively small degree of divergence)
suggested a link with recent amplification events. Moreover, the repeat landscapes of the
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analysed ray-finned fish species showed a remarkable DNA elimination rate due to the
distribution of the largest part of TE copies below a K-value of 25 (Figure 4, Supplementary
File S1). In most species, DNA transposons represented more than 50% out of all the
TEs identified, except for L. oculatus, A. gigas, and S. formosus, in which all the main TE
classes were represented. The contribution of SINE retroelements was notable in the
spotted gar and in the Asian arowana, in contrast with the other ray-finned fish analysed.
No correlation could be observed between the composition of the repeat landscapes and

species phylogeny, as clearly summarised in Figure 4.

Cyclostomata
Chondrichthyes
Vertebrata
Chondrostei
Gnathostomata Holostei
Osteichthyes
Teleostei
N SINE
. NE
. LUTR
. ONA

resolution in Supplementary File S1.
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Figure 4. Cladogram with repeat landscape plots. The cladogram reported on the left summarises
the phylogenetic relationships among the species analysed in this study. The graphs displayed on
the right report the repeat landscape plots obtained by Kimura distance-based copy divergence
analyses of transposable elements for each species. The repeat landscape plots are reported at higher
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3. Discussion

Genome architecture is one of the key factors influencing the evolutionary success
of species [46]. Transposable elements are known to play a pivotal role as a dynamic
component of the DNA repetitive fraction. In this framework, the evaluation of the impact
of mobile elements in ray-finned fish, one of the most diversified group of vertebrates, may
contribute not only to unravel the biodiversity of this taxon, but also to unveil the reason
of their extreme adaptability to widely different aquatic environmental conditions. The
evolution of specific TE sequences has been linked with environmental temperature [39].
Moreover, an increasing number of studies have reported the additional influence of abiotic
factors on TE activity [32,33,37]. Migration is one of the most fascinating behaviours in
the lifestyle of some fish species. In particular, this behaviour leads diadromous species
to move between environments characterised by substantial differences in abiotic factors
(e.g., salinity and temperature). In this study, we investigated the genomes of 15 migratory
species: T. ilisha, O. mykiss, and S. salar are anadromous; A. anguilla, A. japonica, and A.
megastoma are catadromous; N. melanostomus, P. schlosseri, and S. histophorus are amphidro-
mous; G. morhua, T. orientalis, and D. labrax are oceanodromous; Acipenser ruthenus, C.
carpio, and A. mexicanus are potamodromous. For comparison, two non-bony fish (the
jawless P. marinus and the elephant shark C. milii) and seven additional non-migratory
actinopterygian species were considered (Figure 1).

Our results showed a variable TE content both in the bony and non-bony fish genomes
analysed, as well as a positive correlation between TE content and the assembled genome
size. This suggested, in line with previous reports, that these elements affected the content
of nuclear DNA [7,12,22,23,47-51]. In addition, differences in TE content were not asso-
ciated either with the number of whole genome duplication (WGD) events the analysed
species underwent, nor with the ploidy level. In particular, the genome of actinopterygians
experienced two rounds of WGDs [52-54], and a third round occurred in teleosts [54-56].
Several other ray-finned fish species experienced a fourth independent WGD event [3-5,57].

In the TE relative contribution analyses, LINE retroelements had the highest impact
in sea lamprey and elephant shark, as previously reported by other authors [22,25,40].
Although the known trend of higher relative abundance of DNA transposons in ray-finned
fish was confirmed by our analyses, we evidenced some exceptions. In particular, A.
ruthenus, L. oculatus, A. gigas, S. formosus, T. ilisha, O. mykiss, G. morhua, L. calcarifer, and O.
latipes showed a lower number of DNA transposons compared with retroelements. The
high relative TE content of DNA transposons observed in the only available species of
Acipenseriformes, A. ruthenus, might reflect a condition similar to that one present in the
common ancestor of Actinopterygii.

However, the patterns of TE relative abundance observed across species (Figure 2)
were not consistent with phylogeny. This suggested that the accumulation of specific
TEs might be related to the evolutionary adaptation of species to specific environmental
niches. Indeed, variation partitioning analyses evidenced a statistically significant influ-
ence of migratory behaviour on quantitative differences of DNA transposons between
catadromous and amphidromous species. The effect of migration was more pronounced
on the quantitative difference reported for SINE retroelements in the comparison between
anadromous and catadromous fish species. One study has reported that resident and
migratory populations of the teleost Coilia nasus carry a different SINE copy number. These
differences have been related to the anadromous ecotypes of C. nasus that cope with envi-
ronmental challenges during their life cycle [41]. The abundance of SINE retroelements
may contribute to the genomic variation in fish, affecting gene expression. Indeed, SINEs
are often enriched at the boundaries of transcriptionally active or inactive domains and
these elements are thought to be involved in defining high-order genomic organisation
through intra- or inter-chromosomal interactions [58-60].

The analysis performed to identify fine-scale expansions of SINE retroelements be-
tween catadromous and anadromous species showed that most of the elements experienced
an expansion in catadromous species. Moreover, the relationships between SINE retroele-
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ments patterns observed for the three species of Anguilla genus were different from those
obtained considering all TEs. These findings strengthen the hypothesis that the similar-
ity in the abundance of SINE retroelements between Anguilla species analysed might be
also due to different causes from phylogeny. However, the differences in SINE content
between catadromous and anadromous species could be investigated more extensively
when genomic data from other catadromous species not belonging to Anguilla genus are
available.

On the contrary, the relative contribution of TEs did not show a clear pattern, either
among oceanodromous or among potamodromous species. This finding might be linked
to the fact that these species spend their entire life in marine- and freshwaters, respec-
tively, without having to face substantial environmental changes. Overall, the compari-
son between the oceanodromous—potamodromous and the anadromous—amphidromous—
catadromous groups evidenced a lower SINE content in the former, strengthening the
hypothesis that these retroelements play a key role in the genomes of fish species charac-
terised by diadromous migratory behaviour. However, further investigations are needed
to clarify the cause—effect relationships between the co-evolution of the number of SINE
retroelements and the migratory behaviour of fish.

The reconstruction of the transposition history through Kimura distance showed
one or two amplification bursts in the repeat landscape profiles of catadromous and
anadromous species, with the differences in the relative content of SINE that might be
explained by three scenarios. The higher relative content of SINEs in catadromous species
is probably related to a higher rate of their transposition. Moreover, purifying selection
could have acted as the main driver in determining the discrepancy in TE transposition
rate between catadromous and anadromous species. On the other hand, the effect of TE
silencing and/or elimination mechanisms might be more active in anadromous species,
affecting SINE retroelements content. Moreover, the role played by horizontal transfer
events [61-63] might not be negligible, because these could have conveyed beneficial SINE
retroelements in the host genome of catadromous species, leading to their expansion.

Finally, the importance of sequencing depth and the assembly methods need to be
considered, mainly with respect to repeat-rich regions, because these technical factors
might influence the estimation of transposable element content. However, the combination
of species-specific repeat libraries with the de novo discovery and annotation process
described in this work allowed us to improve the identification of previously unidentifiable
non-canonical repeats.

4. Materials and Methods

A total of 24 fish species were considered in this study: a single species belonging to
Cyclostomata (lamprey, P. marinus), within Gnathostomata, one member of Chondrichthyes
(elephant shark, C. millii) and 22 Osteichthyes. These all belong to Actinopterygii and,
in detail included one Chondrostei (sterlet, A. ruthenus), one Holostei (spotted gar, L.
oculatus) and 20 Teleostei (European eel, A. anguilla; Japanese eel, A. japonica; Polynesian
longfinned eel, A. megastoma; pirarucu, A. gigas, arowana, S. formosus; Hilsa Shad, T. ilisha;
carp, C. carpio; zebrafish, D. rerio; golden line barbel, S. grahami; cavefish, A. mexicanus;
salmon, S. salar; rainbow trout, O. mykiss; Atlantic cod, G. morhua; tuna, T. orientalis;
round goby, N. melanostomus; giant mudskipper, P. schlosseri; walking goby, S. histophorus;
barramundi, L. calcarifer; medaka, O. latipes; European seabass, D. labrax). Unmasked
genomes of these species were obtained from the public database NCBI GenBank (https:
/ /www.ncbinlm.nih.gov/genome/), except for the Atlantic cod genome, which was
downloaded from Ensembl genome browser (https://www.ensembl.org/index.html).
Accession numbers are reported in Supplementary Table S3.

To identify transposable elements in the analysed species, we used species-specific TE
libraries derived from the FishTEDB database (http:/ /www.fishtedb.org/). For the species
A. ruthenus, A. gigas, T. ilisha, C. carpio, O. mykiss, S. salar, N. melanostomus, P. schlosseri, and
S. histophorus, de novo TE libraries were built as follows. De novo TE identification was
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performed using RepeatScout v 1.0.5 [64]: the “build_Imer_table” module generated a
table of Imer frequency and “RepeatScout” extracted the repeats that were then filtered
with “filter-stage-1.prl” script in order to remove low complexity sequences. The filtered
output file was used by RepeatMasker v 4.1.0 (http://www.repeatmasker.org/cgi-bin/
WEBRepeatMasker) as a library to extract repeats from each downloaded genome. The Re-
peatScout “filter-stage-2.prl” script was then employed to remove sequences repeated less
than 10 times. The remaining sequences were then filtered by BLASTX [65] search against
the Uniprot-Swissprot database [66] and by Interproscan v5.34-73.0 [67], by removing se-
quences with at least one hit (e-value = 1e-50), because they could be coding sequences not
ascribable to TEs. In order to avoid the loss of domesticated transposons sequences filtered
out in the previous step, discarded elements were analysed with HMMER [68], searching
for domains ascribable to integrase, reverse transcriptase, and transposase functions. The
corresponding HMM profiles (PF13333.7, PF13683.7, PF00665.27, PF00078.28, PF13843.7)
were downloaded from Pfam [69]. Sequences with an e-value lower than le-5 were then
reintegrated in the TE library. Finally, TEclass-2.13 was used to classify the remaining
sequences. All the libraries were used to mask each genome with RepeatMasker, setting
the—a argument in order to obtain the alignment file for each species.

An extended library comprising all TEs identified in catadromous and anadromous
fish species was used to mask their genomes, obtaining a comparable dataset among
species, representative of the relative genomic abundance of specific TE families. This was
calculated by dividing the total amount of masked nucleotides for each family by the total
amount of masked nucleotides using the entire library on each genome.

To estimate TE age and transposition history in actinopterygian genomes, Kimura dis-
tances (rate of transition and transversions) were calculated between genome total sequence
length and TE consensus from the library using the scripts “calcDivergenceFromAlign.pl”
and “createRepeatLandscape.pl” provided by the RepeatMasker package.

The main steps of the pipeline are graphically summarised in Supplementary Fig-
ure S3.

To test a relationship between genome size (total sequence length) and total TE content
(total TE, reported here as a percentage of the total genome size), we applied the Spearman
and Kendall rank correlation tests using “cor.test()” function in R.

Variation partitioning analysis was performed using vegan package 2.5.5 [70] to
evaluate the influence of transposable elements and/or phylogeny on migratory behaviour.
Migration was assigned as the explanatory variable X1 and phylogeny (considered as the
sequence divergence obtained by the p-distance matrix using 165 rDNA) as the explanatory
variable X2. For each pair of species, both explanatory variables were compared with data
related to the difference calculated for each TE type (response variable X).

5. Conclusions

The evolutionary success of species is strictly related to the composition and func-
tionality of their genome. Transposable elements undoubtedly have a key role in shaping
genome architecture by generating the genetic innovations responsible for species” adapt-
ability. Ray-finned fish are characterised by an extremely high diversity and are adapted
to a wide range of environments. The data presented here did not show any significant
correlation between TE composition and the phylogenetic relationships among species,
although they indicated an interesting link between the genomic content of mobile ele-
ments and environmental conditions. It is not easy to establish whether the content of a
specific TE-type is determined by the environment in which a given species lives or vice
versa. However, these findings follow the well-established trends that envision TEs as
primary drivers of the exceptional biodiversity of species and lay the foundation for further
experimental analyses towards the comprehension of mechanisms and factors involved in
this fascinating relationship.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/2/602/s1.
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Abstract: Fish are an interesting taxon comprising species adapted to a wide range of environments.
In this work, we analyzed the transcriptional contribution of transposable elements (TEs) in the
gill transcriptomes of three fish species exposed to different salinity conditions. We considered the
giant marbled eel Anguilla marmorata and the chum salmon Oncorhynchus keta, both diadromous,
and the marine medaka Oryzias melastigma, an euryhaline organism sensu stricto. Our analyses
revealed an interesting activity of TEs in the case of juvenile eels, commonly adapted to salty water,
when exposed to brackish and freshwater conditions. Moreover, the expression assessment of genes
involved in TE silencing mechanisms (six in heterochromatin formation, fourteen known to be part
of the nucleosome remodeling deacetylase (NuRD) complex, and four of the Argonaute subfamily)
unveiled that they are active. Finally, our results evidenced for the first time a kriippel-associated
box (KRAB)-like domain specific to actinopterygians that, together with TRIM33, might allow the
functioning of NuRD complex also in fish species. The possible interaction between these two proteins
was supported by structural prediction analyses.

Keywords: transposable elements; fish; silencing mechanisms; salinity; Kriippel-associated box
domain zinc finger proteins (KRAB-ZFPs)

1. Introduction

A considerable portion of eukaryote genomes is composed of transposable elements
(TEs). They are able to move within genomes through transposition using either a DNA
intermediate molecule, for example DNA transposons, or an RNA intermediate molecule,
known as retrotransposons, that includes Long Terminal Repeats (LTRs) and non LTR
elements. These latter comprise Long Interspersed Nuclear Elements (LINEs) and Short
Interspersed Nuclear Elements (SINEs).

It is known that TEs can affect genome size, can be co-opted to create novel genes, or
be involved in chromosome rearrangements. Not negligible is also the increasing number
of evidence reporting a transposition activity that seems to be influenced by abiotic factors
such as temperature, salinity, and pH [1-8], suggesting a role of these genetic elements in
the regulation of mechanisms responsible for environmental adaptation [2,8-11]. Moreover,
the presence of a specific TE class [10,12] as well as of a particular TE sequence variant [9]
has been proposed to be related with species adaptation to a specific environment.
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Salinity is an abiotic factor that influences the adaptation of marine and freshwater
organisms, and its changes can also represent a possible stress that threatens their survival.
Teleosts are an excellent model to investigate the relationship between this environmental
parameter and TEs. Indeed, this highly diverse group populates a wide range of habitats
across the world, from tropical to polar regions of both sea water (SW) and freshwater
(FW) and some species are characterized by the ability to migrate during their lifespan.
This fascinating behavior can occur in SW (oceanodromous), in FW (potamodromous) or
between these two environments (diadromous). In the latter case, the migratory behavior
is carried out for reproductive purposes and organisms have to face, in a defined stage of
their life cycle, variations in salinity that require changes in osmotic regulation. Among
fish, this aspect is better tolerated by euryhaline species sensu stricto that have acquired
the ability to adapt to various salinity conditions.

The giant marbled eel Anguilla marmorata is a catadromous species widely distributed
in tropical, subtropical, and temperate areas that moves from freshwater to salt water
for spawning [13]. The chum salmon Oncorhynchus keta is an anadromous species that
spends much of its life in salt water and goes up rivers to spawn [14,15]. The marine
medaka Oryzias melastigma is an euryhaline species able to survive in environments with
different salinities.

In this study, we compared the activity of TEs between gill tissues of the considered
species analyzing RNA-Seq data available in the public databases obtained from organisms
treated at different salinity conditions, FW, brackish water (BW), and SW. Gills are primary
organs that are highly sensitive to salinity level, can detect changes in external osmotic
pressure, and promote ionic compensatory mechanisms to maintain the osmolarity in
body fluids. Moreover, they play crucial roles in physical processes such as gas exchange,
nitrogenous waste excretion, and acid-base balance [14,16].

Interestingly, our findings evidenced a variation in TE transcriptional contribution in
the case of the giant marbled eel with respect to O. melastigma and O. keta, and thus the
transcriptional activity of genes involved in TE silencing mechanisms was investigated.
It is known that to counteract the negative effects due to transposition, host genomes
evolved various TE silencing mechanisms involving small RNAs, chromatin and DNA
modification pathways, and sequence-specific repressors such as those based on the KRAB-
ZFPs recruiting the NuRD complex [11,17]. Here, the evaluation of the expression of genes
involved in these mechanisms (six in heterochromatin formation, fourteen known to be
part of the NuRD complex, and four of the Argonaute subfamily) unveiled that they are
active. Intriguingly, our results evidenced for the first time a KRAB-like domain specific of
actinopterygians that together with TRIM33 might allow the functioning of NuRD complex.

2. Results

2.1. Transcriptional Contribution of Transposable Elements in Gill Transcriptomes of A. marmorata,
O. melastigma, and O. keta

The transcriptional activity of TEs, assessed as percentage of mapped reads, was eval-
uated through the analysis of gill RNA-Seq data available for A. marmorata, O. melastigma,
and O. keta treated in FW, BW, and SW conditions (Figure 1).
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Figure 1. Transcriptional contribution of transposable elements in Anguilla marmorata, Oryzias
melastigma, and Oncorhynchus keta gill transcriptomes. FW: freshwater; BW: brackish water; SW:
salt water.

The total TE contribution was higher in O. keta, followed by that of O. melastigma and A.
marmorata. These differences were mainly ascribable to the activity of LINE retroelements
and DNA transposons. In A. marmorata and O. keta, the highest impact was due to DNA
transposons while in O. melastigma the two major TE types were DNA transposons and
LINE retroelements. The comparison of TE transcriptional contribution showed similar
levels between the three tested conditions in O. keta (maximum percentage variation of
total TEs was 3.22 in the SW vs. BW comparison) and O. melastigma (maximum percentage
variation of total TEs was 8.31 in the SW vs. BW comparison), while in A. marmorata a
lower level was detected in the SW condition compared to FW (the increase of percentage
variation of total TEs was 12.79) and to BW (the increase of percentage variation of total
TEs was 21.43). Regarding percentage variation of single TE class, in A. marmorata the main
difference was ascribable to SINE retroelements that increased 37.09% in the comparison
SW vs. FW and 63.31% in the SW vs. BW comparison. For the other two species considered,
minimum percentage variations were reported for the single TE class (Table S1).

2.2. Identification and Transcriptional Activity of Genes Involved in TE Silencing Mechanisms

TE silencing mechanisms were investigated in order to explain the different TE con-
tribution observed for the SW condition in the giant marbled eel. The transcriptomes of
A. marmorata, O. melastigma, and O. keta were screened to retrieve transcripts with coding
sequence (CDS) orthologous to AGO1, AGO2, AGO3, and AGO4 genes of the Ago subfamily,
to genes encoding proteins involved in heterochromatin formation (HP1a, HP1pa, HP1Bb,
HP1vy, DNMT1, DNMT3Aa), and in NuRD complex (CHD3, CHD4x, CHD4p, HDACI,
HDAC2, MBD2, MBD3b, MTA1, MTA2, MTA3, GATAD2A, GATAD2B, RBBP4, and RBBP?)
(Table S2).

Four transcripts encoding the Ago proteins were retrieved in the analyzed species.
AGO4 of A. marmorata, AGO3 of O. keta, and AGO1, AGO2, and AGO3 of O. melastigma
showed a complete CDS. The evaluation of the transcriptional activity of the four AGO
genes evidenced the same trend between the three tested conditions in chum salmon and
in marine medaka, while in giant marbled eel the expression of AGO genes was variable
between FW, BW, and SW conditions (Figure 2). Overall, AGO4 showed the highest

97



Int. J. Mol. Sci. 2022, 23, 5215 40f 14

transcriptional value in all conditions of analyzed species. However, in the case of eel,
a decrease in the expression level of this gene was observable from FW to SW condition
(Figure 2).
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2000

1000
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Figure 2. Transcriptional activity of Argonaute genes in Anguilla marmorata, Oryzias melastigma, and
Oncorhynchus keta gill transcriptomes. FW: freshwater; BW: brackish water; SW: salt water.

Concerning genes related to heterochromatin formation, HP1« transcript was iden-
tified in O. keta and O. melastigma with a complete CDS; for HP1pB, two transcripts cor-
responding to HP1Ba and HP1pb were retrieved in A. marmorata and O. melastigma, and
one transcript corresponding to HP1pb was identified in O. keta. All HP1B sequences
presented a complete CDS. For HP1v, a transcript was retrieved in all species (Table S2).
This gene was the most expressed in A. marmorata and O. keta. In the case of O. melastigma,
HP1Ba showed the highest transcriptional levels. The HP1a was the second gene having a
remarkable transcriptional activity in O. melastigma and in O. keta (Figure 3). A sequence
homologous to DNMT1 was retrieved in all considered species while DNMT3Aa was iden-
tified in chum salmon and marine medaka transcriptomes. The expression of DNMT1
was appreciable in all analyzed RNA-Seq data. Moreover, in O. melastigma, among the
DNA methyltransferases, the DNMT3Aa showed higher transcriptional levels than DNMT1
(Figure 3).
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Figure 3. Transcriptional activity of genes involved in heterochromatin formation in Anguilla mar-
morata, Oryzias melastigma, and Oncorhynchus keta gill transcriptomes. FW: freshwater; BW: brackish
water; SW: salt water.

Interestingly, for the NuRD complex, the whole set of genes was retrieved in all species
investigated. The identified transcripts showed a complete CDS for HDAC1, MBD3b, MTA1,
RBBP4, and RBBP7 in A. marmorata, for HDAC2, MBD2, MBD3b, MTA1, MTA2, RBBP4, and
RBBP7 in O. keta, and for all genes of NuRD complex with the exception of CHD3 and CHD4
in O. melastigma (Table S2). The expression analysis of the NuRD complex genes showed
that they are active in all the three species considered (Figure 4). Moreover, many of them
did not show considerable expression variations between the three tested conditions for O.
keta as well as those for O. melastigma. In the case of A. marmorata, a different trend was
observed between the three conditions with an overall increase in gene expression levels in
BW and FW.
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Figure 4. Transcriptional activity of NuRD complex genes in Anguilla marmorata, Oryzias melastigma,
and Oncorhynchus keta gill transcriptomes. FW: freshwater; BW: brackish water; SW: salt water.

In sarcopterygians, the NuRD complex is recruited at TE sequences through the
involvement of KRAB-ZFPs and TRIM28, a protein belonging to the Tripartite Motif family.
The former binds the TE sequence through their C-terminal ZF domains and the TRIM28
through their N-terminal KRAB domain, which in turn serves as a scaffold to recruit
proteins of the NuRD complex. In actinopterygians, both KRAB-ZFPs and TRIM28 are
not present. Therefore, we searched for proteins playing analogous functions in fish
species here analyzed. TRIM33 is a protein that has the same domain architecture as
TRIM28, being composed of an N-terminal RING Finger/B-Box/ coiled coil (RBCC), the
Plant Homeo Domain (PHD), and the Bromodomain (BROMO) [18] and is widely spread
among ray-finned fish (Figure 5A). The TRIM33 transcripts showed a complete CDS only
for O. melastigma (Table S2). Interestingly, our findings highlighted for TRIM33 the same
trend reported for NuRD complex related genes (Figure 6).
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Figure 5. Multiple sequence alignment and 3D structures of the KRAB domain contained in the
KRAB-like protein and that of TRIM33 protein. (A) In the upper side, a schematic representation of
the domain architecture is reported for the A. marmorata TRIM33 protein. In the lower side, multiple
sequence alignment related to the coiled-coil region of Homo sapiens TRIM28 protein and of ten
actinopterygian TRIM33 sequences is showed. The main interacting residues at the interface are
highlighted in orange. (B) In the upper side, a schematic representation of the domain architecture
is reported for the Anguilla marmorata KRAB-like protein. In the lower side, the N-terminal region
multiple sequence alignment of ten actinopterygian KRAB-like sequences is reported. (C) Ribbon and
surface representation of A. marmorata TRIM33 structural model. Chain A and chain B are colored
in dark and light orange, respectively. (D) Ribbon and surface representation of the putative A.
marmorata KRAB-like domain. (E) Ribbon and surface representation of docked TRIM33 /KRAB-like
complex with a zoom on the residues H370/K373 /1374 /F377.
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Figure 6. Transcriptional activity of KRAB-like and TRIM33 genes in Anguilla marmorata, Oryzias
melastigma, and Oncorhynchus keta gill transcriptomes. FW: freshwater; BW: brackish water; SW:
salt water.

Moreover, in the transcriptomes of the considered species, we also searched sequences
with a region similar to KRAB domain and ZF motifs. This analysis allowed us to identify
a sequence named KRAB-like showing these features and widely spread in ray-finned fish
(Figure 5B). Its transcriptional expression levels were uniform between the three tested
conditions in the two diadromous species, different from O. melastigma that showed a
higher activity in SW condition (Figure 6).

2.3. Structural Prediction of the TRIM33/KRAB-like Complex

To understand the nature of interactions between TRIM33 and KRAB-like proteins
we applied a series of structural bioinformatics methodologies. Since there is a lack of
structural information available for actinopterygians, TRIM33 was modelled on the human
TRIM28 (Figure 5C) while the KRAB-like sequence was modelled on the human KRAB-
ZNF93 (Figure 5D). In the wide range of the human ZNFs, we selected ZNF93, since this
was identified by Stoll et al. (2019) [19] to strictly bind TRIM28.

We predicted the 3D assembly of the actinopterygian TRIM33/KRAB-like complex
(Figure 5E) and used the HADDOCK score to evaluate the poses obtained, it being a
valuable parameter of the strength of protein—protein interaction [20,21]. In this case, the
HADDOCK score for the best predicted complex was —17.5 +/— 11 with a Z-score of
—2.3 for the best prediction. To have a more robust structural reference for the predicted
TRIM33/KRAB-like complex, we also built a 3D structure of the H. sapiens TRIM28/KRAB-
ZNF93 complex.

The superimposition between the human TRIM28/KRAB-ZNF93 and the actinoptery-
gian TRIM33/KRAB-like complexes showed a comparable assembly between both com-
plexes (Figure S1A). Interestingly, the interacting residues of both TRIM28 and TRIM33 were
arranged in a similar mode interacting with the cleft of the KRAB domain of KRAB-ZNF93
and KRAB-like, respectively (Figure S1B).
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The putative amino acids directly involved in the stabilization of the complex were ob-
tained by combining the results obtained from analyzing the multiple sequence alignment
(Figure 5A) between the sequence of human TRIM28 and a set of other actinopterygian
TRIM33 sequences and the structural information provided by Stoll et al., (2019) [19]. In-
deed, starting from the human TRIM28, we identified the residues H370/K373/1374/F377
for TRIM33. Notably, the H370 and the K373 were oriented into the cleft formed by the
KRAB domain helices, where these residues can establish crucial non-covalent interactions
(Figure 5E). Moreover, the K373 showed a peculiar role in the TRIM33/KRAB-like complex
stabilization since this positively charged residue established an electrostatic interaction
(i.e., salt bridge) with D42 (Figure 5E, inset). In order to better characterize the role of
K373, we performed a multiple sequence alignment using fifty-one actinopterygian and
ten sarcopterygian sequences (Figure S2) to evaluate the degree of conservation of such
residue. We found that the K373 was a highly conserved residue both in actinopterygian
TRIM33 and sarcopterygian TRIM28.

In addition, we identified other conserved residues from the multiple sequence align-
ment (highlighted in green in Figure S2), and their positions on the structural model of the
complex were shown in Figure S3A,B (i.e., TRIM33 residues: K359/E363/K366/1374/N384/
K385/G387/K388; TRIM28 residues: R282/D286/K289/M297/N307/K308/G310/R311).

Altogether these data corroborate our initial hypothesis regarding the ability of
TRIM33 and KRAB-like actinopterygian proteins to assemble in a complex comparable to
that of humans and thus play a similar biological function.

3. Discussion

In this paper, the TE activity was investigated in three fish species showing different
salinity tolerance. A. marmorata, a catadromous species, and O. keta, an anadromous species,
migrate for reproduction and thus they have to face changes in salinity in a defined stage
of their life cycle. Contrarily, O. melastigma is an euryhaline species sensu stricto. Species
belonging to Oryzias and Anguilla genera present a comparable genome size (0.9 pg/N and
1.3 pg/N, respectively) with a TE amount of 40% and 15%, respectively; while species of the
Oncorhynchus genus show a genome size that is approximately twofold (2.6 pg/N), probably
due to the genome duplication event that occurs in salmonids, and TEs occupy a large
fraction of their genome with about 40% [10]. Therefore, differences emerging from the
comparison of percentage of total TE mapped reads, obtained from the gill transcriptomes of
the analyzed species, can be ascribable to their genome size and TE amount. Analyzing the
three tested conditions in each species, the lack of remarkable variations in TE contribution
in O. melastigma might be related to its strong ability to survive in aquatic environments
with a wide range of salinity. O. keta specimens selected for this study were at the fry
stage and thus adapted to freshwater. Therefore, it was interesting to investigate if the
exposure at higher salinity concentrations caused changes in TE transcription. However,
our findings showed no appreciable differences in TE contribution between the three tested
conditions in this species. The lack of this evidence might be attributable to short periods
of exposure [14], not sufficient to provoke a TE transcriptional response. An appreciable
difference in percentage of TE mapped reads emerged comparing the SW with FW and BW
conditions of A. marmorata. Since specimens used for this experiment were at the juvenile
stage and thus adapted to living in seawater [16], the exposure to low salinity levels might
have determined the increase in TE transcription observed. Moreover, the major impact
in these changes was due to the expression of SINE retroelements (37.09% for SW vs. FW,
63.31% for SW vs. BW). This finding could be in line also with our previous results that
highlighted a role of these kinds of elements in the catadromous behavior of eels [10].
Indeed, it has been reported that SINE retroelements affect gene expression since they are
located at the boundaries of transcriptionally active or inactive domains favoring intra- or
inter-chromosomal interactions [22-24].

The transcriptional activation of TEs is strictly related to silencing mechanisms [11,25-27].
Therefore, the activity of genes encoding proteins involved in TE repression was inves-
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tigated. It is noteworthy that no appreciable differences were detected in the expression
levels of genes belonging to the Ago subfamily between the analyzed conditions in chum
salmon and marine medaka. In giant marbled eel, the expression of these genes was
variable and, in particular, that of AGO4 showed a decreasing level from FW to SW. This
gene and AGO2 showed an expression trend similar to that of TEs. Interestingly, AGO4 has
been shown to play a role in transposon silencing in gonads [28] and our results suggested
that this function might also be conserved in somatic tissues. Moreover, a slicing activity
for AGO2 has been reported and the endosiRNAs derived seem to be involved in the
transposon repression [29].

Among heterochromatinization related genes, HP15b and HP1y were transcriptionally
active in all species and tested conditions. The high expression levels of HP1y in O. keta
might explain the low difference detected in total TE contribution levels, compared to the
other two species. Indeed, a higher TE activity was expected in chum salmon due to the
high number of mobile elements present in its genome. Between the two genes selected for
DNMTS5, the expression analysis suggested that DNMT1 might be the candidate protein in
TE methylation.

The expression analysis of genes encoding proteins of NuRD complex showed that
this system is active in the fish species investigated. To date, to our knowledge, the activity
of these genes in fish has been reported in the blastema in fin regeneration [30]. The
involvement of NuRD complex in TE silencing in tetrapods has been investigated at the
embryonic stage [31-34]. However, our data obtained from gills of juveniles and adults
were in agreement with recent works showing the expression of NuRD complex genes
also in adult tissues [35,36]. Overall, the expression of genes investigated did not show
remarkable variations between the three tested conditions both in O. melastigma and O. keta
while a major variability was detected in A. marmorata. This trend reflected that obtained
for TE transcription, suggesting a possible relationship between NuRD complex and TEs
also in fish. In tetrapods, the NuRD complex is recruited at TE sequence through the
involvement of KRAB-ZFPs and TRIM28. In fish lineage, these components have not
been identified. For this reason, we have investigated the possibility that TRIM33 and our
KRAB-like could play the same function of TRIM28 and KRAB-ZFPs of tetrapods. Indeed,
TRIM33 is a protein belonging to the Tripartite Motif family, it shows the same domain
architecture of TRIM28 and is spread among ray-finned fish [18]. Recently, Helleboid and
colleagues (2019) [37], analyzing the interactome of KRAB-ZFPs in human, have evidenced
that ZFPs might interact with other members of the TRIM family. Intriguingly, our analysis
revealed an increased transcription of TRIM33 with salinity decrease in giant marbled eel,
following the same trend observed for genes involved in NuRD complex. This finding
supported our hypothesis that in fish TRIM33 might play a role similar to that of tetrapod
TRIM28. Moreover, the KRAB-like sequence here reported showed a KRAB-like domain
at the N terminus and several Zinc Finger motifs at the C terminus. This protein domain
architecture is similar to that of tetrapod KRAB-ZFPs. The docking analysis supported the
ability of TRIM33 and KRAB-like proteins to assemble in a complex in actinopterygians,
comparable to that of human TRIM28/KRAB-ZFP93.

4. Materials and Methods

RNA-Seq raw data were obtained from the public database NCBI GenBank (https:
/ /www.ncbi.nlm.nih.gov/ accessed on 21 September 2021) deposited under the accession
number GSE95803 for A. marmorata [16], in Sequence Read Archive (SRA) under the
accession numbers SRX3932910-SRX3932912 for O. keta [14], and under the BioProject ID
PRJNA745044 for O. melastigma [38]. Data were obtained from juvenile specimens in the
case of A. marmorata and O. keta and from adult specimens in the case of O. melastigma.
Exposures were conducted at FW, BW, and SW (Table S3). For each condition, available
data were referred to pooled biological replicates [14,16,38]. Raw paired-end reads were
imported in the CLC Genomics Workbench v.12 (Qiagen, Hilden, Germany) and trimmed
with the proper internal tool by removing sequencing adapters, low quality bases, and low
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quality read ends using default parameters. Trimmed reads were then de novo assembled
with the proper tool within the CLC using default parameters. Completeness of the de
novo assembled transcriptomes was evaluated through BUSCO v5 using the Actinopterygii
OrthoDB v10 database as reference [39].

4.1. Estimation of TE Activity

To estimate the TE transcriptional activity, we first identified TEs in the de novo assem-
bled transcriptomes with RepeatMasker v.4.1.0 using a custom library created following
the methodology described in our previous work [10]. After RepeatMasker analysis, the
trimmed reads related to FW, BW, and SW conditions for A. marmorata, O. keta, and O.
melastigma were mapped against reference transcriptomes to calculate expression values, us-
ing the proprietary RNA-Seq Analysis tool included in the CLC Genomics Workbench v.12 to
set the following mapping parameters: length fraction = 0.75 and similarity fraction = 0.98.
In order to remove redundancy, the RepeatMasker output file was filtered removing entries
not classified as TEs, keeping those with the highest score and length values. The overall
expression of each TE class was calculated by summing the expression values of each TE
type (SINE, Retro, LTR, LINE, DNA transposons, and unclear). The expression values were
then transformed in percentage of mapped reads to achieve comparability between species.

4.2. Identification and Expression Analysis of Genes of Interest

Focusing on genes of interest, they were retrieved through TBLASTN [40] from the de
novo assembled transcriptomes obtained from gills of A. marmorata, O. melastigma, and O.
keta. In particular, the search was made for genes involved in heterochromatinization (HP1«,
HP1Ba, HP1pb, HP1y, DNMT1, DNMT3aa), genes related to the NuRD complex (KRAB-Iike,
TRIM33, CHD3, CHD4a, CHD4b, HDAC1, HDAC2, MBD2, MBD3b, MTA1, MTA2, MTA3,
GATAD2ab, GATAD2b, RBBP4, RBBP7), and four genes of the Argonaute subfamily (AGO1,
AGO2, AGO3, and AGO4). Transcripts were translated using the EMBOSS Transeq transla-
tion tool (https://www.ebi.ac.uk/Tools/st/emboss_transeq/ accessed on 18 November
2021) and UTR and CDS regions were identified (Table S2). The aforementioned sequences
were deposited in GenBank under the accession numbers listed in the Table S2. To ensure
the comparison between species, gene expression values were computed using a scaling
factor, based on the cumulative expression of a dataset composed of 3640 orthologs derived
from the Actinopterygii OrthoDB v10 database.

In detail, the dataset was created as follows: for each transcriptome of the three species
considered in this study, expression levels of genes attributed from BUSCO analyses as
“complete and single copy” and “fragmented” genes were kept as the number of mapped
reads; expression values of genes classified as “duplicated” (most probably derived from
transcriptional isoforms) were computed as the sum of each copy of single BUSCO and
the expression levels of “missing” genes were set to 0. This dataset was then used as a
calibration set, computing a scaling factor that was applied to the original expression values
of the genes of interest as described in Biscotti et al., (2016) [41].

4.3. Molecular Modelling

The computational analysis was performed to investigate the putative interaction
between TRIM33 and KRAB-like sequence identified in actinopterygians. The three-
dimensional (3D) model for TRIM33 was built using SwissModel web server (https:
/ /swissmodel.expasy.org/ accessed on 12 January 2022) [42-44], while the putative KRAB
domain contained in the KRAB-like sequence was built through Modeller web server
(https:/ /salilab.org/modeller/, https:/ /swissmodel.expasy.org/ accessed on 12 January
2022) [45]. Because the template used for the modelling of the KRAB domain was a pre-
dicted structure of the Homo sapiens ZNF93 (UniProtKB accession number AF-P35789), we
validated this model comparing it to the NMR murine structure (PDB ID 1V65).

The docking was performed using the HADDOCK web server [46,47]. We selected
as active residues (AIRs) the whole TRIM33/TRIM28 coiled-coil region and all the KRAB-
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like/KRAB-ZNF93 residues pointing out that our docking protocol was completely unbi-
ased. The HADDOCK score was used to classify the poses of the complexes sampled for
each docking run. In principle, the lowest HADDOCK score corresponds to the highest
predicted protein—protein affinity [47,48].

For the multiple sequence alignment, we used COBALT, a constraint-based alignment
tool for multiple protein sequences included in the NCBI toolkit [49].

Molecular graphics and analyses were obtained with UCSF ChimeraX [50].

5. Conclusions

TEs represent one of the most intriguing genome components and the analysis of their
activity in somatic tissues contributes to understanding the role of these genetic elements
in regulating the physiology of organisms [51]. Our data evidenced a variation in TE
contribution in the case of juvenile eels, commonly adapted to salty water, when exposed to
brackish and freshwater conditions. Indeed, it seems that gill cells activate TE controlling
systems in response to the TE increase occurred from salt water to freshwater. Interestingly,
our analyses suggested for the first time that besides Argonaute 4, HP, DNMT, the NuRD
complex might also be involved in fish TE silencing. Therefore, we propose for the first
time the existence of a KRAB-like domain specific to actinopterygians that together with
TRIM33 allows the functioning of the NuRD complex also in fish lineage.
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Simple Summary: Teleosts are one of the most diversified group of vertebrates, as they colonized
different aquatic environments worldwide. Stenothermal fish are characterized by a limited ability to
tolerate temperature changes, therefore variations in this abiotic factor represent a threat for their
survival. In the present study, we selected the tiger barb Puntius tetrazona, for which RNA-Seq data
were available for brain, gill, and liver, to investigate the possible role of the transcriptional activity
of transposable elements (TEs) in the rapid adaptation of this species. Our findings highlighted a
tissue-specific response of TEs with a remarkable increase at 13 °C recorded in liver, strengthening
the view of TEs as source of genetic variability acting positively in species resilience.

Abstract: Ray-finned fish represent a very interesting group of vertebrates comprising a variety of
organisms living in different aquatic environments worldwide. In the case of stenothermal fish,
thermal fluctuations are poorly tolerated, thus ambient temperature represents a critical factor. In
this paper, we considered the tiger barb Puntius tetrazona, a freshwater fish belonging to the family
Cyprinidae, living at 21-28 °C. We analyzed the available RNA-Seq data obtained from specimens
exposed at 27 °C and 13 °C to investigate the transcriptional activity of transposable elements (TEs)
and genes encoding for proteins involved in their silencing in the brain, gill, and liver. TEs are one of
the tools generating genetic variability that underlies biological evolution, useful for organisms to
adapt to environmental changes. Our findings highlighted a different response of TEs in the three
analyzed tissues. While in the brain and gill, no variation in TE transcriptional activity was observed,
a remarkable increase at 13 °C was recorded in the liver. Moreover, the transcriptional analysis of
genes encoding proteins involved in TE silencing such as heterochromatin formation, the NuRD
complex, and the RISC complex (e.g., AGO and GW182 proteins) highlighted their activity in the
hepatic tissue. Overall, our findings suggested that this tissue is a target organ for this kind of stress,
since TE activation might regulate the expression of stress-induced genes, leading to a better response
of the organism to temperature changes. Therefore, this view corroborates once again the idea of a
potential role of TEs in organism rapid adaptation, hence representing a promising molecular tool for
species resilience.

Keywords: transposable elements; fish; silencing mechanisms; stress temperature; tissue-specific
response; phenotypic plasticity

1. Introduction

The evolutionary success of a species is strictly related to their ability to cope with
changes in environmental conditions. Phenotypic plasticity is the main mechanism used
by organisms to respond to rapid environmental perturbations. Indeed, it can produce
well-adapted phenotypes that, in turn, might improve the fitness of organisms [1,2]. Pheno-
typic plasticity is also the result of environmental sensitivity of the genome that, through
modifications in the heterochromatin structure, varies the expression not only of genes
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but also of transposable elements (TEs) [3]. TEs are interspersed repeated sequences that
constitute a considerable fraction in several eukaryotic genomes. They adopt different
transposition mechanisms to move throughout the host genome and are classified as TEs of
class I, also called retrotransposons, including Long Terminal Repeats (LTRs) and non-LTRs
(LINE and SINE), which use an RNA intermediate molecule that is reverse transcribed
into complementary DNA by a reverse transcriptase (RT), followed by the reintegration
into the host genome through a copy and paste mechanism, and class II of TEs, also called
DNA transposons, use a DNA intermediate molecule to transpose and are characterized by
the cut and paste mechanism of transposition, with an exception made for Helitron and
Maverick/Polinton, which mobilize by a self-synthesizing mechanism involving direct
synthesis of a DNA copy [4]. TEs are molecular elements that are activated by biotic and
abiotic factors, contributing to the flexible response of the genome to external stimuli. They
can cause chromosome rearrangements, increase mutation rates, or influence the expres-
sion of nearby genes, triggering the rapid adaptation of organisms to new conditions [5-8].
Barbara McClintock (1984) [9] was the first to propose a helpful role of TE-induced muta-
tions in response to stress. However, transposition events might have deleterious effects;
hence, several protective mechanisms are turned on by the host genome for its safeguard.
DNA methylation is the most widely adopted mechanism for silencing TEs and consists
of the addition of methyl groups to DNA. Another epigenetic mechanism regulating TE
transcription regards histone modifications mediated by the Nucleosome Remodeling and
Deacetylase (NuRD) complex [10]. In mammals, this complex is recruited at the TE se-
quence level by Kriippel-associated box domain zinc finger proteins (KRAB-ZFPs) through
the involvement of the KRAB-associated protein-1 (KAP1) co-factor. Although these two
latter proteins are absent in actinopterygians, our group recently proposed a KRAB-like
and tripartite motif containing 33 (TRIM33) proteins as substitutes for the NuRD complex
functioning in this evolutionary lineage [11]. Another conserved mechanism of TE silencing
is based on the action of Argonaute proteins (AGOs) that use small non-coding RNAs
(ncRNAs), such as microRNAs (miRNAs) and short interference RNAs (siRNAs) [12,13].
AGOs, in association with members of trinucleotide repeat containing adaptor 6 (TNRC6),
part of the GW182 protein family [14-16], form a large multiprotein complex known as
RNA-Induced Silencing Complex (RISC) that performs a post-translational regulation
through RNA degradation and/or translation inhibition [17,18].

While a relationship between TEs and environment has been well established for
plants [19-26] and Drosophila [27], this issue has only recently been investigated in verte-
brates [8,11,27-30]. Actinopterygii or ray-finned fish are a very diversified group adapted
to aquatic environments worldwide, from salt to fresh waters, from cold to warm seas, and
from high-elevation mountain lakes to extreme sea depths. Studies performed to date in
this taxon have provided evidence that the evolution of a specific TE type is the result of
an intricate relationship with the environment. Rhee and colleagues (2017) [31] reported
a high content of RC/helitrons that might be responsible for the high genetic diversity
observed in Kryptolebias marmoratus populations. Moreover, they have found a maintenance
of the TE genomic content in the self-fertilizing hermaphroditic K. marmoratus. This feature
seems to promote genome recombination that, in addition to a mixed mating strategy,
might have contributed to the evolutionary adaptation to ecological pressure of a species.
Analyzing 52 fish species, Yuan and co-workers (2018) [32] evidenced a positive correlation
between the presence of specific repetitive elements and the aquatic environments in which
the considered species live. The chromosomal diversification and the consequent rapid
speciation of the Antarctic teleosts belonging to the genus Trematomus have been attributed
to the TE mobilization of Dlctyostelium Repetitive Sequence 1 (DIRS1) [33]. Our research
group performed a phylogenetic study evidencing an unexpected clusterization of the
Rex3 retroelements in fish species living in cold environments independently from their
taxonomic relationships [29]. Recently, we also published a paper concerning the possible
correlation between the migratory behavior of catadromous teleost species and the amount
of SINE retroelements [30]. In addition, analyzing RNA-seq data, we demonstrated for the
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first time an activation of TE transcriptional activity in response to salinity variations in the
marbled eel Anguilla marmorata [11]. Since most teleosts are poikilotherms, environmental
stimuli affect physiological and metabolic activities in these organisms [34-37]. In particu-
lar, ambient temperature might be a critical factor for stenothermal fish in which thermal
fluctuations are less tolerated. The tiger barb Puntius tetrazona is a freshwater fish belonging
to the family Cyprinidae, living at 21-28 °C. In this paper, we analyzed the RNA-Seq data
of tiger barb exposed at 27 °C and 13 °C [38] to investigate the transcriptional activity of
TEs and genes encoding for proteins involved in their silencing in the brain, gill, and liver.
Our results pointed out a clear response of TEs in the liver consistent with the idea of a
potential role of these elements in the rapid adaptation, thus representing a promising
molecular tool for species resilience. Furthermore, all TE silencing mechanisms were active
in the hepatic tissue and ago genes also in the brain and gill tissues.

2. Materials and Methods

Tiger barb RNA-Seq raw data were obtained from the Sequence Read Archive (SRA)
(https:/ /www.ncbinlm.nih.gov/sra, accessed on 15 June 2022) under the accession number
SRP153005 [38]. Data were obtained sequencing the brain, gill, and liver of ninety fish
(eight-month-old) divided into two groups, one used as the control group (27 °C) and
another for testing the acute cold stress until 13 °C. The temperature was set to 27 £ 0.5 °C
on the first day, followed by a decrease of 2 °C every 24 h. Fish were kept at 13 £+ 0.5 °C
for 24 h, and then, five fish, in triplicate, in each tank, were anesthetized before dissection.
Raw paired-end reads were imported in the CLC Genomics Workbench v.12 (Qiagen,
Hilden, Germany) (Table S1) and trimmed removing sequencing adapters, low-quality
bases, and low-quality read ends using default parameters. Trimmed reads were then de
novo assembled with the “De Novo Assembly” of CLC Genomics Workbench v.12 using the
default parameters. Completeness of the de novo assembled transcriptome was evaluated
through BUSCO v.5 using the Actinopterygii OrthoDB v.10 database as a reference [39].

2.1. Estimation of TE Transcriptional Activity

To estimate the TE transcriptional activity, we first identified TEs in the de novo
assembled transcriptomes with RepeatMasker v.4.1.0 (http:/ /www.repeatmasker.org/cgi-
bin/WEBRepeatMasker, accessed on 15 July 2022) using a custom library created following
the methodology described in our previous work [30]. After the RepeatMasker analysis, the
trimmed reads related to 27 °C and 13 °C were mapped against the reference transcriptome
to calculate the expression values using the proprietary RNA-Seq Analysis tool included in
the CLC Genomics Workbench v.12 and setting the following mapping parameters: length
fraction = 0.75 and similarity fraction = 0.98. To remove redundancies, the RepeatMasker
output file was filtered, removing entries not classified as TEs and keeping those with the
highest score and length values. The overall expression of each TE class was calculated
by summing the expression values of each TE type: DNA transposons, LINE, LTR (also
including endogenous retroviruses), non-LTR, Retro (retroelements that are not classified
in any of the two main subclasses), and SINE. In our results, we also reported the fraction
of unclear elements that are referred to repetitive elements without specific features to
determine their attribution to a given TE class. We included this fraction to show the low
percentage of the unclear fraction, representative of the goodness of our analyses. The
expression values were then transformed into a percentage of mapped reads to achieve the
comparability between species.

2.2. Identification and Expression Enalysis of Genes of Interest

Genes of interest were retrieved through TBLASTN [40] from the assembled tran-
scriptome obtained from the brain, gill, and liver of P. tetrazona. In particular, the search
was made for genes involved in heterochromatinization (chromobox homolog 5 (cbx5), chro-
mobox homolog 1 (cbx1), chromobox homolog 3 (cbx3), DNA (cytosine-5-)-methyltransferase 1
(dnmt1), DNA (cytosine-5-)-methyltransferase 3 alpha (dnmt3a), and SET domain bifurcated
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histone lysine methyltransferase 1 (setdbl)); genes related to the NuRD complex (krab-like,
trim33, chromodomain helicase DNA binding protein 3 (chd3), chromodomain helicase DNA
binding protein 4 (chd4), histone deacetylase 1 (hdacl), methyl-CpG binding domain protein 2
(mbd2), methyl-CpG binding domain protein 3 (mbd3), metastasis associated 1 (mtal), metastasis
associated 1 family, member 2 (mta2), metastasis associated 1 family, member 3 (mta3), GATA zinc
finger domain containing 2 (gatad2), and retinoblastoma binding protein 4 (rbbp4), retinoblastoma
binding protein 7 (rbbp7)); four genes of the Argonaute subfamily (argonaute RISC compo-
nent 1 (agol), argonaute RISC component 2 (ago2), argonaute RISC component 3 (ago3), and
argonaute RISC component 4 (ago4)); and three genes of the GW182 family proteins (tnrcéa,
tnrc6b, and tnrc6e). Transcripts were translated using the EMBOSS Transeq translation
tool (https:/ /www.ebi.ac.uk/Tools/st/emboss_transeq/, accessed on 12 September 2022),
and the UTR and CDS regions were identified (Table S2). The aforementioned sequences
were deposited in GenBank under the accession numbers listed in Table S2. To ensure the
comparison between species, the gene expression values were computed using a scaling
factor based on the cumulative expression of a dataset composed of 2124 orthologs derived
from the Actinopterygii OrthoDB v.10 database [39]. In detail, the dataset was created as fol-
lows: for each transcriptome of the tissue considered in this study, expression levels of the
genes attributed to the BUSCO analyses as “complete and single copy” and “fragmented”
genes were kept as the number of mapped reads; expression values of genes classified as
“duplicated” (most probably derived from transcriptional isoforms) were computed as the
sum of each copy of single BUSCO, and the expression levels of “missing” genes were set
to 0. This dataset was then used as a calibration set, computing a scaling factor that was
applied to the original expression values of the genes of interest, as described in Biscotti
et al. (2016) [41]. Transcriptional values of the genes analyzed in this study were reported
as Transcripts Per Million (TPM).

2.3. Statistics

For each tissue, the data on gene expressions and TE transcriptional activity obtained
from the three replicates for each tested condition were expressed as the mean =+ standard
error, and statistically significant differences were evaluated by one-way ANOVA. The
symbol * indicates p-values < 0.05, ** for p-values < 0.01, and *** for p-values < 0.001.

3. Results

The transcriptional activity of the TEs was evaluated as a percentage of the mapped
reads in the brain, gill, and liver of the tiger barb (Figure 1). The data reported in Figure 1A
were referred to the total TE transcriptional contribution at the control (27 °C) and test
(13 °C) conditions. Comparing the total TE transcriptional activity at 27 °C between the
analyzed tissues, the highest level was showed in the brain, followed by the gill and then
liver. At 13 °C, the highest TE transcriptional activity in the brain was confirmed, and the
difference between the gill and liver was less remarkable. Moreover, analyzing the data
obtained in each tissue, a statistically significant difference between the two conditions
considered here, was detectable only in the liver (p-value: 1.65 x 10~°), in which the total
TE transcriptional activity was increased at 13 °C. Profiles of the TE relative abundances
between the brain and gill samples were similar. Overall, a prevalence of DNA transposons
followed by LINE, unclear, Retro, LTR, SINE, and non-LTR retroelements was shown.
In the liver, LINE retroelements prevailed at 27 °C, while the TE distribution pattern
was similar to that observed in the other two tissues at 13 °C. Despite the absence of an
appreciable variation in the total contribution of TEs in the brain and gill, statistically
significant differences emerged for the same tissues in single TE types between the two
tested conditions. Indeed, in the brain, the LINE, LTR, and SINE retroelements showed a
significant decrease passing from 27 °C to 13 °C (Figure 1B). In the gill, except for unclear
elements and SINE retroelements, all TE types experienced significant changes, with DNA
transposons and Retro having a higher activity at 13 °C, while LINE, LTR, and non-LTR
retroelements have a lower activity in this condition than in the control one (Figure 1C). In
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the hepatic tissue, with the exception of LINE retroelements that showed lower values at
13 °C, all the analyzed TE types significantly increased their transcriptional contribution
(Figure 1D). These increases were ascribable to a few specific elements. Indeed, the ten
elements having the highest values of variation in transcriptional activity between the two
conditions represented 62.27%, 86.0%, and 73.35% for the DNA transposons, SINE, and
LTR retroelements, respectively. In particular, two elements, DNA /hAT-Ac and LTR/DIRS,
mostly contributed to the upregulation of their belonging TE type (32.67% and 51.49%,
respectively). Moreover, in the other tissues, the ten elements having the highest values of
variation in transcriptional activity between the two conditions were different from those
identified in the liver, except for one LTR and four SINE retroelements.
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Figure 1. Transcriptional contribution of transposable elements in the brain, gill, and liver in Puntius
tetrazona. (A) Total TE transcriptional contribution in the three analyzed tissues. (B) Transcriptional
contribution of each TE type in the brain. (C) Transcriptional contribution of each TE type in the gill.
(D) Transcriptional contribution of each TE type in the liver. Values expressed as the percentage of
mapped reads are reported for both tested temperature conditions (27 °C and 13 °C) for each tissue.
Statistically significant differences are presented as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

The transcriptional activity of TEs is controlled by the host genome through silencing
mechanisms that determine a stronger heterochromatinization status through the activity
of heterochromatin proteins, DNA methyltransferases, and the NuRD complex, and AGO
proteins also involved in mRNA cleavage and translation repression. In this study, a total
of 34 genes encoding proteins involved in TE silencing mechanisms were retrieved: ten
concerning heterochromatin formation (cbx5, cbx1a, cbx1b, cbx3a, cbx3b, dnmtl, dnmt3aa,
dnmt3ab, setdbla, and setdb1b); 16 related to the NuRD complex (krab-like, trim33, chd3, chd4a,
chd4b, hdacl, mbd2, mbd3a, mbd3b, mtal, mta2, mta3, gatad2ab, gatad2b, rbbp4, and rbbp7); four
to ago (ago1, ago2, ago3, and ago4); and four belonging to the GW182 family proteins (tnrcéa,
tnrc6b, tnrc6el, and tnrc6c2). Of these, 20 showed a complete CDS, 2 were incomplete, and
12 fragmented gene sequences were replaced with the complete version available in public
repositories to further refine the assembled transcriptome (Table S2).

Regarding the transcriptional activity, our findings pointed out that all these mecha-
nisms were active in P. tetrazona (Figures 2-4). In the case of the brain, a significant increase
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in the transcription of the genes involved in the heterochromatin formation was detected
for cbx3a, as well as the three dnmt (dnmtl, dnmt3aa, and dnmt3ab), while a significant
decrease was shown for cbx3b (Figure 2A). No remarkable change was detected compar-
ing the expression of the genes encoding for the proteins of the NuRD complex between
the two considered temperatures (Figure 2B) differently from the ago genes and those of
the GW182 family proteins that recorded a statistically significant increase (Figure 2C,D).
Analyzing the RNA-Seq data of a gill, a general statistically significant decrease in the
transcriptional level of the genes involved in heterochromatin formation (cbx1a, cbx3b) and
the NuRD complex (krab-like, chd3, chd4b, and mta3) was observed, while, in the latter, a
significant increase was observed for mtal (Figure 3A,B). Differences in the expression of
ago genes and in those encoding the GW182 family proteins were identified also in the gill
(Figure 3C,D). In the hepatic tissue, most of the analyzed genes showed higher values at
13 °C (Figure 4). In particular, cbx5, cbx1b, cbx3b, dnmt1, dnmt3aa, dnmt3ab, trim33, chd4a,
hdacl, gatad2ab, gatad2b, rbbp4, the four ago genes, and two of the GW182 family proteins
showed significant changes.
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Figure 2. Expression of genes involved in TE silencing mechanisms in brain. (A) Expression values
of genes encoding for proteins involved in heterochromatin formation. (B) Expression values of
genes encoding for proteins forming the NuRD complex. (C) Expression values of members of the
gene subfamily Argonaute. (D) Expression values of genes belonging to the GW182 family proteins.
Values are reported for both tested temperature conditions (27 °C and 13 °C). Statistically significant
differences are presented as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Figure 3. Expression genes involved in TE silencing mechanisms in the gill. (A) Expression values
of genes encoding for the proteins involved in heterochromatin formation. (B) Expression values of
genes encoding for proteins forming the NuRD complex. (C) Expression values of members of the
gene subfamily Argonaute. (D) Expression values of genes belonging to the GW182 family proteins.
Values are reported for both tested temperature conditions (27 °C and 13 °C). Statistically significant
differences are presented as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Figure 4. Expression genes involved in TE silencing mechanisms in the liver. (A) Expression values

of genes encoding for proteins involved in heterochromatin formation. (B) Expression values of genes

encoding for proteins forming the NuRD complex. (C) Expression values of members of the gene
subfamily Argonaute. (D) Expression values of genes belonging to the GW182 family proteins. Values
are reported for both the tested temperature conditions (27 °C and 13 °C). Statistically significant

differences are presented as * for p < 0.05 and ** for p < 0.01.
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4. Discussion

The ability of organisms to face changes of biotic and abiotic factors is mainly due
to phenotypic plasticity that also requires modifications at the genome level. In particu-
lar, environmental changes can cause variations in the epigenetic status, leading to gene
activation but also to the impairment of transposon silencing mechanisms inducing the ac-
tivation of these mobile elements with the possible creation of genetic variability. Therefore,
TEs represent a powerful adaptive response to environmental perturbations [7,8,27,42,43].
Although this issue has been largely studied in plants [20-22,25,44—47], information is still
scarce in animals and, in particular, in vertebrates [27,43,48].

In this paper, we investigated the transcriptional TE response and the activity of genes
involved in their silencing in the stenothermal fish P. tetrazona, a very popular ornamental
freshwater fish native to Southeast Asia in places such as Malaysia and Borneo, places
characterized by an equatorial climate; some of them are found in Thailand, Sumatra Island,
and Cambodia [49]. This fish, living at 21-28 °C, tolerates small thermal fluctuations and
experiences serious histopathological damages at low temperatures [38]. Overall, ambient
temperature is an abiotic factor that acts on physiological and metabolic activities of poik-
ilothermic teleosts, and in particular, on those of stenothermal fish [34-37]. Transcriptional
analyses conducted by Liu and colleagues (2020) [38] on RNA-seq data obtained from
P. tetrazona exposed at 27 °C (control) and 13 °C (test) have showed a high number of
differentially expressed genes: in brain and liver the upregulated genes prevailed, dif-
ferently from gill, in which the downregulated genes were the most represented. This
is in line with the general idea that the genome epigenetic status varies in response to
a stress, leading to changes in the expression levels. Our analysis of TE transcriptional
contribution, performed on the same datasets, highlighted a different response in the three
analyzed tissues. Apparently, the brain and gill showed the same behavior: in both the
transcriptional activity of TEs did not vary between the two tested conditions. However,
in the cerebral tissue, the activity of genes involved in heterochromatin formation, as well
as ago genes and those related to GW182 family proteins, presented higher transcriptional
levels at the stress condition. The lack of variation in TE transcriptional contribution in
this tissue might be related to the silencing activity of these genes or to the short exposure
period. In gill, although most of genes related to TE silencing mechanisms decreased their
activity at 13 °C, no variation was observed in total TE transcriptional activity. However,
for DNA transposons and Retro retroelements a slight increase of expression levels was
appreciable at the stress condition. This might indicate that a chronic exposure is necessary
to gain a remarkable TE variation.

Interestingly, a statistically significant increase of TE transcriptional activity was
showed only in liver when fish were exposed at 13 °C. Our findings revealed that this
increase was mainly due to few specific TEs that seem to undergo a remarkable transcrip-
tional variation only in the hepatic tissue. This is in line with previous papers, reporting
a relationship between a kind of stress and a specific TE type response. The mPing DNA
transposon has been reported to be activated in response to salt stress in rice [44,46], the
ONSEN retrotransposon as consequence of heat stress in Arabidopsis [45,47], and the nu-
clear import of Tam3 transposon related-transposase has been showed to increase after
exposition to temperature decrease in Antirrhinum [20-22,25]. In addition, the different
TE behavior might be related to their tissue-specific response. Indeed, Hunter and col-
leagues (2012) [50] have reported a stress-induced activation of particular TE families as
ERV intracisternal-A particle (IAP), B2_RN SINE, and L1_RN in the rat hippocampus.

It is well known that the transcriptional and transpositional activity of TEs can have
positive effects increasing genetic variability and leading to advantageous phenotypes. On
the other side, TEs can provoke negative effects, deleterious for the host genome that in turn
activates TE silencing mechanisms. In the tiger barb P. tetrazona, the high TE transcriptional
levels at 13 °C in liver were accompanied by an increase in the transcriptional activity of
genes related to heterochromatinization, the NuRD complex, ago, and the GW182 family
proteins. This picture might suggest that the hepatic tissue has a quicker responsiveness
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than other tissues. Indeed, it is a target organ for this kind of stress since several metabolic
activities, also linked to body thermoregulation, occur in liver. Species respond to thermal
conditions by modulating the metabolic rate to satisfy energy demand [51]. In P. tetrazona
liver, Liu and colleagues (2020) [38] have reported an upregulation of cold-induced genes
belonging to metabolism and biosynthesis pathways such as biosynthesis of steroid and
fatty acids and tryptophan metabolism. The role of the hepatic tissue is extremely important
since the tiger barb is a poikilothermic organism and also a stenothermal fish, tolerating
small thermal fluctuations. The activation of pathways associated with organism response
to stress conditions might be related to TE transcriptional activity. It is well-known that
these genetic elements contribute in the up- or downregulation of nearby genes through cis-
or trans-regulatory sequences located within TEs or TE-derived noncoding RNAs [26,52,53].
Alternatively, the decrease of methylation levels of genes involved in stress response might
passively affect the heterochromatic state of nearby TEs leading to an increase of their
transcriptional activity and consequently genes involved in their silencing are activated to
counteract this epigenetic deregulation [54]. On the other side, liver might better tolerate
the negative mutagenic effects related to TE activation thanks to its ability to regenerate
after cell damage.

5. Conclusions

In conclusion, the analysis of the transcriptional activity of TEs and genes related
to their silencing highlighted a clear response of these mobile elements in liver. Overall,
the tissue-specific activation of TEs might represent a promising molecular tool, favoring
species adaptation and resilience. Knowledge in this field could be useful in the perspective
of wildlife species conservation since climate changes are threatening their biodiversity.
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about its completeness and related accession numbers is reported.
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The activity of transposable elements is finely regulated through the
involvement of proteins that act at the chromatin level to generate a
heterochromatic status to silence TE transcription. This is certainly one of the
most fascinating research fields that still presents several gaps. The findings
presented in the papers 5 and 6 suggested that the NuRD complex is involved
in TE regulation also in fish. In sarcopterygians, this complex is recruited by
the binding between KAP1 and KRAB-ZNF proteins that are part of the
largest family of transcriptional repressors in mammals. In actinopterygians,
both KAP1 and KRAB-ZFPs are absent in their genomes (Baker et al. 2017).
Analysing the members of TRIM family to which KAPI belongs to, I
proposed the protein TRIM33 as possible substitute of KAP1 in the NuRD
fish system. Indeed, TRIM33 has the same protein domain architecture of
KAP1 and is widely present in ray-finned fish. Moreover, for the first time in
fish I identified a zinc finger protein having a KRAB-like domain at N-ter.
The results of docking simulation support the interaction between TRIM33
and KRAB-like in Anguilla anguilla corroborating the hypothesis of these
two proteins as possible substitutes of KAP1/KRAB-ZFP of sarcopterygians.
Therefore, to test this result also at experimental level, I spent part of my PhD
project at the Virology and Genetics Laboratory lead by Prof. Didier Trono at

Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland.
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In order to perform co-Immunoprecipitation (co-IP) analyses, the sequences
encoding TRIM33 and KRAB-like proteins were inserted in the pTRE
lentivector using Gateway cloning system (Thermo Fisher Scientific Inc.).
The target gene recombines close to the TAG sequence (HA and FLAG for
KRAB-like and TRIM33, respectively), useful for co-IP steps, and upstream

presents an inducible promoter for Doxycycline.

(Mi3rev T3 promoter.
(Tac operafor| RSV promoter:
(lac promater’ ) : A |5"LTR (fruncated)
|CAP binding site] i i (HIV-T @
| J.\ A '
el Jqf\ RRE
o : ¥ GpATpeptide
AmpR| = N
Vi ad e
|CPPT/CTS
AmpR promoter|. ‘.f-.._,‘/ % _(tefracydline response element|
8- minimal CMV promoter
fflor—yg
- T
iy i
SRR PTRE_Aa_KRAB-like
JLIETETA l 10.810 bp
T7 promoter|” iy
Svag
5V40 poly(A) signal T\
IOR@UI) Ve,
\5‘} -~
V. Nl
& '? :55 e | [derz

hPGK promoter|

TtTA-Advanced

Figure 4. Plamid map of pTRE_Aa_KRAB-like lentivector.
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The obtained lentivector were transfected in 293T cells. The transfection was
performed using FuGene reagent (Promega), a nonliposomal reagent that
transfects DNA into a wide variety of cell lines with high efficiency and low
toxicity. After having ensured the success of the transfection by using cells
transfected with a plasmid expressing GFP as a control sample, protein
extraction and then co-IP analyses were performed. For this purpose,

antiFLAG magnetic beads were used to precipitate TRIM33 together with the

KRAB-like having HA as tag.
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Figure 6. Western Blot analysis of protein co-immunoprecipitation (input: total protein extraction; FT co-
IP: flow through co-IP; IP: immunoprecipitation; FLAG_Ab: antibody anti FLAG; HA_Ab: antibody anti
HA; B actin_Ab: antibody anti f§ actin).

The co-IP result confirms the link between TRIM33 and KRAB-like. Because
of false positives, positive and negative controls were used in parallel. In
particular, the positive control was represented by the known interaction
between KAP1 and KRAB-ZFP. The negative controls highlighted that the
positive result obtained in the co-IP of TRIM33 and KRAB-like is due to the
binding between the two proteins of interest and not to technical issues as
beads employed.

Recently, the research team led by Prof. Cedric Feschotte has identified
specific ZNF proteins in zebrafish, named Fish N-terminal Zinc-finger
associated (FiNZ) domain, and widely and abundantly distributed in

cyprinids. Indeed, Chang and colleagues (2022) have performed a
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characterization of the genomic landscape and embryonic expression of
zebrafish TEs and have highlighted their high diversity not only at sequence
level but also and the transcriptional level during early developmental stages.

Using the same dataset, Wells and colleagues (2022) have reported that
zebrafish FiINZ-ZNFs are expressed at the onset of zygotic genome activation
as in mammals. Moreover, performing the blocking of FINZ-ZNF translation
using morpholinos, they have observed a global de-repression of young and
transcriptionally active TEs during early zebrafish embryogenesis. Overall,
these data suggest a connection between FiNZ-ZNFs and TE expansion
throughout animal evolution and an independent distribution of ZNFs in fish
and mammals to repress TE during early embryogenesis (Wells et al. 2022).

During the period abroad, I also tested the interaction between D. rerio
TRIM33 and FiNZ-ZNF proteins both using docking simulation (Figure 7)

and the same experimental approach carried out for A. anguilla.
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Figure 7. Docking simulation of RBCC domain of D. rerio TRIM33 and FiNZ domain (without ZNF tail).
Amino acids selected in RBCC domain of D. rerio TRIM33Dr: 364(H), 367(K), 368(1), 370(V), 371(F),
374(I), 375(N). Amino acids selected for FINZ domain: 1(M), 2(A), 3(F), 22(E), 24(L), 25(Q). Pink: RBCC
domain of D. rerio TRIM33; blue: FiNZ domain.
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Figure 8. Western Blot analysis of protein co-immunoprecipitation (input: total protein extraction; FT co-
IP: flow through co-IP; FLAG_Ab: antibody anti FLAG; HA_Ab: antibody anti HA; B actin_Ab: antibody

anti B actin).
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Also in this case the performed analyses highlighted the interaction between
TRIM33 and FiNZ-ZNF proteins supporting the functioning of this system in

zebrafish (Figure 8).
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5. Discuwssion and conclusions
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Genome size varies considerably across eukaryotes and it is correlated neither
with the number of genes, nor with the morpho-functional complexity of a
species. It 1s now recognized that a significant impact is due to the relative
abundance and activity of TEs. Indeed, these genetic elements constitute a
large fraction of the repetitive genomic DNA of eukaryotes. Among
vertebrates, species belonging to the amphibian order Caudata display a
genome size ranging from 13.89 to 120.60 Gb (Gregory 2020). The highest
values belong to salamanders, which together with lungfish, are the record
holders for the largest genomes among extant vertebrates. Evidence suggest
that the gigantism of urodele genome is not attributable to polyploidy but
rather to a reduced DNA loss rate and to the accumulation of TEs, in
particular of LTR retrotransposons (Sun et al. 2012a, b; Sun and Mueller
2014). During my PhD, I analysed the activity of transposable elements and
that of 33 genes encoding proteins involved in the TE host silencing
mechanisms in the transcriptomes of the Chinese fire-bellied newt Cynops
orientalis. Moreover, I compared these data with those obtained in the
coelacanth Latimeria menadoensis (Pallavicini et al. 2013) and the lungfish
Protopterus annectens (Biscotti et al. 2016), two species characterized by
significant differences in the activity of TEs and in genome size (Wang et al.

2021; Amemiya et al. 2013). The data obtained showed a higher TE activity

130



in the newt, with a major impact of non-LTR retroelements. The
transcriptional activity of genes involved in TE silencing mechanisms
highlighted that, although these mechanisms are active also in adults,
differences in TE activity evidenced between the species compared in this
study may be due to the presence of old and inactive copies. Moreover, the
high transcriptional levels of genes involved in TE silencing as those of
NuRD complex in gonads suggested a protective role of these mechanisms to
preserve genome integrity in germlines.

Actinopterygii is another taxon of vertebrates extremely intriguing to
investigate the role of TEs in shaping genomes. Indeed, ray-finned fish are
characterized by a high diversity of species that have adapted to live in a wide
range of environments. Therefore, the evaluation of the impact of mobile
elements may contribute not only to unravel the biodiversity of this class, but
also to unveil the reason of their extreme adaptability to widely different
aquatic environmental conditions. In this context, migrating fish represent a
particularly interesting case study. In particular, diadromous organisms have
always attracted scientific attention due to their spectacular migratory routes
between SW and FW during their life cycle that have requested the evolution
of an extraordinary physiological plasticity to cope the substantial differences

in salinity and temperature encountered. I analysed the genomes of 24 fish
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species, of which 15 having a migratory behaviour, highlighting variable TE
content both in the bony and non-bony fish genomes investigated and a
positive correlation between TE content and the assembled genome size. In
the TE relative contribution analyses, LINE retroelements showed the highest
impact in sea lamprey and elephant shark while DNA transposons presented
the higher relative abundance in ray-finned fish with some exceptions in the
sturgeon Acipenser ruthenus, the non-teleost Lepisosteus oculatus, and seven
teleost species in which retroelements prevailed. Overall, the lack of
correlation between the patters of TE relative abundance and phylogeny of
considered species suggested that the accumulation of specific TEs might be
related to the evolutionary adaptation of species to specific environmental
niches. Indeed, variation partitioning analyses evidenced a statistically
significant influence of migratory behaviour on quantitative differences of
DNA transposons between catadromous and amphidromous species. The
effect of migration was more pronounced on the quantitative difference
reported for SINE retroelements in the comparison between anadromous and
catadromous fish species independently from their phylogenetic position. This
aspect is likely due to the substantial environmental changes faced by

diadromous species during their migratory routes.
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In line with these results, I investigated the transcriptional activity of TEs in
response to abiotic factors such as salinity and temperature. Indeed, an
increasing number of papers reported changes in TE activity to regulate
mechanisms responsible for species adaptation to specific environments
(Fujino et al. 2021; Carducci et al. 2019b; Carducci et al. 2020; Carotti et al.
2021; Pappalardo et al. 2021; Liu et al. 2020). Salinity is an abiotic factor that
influences the adaptation of marine and freshwater organisms, and its changes
can also represent a possible stress that threatens their survival. The giant
marbled eel Anguilla marmorata is a catadromous species widely distributed
in tropical, subtropical, and temperate areas that moves from freshwater to
salt water for spawning (Steendam et al. 2020). The chum salmon
Oncorhynchus keta is an anadromous species that spends much of its life in
salt water and goes up rivers to spawn (Lee et al. 2020; Beechie et al. 2021).
The marine medaka Oryzias melastigma is an euryhaline species able to
survive in environments with different salinities. The analyses of TE activity
were performed in gills the primary organs that are highly sensitive to salinity
level and play crucial roles in physical processes such as gas exchange,
nitrogenous waste excretion, and acid-base balance (Lee et al. 2020; Cao et al.
2021). These data revealed an interesting variation in the case of juvenile eels,

commonly adapted to salty water, when exposed to brackish and freshwater
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conditions. Moreover, the expression assessment of genes involved in TE
silencing mechanisms (six in heterochromatin formation, fourteen known to
be part of the nucleosome remodeling deacetylase (NuRD) complex, and four
of the Argonaute subfamily) unveiled that they are active. Interestingly, I
reported for the first time the transcriptional activity of genes involved in
NuRD complex in fish, known only in sarcopterygians so far. Given the
absence of TRIM28/KAP1 and KRAB-ZFPs in ray-finned fish, I identified a
kriippel-associated box (KRAB)-like domain specific to actinopterygians that,
together with TRIM33 (another protein of TRIM gene family), might allow
the functioning of NuRD complex also in this evolutionary lineage. The
possible interaction between these two proteins was supported by structural
prediction analyses.

In addition to salinity, temperature is another abiotic factor affecting
metabolic and physiological activities in poikilothermic organisms as fish. In
particular, ambient temperature might be a critical factor for stenothermal fish
in which thermal fluctuations are less tolerated. The tiger barb P. tetrazona is
a freshwater fish belonging to the family Cyprinidae, living at 21-28 °C. 1
investigated the transcriptional activity of TEs and genes encoding proteins
involved in their silencing in the brain, gill, and liver. The results obtained

pointed out a quicker responsiveness of TEs in liver. Indeed, this organ might
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represent a target for this kind of stress since species respond to thermal
conditions by modulating the body thermoregulation and the metabolic rate to
satisfy energy demand (Alberto-Payet et al 2022). This aspect is extremely
important in P. tetrazona that is a stenothermal fish able to tolerate small
thermal fluctuations. Moreover, the data obtained highlighted the activity of
genes encoding proteins of NuRD complex as well as TRIM33 and KRAB-
like also in this fish. The involvement of proteins encoded by these two genes
in the recruitment of NuRD complex, instead of the sarcopterygian KAP1 and
KRAB-ZFPs, was supported by the ColP analyses that evidenced an
interaction between them in vitro in agreement with the docking simulations.

In conclusion, the results of this PhD thesis evidenced that TEs represent an
important functional fraction of the genome. The amount of particular TE
types might be responsible for adaptation of species to specific environments.
Moreover, TEs can have a potential role in the rapid adaptation of species,
thus representing a promising molecular tool for their resilience. Indeed,
environmental changes can cause variation in the epigenetic status of TEs
determining changes in their transcriptional and transpositional activity. This
might provoke an increase in the genetic variability that allows the creation of

advantageous phenotypes. On the other side, TEs can provoke negative
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effects, deleterious for the host genome and thus TE silencing mechanisms are
activated by the host genome to control their activity.

Therefore, TEs undoubtedly have had a key role in determining the high
diversity of ray-finned fish and their evolutionary success. Moreover, they are
important molecular tools that would allow fish to survive and to cope with

changes in environmental conditions.
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