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SUMMARY

Transposable elements (TEs) are mobile genetic elements - able to move and to multiply
within genomes - identified in almost all living organisms including bacteria. Considered
as junk DNA for long, nowadays they are undeniably major players of gene, genome and
host evolution. TEs can be deleterious causing diseases at the individual scale, but they
are strong evolutionary agents involved in genome plasticity at a larger scale.
Furthermore, these “parasites” can also be source of new genetic materials as promoters
or even new genes bringing new functions for hosts. The main objectives of my thesis
was to determine the presence or not of the different TE families in fish genomes, as well
as their respective content to understand the evolutionary history of these families in
fish genomes compared to other vertebrate genomes. Being involved in various genome
sequencing consortium projects (including the coelacanth one), I performed a large-
scale comparative analysis to highlight the various evolutionary strategies of TEs. I
showed that TE content is highly variable in vertebrate genomes, the smallest and the
largest being found in fish (6% in tetraodon and 55% in zebrafish), and may contribute
to their genome sizes especially in fish that present more TEs than compared
sarcopterygian genomes of same sizes. Analyses of TE superfamilies also present a large
variation between species. While some superfamilies are widespread (ERV, Penelope,
L1, CR1-like retrotransposons, Tc-Mariner, hAT transposons), some have been
completely lost in particular lineages, such as CR1 in teleost fish, and others present
very patchy distribution, as Merlin, also suggesting that several events of horizontal
transfer occurred. These superfamilies underwent differential waves of activity in
vertebrate species highlighting TE dynamics and predicting the potential current
activity in each genome. On another hand, I particularly focused on the study of a
vertebrate-specific TE-derived gene, named Gin-2, to understand its origin, evolution,
and its potential function in vertebrates that is completely unknown. In silico analyses
showed that Gin-2 is a very ancient gene (around 450 My) deriving from a GIN
transposon and is absent from placental mammals. Further analyses present a particular
expression in brain and gonads during adulthood, while a strong expression during
gastrulation suggests a potential role of Gin-2 in zebrafish development. All together, the
different analyses performed during my thesis contribute to a better view of TE
evolution and their evolutionary impacts in vertebrate genomes (content, diversity,
dynamics, activity, exaptation, functions...).



RESUME

Les éléments transposables (ETs) sont des éléments génétiques mobiles capables de se
déplacer et de se multiplier au sein d'un génome. Identifiés dans la plupart des especes
vivantes incluant les bactéries, mais longtemps considérés comme de ’ADN poubelle, les
ETs sont aujourd’hui indéniablement des acteurs majeurs impliqués dans I"évolution des
génes, des génomes et des organismes. Si a 'échelle des individus les ETs peuvent avoir
des effets déléteres pouvant entrainer des maladies, a plus grande échelle ils sont de
puissants agents évolutifs impliqués dans la plasticité génomique. Ces « parasites »
peuvent également étre sources de nouveaux éléments génétiques comme des
promoteurs ou méme de nouveaux genes avec de nouvelles fonctions pour I'héte. Les
objectifs majeurs de mon travail de thése ont été de déterminer les différentes familles
d’ETs présentes dans les génomes de poissons, la part que chacune d’entre elles occupe
dans ces génomes et enfin de comprendre I'histoire évolutive de ces familles d’ETs dans
les génomes de vertébrés. Cette comparaison a grande échelle permet de comprendre
les différentes stratégies évolutives des ETs. Ainsi, on peut observer que les génomes de
vertébrés présentent des contenus en ETs tres variables, en terme de quantité (de 6%
pour le tetraodon a 55% pour le poisson zébre), jouant également sur I'évolution de la
taille des génomes, et en terme de diversité mettant en évidence la présence de familles
d’ETs dans I'ensemble des lignées ou bien des familles spécifiquement perdues ou
gagnées. D'autre part, j'ai particulierement étudié un géne de vertébrés dérivé d’ETs,
Gin-2, dans le but de comprendre son origine et son évolution, ainsi que d’émettre des
hypothéses quant a sa fonction moléculaire potentielle qui est encore inconnue. Pour
cela, des études in silico ont permis de mieux comprendre son origine, un transposon
GIN. Des analyses d’expression suggerent que Gin-2 pourrait jouer un réle lors du
développement embryonnaire chez les poissons. Ces travaux contribuent de maniere
générale a une meilleure compréhension de I'évolution des ETs, ainsi que leurs impacts
évolutifs, dans les génomes de vertébrés (quantité, diversité, dynamique, activité,
fonctions,...). Par ailleurs, 'ensemble des résultats obtenus quant a la diversité des ETs
peut a présent servir de matrice, pouvant étre continuellement complétée avec I'apport
de nouveaux génomes séquenceés.
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CHAPTER 1

I- From genetics to genomics: toward the understanding
of genome structure and evolution

a. A little bit of history: molecular biology and transposable elements
discoveries

Molecular biology is a branch of the biology field, which tends to understand the
interactions between the different fundamental molecules of life - namely DNA, RNA and
proteins - and how these interactions are regulated. It overlaps the important disciplines
of genetics and biochemistry. Even under perpetual evolution, the central dogma (CD)
where the DNA is transcribed into RNA, which is then translated into proteins (Initial CD
in Figure 1) is a good starting point to understand this field. It took more than 90 years
between the beginnings of genetics with Mendel's works (1865) to the establishment of
the central dogma by Watson & Gamov (1956) (Figure 2).

DNA polymerase

DNA

Reverse l& RNA polymerase RNA dependent
transcriptase RNA polymerase

AM (+) RNA YAV ATAE
-

Figure 1: The central dogma established by Watson and Gamov and revisited after the discovery of the
reverse trancriptase protein. The various orange and degraded orange arrows follow the central dogma (CD)
process, as initially established and aslater completed by the reverse transcription of RNA molecules into
DNA molecules, as well as by the RNA replication process. This last one was first discovered in plants.
Molecular biology has been marked by successive discoveries, hypotheses and technical
improvements. First of all, in the 19% century Darwin introduced the fact that a
transmission of characters (genetics) with changes allows adaptation over time, space
and environment. At the same time, Mendel showed that “traits” are transmitted from
parents to offspring, introducing the important notion of dominant and recessive traits.
It is only in early 20t%, with the introduction of the “gene” term and with the
chromosomal theory of heredity by Sutton that Bateson coined the term “genetics”.
Since then, Morgan showed that chromosomes carry genes, Muller used X-rays to
generate mutants, and Beadle & Tatum proved that genes code for proteins.

(9]
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Sequenced genomes Molecular Biology discoveries TE-related research & discoveries
Bioinformatics progress TE-related hypothesis

«0n the origin of species» publi-
cation (Darwin-1859)

Dominant & recessive traits (Mendel-1865)

-|

«Gene» term and chromosomal theory of
heredity (Sutton-1902) 1 900

+

Chromosomes carry genes (Morgan-1910) 9 1 0
Genetic map (Sturtevant-1911)

.|.

Theory of the gene (Morgan-1926)
X-rays induce mutations (Muller) ] 920

.|.

Electrophoresis (Tiselius-1933) ‘] 930

Genes code for protein (Beadle & Tatum) «Jumping geness / «Controlling elements»

Genetic recombination (Delbruck& ] 940 (McClintock-1944)
Hershey-1946)

Model for DNA (Watson & Crick-1953) TEs discovered in fruitfly

Central Dogma (Watson & Gamov-1956)
Repressor & Operons (Jacob & Monod-1959) |1 95()

Semi-conservative replication of DNA (Meselson
& Stahl-1958)

_|.

Genetic Code (Nirenberg & Gobind-1961)
Neutral theory of molecular evolution (Kimura-196) ] 960

_|_

TEs discovered in bacteria (Shapiro-1969)
First evolutionary tree (Fitch & Margoliash-1967)

C-value paradox (Thomas-1971)

Reverse transcriptase isolation (Temin &
Junk DMA (Ohno-1970)

Baltimore-1970)

Bacteriophage FX-174 (1977) DNA sequencing method development 1970  «mransposons term (Hedges & Jacob-1974)
(Maxam, Gilbert & Sanger-1974) Hybrid dysgenesis in fruitfly

_|_

Selfish gene theory (Doolittle & Sapienza-1980)
TE activity and epigenetic (Sobieski &
Eden-1981

Sequence similarity searching (1985) ] 980 Eﬂgﬁz‘:ﬁnﬁﬁigmels (Charlesworth &
NCBI founded & Clustal alignment (1988) Domestication term (McDonald-1983)

Human mitochondrial genome (1981) PCR (Mullis-1980)
Gene therapy (1983)

_|_

Phage lambda (1982)

P element invasion in fruitfly in short
period of time (Anxolabéhére-1988)
Haemophilus influenza (1995)

Retroviruses and retrotransposons

relationship debates
BLAST program (1990) ] 990 TEs used as genetic tools

.|_

Yeast & E.coli (1996) Human Genome Project launched (1990)
Nematode (1998)

Fruitfly (1999) Gene chip (Brown-1996)
Arabidopsis (2000)

Human draft (2000)

Mouse (2002) 2000

Chicken, Rat (2004)
Dog, Chimpanzee (2004)

Ongoing ENCODE program

Individual Epigenome TEs in disease treatment

10000 genomes project (BGI) Individual Epigenetic variation TEs & epigenomics

(_|.

Figure 2: Timeline showing important molecular biology (on the left) and transposable element linked
discoveries (on the right side). Sequenced genomes and large sequencing projects are developed on the left
side of the timeline (written in green color).
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However, fundamental strides were realized when Watson & Cricks discovered the
structure of DNA, allowing the establishment of the central dogma (Figure 1) and the
cracking of genetic code. In 1964, the central dogma has been challenged when Temin &
Baltimore discovered that the direction of DNA to RNA could be reversed using RNA
viruses. During the 70’s, Maxam, Gilbert & Sanger developed the first sequencing
method and the entire genome of a bacteriophage was obtained, marking the beginning
of the genomic era. At this time (80’s), only small genomes (mitochondria, phages,
bacteria) are sequenced, followed by larger one (nematode and fruitfly). The human
genome project - representing an important step in term of size, complexity as well as a
hallmark for medicine - was launched in 1990. Ten years later the first draft is achieved
giving way to start many human projects such as HapMap (catalog of genetic similarities
and differences in human beings), dbGaP (Database of genotypes and phenotypes),
ENCODE Pilot project and 1000 human genomes, but also other vertebrate genomes.
With the high demand for low cost and rapidity, many technologies including several
methods of high-throughput (next generation) sequencing, such as pyrosequencing,
real-time sequencing or ligation sequencing were developed in the last ten years. The
improvement of sequencing was accompanied with the development of bioinformatics
tools allowing to store data, to easily analyze them.

In the 40’s, Barbara McClintock did another fundamental discovery when she observed
colour variation in maize kernels. She showed that “jumping genes” induced this
variation, mobile DNA now known as transposable elements (TEs) (Figure 2). Each
kernel is an embryo produced from a single fertilization, making the maize an
interesting model to study genetics and inheritance of characters. She worked with the
now so-called Ac/Dc (autonomous “Activator” and non-autonomous “Dissociation”)
system to demonstrate that “jumping genes” or “controlling elements” were responsible
for this colour pattern by breaking specific colour loci. Her work was published in 1951
(McCriNToCcK 1951) and she was awarded the Nobel Prize in 1983.

TEs were then discovered in fruitfly (KIDWELL et al. 1977; PICARD et al. 1978), bacteria
(SHAPIRO 1969) and human in the 70’s. In the 70’s, they were mostly considered as junk
(OnNo 1972). Susumu Ohno proposed that “junk” DNA, referred to pseudogenes, which
does not produce proteins, corresponded to genetic fossils. He stated: “The earth is
strewn with fossil remains of extinct species; is it a wonder that our genome too is filled
with the remains of extinct genes?”. Following the idea that eukaryotic genomes contain
a large proportion of non-coding DNA, described as selfish DNA by Dawkins (DAWKINS
1976), was independently supported in 1980 with two papers (DOOLITTLE AND SAPIENZA
1980; ORGEL AND CRICK 1980), i.e. they only have detrimental effects on hosts. This large
fraction of non-coding DNA is in agreement with the C-value paradox, i.e. the
observation that genome size does not correlate with apparent complexity of organisms
(THomAs 1971). The interest for TEs continued to grow up with the identification of P
and I elements that induce sterility and increase mutation and recombination rate in
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Drosophila (PicARD et al. 1978; KIDWELL AND Novy 1979; CROZATIER et al. 1988). However,
these experiments still supported the fact that TEs are selfish and mainly deleterious for
their host.

The number of studies dealing with TEs increased from the 80’s, showing the growing
interest of the scientific community into a genetic DNA that could play an important role
in genome evolution. The first discovery that made scientists think TEs could be of
interest was the demonstration that P and I elements have invaded Drosophila genomes
in less than 50 years (ANXOLABEHERE et al. 1988) after a transfer from D. willistoni to D.
melanogaster (DANIELS et al. 1990). The short time of these events was very convenient
for geneticists to study population genetics of TEs, by measuring the rates of invasion,
deletion or maintenance in Drosophila species. Since then, population genetic analyses
increased.

Since it was shown that TEs can represent a high proportion of genomes, one of the
question appeared: why such an abundant junk and selfish DNA has been conserved in
genomes if they are only deleterious and useless for the host? Improvement of technical
experiments in the 70’s, allowed to assess wider questions concerning the impact of TEs
on genome evolution, TE origin, TE amplification mechanisms, host defenses and
potential roles of TEs in their hosts. These questions were abundantly raised from the
late 80’s. Nowadays, it is undeniable that TEs are powerful players of evolution, being
both deleterious or inducers of phenotypic changes at short time scales and drivers of
genome evolution leading to novelties at larger time scales.

A . . . ' ' ' Prokaryotic
genome

_— ) . Eukaryotic
genome

.. E. coli Human
Characteristics genome genome
Genome size 4.6 Mb 32Gb
Exons
Genome structure Circular Linear
Number of chromosomes 1 46
Presence of plasmids Yes No
Presence of Histones No Yes
DNA segregrated in nucleus No Yes
Repeated
Number of genes 4288 20000 DNA
Presence of introns No Yes (non-TEs)
Average gene size 700 bp 27000 bp

Figure 3: Comparison of prokaryotic and eukaryotic genomes. A- Comparison of gene organization in both
prokaryotic and eukaryotic genomes. Each colored arrow represents a coding region, interrupted by introns
(dashed line inside blue and pink arrows) in eukaryotic genomes B- Comparison of the principal
characteristics of E. coli and human genomes. C- Human genome composition represented as a camembert.
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b. Architecture, size and composition of genomes

The improvements of molecular biology experiments and sequencing methods
combined with the accumulation of genomic data from various organisms (viruses,
bacteria, archaea and eukaryotes), allowed to better understand the architecture of
genomes. Among the different domains of life, two types of genomes can be
distinguished (Figure 3).

Prokaryotes, which include archaea and bacteria, have very compact genomes (Figure
3A and B). They are characterized by a relatively small circular genome, which is free in
the cytoplasmic compartment (not segregated into a nucleus). In Escherichia coli, the
number of genes is around 4288 with an average size of 700 base pairs (bp). Long
overlaps between genes are possible in prokaryotic genomes and many of them are
organized into co-transcribed groups, called operons (but also found ineukaryotes, such
as C. elegans), in which multiple genes are under the control of a sole promoter.
Eukaryotic organisms can be unicellular or multicellular. Except few examples, as yeasts,
they both present a genome organization with long intergenic regions. Gene structure is
organized in introns-exons (Figure 3A), where introns are removed during splicing,
while coding regions (exons) are transcribed to messenger RNA, leading to the protein
after translation. Only a small fraction of genes contains introns in unicellular
organisms, which generally have more compact genomes than multicellular organism.
That is not an exclusive view, but due to the presence of introns and long intergenic
regions, eukaryotic genomes are generally much larger than prokaryotic genomes. As
comparison, human genome is 3200 Mb long with only 2% corresponding to exons
(Figure 3C), while E. coli genome is 4.6 Mb, i.e. 100 times smaller (Figure 3B).

Among living organisms, genome sizes vary enormously and are not always related to
organism apparent complexity (C-value paradox; Figure 4). In prokaryotes, genome size
and number of genes are correlated. Due to the large intergenic regions, the similar
correlation is weaker in eukaryotes, where non-coding DNA may play an important role
in genome architecture. Indeed, in human, while coding regions (exons) only correspond
to ~2% of the genome (Figure 3C), more than 55% of the genome consists in repetitive
DNA (TEs and non-TEs). The smallest reported eukaryotic genome belongs to
Encephalitozoon intestinalis, a parasitic microsporidium (0.0023pg - 2.25 Mb), while the
largest one is attributed to Amoeba dubia (700pg - 684.6 Gb) (Animal genome size
database, http://www.genomesize.com/index.php). Among animals, the smallest
corresponds to a plant-parasitic nematode, Pratylenchus coffeae (0.02pg - 19.5 Mb) and
the largest os the marbled lungfish, Protopterus aethiopicus (132.8pg - 129.9 Gb).

9
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Figure 4: C-value (haploid DNA content) variation among the tree of life including the maximum and
minimum reported genome size (in 1pg= 978 Mb). Picture from the « Genome Size Database ». Genome sizes
can be determined by flow cytometry or densitometry of the nuclei, and now by complete genome
sequencing.

Because sequencing technologies are faster and cheaper, the number of genome
sequencing projects strongly increased during the last decade. The 2000’s marked the
beginning of the genomic era with the sequencing of the human genome and other
animal models, such as mouse, rat, fruitfly, or chicken. Nowadays, single genome
projects are multiplying but also multi-genome projects such as the 1000 human
genomes (GENOMES PROJECT et al. 2010). This accumulation of data increases the
possibility to understand the eukaryotic genome complexity and to perform large-scale
comparative genomics. Beyond the study of genic and regulatory regions, the availability
of complete genomes allowed also to analyze non-coding intergenic and intronic
sequences, such as transposable elements.

¢. The mystery of transposable elements

The purpose of my thesis is to understand how TEs evolved in vertebrate genomes and
impacted genome diversity, reorganization and size. As the rest of the introduction fully
deals with transposable elements, I only briefly introduce TEs in this subpart.

TEs are repeated mobile genetic elements found in almost all eukaryotic genomes
(PriTHAM 2009) and can constitute a large fraction of them. In some plant genomes, they
can contribute to more than 90% of all DNA sequences (FLAVELL et al. 1974; FLAVELL et al.
1994; BENNETZEN 2000; KuMAR AND BENNETZEN 2000), making them a major genomic
component. TE composition in genomes can differ not only in term of abundance but
also in term of diversity and age of TE families, suggesting that they have differential
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invasive success species. Because TEs have the ability to transpose, to mobilize genomic
sequences and to recombine, they are important players of gene, chromosome and
genome evolution.

Considering these abilities, TEs were long considered as junk, selfish DNA and mutation-
inducing elements. From this deleterious point of view, evolutionary forces against
transposition events (reducing transposition rate, increasing DNA elimination rate,
counter-selection of insertions in coding regions) were described (CHARLESWORTH 1994;
VIEIRA AND BIEMONT 1996). At this stage, no advantage for host genome was considered.
However, can such repeated sequences compose such a large fraction of DNA if they are
only deleterious? TEs have been found in all genomes from bacteria to vertebrates,
except few unicellular small eukaryotic genomes, as the red alga Cyanidioschyzon
merolae, six apicomplexans (CARLTON et al. 2002; GARDNER et al. 2002; ABRAHAMSEN et al.
2004; Xu et al. 2004; BisHopr et al 2005; BrAYTON et al. 2007) and the Unikont
Encephalitozoon cuniculi (KATINKA et al. 2001). The reasons why these genomes are TE-
free are not elucidated. It has been proposed that their maintenance as TE-free
organisms to maintain their small genome size (and thus their small cell size) was
crucial for their survival (PRITHAM 2009).

The recent emergence of data allowed reconsidering the role of TEs in genomes. Indeed,
it has been shown that TEs can serve to acquire new sequence information or modify
coding and regulatory regions through DNA integration, rearrangements and molecular
domestication. Furthermore, it has also been proposed that TEs may play important role
in evolutionary transitions and speciation.
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II- Classification of transposable elements in Eukaryotes

The most basal classification of TEs is based on their transposition mechanisms,
differentiating two classes (FINNEGAN 1989; CApy 2005; WICKER et al. 2007; KAPITONOV AND
Jurka 2008). Class I elements, called retrotransposons, transpose via the reverse
transcription of an RNA intermediate, which is commonly called “copy-and-paste”
mechanism. In contrast, class Il elements, called DNA transposons, directly transpose
from DNA to DNA similar to a “cut-and-paste” procedure for the majority. At a lower
level, based on Wicker’s classification (WICKER et al. 2007), classes are divided into
subclasses, orders, superfamilies and families (Figure 5).

As mentioned before, classes are defined depending on the presence or not of an RNA
intermediate during the transposition mechanism. Classes are further divided into
subclasses, orders and superfamilies depending on structure, organization and
transposition mechanism. Class I, is subdivided into two subclasses, LTR and non-LTR
retrotransposons. In class II, subclasses 1 and 2 are defined depending on the number of
DNA strands that are cut at the TE donor site (genomic location before transposition).
Orders are defined according to differences in structure, insertion mechanism and
enzymology, thus separating LTR, DIRS, LINE, SINE and Penelope orders in class I and
TIRs, Crypton, Polinton and Helitron in class II. Superfamilies have the same
transposition strategy among an order but are characterized by the presence or not of
target site duplication (TSDs, small direct repeat formed upon insertion) that can also
present a specific length. They are phylogenetically separated, and they do not share, or
very few, similarities at the nucleotide level. Finally, the last classification level is
composed of families that are highly conserved at the protein level and share strong
similarities in restricted conserved domain at the nucleotide level. At a last level,
different elements can be distinguished if they do not share more than 80% of identity
over 80% of the sequence length.

Moreover, in both classes, autonomous and non-autonomous elements have been
identified. Non-autonomous elements are TE sequences that do not encode for any
protein and therefore are not able to transpose by themselves. To transpose they use the
transposition machinery of autonomous elements from the same subclass.
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Figure 5: Universal classification of transposable elements. Five levels of organization are defined: classes,
subclasses, orders, superfamilies and families, according to structure, organization and transposition
mechanisms. The list of superfamilies is not exhaustive, especially in the LINE and TIR orders, which contain
15 and 19 superfamilies, respectively. For instance we also find R1 or Rex-Babar in the LINE order.

a. Class I Retrotransposons

Apart from non-autonomous elements, i.e. elements that do not encode the proteins
necessary for their own transposition (SINE, LARD and TRIM), all functional
retrotransposons code for a reverse transcriptase. Several classifications were proposed
including different criteria. First, the class I can be divided into two subclasses, the LTR
retrotransposons and the non-LTR retrotransposons or retroposons, based on the
presence/absence of Long Terminal Repeats (LTR) essential for the retrotransposition
mechanism in the first case. Among this two subclasses, the LTR retrotransposons are
classified based on the presence/absence of an ORF encoding an integrase (INT)
(enzyme catalyzing the insertion of the reverse-transcribed DNA into host DNA) with
the specific DDE catalytic domain signature, or based on the order of protein domains
among the pol polyprotein, the presence of RNA priming (tRNA or mRNA) and the
presence of an envelope. The non-LTR retrotransposons are classified according to the
presence or not of coding regions (LINEs are autonomous while SINEs are non-
autonomous). Based on Wicker’s classification, the retrotransposon class contains five
orders, namely LTR, DIRS, SINE, LINE and Penelope that are described below.
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LTR Retrotransposon order

LTR Retrotransposons and retroviruses can be confounded in the same order since the
same features characterize them and since they encode the same proteins with the
exception that retroviruses encode a supplementary envelope necessary for the external
cell phase. However, some LTR retrotransposons, for instance some elements from the
Gypsy superfamily, also encode an envelope. The main characteristic of LTR
retrotransposons is the presence of the long direct repeats (LTRs), structured as [U3-R-
U5] (Figure 6)(U3: contain enhancers and promoters, R: Repeated sequence, U5: first
portion of the retrotranscribed genome) located at both extremities of the element and
usually surrounded by the dinucleotides (5’-TG ... CA 3") (VoYTAS AND BOEKE 1992; KUMAR
AND BENNETZEN 1999). Downstream to the 5’ LTR, are present Primer Binding Site (PBS),
which are complementary to a specific zone of a tRNA used as primer by the reverse
transcriptase (RT) to initiate the reverse transcription. Upstream to the 3’ LTR, LTR
retrotransposons present a Polypurine Tract (PPT), which serves as a primer to
synthesize a new U3-R-U5 fragment of DNA during the retrotransposition process.
Autonomous LTR retrotransposons also contain an internal region with the
characteristic Gag and Pol (and Env in retroviruses and occasionally in other
superfamilies) ORFs, which encode proteins necessary for the replication and
transposition of the element (Figure 6). The Gag polyprotein is processed into a matrix
protein (MA), which is necessary for the targeting of the cell membrane and for capsid
assembly, a capsid protein (CA), which forms the hydrophobic core of the virion, and a
nucleocapsid protein (NC), which is involved in RNA packaging. The Pol polyprotein is a
single ORF that encodes several proteins (protease, RT, ribonuclease H, INT) that do not
have the same organization in the different superfamilies. The protease (PR) plays a
major role in the maturation process allowing to cut several peptides. The RT is
essential to synthesize DNA from a single strand of RNA. The ribonuclease H (RH)
hydrolyzes the original RNA from the RNA/DNA hybrid generated after the
retrotransposition process. The integrase catalyzes the insertion of the linear double-
stranded viral DNA copy into the new location. Finally, in some elements of this order, a
chromodomain for “Chromatin Organization Modifier Domain” is involved in chromatin
remodelling, as for Ty3/Gypsy for example that I will present later.

Four superfamilies are numbered in the autonomous LTR retrotransposon order:
Ty3/Gypsy, retroviridae (HuLL 2001; GiFForRD AND TRISTEM 2003), BEL/Pao and
Ty1/Copia. They were all found in a wide range of eukaryotes including plants, fungi and
metazoa. A fifth superfamily that I will not present further, the caulimoviridae was
suggested to be part of retrotransposons due to its Gag-PR-RT-RH structure. However,
this superfamily corresponds to a double-strand DNA un-enveloped retrovirus with no
LTR (BousaLEM et al. 2008). The four superfamilies differ by the presence of the
envelope, the order of encoded-protein inside the Pol ORF and by their phylogenetic
position based on a reverse transcriptase alignment (XioNG AND EickBUSH 1990). Even
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among the superfamilies, families can differ by the presence of an envelope, by the
presence of supplementary ORFs (for instance encoding a chromodomain in the Gypsy
family or accessory genes in retroviruses) but also by frameshifts occurring between
Gag and Pol ORFs.

LTR 5’
T Ay LTR 3
Chromodomain-containing ’T '-_-\‘Y .
{ U3 R US| MA cA NC
PBS PR RT RH INT CHR U3 R US

Ty3/ Gypsy |
Sl ¢
Non-chromodomain ’T ‘L'.'\ Y o
MA CA NC “—i b
PR RT RH INT 4
PBS T
ENV'
8 ")\\
Rewoviridae | [ oI
MA CA NC U ™
PBS PR RT  RH INT PPT

BEL/Pao T oy
i Ty Tl [
pBS PR RT RH IN'[ ;:'. PPT
A A Env'
Ty1/Copia 'i' f\\y ® POL
PR INT RT RH
PBS oy PPT

S ENV
LARD 1 RIS
PBS PPT
TR l M r{ PBS  PPT

Figure 6: Structure of the different superfamilies from the LTR Retrotransposon orders. Host species are
indicated for plants, fungi and metazoans (left to right order). Grey boxes represent Open Reading Frames
(ORFs). Black circles represent TSDs. Abbreviations : PBS, primer-binding sites ; PPT, polypurine tract; MA,
matrix ; CA, capsid ; NC, nucleocapsid ; PR, protease ; RT, reverse transcriptase ; RH, RNaseH ; INT, integrase ;
CHR, chromodomain ; ENV envelope ; AS accessory genes. Boxes are not at scale.

Within the Ty3/Gypsy superfamily, the INT domain is always located after the RH except
in the Gmr1 family (Figure 6) (GoopwiN AND PouLTER 2002). Ty3/Gypsy includes both
retrotransposons and retroviruses according to the presence of an envelope.
Retroviridae constitutes a retrovirus superfamily with a Gag-Pol-Env organization and
can contain accessory genes useful for the transmission of the retrovirus from a host
into another. Retroviridae are classified in seven genera based on their replication
mechanism: Alpha-, Beta-, Gamma-, Delta-, Epsilon-, Spuma- and Lentiviridae (GIFFORD
AND TRISTEM 2003). BEL-Pao retrotransposons have a similar organization than
Ty3/Gypsy and can also contain an envelope (DE LA CHAUX AND WAGNER 2011). Finally
Ty1/Copia superfamily differs in the position of the integrase, which is located directly
after the protease (Figure 6) (FLAVELL 1992).
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Non-autonomous LTR retrotransposons have only been described in plants so far. They
only present LTRs, PBS and PPT structures, but do not encode any protein. Two different
types of non-autonomous elements were described in particular in plants: Large
Retrotransposons Derivatives (LARDs) and Terminal-repeat Retrotransposons in
Miniature (TRIMs). LARDS are long elements, from 5.5kb to 8.5kb, and it has been
shown that they could derive from Ty3/Gypsy or Tyl/Copia autonomous elements
(KALENDAR et al. 2004). TRIMs are shorter elements no longer than 540 bp. They have
small LTRs flanking PBS and PPT domains. No associated autonomous elements could
yet be identified (WITTE et al. 2001).

Origin of retrotransposons is a major question, which is still debated. Indeed, one of the
interesting questions is the origin of retroviruses. Did retroviruses appear before
retrotranposons or retrotransposons before retroviruses? It has been suggested that
retroviruses are retrotranposons that acquired an envelope ORF (EICKBUSH AND
JAMBURUTHUGODA 2008).

Furthermore, from an evolutionary point of view, it is now accepted that integrase-
encoding LTR retrotransposons arose from the combination of a DDE-transposase from
a DNA transposon and a reverse transcriptase from a non-LTR retrotransposon (CAPY et
al. 1997; MALIK AND EicKBUSH 1999; MALIK AND EickBUSH 2001).

DIRS Retrotransposon order

Dictyostelium Intermediate Repeat Sequence (DIRS) is an order of retrotransposons
that contains a tyrosine recombinase gene (GLOCKNER et al. 2001; GOODWIN AND POULTER
2001) instead of an integrase, making them different from LTR retrotransposons by
their of replication mechanism. These enzymes allow the recombination between two
double-stranded DNA molecules, using a catalytic tyrosine residue. DIRS have been
initially discovered in Dictyostelium discoidium as new transposons containing non-
identical and inverted LTR delimited by a trinucleotide TTT (except the recently
discovered Viper superfamily), and three different ORFs (Figure 7) (CAPPELLO et al.
1985). Nowadays, the order is composed of three superfamilies, namely DIRS1, Ngaro
and Viper. These three superfamilies differ in term of structure and organization, for
instance the number and orientation of terminal repeats or by the number and/or the
organization of ORFs that can entirely overlap (GooDWIN AND POULTER 2004; WICKER et al.
2007).

DIRS1 elements have been identified in many lineages as Amoeba, Metazoa, plants and
fungi (CAPPELLO et al. 1985; DE CHASTONAY et al. 1992; Ruiz-PEREZ et al. 1996; GOODWIN AND
PouLTER 2001; DuncaN et al. 2002; GoobwIN AND POULTER 2004; POULTER AND GOODWIN
2005). The organization of these elements can vary depending on the host. ORF2 and
ORF3 can completely overlap or can be separated by internal complementary regions
believed to play a role during the replication cycle. Furthermore, some DIRS1 elements
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encode a supplementary methyltransferase located in the ORF that encodes RT and RH
(Figure 7).

Ngaro was the second superfamily of DIRS order to be discovered. It is phylogenetically
distinct from DIRS1 (GoopwIN AND PoOULTER 2001; GoobwiN AND PoULTER 2004). This
superfamily was detected in various lineages of animals and fungi but not in plants
(GoopwIN AND POULTER 2004; MuszEwsKA et al. 2013). Ngaro sequences contain diverse
repeats that could be important for transposition. In contrast to DIRS1, none of the
Ngaro elements contains a methyltransferase domain, which supports the clear
distinction between DIRS1 and Ngaro elements. Some species present sequences with
additional ORFs similar to ORF1 of CR1 LINE elements (see below in the section LINE). It
has been suggested that these ORFs may belong to the large hydrolase family that has
diverse ranges of functions as esterases, lipases or proteases, among others (HUANG et al.
2001). These proteins may have a function in the penetration of cell membranes during
the process of horizontal transfer (KapiToNov AND JURKA 2003) (Figure 7).

Viper is the last superfamily belonging to the DIRS order. It was discovered in
Trypanosoma cruzi in association with short interspersed sequences (LORENZI et al.
2006). Apart from the inversion of ORF2 and 3, Viper elements present a similar
organization than Ngaro ones. Nowadays, it has only been found in Trypanosoma
species. This last superfamily is still poorly studied (Figure 7).

Some studies suggest that DIRS should not be included within retrotransposons since
they have a particular transposition mechanism that uses a tyrosine recombinase (BOEKE
2003; Kazazian 2004). However, phylogenetic analysis based on RT sequences classified
them among the LTR subclass (DuNcaN et al. 2002; GooDWIN AND POULTER 2004; LORENZI
et al. 2006).
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Figure 7: Schematic representation of DIRS, Ngaro and Viper superfamilies. Abbreviations : MT,
metyltransferase ; YR, tyrosine recombinasse ; RH, Ribonuclease H ; RT, Reverse Transcriptase ; ICR, internal
complementary region.
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LINE Retrotransposon order

Long Interspersed Nuclear Elements (LINEs) are shorter than LTR retrotransposons
that can make up to several kilobases. Instead of having LTRs, LINEs carry a promoter
sequence that mediates synthesis of polyadenylated RNA by the RNA polymerase II of
the host. Many superfamilies have been classified into the LINE order based on
structural features and RT phylogenies (XioNG AND EickBUSH 1990; Tu et al. 1998; MALIK
et al. 1999). The LINE subdivision comprises 15 superfamilies including CRE, NeSL, R4,
R2, L1, RTE, RTEX, Tad, LOA, I and Ingi, Jockey, CR1, L2 and Rex1-Babar (Figure 8)
(MALIK et al. 1999; LovsiN et al. 2001; BURKE et al. 2002). These clades can be separated
in two different types. The first type is composed of a single ORF encoding both a RT and
a restriction enzyme-like (REL) endonuclease in its C-terminal part (R2, R4, NeSL and
CRE superfamilies). Instead of a REL endonuclease, the second type encodes an
apurinic-apyrimidic endonuclease (APE) located upstream to the RT. Moreover, a high
diversity of structure can be observed among the second type. Some superfamilies
present a single ORF with both the APE endonuclease and the RT while others have a
first supplementary ORF with unknown precise function. The encoded protein is only
known to bind mRNA/DNA molecules (KapiToNov AND JuRkA 2003) and it has been
suggested that this first ORF could have similar function to Gag protein in LTR
retrotransposons. In some elements, esterase and PHD (for plant homeodomain, finger
motif also found in some chromodomains) domains have also been identified (Figure 8)
(CofrFIN et al. 1997; DawsoN et al. 1997; KapiToNov AND JURKA 2003). The discovery of
these last domains may suggest that ORF1 proteins are involved in protein-protein
interaction related to chromatin remodeling. Finally, few superfamilies code for a RH
(cleavage of an RNA/DNA complex) located downstream to the RT (Figure 8). However,
whatever their belonging, all LINEs frequently end with either a poly-A tail, tandem
repeats or an A-rich region. Moreover, most of the LINE copies identified in genomes are
truncated in 5’ by the host probably. As 5" parts are essential to transposition, the
proliferation of the LINE elements is certainly strongly limited when truncated (more
described later).
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Figure 8: Diversity and structure of the different LINE superfamilies. They can contain one or two ORFs
encoding an esterase (ES) with or without a PHD domain, an endonuclease (APE or REL), a reverse
transcriptase (RT) and sometimes a ribonuclease H (RH). They also harbour a poly-A tail and TSDs (black
circle).
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During the LTR retrotransposition process, a dsDNA is directly reintegrated into the
genomic DNA thanks to the integrase. Non-LTR retrotransposons use a different
retrotransposition mechanism, named target-site-primed reverse transcription (TPRT).
In this process, an encoded endonuclease protein creates a single-stranded nick in the
genomic DNA, generally within AT-rich regions, leading to a free 3’'0OH strand, which is
used to prime the reverse transcription. The second strand of the genomic DNA is then
cleaved and used to prime the second strand synthesis. The reverse transcription is not
complete in most of the case generating 5-truncated elements. Hallmarks of the
integration include a poly-A tail in the 3’ part and TSDs between 2 to 20 bp length
(Curcio AND DERBYSHIRE 2003; CORDAUX AND BATZER 2009; LEVIN AND MORAN 2011).

SINE Retrotransposon order

SINE Retrotransposon is an order of non-autonomous elements; they do not encode for
any protein and thus have to use the LINE retrotransposition machinery. Due to their
transposition mechanism, which copies those of LINEs, they are considered to belong to
class I, but they actually have a different origin. Indeed, they do not result from a
deletion in LINE sequences, but originate from accidental retrotransposition of different
polymerase III transcripts (KRAMEROV AND VASSETZKY 2005). SINEs are short repetitive
elements from 80 to 500 bp generally flanked by TSDs. They are generally composed of
three parts: the 5’ head, the central body and the 3’ tail. The 5’ head corresponds to a
part derived from cellular RNA: tRNA (DANIELS AND DEININGER 1985; SAKAMOTO AND OKADA
1985), 7SL RNA (KRAYEV et al. 1980; ULLU AND TscHUDI 1984; NISHIHARA et al. 2002) and
5S RNA (MURAKAMI AND FujITANI 1998; PISKUREK et al. 2009) but not exclusively, and this
part contains a promoter for Polymerase III. The body is composed of a first region with
unknown function, CT-rich, and in some cases of a second region that shares similarities
with the LINE partner, essential for the reverse transcription of the SINE RNA. However,
many SINEs do not show any similarity with their respective partner. In this case, the 3’
tail adopts the function of the LINE region (Kajikawa AND OkADA 2002; DEWANNIEUX et al.
2003). The tail is a A- or AT-rich region and ends with T residues corresponding to a
termination signal for Polymerase III.

Among the different SINE families, some families are well known as MIR or Alu families.
In the tRNA superfamily, many families and elements have been specifically studied such
as the MIR sequences from mammals (SMIT AND RiGGs 1995), the zebrafish DANA from V-
SINE family or salmonid Hpa (TAKASAKI et al. 1994; OGIWARA et al. 2002; PISKUREK AND
JacksoN 2011), the zebrafish mermaid (SHIMODA et al. 1996), the salmonid AFC from
CORE-SINE (Kipo et al. 1991; GILBERT AND LABUDA 1999; PEREZ et al. 1999; TAKAHASHI et al.
2001; MATVEEV AND OKADA 2009). Among 7SL SINE, the most known elements are the
human Alu and the rodent B1 (ULLU AND TscHUDI 1984; RowoLD AND HERRERA 2000).
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Penelope Retrotransposon order

Penelope elements have been discovered in Drosophila virilis, as an inducing-agent of
hybrid dysgenesis (ARkHIPOVA et al. 2003). Since then, they have been found in
numerous eukaryotes (EVGEN'EV AND ARKHIPOVA 2005). Penelope is an interesting order
of retrotransposons sharing structural features with both LTR and non-LTR
retrotransposons. As non-LTR retrotransposons, Penelope elements probably use a
TPRT mechanism to transpose and are frequently truncated in 5’ and if present, their
TSDs show variable sizes. As LTR retrotransposons, they can have, but not
systematically, LTR-like structures that can be either direct or inverted (Figure 9). They
contain a single ORFs encoding a RT, which is more closely related to telomerase or RT
from bacterial and organellar group II introns than to RT from LTR retrotransposons
(ARkHIPOVA et al. 2003; GLADYSHEV AND ARKHIPOVA 2007), and an endonuclease with an Uri
(GIY-YIG) domain (Figure 9). As a rare signature in TEs, Penelope sequence can contain
introns, which can vary in number.
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Figure 9: Schematic organization of Penelope element. Two possible but not exclusive structures are shown:
sequences can contain direct or inverted repeats (square boxes at the extremities), TSDs, (black circle),
intron in the 5’ repeat (dotted triangle).

b. Class I DNA transposons

All DNA transposons transpose via a DNA form. If all retrotransposons require the
presence of the reverse transcriptase to transpose, class II elements use variable
enzymes to catalyze their transposition. DNA transposons are divided in two subclasses
distinguishable by the number of DNA strands that are cut during transposition: two
strands of DNA are displaced in subclass 1 while only one strand is displaced in subclass
2. Among both subclasses, elements are grouped together into orders depending on
their sequence, structural features and transposition mechanism, leading to the
distinction between cut-and-paste transposons, which are the most common, rolling-
circle transposons (Helitrons) and self-replicating transposons (Polintons, also called
Mavericks). Finally, Miniature Inverted Terminal Repeats (MITEs) are small non-
autonomous DNA transposons.
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Terminal Inverted Repeats (TIRs) or Cut-and-paste transposon order

These DNA transposons are characterized by their terminal inverted repeats (TIRs) that
are of variable sizes - as well as their TSDs - and contain the transposase with DNA-
binding domain. Nowadays 19 TIR superfamilies have been described (Figure 10)
(KaprtoNov AND JuRKA 2008; Bao et al. 2009; Bao et al. 2010; MENG et al. 2011) (Repbase),
each of them being characterized by a superfamily-specific transposase core and
presenting different preferential insertion sites. Six of these superfamilies are only listed
in Repbase and consequently not well described (Mirage, Novosib, Rehavkus, ISL2EU,
Kolobok, Academ) (JurkA et al. 2005a). Most of the transposases encoded by elements
belonging to this order are also called DDE/DDD transposases due to the presence of
three conserved acidic catalytic residues: DDE or DDD (YuAN AND WESSLER 2011). In four
superfamilies (P, PiggyBac, CACTA and Sola), the encoded transposase do not contain
the DDE triad, however they might contain either a catalytic aspartate or glutamate
residue (HIiCKMAN et al. 2005). Most of the superfamilies are composed of a single ORF,
but few of them can contain a second ORF, such as Pif-Harbinger that encodes a DNA
binding protein, or CACTA that has a second unclear ORF. Several exons have been
identified for few elements, such as in Mirage element (in C. elegans; Repbase).

A recent study shows that some superfamilies are closely related and can be grouped
together. This is the case of MULE and Rehavkus, but also Harbinger and ISL2EU.
Moreover, EnSpm, CACTA, Mirage and Chapaev can be classified together in the so-
called CMC superfamily (YUAN AND WESSLER 2011).

From an evolutionary point of view, it is interesting to note that DDE/D transposases
and integrases are both characterized by the same catalytic triad (HAREN et al. 1999),
suggesting a common origin or a converging function.

On the contrary to retrotransposons, that easily increase their copy number by a “copy-
and-paste” mechanism and multiply at each transposition cycle, the increase of the copy
number is not as obvious for DNA transposons given that they excise to insert in a new
location during transposition. To get around the ”cut-and-paste” mechanism and
amplify, DNA transposons transpose during chromosome replication from a position
that has been already replicated to another position where the replication fork has not
passed, yet (GREENBLATT AND BRINK 1962).

This order of DNA transposons forms a reservoir of genetic tools. It is interesting to
underline that many of the elements belonging to these superfamilies are actually
developed as transgenesis tools (see in the last part of the introduction for more
details).
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Figure 10: Diversity and structure of DNA transposons from subclass I. DNA transposons mainly contain a
single ORF, which encodes a transposase (Tpase), in rare cases completed with a second one encoding a
helicase (see Academ element). Many superfamilies, such as Mirage, Kolobok or ISL2EU, have to be better
characterized.
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Crypton order

Crypton is a poorly described order (GoopwiN et al. 2003; KojiMA AND JuRkA 2011), which
has initially been found in fungi, but has been also, since then, identified in animals
(Figure 10). Crypton elements have a single long ORF interrupted by introns, coding for
a tyrosine recombinase and containing a DNA-binding domain. The elements do not
present any direct or inverted repeats but can be bordered by TSDs (Figure 10).

As no RNA intermediate could be found, Crypton elements have been classified among
DNA transposons. However, it has been suggested that they can be related to DIRS1 and
Ngaro retrotransposon superfamilies (Figure 5), due to the presence of a tyrosine
recombinase also encoded by these retrotransposons. Crypton order diversity, structure
and distribution have to be further investigated.

Helitrons

Helitron elements are widespread DNA transposons included in the second subclass I
They replicate via a rolling-circle mechanism without generating any TSD (FESCHOTTE
AND WESSLER 2001; KapiToNov AND JURKA 2001). As a consequence, instead of having
repeats at their ends, Helitrons are delimited by “TC” or “CTRR” nucleotides (where R
corresponds to a purine) and present a hairpin structure that lies at the 3’ end (Figure
11). They encode a different type of tyrosine recombinase (Y2-recombinase such as that
found in some rolling-circle bacterial transposons), similar to the one encoded by
bacterial rolling circle elements, with a helicase domain and nuclease/ligase in two
different ORFs (Figure 11).

Helitrons have mostly been studied in plants for gene trapping systems. Indeed, it has
been shown that they can carry and mobilize gene fragments within genomes
(MORGANTE et al. 2005). For example, 20,000 fragments of genes have been
demonstrated to have been picked up and shuffled by these elements in the maize
genome (YANG AND BENNETZEN 2009). Furthermore, many recent studies focused on
Helitron horizontal transfer in animals, especially in bats (THoMAS et al. 2011).
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Figure 11: Helitron and Polinton structures, from subclass II. These superfamilies are composed of a
minimum of two and four ORFs, respectively, however they can contain a much higher number of ORFs.
Helitron are delimited by TC or CTRR nucleotides at both extremities and by a hairpin structure at the 3’ end
(illustrated by a small flag).

Polinton (Maverick) order

Polintons are very long (15-20 kb) self-synthesizing DNA transposons found in protists,
fungi and animals but not in plants (Figure 11) (KariToNOV AND JuRKA 2006; PRITHAM et al.

2007). These elements can encode up to 10 different proteins that always include an
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integrase similar to those of retrotransposons (C-INT), an ATPase (ATP), a cysteine
protease (CYP) and a polymerase B (POL B). They are delimited by TIRs and TSDs at
both extremities.

c. Other DNA transposons

Miniature Inverted Terminal Elements (MITEs)

Miniature Inverted Terminal Elements (MITEs) are short (<600 nt) non-autonomous
DNA transposons that contain TIRs forming a secondary hairpin structure (FATTASH et al.
2013). It has been proposed that they use the machinery of autonomous TIR elements
(ZHANG et al. 2001) by recognizing similar TIRs. However for many MITE sequences,
such as Stowaway in rice, no corresponding TIR element could be found, even if the copy
number of the MITE is high, suggesting a still unknown efficient mechanism of
transposition. Mobilization of distant autonomous TIRs has been proposed (FESCHOTTE et
al. 2003). Other models of amplification were proposed linked to the observation that
MITE copy number can be much higher than TIR elements. MITEs could be able to utilize
the basic cellular machinery, by taking advantage of their hairpin structure, which could
perturb the process of DNA replication (Izsvak et al. 1999): the newly produced strand
forms a stable secondary structure that contains a specific DNA recognition motif to be
reinserted into host genomic DNA.

MITEs are generally found around genic regions (Bureau & Wessler 1994). The
discovery of cis-acting domains in their sequence suggests that they may regulate the
expression of nearby genes.

By now, MITEs have mostly been studied in plant genomes and classified in two families,
Tourist and Stowaway (BUREAU AND WESSLER 1992; BUREAU AND WESSLER 1994; FESCHOTTE
et al. 2002). MITEs have been identified in several animal genomes, for example Angel in
fish (MORGAN 1995; Tu 1997; IzsvAK et al. 1999). The recent accumulation of discovery of
MITEs in varying genomes suggests that they might be ubiquitous in eukaryotes.

Other types of DNA transposons: Zisupton

Zisupton is a recently described superfamily of DNA transposons encoding a new type of
transposase/integrase with a SWIM domain and an Ulp1l SUMO protease, which can be
included or not in the mRNA due to alternative splicing events, but no reverse
transcriptase or other typical TE proteins (BOHNE et al. 2012). Zisupton has been initially
discovered on the sex chromosomes of the platyfish Xiphophorus maculatus and then
detected in other teleost fish such as medaka or zebrafish, as well as in urochordates,
cephalochordates, hemichordates, fungi and algae. From the evolutionary point of view,
this element probably experienced very interesting stories, as possible horizontal
transfers in several Xiphophorus populations have been proposed. Moreover, authors
proposed that Zisupton might have been domesticated in other vertebrates, as they
showed its relationship with HMGXB3 genes.

(8]
(9]
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III- The evolutionary impact of transposable elements on
host genomes

a. Genomic rearrangements induced by TEs and phenotype-associated
modifications

Specific features of TEs, such as mobility (change of genomic location), abundance (large
fraction of genomes), universality (found in almost all genomes) and old age (found in
both eukaryotes and prokaryotes), make them interesting agents of genetic, genotypic
and phenotypic evolution at both individual and lineage time scales. These individual
and lineage changes can be illustrated by mutational modifications, which can both
impact individuals by inserting into a coding sequence for example, or influence the
lineage by being maintained over long time and bringing novelties. These events have
been listed and associated to specific phenotypic changes induced by TEs (KIDWELL AND
LiscH 1997; KIDWELL AND LiscH 2000; BowEN AND JorRDAN 2002; BOHNE et al. 2008; OLIVER
AND GREENE 2009; LiscH 2013).

TE-induced genomic rearrangements can be separated in three categories: 1-
rearrangements with an impact on gene function or regulation; 2- large-scale
rearrangements; 3- rearrangements providing a source of new genetic material. These
different events are developed below and summarized in Figure 12 and 13. The
processes that are presented here are not exclusive and some of them can be classified
in several of the proposed categories.

i. Impact on gene function and/or regulation by TE insertion

The movement of TEs can alter gene structure or gene expression. Alterations of genic
environment can be generated through several processes summarized in Figure 12.
First, TEs can insert into exons, introns or regulatory regions (such as enhancers or
repressors), thus modifying either the coding sequence or the expression of the
considered gene. Inserted nearby gene, but not into exons, introns or regulatory
sequences, TEs can also have strong consequences on the expression of this closely
located gene. Through their capacity to recombine, TEs can also lead to the deletion of
exons or even complete genes. For most of these processes, examples of phenotypic
changes have been observed.

Insertion of TEs into exons of host genes

The insertion of a TE into an exon represents one of the most drastic changes since it
disrupts the open reading frame of the concerned gene leading to a longer protein, a
truncated protein or to the non-production of the protein. Many mutational insertions
have been listed in human diseases (DEININGER AND BATZER 1999; BELANCIO et al. 2008).
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One of the well-known cases is the insertion of an Alu SINE into the BRCA gene, leading
to breast cancer in women, or similarly colon cancer induced by a L1 insertion into the
AFC gene (MIKI et al. 1992). A lot of such insertions historically lead to the discovery of
TE families. This is the case of the P element in Drosophila discovered in white-eye
mutants, or the Ds maize system discovered by Barbara McClintock. Among vertebrates,
natural population of Xiphophorus mutants have a TX1 retrotransposon inserted in the
Xmrk oncogene, resulting in its inability to induce melanoma formation (SCHARTL et al.
1999).

These insertions into exons do not necessary lead to lethality. Indeed, white-eye fly
mutants have been maintained in laboratory. This is particularly interesting to note that
TEs can also serve as mutators to decipher gene function, such as insertions of P element
in Drosophila, which have been intensively used to annotate fly genes.

Insertion into introns of host genes

Most of the TEs inserted into introns have the chance to survive because they are
probably less targeted by natural selection and are spliced out during mRNA processing.
However, there are some cases where these insertions might alter both gene regulation
and/or gene splicing. Indeed, regulatory sequences can be located into introns and the
insertion of TEs near these sequences might change the regulation. To note, ectopic
expression of plena (ple) gene in flower of an Antirrhinum mutant results from a
different orientation of a transposon in the intron of ple gene (BRADLEY et al. 1993).

It has also been proposed that insertions in very large introns could be beneficial for the
host. Indeed, stem loop structures are formed, facilitating the matching of distant splice
sites and thus easing the splicing of the large introns (SHEPARD et al. 2009).

Finally, TEs that are located in introns can be recruited as new exons: a phenomenom
called exonization. In human for example, some Alu-inserted sequences have been
expated as novel protein-coding domains via alternative splicing (KRULL et al. 2005).

Insertion into regulatory regions of host genes

TE insertions into regulatory regions mainly alter the expression of host genes,
provoking the loss of tissue-specific expression for instance, ie. genes gaining
expression in new tissues. They can insert into enhancers, interrupting the expression,
or into silencer binding sequences, leading to the expression of the gene instead of its
repression. They can also insert into promoters or into TATA boxes. Up to now, well-
known examples were described in plants: Mu insertion into knotted1 regulator leading
to ectopic expression in maize leaves (BHARATHAN et al. 2002); MITE insertion into
upstream region of Vgt1 gene of the maize, which regulates timing of flowering (SALvI et
al. 2002); Tam3 transposon into the 5 region of Antirrhinum niv gene regulating
anthocyanin synthesis (LISTER et al. 1993).
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Figure 12: Genomic rearrangements induced by transposable elements in a genic context through insertion,
deletion, recombination or retroposition events. The gene is represented by grey (exons) and white (introns)
boxes. Purple boxes represent TEs; green and red circles show enhancers and silencers, respectively. Cryptic
and TE promoters are represented by orange and pink rectangles, respectively.
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Epigenetic regulation

More and more researchers study the impact of insertions of TEs near genes at a
different scale, independently of the location of the insertion. We could think that such
insertions are harmless for host, however they are targeted by host defense mechanisms
in order to silence them. The inserted TE sequence and the region around, including
genes, are sometimes methylated leading to an extinction of gene expression (YODER et
al. 1997; MATZKE AND MATZKE 1998b; MATZKE AND MATZKE 1998a; Liu et al. 2004;
HoLLISTER AND GAUT 2009). Conversely, unsilenced TEs nearby genes have been found, as
LTR retroelements near Dasheng gene in rice (KASHKUSH AND KHASDAN 2007).

Recombination

TEs have the capacity to recombine and thus to alter their genomic environment by
enlarging or shortening genes through both unequal homologous or illegitimate
recombination. Process of unequal homologous recombination can convert intact LTR
retrotransposons to solo-LTR (VITTE AND PANAUD 2003). Like insertions and deletions
processes, recombination can lead to diseases (BURWINKEL AND KILIMANN 1998; ROSSETTI
et al. 2004), as illustrated for instance by a case of hemophilia induced after an alu-
mediated recombination event (VIDAL et al 2002). From another interesting
evolutionary point of view, it has been shown that two retrotransposons play important
roles in the mating system of Neurospora by inducing unequal recombination in the
specific mating locus (GioTI et al. 2012).

Moreover, recombination can be a used by the host to regulate the copy number of TEs
and thus maintain the integrity of the genome (CHARLESWORTH et al. 1986; CHARLESWORTH
AND LANGLEY 1989). This is a well-known process that might be involved in genome size
variation, as explained later (BENNETZEN 2005; BENNETZEN et al. 2005; TIAN et al. 2009;
SuN et al. 2012D).

Retroposition and gene capture

As already described, TE insertions can act on gene structure, location or expression
through multiple mechanisms such as disruption of coding or regulatory sequences,
epigenetic modifications or recombination events. However, these processes are not
exclusive and two other can be pointed out. First, retroposition consists of the reverse
transcription of a spliced mRNA gene and its reintegration into a new location. This
process is driven by a retrotransposon-encoded reverse transciptase. The newly
retroposed gene does not contain any intron and is flanked by TSDs. This process can
generate new expression patterns, as shown by the retroposed IQD12 gene at the SUN
locus leading to new expression in fruits (X140 et al. 2008). This process is probably not
only simple genomic mistakes but it could form a positive evolutionary mechanism.

The second interesting consequence of certain TE movements is a process named “gene
capture”. During transposition, some TEs are able to take away pieces of close genes or
even an entire gene leading to novelties, such as new exons or new chimeric genes in
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some cases (JIANG et al. 2004; GupTA et al. 2005; LAl et al. 2005; MORGANTE et al. 2005).
Bs1 LTR retrotransposons in maize are the first that were shown to have trapped an
ATPase gene (JIN AND BENNETZEN 1994).

ii. Large-scale rearrangements

Chromosomal rearrangements involve the displacement of a part of chromosome.
Rearrangements can be intra-chromosomal (inversion) or inter-chromosomal
(translocation between two chromosomes) (Figure 13). However, to be viable, these
rearrangements have to generate chromosomes with a centromere, essential during
mitosis and meiosis, and two telomeres, essential for the end of DNA replication and
chromosome protection. Within the genome, repetitive sequences, and so TEs, may act
as sites for inequal crossing-overs, which can produce deletions, duplications, inversions
and translocations (Figure 13). These rearrangements are possible through two TE-
associated mechanisms: homologous recombination and alternative transposition.
During classic transposition, complementary ends of a single TE are paired together,
while in alternative transposition the pairing is done between different TEs on the same
or different chromosomes (GRAY 2000). This has been observed in bacteria with
IS10/Tn10 elements (CHALMERS AND KLECKNER 1996), in maize and tobacco with Ac/Ds
system (ENGLISH et al. 1993; WEIL AND WESSLER 1993) or in Drosophila with P elements
(SvoBoDA et al. 1995; GRAY et al. 1996; PRESTON AND ENGELS 1996; PRESTON et al. 1996).

Chromosomal rearrangements

Chromosomal rearrangements can be classified in two main groups: balanced and
imbalanced. Recombination of TE sequences can lead to these two rearrangements.
Even if only these two events will be described, TEs can also induce large deletions or
large duplications also changing chromosome organizations. Balanced rearrangements
change gene order but do not remove or duplicate DNA, while imbalanced
rearrangements modify gene dosage of the affected chromosome. Inversions and
reciprocal translocations are balanced rearrangements while deletions and duplications
are imbalanced ones. Inversions correspond to a double break of a chromosome
followed by a flip of the fragment. Inversions can be pericentric, meaning that it involves
the centromere, or paracentric (Figure 13). In reciprocal translocations, acentric
fragments of two non-homologous chromosomes are exchanged (Figure 13). Non-
reciprocal translocations lead to unequal exchanges. Two acrocentric chromosomes
sometimes generate one big chromosome and a very short one, which can be
consequently lost. It is important to distinguish translocations occurring in
gametogenesis during meiosis, which will possibly impact the offspring, and
translocations occurring in somatic cells during mitosis, which directly impacts the
concerned cell.
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These rearrangements have been associated to gene conversion (SLATKIN 1985; FLOT et
al. 2013; HANSON et al. 2013). Gene conversion is a form of homologous recombination
that involves the unidirectional transfer of a DNA sequence to the homologous region,
which underwent a double break strand. It has been shown that these events can be
associated to the presence of TEs (FLoT et al. 2013).

These rearrangements may also play important roles in major genome reorganization
and restructuration. Indeed, TEs may play a fundamental role after whole genome
duplication to stabilize and re-organize the genetic material allowing it to reach a stable
state. By provoking these rearrangements, they probably help the return to a diploid
state (DE BOER et al. 2007).
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Figure 13: Inversion and translocation are the two main large-scale chromosomal rearrangements that
transposable elements can induce. Inversions occur within a single chromosome while translocations occur
between two different chromosomes. Of note, TEs can also induce large deletions and large duplications.

Preferential insertion sites

It is essential to explain that TEs generally have preferential insertion sites: they do not
insert randomly in the genome and thus will not induce such rearrangements randomly.
This can lead to particular zones of TE accumulation and particular chromosome shapes
from an evolutionary point of view. Most of TEs insert into heterochromatin and gene-
poor regions, thus avoiding counter-selection and elimination. Chromoviruses, related
to Ty3/Gypsy retrotransposons, are particularly known to target heterochromatin using
their chromodomain (MALIK AND EickBUSH 1999). Some elements preferentially insert
into GC-rich regions, such as DNA transposons from plants that target unmethylated GC-
rich regions. These insertions are probably favoured due to the open state of chromatin
in these regions (BENNETZEN 2000). Similar trends have been observed for few
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retrotransposons (Mivao et al. 2003; BaucoM et al. 2009), as well as for Alu sequences
(HELLEN AND BROOKFIELD 2013a). Moreover, these types of elements are themselves GC-
rich, meaning that they contribute first to enrich the regions in GC nucleotides and
second to promote insertions of other similar sequences (Mivao et al. 2003). In the same
idea, some elements are AT-rich and preferentially insert into AT-rich regions, such as
L1 retrotransposons that target other L1 (SMIT 1999; PRAK AND KAzAZIAN 2000). Similarly,
pararetroviruses are found in AT-rich regions of rice genomes (Livu et al. 2012). Cases in
which TEs are targeted by other TEs are not isolated: this situation has been observed in
the fungus Dictyostelium discoideum (GLOCKNER et al. 2001) and for Alu sequences in the
human genome (LEvY et al. 2010).

Few TE families show a strong bias of insertion in gene rich regions. Many MITEs are
found around genes, but also Helitron transposons in the maize genome (YANG AND
BENNETZEN 2009) or P elements in Drosophila, which also insert nearby genes and
especially in regulatory regions (HANEY AND FEDER 2009).

Centromeres and telomeres are preferential sites for TE accumulation (BAucom et al
2009; TsSUKAHARA et al. 2009). Strikingly, telomeres are only composed of TEs in
Drosophila (MAsoN et al. 2008; VILLASANTE et al. 2008) and Bombyx mori (FujIwARA et al.
2005). Interestingly, some members of the Penelope order that lack the endonuclease
domain are specifically located in telomeric DNA of various eukaryotes including fungi
and plants (GLADYSHEV AND ARKHIPOVA 2007).

Finally, sex chromosomes are of particular interest regarding preferential TE insertions.
Indeed, entire chromosomes can be subject to TE accumulation and this is particularly
true for sex chromosomes. A sex-specific transposition activity in male or female
germline (depending on the heterogametic sex) leads to a biased representation of TEs
between sex chromosomes. For instance, a specific accumulation has led to a TE over-
representation on the Y-chromosome and an under-representation on the X-
chromosome in certain mammals. This has been observed for young SINEs in male
germline in human, mouse and dog (WEINER et al. 1986; JURKA et al. 2005b). This
accumulation in heterogametic sex is clearly linked to the evolution process of sex
chromosomes. It is well known that sex chromosomes, at one point, do not recombine
anymore and thus evolve differently. The state of non-recombination promotes the
accumulation of TEs: they are not eliminated leading to differentiation of the two sex
chromosomes (STEINEMANN AND STEINEMANN 1991; ERLANDSSON et al. 2000). Despite the
degrading accumulation observed on one of the two sex chromosomes, a second type of
accumulation can be observed. In mammalian X chromosome, an accumulation of L1
elements plays a dosage compensation role, described as the Lyon hypothesis (Lyon
2003).

w
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ii. Source of new genetic materials

Local and chromosomal rearrangements are not necessary deleterious for the host. In
some cases, these modifications can be fixed and maintained in the genome because of
their beneficial effect. Indeed, TE insertions can be source of innovation: they can
provide material for new enhancers or silencers, new promoters, new splice sites or
even new coding regions (new exons, new genes or chimeric genes) and consequently
new function for hosts can be created (Figure12).

More and more examples and studies demonstrate the implication of TEs in gene
regulation (MEDSTRAND et al. 2005; BourQUE 2009; REBOLLO et al. 2012; DE SouzaA et al.
2013), making real the term “controlling elements” proposed by B. McClintock. Many TE
sequences have been exapted as regulatory elements. Some SINE retrotransposons for
instance have been exapted as enhancers (BEJERANO et al. 2006; SANTANGELO et al. 2007;
SasAki et al. 2008; NAKANISHI et al. 2012).

Since 20 years, it has been shown that a large amount of transcription factors binding
sites are enriched in TEs (PoLAK AND DOMANY 2006; BOURQUE et al. 2008; BourQUE 2009).
For instance, binding sites of Pou5f1-SOX2 are enriched in ERVK. Multi-species genome
alignments experiments highlighting conserved elements and ChIP sequencing,
revealing transcription factor binding sites, facilitate the discovery of such elements.
Localisation of TEs under strong selective pressure is also a way to identify them
(binding of MIR SINEs by ESR1 factor for example) (KAMAL et al. 2006).

The capture of TEs as new exons into pre-existing genes is called exonization
(NEKRUTENKO AND L1 2001; KREAHLING AND GRAVELEY 2004; SCHMITZ AND Brosius 2011). This
phenomenon can follow an insertion into an intron. The process is more frequent in
vertebrates than in invertebrates, which generally contain small introns (SELA et al
2010). If the newly added sequence, which creates a new splice variant, is advantageous
then it can be kept by the host and may bring new function (ScHMITZ AND Brosius 2011).

New genes can be generated from TEs through a process called molecular domestication
that “turns junk into gold” (MILLER et al. 1992; VoLrr 2006; SINZELLE et al. 2009).
Molecular domestication corresponds to the creation of new genes deriving from TE
sequences, giving rise to new functions. Domesticated genes differ from TEs on several
points: 1- there are single copy (except in polyploid genomes or after a duplication), 2-
the synteny of the region is conserved in different species, 3- they have lost the ability to
transpose and associated features such as TIRs, 4- they probably assume important
biological functions since they have been kept by hosts, 5- their TE origin is still
recognizable by sequence similarity. The molecular domestication process is still
unclear. However, it seems that after TE insertion advantageous mutations accumulate
in the interesting region while negative mutations accumulate around the area of
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interest until the elimination of the rest of the TE sequence. To be expressed, this new
gene needs a promoter, which can either be a cryptic promoter (the TE has inserted
nearby a pre-existing promoter) or the TE promoter itself. Gains of introns are then
possible thanks to the intronization process (IRIMIA et al. 2008) as observed in the MART
gene family (BRANDT et al. 2005).

Molecular domestication is a process that strongly participates in genome and species
evolution. The newly acquired genes generally have important functions for hosts. They
may play roles related to immunity, illustrated by RAG genes involved in the V(D)]
recombination, to apoptosis (THAPO involved in interferon y-induced apoptose; (GALE et
al. 1998)), to transcriptional activity via chromatin modification (THAP7; (MACFARLAN et
al. 2005)), to regulation of chromatin structure (CENP-B), to cell cycle (member of THAP
family; (GIANGRANDE et al. 2004)), to reproduction/formation of the placenta (Syncytin,
(BLAISE et al. 2003; BLAISE et al. 2005; DUPRESSOIR et al. 2005)), or even to the protection
of host against themselves (MALIK AND HENIKOFF 2005; MISKEY et al. 2007; MARCO AND
MARIN 2009). A more detailed presentation of TE-derived genes in vertebrates will be
done later.

As a proof of fundamental process in the evolution, evolutionary convergences have
been observed in some lineages (CAsoLA et al. 2008; EMERA et al. 2012; ScHMIDT et al.
2012). For instance, this is the case of the TE-derived promoter of the prolactin gene, an
essential gene expressed during pregnancy in human. It has been shown that prolactin is
expressed under the control of promoters that are all different, but all deriving from
TEs, in primates, mice and elephant. Other cases of convergence have been noted, as
observed for CENP-B genes probably deriving from a pogo transposase in Drosophila
and from a Tigger transposase in human (Tupor et al. 1992; KIPLING AND WARBURTON
1997), but also for syncytin genes within mammals (DUPRESSOIR et al. 2005; HEIDMANN et
al. 2009)

In addition to the “creation” of entirely new genes, TEs can also participate to the
formation of chimeric genes, which correspond to the fusion between pre-existing
coding regions from two genes or from a gene and a TE (DooNER AND WEIL 2007). In
plants, it has been demonstrated that two different genes became a single gene after an
alternative transposition event between Ac/Ds elements (ZHANG et al. 2006). SETMAR is
another example of chimeric gene, where a SET histone methyltransferase domain
merged with the transposase domain of a mariner-like element (CorDAUX et al. 2006).
Five PiggyBac-derived genes are other examples of chimeric genes, which derived from
a PiggyBac transposase and a SCAN domain (SARKAR et al. 2003).
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b. Genome size evolution

Genomes vary more than 200,000-fold in size in eukaryotes (the smallest known is the
microsporidium Encephalitozoon cuniculi, while the largest is Amoeba dubia) and 330-
fold in vertebrates (smallest and largest being fish species, namely Tetraodon
nigroviridis (385 Mb) and Protopterus aethiopicus (130 Gb)) (GREGORY 2001a; GREGORY
2001b).

Genome size variation in natural population is driven by different factors, including
insertions, deletions, recombinations, whole genome and tandem duplications and
selective forces (PETROV 2001). Due to their capacity to increase their copy number, to
recombine or to delete DNA, there is no doubt that TEs play a major role in genome size
variation and partially explain the “C-value” paradox. The knowledge of the mechanisms
that influence genome size is crucial to understand the correlation with phenotypic
traits such as cellular or nuclear sizes (simply illustrated by polyploidy), and
mechanistic processes such as duration of mitosis and meiosis or rate of basal
metabolism (PETROV 2001; DUFRESNE AND JEFFERY 2011). More and more studies analyze
the correlation between genome size and TEs, but also the correlation between the
effective population size and the genome TE content.

The variation of genome sizes has been largely studied in several plant species, showing
that variations of LTR retrotransposon content strongly contribute to it. These
variations are linked to LTR retrotransposon amplifications, recombination and losses
(VITTE AND PANAUD 2003; VITTE AND PANAUD 2005; VITTE et al. 2007; TI1AN et al. 2009).

Large genome size species are interesting cases to study, but also difficult to analyze
because they are too large to be sequenced (METCALFE AND CASANE 2013). However, some
works done on smaller genomic data (small parts of large genomes) showed that TEs
might be involved in these reported cases of gigantisms. The first example is the
genomes of various salamander species. Authors showed that LTR retrotransposons
played a significant role in the genome size of these organisms due to their high copy
number. Combined to the increase of TE copy number, the rate of DNA loss is
specifically weak leading to an even greater increase of TE sequences (SuN et al. 2012a;
SuN et al. 2012b). An accumulation of LINE2 retrotransposons might also be involved in
lungfish genome gigantism (METCALFE et al. 2012).

ad
(%2}



CHAPTER 1

c. Speciation

By inducing many types of rearrangements, locally or at the chromosome scale, TEs
reshape, restructure and “inject” new information, making them undeniable major
players of genome evolution. The representation of TEs as drivers of speciation is not
recent. Barbara McClintock first proposed that TE-induced rearrangements may be
linked to speciation events (McCLINTOCK 1984) but this idea has been further
investigated only later (SITES AND MoRITZ 1987; COYNE AND ORR 1998; RIESEBERG 2001;
KrRAAEVELD 2010). Instead of being geographically separated - a speciation coined
“sympatric” -, species are “genomically” separated, meaning that a barrier appears
between two species at the genome level. The idea is that TEs might be at the origin of
this barrier by inducing rearrangements for example. A recent study demonstrates that
TEs might favor post-zygotic separation after reactivation and lead to speciation in lake
whitefish (DioN-CoTE et al. 2014 ). They may play a role of barrier between individuals, as
illustrated by the phenomenon of hybrid dysgenesis between strains of Drosophila
possessing or not active P elements (KIDWELL et al. 1977; BINGHAM et al. 1982; CASTRO AND
CARARETO 2004). These genomic separations can also appear after a genomic shock,
which can be induced after hybridization between two closely related species. Following
hybridization, a wide activation of TEs was observed in Drosophila (LABRADOR et al.
1999; VELA et al. 2014). Similarly, accumulation of endogenous retrovirus sequences in
centromeric regions was characterized in kangaroo (METCALFE et al. 2007). These two
studies show that TEs might be reactivated after a genomic shock, leading in sometimes
to new case of speciation. Most of these examples are not direct evidence of speciation
but consist of hypotheses.

Recently, it has been proposed that exonization is a process, which can be population-
specific, implying that it may enhance divergence in the population and promote
speciation (SELA et al. 2010). In addition to these consequent rearrangements,
regulatory novelties also participate to the formation of different species from an initial
one (Jurka et al. 2007).

Environmental stress may indirectly drive speciation. Epigenetic controls are
diminished during a stress leading to an uncontrolled proliferation of TEs, and
contribute to reproductive isolation between some populations (REBOLLO et al. 2010;
JurkA et al. 2011).

After a polyploidization event, genomes tend to attempt a stable diploid state through
rediploidization processes. This process is generally associated to TE activity, TEs acting
as recombinators. The activity of TEs was proposed to have played an important role in
salmonid species diversification after the whole genome duplication that occurred in the
common ancestor of salmonids (DE BOER et al. 2007).
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IV- Activity and success of transposable elements in host
genomes

The presence of transposable elements in a genome, even at high copy number, does not
imply that they are active in this genome (QUESNEVILLE et al. 2003). In the human
genome, for instance, only 100 copies of LINE1 are still active (BrRouHA et al. 2003), while
in the chicken genome, only few copies of CR1 seem to be still capable of transposition
(WICKER et al. 2005). A TE copy can be remnant or active, in both cases leading to
genome shaping and diversity. An active copy of TE is characterized by the fact that it is
still able to move and to insert into a new genomic location. So, the main question is:
how do we know that there is activity, and how can we date activity events? In other
words, how can we know when activity occurred, recently or not, in a genome?

a. Life cycle of TEs

As detailed above, the process by which TEs move is called transposition. During a
mobile element life cycle, the copy number varies positively (by duplication), negatively
(by transposition-related excision, recombination) or stays stable (excision followed by
insertion). The dynamic of the abundance of a TE superfamily can be modelled using the
rates of appearance-disappearance that determine copy numbers in a genome.

To better understand TE life cycle, from birth to death, Figure 14 shows a simplified
view of the dynamic of a newly introduced TE in a host (BROOKFIELD 2005a; HELLEN AND
BROOKFIELD 2013b). A new mobile element is generally acquired by horizontal transfer
(HT). However, the considered time zero of the introduction can correspond to a new TE
horizontally acquired, as mentioned, but also to the burst of a pre-existing element. The
newly introduced TE will invade the genome and increase its copy number mainly
depending on the rate of duplicative transposition (increase of copy number) versus the
rate of deletion (decrease). After the introduction, if the element has a low rate of
transposition, it will rapidly disappear through genetic drift, while elements with high
rates of transposition will invade the host genome leading in the most extreme case to
the extinction of their host (LE Rouzic AND CAPY 2005). Most of the current population
genetic models nowadays tend to determine the mechanisms that lead to a stable
equilibrium of copy number: a balance between forces of transposition, deletion and
selection. Effective population size is also a factor to consider to study the spread of TEs.
Population size has a direct effect on selection efficacy. In a small population, the
brewing decreases, increasing the homozygosity and decreasing the recombination rate,
altogether influencing the efficacy of selection against TEs and so the frequency of TEs.
Thus, small populations rapidly eliminate TEs, while large population tend to maintain
active transposition (LE Rouzic et al. 2007).
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TEs reaching an equilibrium are then subject to different fates: 1- TEs stay at the
equilibrium and few copies are still active; 2- in the case of complete inactivity, copies
can be either eliminated by deletion, mutation, or genetic drift, or maintained as fossils
in exapted elements; 3- the element can sustain a new burst of activity.

As TE dynamics depend on many internal and external factors, multiple population
genetic models have been established to understand this dynamic in host genome (LE
Rouzic AND DECELIERE 2005), including the different rates (such as transposition rate),
sexual system of host, effective population size, stress, types of repeats and competition
between superfamilies of TEs (BROOKFIELD 1982; CHARLESWORTH 1994; LE Rouzic AND CAPY
2006; LERouzic et al. 2007).

Decrease of host fitness
F.

o . New spread
Copy Massive invasion

L

number P 1

g 0 ,
Equilibrium _ -~ Domestication/

~ Exaptation

Elimination
0 v i
/ Rapid decay Time
Introduction TE death

Figure 14: Dynamics of a newly introduced mobile element from birth to death. The number of copies of the
elements is represented over time (generally expressed in number of generations). The various possibilities
are represented by the red line.

Many factors may influence TE success (spread and maintenance of TEs) and activity, all
also interfering with TE diversity (which families are present in a genome). Both host
population and environment are important for TE success and survival. Indeed,
environment quality (pH, temperature...), resource availability or competition may
affect the effective population size but also the breeding system and it is clearly known
that sex and recombination are essential for TE maintenance. For example, in asexual
species, such as bdelloid rotifers, TEs tend to be purged, which favors the survival of the
species (ARKHIPOVA AND MESELSON 2000; GLADYSHEV AND ARKHIPOVA 2010; FLoOT et al. 2013).
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Second, population bottleneck can alter the efficacy of natural selection and genetic drift,
opening the door to large TE amplifications. Third, environmental changes may favor HT
events by decreasing defense barriers, and potentially lead to the introduction of new
mobile elements and subsequently to the creation of new families. Finally, the
transposition mechanism itself contributes to TE success: “copy-and-paste”
(retrotransposons) and “cut-and-paste” (transposons) mechanisms have differential
success, since cut-and-paste transposons have to hijack cell mechanisms to multiply.

It has also been shown that environmental stresses can lead to an over-expression of
TEs. It has been recently demonstrated that TEs were re-activated in aging cells (DE
Cecco etal 2013).

b. Horizontal transfer events

From a simplified point of view, TEs are vertically transmitted from parents to offspring.
For TEs that are 100% vertically transmitted, the respective population will be fixed and
reach an equilibrium, as explained above (Figure 14), reducing or increasing host fitness
by mediating changes (TE-derived sequences) (Hickey 1982; KIDWELL AND LiscH 2000;
MakaLowskl 2000). The second way for TEs to spread into genomes is the invasion of
distant species by cross-passing species barriers and entering into new genomes, a
process called Horizontal [Gene] Transfer (H[G]T). HT is the most probable way to bring
new TEs into genomes, modifying its TE diversity, content and history. Some newly
acquired TEs may remain active after transfer suffering burst of transposition (EL
BAIDOURI et al. 2014). HT implies the physical transfer of TEs or genetic sequences
between two cells, requiring vectors to mediate this transmission. Suitable vehicles for
transport and transmission include mostly viruses, parasitoid and parasitic mites (SiLva
et al. 2004; IvaNCeviC et al. 2013), due to their ability to catch DNA sequence, to move
between species and to be infectious. Intracellular parasites such as Wolbachia have also
been proposed as possible vectors (HEATH et al. 1999; KonDo et al. 2002). It is moreover
proposed that few TEs, belonging to particular Gypsy families, are able to move by
themselves between species due to their virus-like capacity to infect cells (MEJLUMIAN et
al. 2002). Once the new TE has been acquired, it enters a new life cycle. If transposition
is not efficient enough, this TE will be rapidly eliminated.

For vertically transmitted TEs, we generally expect TE phylogenetic history to be similar
to the host species history (but also depends on rate of evolution and other genomic
factors). Incongruences between TEs and species phylogenies are one of the ways to
infer HT events (CAPY et al. 1994; SyvaNEN 2012). To support the HT hypothesis, three
kinds of phylogenetic distortion have to be taken into account: 1- elements with high
degree of sequence similarity in distant taxa lead to branches shorter than expected.
However, this observation can probably not be done considering ancient events; 2-
observation of topological differences between TE and host phylogenies, even if this
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observation can be biased by the presence of many different families belonging to
common superfamilies; 3- observation of patchy distributions among sister species,
meaning that one of the two closely related species may possess a TE that the other did
not acquired. Of course, these features are not the only clues that have to be considered
and also present several biases, such as the rates of mutation or the loss of the
considered TE family in a species also leading to mis-interpretations. Moreover, Capy
and collaborators (CApY et al. 1994) proposed different hypotheses to explain that
observed incongruences might originate not necessary from HT. They invoke the
evolution rate of TEs depending on the considered host species, the effect of activity
level (autonomous versus non-autonomous, retrotransposition versus transposition),
and also the ancestral polymorphism between copies of an element in the ancestral
genome.

For a long time, it has been considered that only DNA transposons and LTR
retrotransposons were subject to HT (HEREDIA et al. 2004; BRoOOKFIELD 2005b) and that
non-LTR retrotransposons were only vertically transmitted (MALIK et al. 1999).
However, there are now evidences of horizontal transfer of non-LTR, for example RTE
LINEs (IVANCEVIC et al. 2013; WALSH et al. 2013). Nowadays, many TE superfamilies have
been identified as horizontally acquired (ScHAACK et al. 2010; WALLAU et al. 2012).
Among retrotransposons, we can note the transfers of LTR retrotransposons of the
Gypsy superfamilies in Drosophila (HEREDIA et al. 2004) and in plants (ROULIN et al
2008), but also of other superfamilies such as Tyl/Copia, as well as non-LTR
retrotransposons including many LINE superfamilies, SINEs and Penelope elements.

The many examples of DNA transposon HTs suggest that they are well fitted for the
invasion of a range of species. These examples concern a variety of cut-and-paste
transposons (Tc1 (PLASTERK et al. 1999), Merlin (FEscHOTTE 2004 ), Mariner in salmonids
(DE BoOER et al. 2007) , Toll in medaka and C. elegans (KobamA et al. 2008), SPIN
transposons (GILBERT et al. 2012)) but also rolling-circle transposons (THOMAS et al.
2010).

If people previously thought that TE HT were rare events in animals, more and more
studies have identified and characterized such events in many animal lineages, including
vertebrates, showing animal-to-animal transfer as well as bacteria-to-animal transfers
(Hotopp 2011; IVANCEVIC et al. 2013). Some superfamilies display a wide range of HT
distribution, like the Helitrons, for which HT cases have been repertoried in mammals,
reptiles, fish and insects (THoMAS et al. 2010), or the OC1 transposons found in both
vertebrates and invertebrates with a host-parasite association (GILBERT et al. 2010). One
of the most striking transfers observed that involves very distant species implies a
prokaryote and a bdelloid rotifer (GLADYSHEV AND ARKHIPOVA 2009).
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¢. Detecting an active TEs

Two main analyses can provide evidence for TE activity. The first one is the
identification of insertions in offsprings that are absent in parents, thus constituting “de
novo” insertions. A copy present at a precise position, but which is absent at the parental
orthologous positions implies the jump of an active element. This kind of detection can
be linked to phenotype changes in offsprings. Diseases induced by L1 or Alu insertions
in human are also examples of new spontaneous phenotypes induced by transposons.
Secondly, the observation of polymorphic insertions between two individuals of the
same population can indicate recent activity. This method has been used in four
different strains of mice to demonstrate that L1 elements were responsible for more
than 85% of variants from intermediate size in the compared genomes (AkAGI et al
2008).

If there is no possibility to evaluate neither offsprings/parents de novo insertion nor
insertion polymorphisms between individuals, more indirect evidences must be
considered. TE copies containing all intact coding ORFs described above with their
complete LTRs/TIRs and TSDs probably transposed recently and are potentially still
active if expressed. Potential age of TEs can be inferred assuming that 1- a freshly
transposed copy is identical to the parental copy; 2- TEs evolve through a neutral model
and 3- older copies accumulate a succession of mutations in both internal and LTRs
sequences. Considering all these elements, the age of a copy can be estimated by
quantifying its divergence from a consensus sequence (KAPITONOV AND JURKA 1996;
BoissiNOT et al. 2000) defined from the alignment of older copies, or only divergence
between LTRs of a same element (KijiMmA AND INNAN 2010), for LTR retrotransposons.

In term of expression, the presence of TE sequences in transcriptome does not imply
that this TE is active. However it is still interesting to analyze this kind of data.
Compared to genomes, which are of variable sizes in vertebrates and plants, and
sometimes complicated to sequence, transcriptomes are routinely sequenced for many
species. Until recently, few studies were focusing on TEs in transcriptomes (SCHONBACH
2004; JiaNG et al. 2012; CowLEY AND OAKEY 2013). As initial information, the presence of
TE superfamilies can be investigated, as well as their respective proportion. This
information may be used to study specific enrichment compared to respective
proportion in the genome for a defined TE. For example, it has been demonstrated that
Alu elements present an enrichment in transcriptome compared to genome, suggesting
an important transcriptional activity of this family in the human genome (MANDAL et al.
2013). Moreover, comparison of transcriptomes in differential conditions can bring
interesting results. Comparison of facultative and obligate asexual bdelloid species
showed an increase of TE transcript number in obligate sexual strain (HANSON et al.
2013). By RNA-seq analyses of lake whitefish species transcriptomes, authors showed
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that TEs were significantly reactivated in embryos after hybridization of two diverging
fish lineages, suggesting their potential role in speciation (DioN-COTE et al 2014).
Screening of transcriptomes is also fundamental to study small RNA pathways and their
interactions with TEs. Czech and colleagues (CzecH et al. 2013) highlighted genes
involved in piRNA-mediated transposon silencing by analyzing drosophila ovarian
transcriptomes. It is important to keep in mind that depending on the protocols of RNA
preparation (with or without poly-A tails) and sequencing methods, results can be
dramatically different.

V- TE maintenance versus host defense

As explained in TE life cycle, TE superfamilies of a host genome tend to reach
equilibrium, where TEs can still be active without Kkilling their host. Indeed, host
genomes have developed defense mechanisms to avoid TE proliferation, targeting
different steps of TE life cycle (Figure 15) (JoHNsON 2007; SLOTKIN AND MARTIENSSEN 2007;
LEVIN AND MORAN 2011; RiGAL AND MATHIEU 2011). Genome can repress TE transcription
using DNA methylation and chromatin modifications. Small RNAs, such as siRNAs,
specifically inhibit the translation of TE RNA into TE protein. Finally, the last steps of
retrotransposition or transposition can also be blocked, through the deamination of
cytosines for example, avoiding the reintegration of the TE into a new location.

Despite the fact that TEs might invade a genome, probably decreasing its fitness as
demonstrated for L1 elements in human (BoissINOT et al. 2006) and might lead to host
extinction, they also have negative effect by the simple fact that they are transcribed by
the host machinery. Indeed, an active copy of TE is transcribed, then translated, then
reverse transcribed (for retrotransposons) and reintegrated in host DNA. All these steps
have an intrinsic metabolic cost for host, as TEs use the host cellular machinery (BADGE
AND BROOKFIELD 1997; HOLLISTER AND GAUT 2009). For all these reasons, genome defenses
actively run to limit TE activity.
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Figure 15: Defense mechanisms acting to restrain TE proliferation in host genomes. Mechanisms can act at
different levels: transcription can be inefficient due to DNA methylation or histone modification, small RNAs
can destroy the TE messenger RNA to avoid its translation, and finally some factors can act to limit TE
insertion into the host DNA. Host DNA is colored in grey and TE related DNA, RNA or protein are purple.

DNA methylation and chromatin modifications: inhibition of TE trancription

DNA methylation commonly corresponds to the addition of a methyl group to cytosine
residues. The process is called cytosine methylation (CM). Most of CM occurs within TEs
to repress their transcriptional activity in somatic and germline cells (for review, see
(LEVIN AND MORAN 2011; RiGAL AND MATHIEU 2011)). It has been suggested that CM might
be involved in epigenetic silencing of TEs at specific stages during mammalian
development (BoUuRc'HIS AND BESTOR 2004). Moreover, it has been demonstrated that TEs,
and other types of repeats, represent the most highly methylated sequences in
Arabidopsis, mouse and human genomes (ZILBERMAN AND HENIKOFF 2007; LISTER et al
2008; RIGAL AND MATHIEU 2011). De novo DNA methylation, occurring at each generation,
is mediated by DNMT3 methyltransferases (and its orthologs in various species). The
loss of Dnmt3] in mouse leads to the loss of de novo CM and a reactivation of TE
expression (WEBSTER et al. 2005). After establishment, methylation is maintained by
DNMT1 methyltransferase. If genes involved in the process of CM have been identified,
there is still a lack of information concerning the specific TE targeting and recognition
signals. GC methylation view has been recently challenged by the discovery of non-GC
methylation (LISTER et al. 2009), which is probably more common than thought (found
in mammals and plants). Methylation can occur in different context as GC (classical
view), CHG (H corresponds to A or T) and CHH. In plants, both CMT3 and DRMZ genes
ensure the persistence of these methylation forms.

Other modification involves histone modifications, especially histone tails and
chromatin condensation alterations. Nucleosomes associated with TEs are enriched of
histone H3 at lysine 9 (H3K9), which is a signal for transcriptionally repressive and
inactive chromatin.
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Small RNAs and TE silencing: inhibition of TE translation

Small RNA-based mechanisms include two main pathways that are endogenous small
interfering RNAs (endo-siRNAs), generally occurring in somatic cells, and PIWI-
interacting RNAs (piRNAs), generally acting in germline cells (CARTHEW AND SONTHEIMER
2009; MALONE AND HANNON 2009). These two types of small RNAs differ in their
biogenesis, their target and their mode of action, but they both share their small size
(20-30 nt), their association with Argonaute proteins and their role in silencing TEs at
the post-transcriptional level. Endo-siRNAs have the particularity to stop post-
transcriptional activity through the targeting TE mRNA. Reaction starts on a double-
stranded RNA (dsRNA), which is processed into 21-24 nt endo-siRNA by members of the
Dicer family. The endo-siRNA is loaded on Argonaute (AGO) proteins and a strand is
degraded to obtain a single-stranded RNA (ssRNA). The complex formed by AGO and
ssRNA is called RISC for “RNA-induced silencing complex”. RISC targets the
complementary TE mRNA sequence, leading to its degradation. Genomic sources of
dsRNA trigger can originate from a bidirectional transcription of complementary
strands, but also from inverted repeats of DNA transposon mRNA (TIRs of DNA
transposons). Moreover, it has been shown in C. elegans that these dsRNAs can be
produced by the RNA-dependent RNA polymerase (RdARP) process, which copies ssRNA
template into dsRNA. Interestingly, RARP proteins also participate to TE-mediated
heterochromatin production, suggesting that siRNA pathways link both TE silencing and
DNA methylation (HAMILTON et al. 2002). However, the process by which TEs are
recognized by the pathway is incomplete. In flies, expression of transposon mRNA
increases in Dicer and Argonaute mutants, showing the importance of these two protein
families in the RNAI process against TEs. This has first been demonstrated in C. elegans
(TABARA et al. 1999).

Contrary to the siRNA mechanism, which starts with mRNA as template, piRNA can be
generated from genomic loci that encode long precursor RNAs. piRNAs, which are 24-31
nt in length, bind Piwi proteins belonging to the Argonaute family (Argonaute proteins
are subdivided into Argonaute and Piwi clades). Piwi clade comprises Piwi (or MILI in
mice and HILI in human), Aubergine (MIWI and HIWI1) and AGO3 (MIWI2 and HIWI 2
plus HIWI 3 in human). The Piwi proteins are mainly expressed in germ line cells, or in
somatic cells in close contact with germ line cells, and are required for the maintenance
of the germ line cells in both testes and ovaries of Drosophila. In mouse, the three piwi
proteins are non-redundantly expressed during spermatogenesis. Beside a
developmental role, Piwi pathway was pointed to play also a role in silencing of TEs.

Most piRNA clusters generate small RNA from both genomic strands. Piwi proteins bind
to mature antisense piRNA and direct them to complementary sequences in TE-mRNA.
Piwi proteins have then the capacity to cleave the TE-mRNA leading to the release of a
sense-strand piRNA interacting with other Piwi proteins. The piRNA precursor can then
reiterate the cycle and initiate an amplification loop. This cycle process is called Ping-
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Pong mechanism (ARAVIN et al. 2007; SLOTKIN AND MARTIENSSEN 2007; LEVIN AND MORAN
2011). It is important to mention that piRNAs from germ line and from somatic cells use
different pathways. The first one is Dicer-independent and amplified through the so-
called Ping-Pong process, while the second is Dicer dependent with no amplification.
The link between TEs and piRNA defense has been identified in Drosophila, in which an
increase of TE expression also leads to an increase of piRNA production (CASTILLO et al.
2011).

Cytosine deaminases and DNA repair factors: inhibition of (retro-) transposition
Some cellular processes play a defense role during the last step of TE (retro-)
transposition. First, it has been shown that the APOBEC3 protein deaminates cytidines
to uracils during the synthesis of the first strand of cDNA during retrotransposition. This
leads to cDNA degradation, or mutations in the sequence. This system has been shown
to fight against viruses by inhibiting their replication (AGUiAR AND PETERLIN 2008; CHIU
AND GREENE 2008). The products of other genes, such as TREXI in human, may limit
retrotransposition. However, mechanisms involved are not known yet. In mammals,
LINE1 elements are generally 5’ truncated, which makes copies unable of autonomous
retrotransposition. It has been proposed that host may favour the dissociation of the L1
reverse transcriptase from the nascent cDNA before the end of the process, due to the
uncomplete sequence (GILBERT et al. 2005; BABUSHOK AND KazaziAN 2007). Proteins
involve in non-homologous end-joining pathway of DNA repair seem to restrict
retrotransposition because the TPRT process cannot be completed without the 5’ end. In
the same idea of getting an element damaged, a so-called RIP (Repeat induced point-
mutation) system has been described in Neurospora crassa (SELKER 2002). RIP is a very
efficient mechanism tending to hyper-mutate repetitive DNA and to change the
information content.

VI- TE-based genetic tools in vertebrates

The capacities of TEs to move, and sometimes to transport pieces of DNA have led
researchers to develop and adapt them for several biological applications. TE-based
techniques were initially developed in invertebrates, plants and prokaryotes. Indeed, TE
insertion capacities were used for plant transformation for instance to increase
resistances to pathogens. Collections of P-element-inserted mutants also exist for fruit
fly genetic studies. The random insertion of P-elements allows to characterize gene
functions in fruit fly by creating for example null-mutants. Furthermore, P-elements are
also used as enhancer and for gene trap experiments (HUMMEL AND KLAMBT 2008).

Nowadays, the different properties of TEs are more commonly developed to carry out
experiments in vertebrates. Among class I, both non-LTR and LTR retrotransposons
have been used. LINE sequences have been utilized for gene transfer and mutagenesis



CHAPTER 1

screens in mice (MORAN et al. 1996; O'DoONNELL et al. 2013). Viruses and retroviruses
have been developed as vectors for transfection assays due to their infection ability.
However, this infectious capacity makes them potentially risky vectors for the host.
Among class II, the reactivation of the salmonid DNA transposon “sleeping beauty” (SB)
has opened wide applications for vertebrate research. SB is a synthetic element from the
Tc-Mariner superfamily reconstructed from alignment of non-functional elements
reconstructing a functional ancestral sequence. The SB system was initially used in
transgenesis and insertional mutagenesis and is now an undeniable powerful tool to
establish stable transgenic lines (Ivics et al. 1997; Ivics et al. 2004). Other DNA
transposon-based tools have been developed, as Tol2 in zebrafish, xenope, chicken and
mammals, and PiggyBac (Wu et al. 2006; Kawakami 2007; Liet al. 2013).

All these vectors can be used in cells and in vivo experiments for somatic and germline
transgenesis, involving loss or gain of function. Moreover, the engineering of induced
pluripotent stem cells after transposon-genetic reprogrammation is a new medical field
with great expectancy. In the medical context, TEs also provide very interesting tracks
for gene therapy and disease treatment. The aim is to replace or complement a defective
allele by a functional one, or to over-express a protein, for which the activity would have
a therapeutic impact.

VII- TEsin vertebrate genomes

a. TE diversity

With about 64,000 identified extant species and by making almost 4% of all described
animal, vertebrates represent one of the largest phyla among chordates. Vertebrates are
divided in jawless and jawed lineages (Figure 16). Jawless lineages include the extant
agnathes with the sea lamprey and the extinct placoderms. Jawed vertebrates are
themselves divided into chondrychtians (cartilaginous fish), actinopterygians (ray-
finned fish) and sarcopterygians (lobe-finned fish, amphibians, reptiles and mammals)
(Figure 16). Vertebrate body size ranges from 7.7mm (a frog) to 33 meters (the blue
whale). As comparison, with millions of extant species, land invertebrate sizes range
from 1mm to 10 cm. Vertebrates also present a very wide range of genome sizes,
ranging from 385 Mb (Tetraodon nigroviridis) to 130 Gb (Protopterus aethiopicus). This
makes them interesting models for comparative genomics.

Vertebrate genomes harbour a wide range of TE superfamilies from all described
classes, subclasses and orders, and almost all superfamilies have been identified at least
in one vertebrate species. Most of the information describing TE diversity, in
vertebrates, results from single genome analyses, as performed for the human genome
(PrAK AND KazAzZIAN 2000; LANDER et al. 2001; CORDAUX AND BATZER 2009). In the context
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of genome sequencing consortium, TEs are identified to mask genomes and to perform
gene annotation, but they are not necessary further analyzed. Since few years, many
studies have investigated TE evolution and diversity in one given genome, as it was
deeply done for human. For instance, LTR retrotransposons dynamics have been studied
in salamanders, in order to highlight their potential role in genome gigantism (SuN et al.
2012b); non-LTR retrotransposon diversity and elimination was investigated in
stickleback (BLass et al. 2012), and general TE diversity was approached in several
species as lizard (ToLLis AND BoissiNoT 2011), opossum (GENTLES et al. 2007), chicken
(WICKER et al. 2005) or lungfish (METCALFE et al. 2012).

Combined to single genome analyses, some authors have provided comparative TE
composition in various genomes or lineages. For example, the distribution of DNA
transposon superfamilies has been investigated within Eukaryotes (FESCHOTTE AND
PrITHAM 2007), showing that Tc-Mariner, MuDR, hAT, PiggyBac, PIF, Merlin, P, Transib,
Helitrons and Mavericks are each present at least once in vertebrates. Similarly, the
evolution and distribution of non-LTR retrotransposons have been described in various
eukaryotic lineages but only briefly in vertebrates (Novikova AND BLiNoV 2009).

Among vertebrate lineages, the diversity of retrotransposons has been compared
between fish and mammals (VoLFF et al. 2003), suggesting that fish genomes contain a
higher diversity of retrotransposons than mammals. Other studies focused on the
distribution of particular superfamilies or families, such as Rex1 and Rex3 in fish (VOLFF
et al. 2000; VoLFF et al. 2001b), Rex6 in vertebrates (VOLFF et al. 2001a), Mavericks in
eukaryotes (PRITHAM et al. 2007), as well as Helitrons in vertebrates (POULTER et al.
2003).

Despite the high number of studies focusing of TE diversity in one particular species, or
on the distribution of one particular TE family among many lineages, no study has
attended to show the diversity and content of all TE superfamilies in all vertebrate
lineages yet. A general view of TE content and diversity in vertebrates is important to
understand their differential success between and within lineages. It is for instance
interesting to try to understand how many TE superfamilies are present in fish genomes
successfully invaded them (even at low copy number) while few superfamilies have
successfully invaded mammalian genomes where they created a low diversity TE
landscape. TE success can also be compared within lineages. Indeed, LINE1 have widely
spread out in all mammals, except in megabats (CANTRELL et al. 2008) and in a group of
muroids (CASAVANT et al. 2000; GRAHN et al. 2005). It has been shown that the extinction
of LINE1 in a group of South American rodents has followed the expansion of a
retroviral element in the genome (ERICKSON et al. 2011).
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Figure 16: Simplified vertebrate phylogeny that includes extinct and extant jawless lineages (placoderms and
agnathes) as well as extant jawed vertebrates: cartilaginous fish with rays and sharks; ray-finned fish mostly
composed of teleost fish; sarcopterygians including coelacanth (lobe-finned fish), dipneusts (lungfish),
amphibians (salamanders and frogs), anapsids that include mammals, and sauropsids (also named reptiles)
that include birds, crocodiles, snakes, squamates (lizards) and turtles.

b. TE-derived sequence diversity

As mentioned in the “evolutionary impact of TEs on host genomes” part, TEs are an
important source of genetic novelties. Molecular domestication, or “exaptation”, recently
became an attractive field, as shown by the multiplication of studies describing TE-
derived sequences. Among these TE-derived sequences, regulatory sequences, exon-
derived sequences and TE-derived genes have been described. While regulatory
sequences, like enhancers or promoters, modulate gene expression, TE-derived genes
allow the acquisition of new functions for host, somehow related to the TE domain
properties from which it derives. To have an idea of how much TE-derived are
important in the human genome, it has been estimated that 25% of the human promoter
regions and 4% of human exons contain TE-derived sequences (NEKRUTENKO AND LI
2001; JorDAN et al. 2003).
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TE-derived regulatory sequences

The advantage of TEs to become regulatory elements in host is that they already contain
cis-regulatory elements as promoters, splice sites, termination sites, enhancers and
silencers, which are all necessary for the control of their expression. Moreover, thanks to
their capacity to spread over genomes, they often present a genome-wide distribution
synonym to a high number of new potential regulatory elements. All of this suggests that
TEs are well equipped to participate to host gene regulation. In a different manner, LTRs
and SINEs retrotransposons prominently harbour TF binding sites compared to other
classes (THORNBURG et al. 2006; REBOLLO et al. 2012).

It was shown that 18.1% and 31.4% of total transcription start sites, are located within
TE sequences in mouse and human, respectively (FAULKNER et al. 2009). A deep analysis
of seven trancription factors, binding over mouse and human genomes shows that five
of them preferentially bind to distinct TE families of retroelements and SINEs (BOURQUE
et al. 2008). However, the exaptation process has not been demonstrated here. Among
interesting cases of exaptation, Bejerano and coworkers (BEJERANO et al. 2006) identified
a LF-SINE co-opted as enhancer and conserved over 410 Mya. This exapted sequence
presents regions ultra-conserved between very distant species, such as coelacanth,
lungfish, amphibian, birds and mammals.

TE-derived domains found in TE-derived genes

As illustrated in Figure 17, genes can derive from different classes of TEs and from
different domains. These domains can be entirely or partially conserved. A TE domain
can be merged with an unrelated domain, such as SETMAR (ROBERTSON AND ZUMPANO
1997); the derived sequence can conserve two different domains from the same TE
element, such as NYNRIN (MARco AND MARIN 2009); or a single TE can be co-
domesticated (two different MD events) to create two different genes as Harbil and
Naifl (SINZELLE et al. 2009). Some domains were found to form preferential material for
molecular domestication, in particular transposases from DNA transposons, or
retrotransposons Gag, protease, INT, RT, RH and envelope genes (Figure 17).
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Figure 17: Examples of genes derived from DNA transposon (A) or LTR retrotransposon (B) domains.

TE sequences that are recruited allow to bring new functions for host, probably in
relation with the TE-derived domain properties. For example, transposases carry a DNA
Binding Domain (DBD) and a catalytic domain that might be helpful for DNA cleavage
and joining reactions. All domains of the proteins are however not always conserved.
Many TE-derived genes have been conserved over very long periods and are still under
strong selection pressure, suggesting that they display fundamental roles. Among
transposase-derived genes, THAP7 still contains a DBD domain and displays regulatory
properties mediated by chromatin modifications (MACFARLAN et al. 2005). Other THAP
genes, such as THAPO and THAP1, have apoptosis-related functions or are involved in
cell-cycle control. TE-derived genes that retained the catalytic DDD/E domain might
have kept the capacity to mediate transposition. Among them, Buster, Harbil and Rag1
genes still present this domain. However, only the Ragl protein, which is involved in the
V(D)] recombination and thus plays a fundamental role in the adaptive immune system,
was shown to be able to achieve transposition (AGRAWAL et al. 1998; HioM et al. 1998;
KAPITONOV AND JURKA 2005). Another important example of domesticated gene is CENP-B,
which controls the formation of centromeres via chromatin structure regulation (Tupor
et al. 1992; KIPLING AND WARBURTON 1997).
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Belonging to DNA transposon domains, transposases and integrases have almost
identical functions. GIN transposons even encode a transposase derived from an
integrase from LTR retrotransposon (MARIN 2010). Two genes derived from GIN
transposons have been identified in different vertebrate lineages, however their
respective roles have not been determined yet. Derived from a DNA transposon
integrase, Fob1p protein is involved in rDNA metabolism in baker’s yeast (DLAKIC 2002;
GAo AND VoyTas 2005). C-integrase gene also derived from a DNA transposon integrase,
probably from a Maverick element (FESCHOTTE AND PRITHAM 2005). This gene is present
in a wide range of species including various vertebrates and worms. Nowadays,
integrase-derived genes are poorly described and their functions still remain unknown
for most of them.

Numerous genes and multigenic families were identified as derived from LTR
retrotransposons (including retroviruses). The majority of them corresponds either to
Gag- or Envelope-derived domain and are specific to mammals. The MART family
belongs to the Gag-derived multigenic family. It is composed of 11 genes mostly located
on the X chromosome (BRANDT et al. 2005). Two of these genes, Peg10 and Rtl1, are
subject to paternal imprinting and have essential non-redundant roles in placenta
development (ONoO et al. 2006; SEKITA et al. 2008). A second Gag-derived large gene
family is the Ma, or Pnma family, for “paraneoplastic Ma antigens”. Some Ma genes have
been proposed to be involved in apoptosis (SCHULLER et al. 2005). Other Gag-derived
genes might be implicated in cell proliferation control and apoptosis, like Pnmal, but
also genes from the SCAN family (EMERSON AND THOMAS 2011). Some of them might also
control replication. Interestingly, mammals anciently turned a viral infection to their
advantage by domesticating two syncytin genes and the Fv-4 gene from envelope genes.
The syncytin genes have independent origins in human, and multiple functions, as
important as the formation of placenta (MALIK 2012). Syncytins, which are essential to
diverse mammalian lineages, do not have a common origin in the ancestor of mammals:
multiple convergent molecular domestication events happened in the different lineages
(DuPRESSOIR et al. 2005; HEIDMANN et al. 2009), such as primates, muroids, cavids or ovis.

Finally, few other genes were identified to derive from proteases, such as the SASPase
(BERNARD et al. 2005), which plays roles in epidermal differenciation and desquamation.
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VIII- Aim of the thesis

With the aim to study the evolution and the evolutionary impact of TEs in vertebrate
genomes, especially fish genomes, distinct biological questions were asked at the
beginning of the thesis, to conduct to the results presented thereafter. The questions
assessed during the thesis are the following:

- What is the TE contribution to genomic and biological diversity, observed
between fish species and between vertebrate lineages?

- What are the modes of evolution and transmission of TEs in vertebrates?

- What is the infectious history of retroviruses in vertebrates?

- What are the functions of domesticated (TE-derived) sequences in fish?

All these questions are closely connected and are based on the necessity to acquire a
new knowledge on TE diversity and content knowledge in vertebrate genomes. Taking
advantages of the booming of fish models and the increase of genome sequencing
projects, in silico approaches performing large-scale comparative genomics were used to
assess the three first questions. TE analyses were initially performed in various fish
genomes (presented chapter 2) and then extended for comparison to other vertebrate
genomes including tetrapods (mammals, birds, squamates, amphibians) and
cartilaginous fish, as well as non-vertebrate chordates (Ciona, lancelet) (presented in
Chapter 3). These comparisons were performed to highlight common and/or species or
lineage-specific characteristics of TE evolution (content and diversity), but also to
retrace the evolutionary history of some TEs (like the LINE order history presented in
Chapter 3). Linked to the second and third questions, this analysis was also used to find
potential HT events and assess retrovirus diversity. Regarding the last question, I
focused my study on one particular gene, called Gin-2, which derives from an integrase
domain. Both in silico and functional analyses were performed to determine its
evolutionary history and its expression pattern in fish (presented in Chapter 4).
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CHAPTER 2

I- Methods and presentation of the projects

a. Presentation of the fish models

With about 30,000 species, fish almost represent 50% of all extant vertebrate species
(NELsON 2006; NEAR et al. 2012). Fish is a large term that groups together species with
gills able to live under water. It is not a monophyletic group, most of the species are
actinopterygians but few are sarcopterygians, like coelacanths and lungfish (Figure 16
and 18). Except 50 species, fish are mostly represented by teleosts including
commercially important species such as the Atlantic salmon and the rainbow trout,
important models in development, such as the zebrafish and the medaka, genetics and
genomics, such as the pufferfishes, cancer research, such as the platyfish. Teleost lineage
shows the most impressive radiation in vertebrates, which is highlighted by an
exceptional diversity in terms of body shape, body size, coloration, habitat, behaviour,
ecology, social system, genome size, mode of reproduction ... This diversity offers a good
situation to perform comparative genomics. Furthermore, recent advances in genomics
allow to better investigate genomic diversity of this lineage. Indeed, fish recently became
attractive models in many fields, leading to an increase of sequencing genome projects
and so the production of a lot of data helpful for our projects.

The first five fish genomes completely sequenced were: the Japanese pufferfish Takifugu
rubripes (APARICIO et al. 2002), the tetraodon Tetraodon nigroviridis (JAILLON et al. 2004),
the zebrafish Danio rerio ((HowE et al. 2013); sequenced but not published before 2013),
the medaka Oryzias latipes (KASAHARA et al. 2007) and the stickleback Gasterosteus
aculeatus (JoNEs et al. 2012). Four of the five genomes belong to the Percomorph branch
(Figure 18), showing a scarcity of genomic data among fish. Thanks to the decrease in
cost and time of sequencing, the number of genome projects largely increased.
Nowadays, new fish genomes are available and others are in ongoing process. Among
the recently available fish genomes, we can find the platyfish Xiphophorus maculatus
(ScHARTL et al. 2013), the tongue sole Cynoglossus semilaevis (CHEN et al. 2014), the
Atlantic cod Gadus morhua (STAR et al. 2011), the rainbow trout Oncorhynchus mykiss
(Berthelot et al. 2014, in press) the tilapia Oreochromis niloticus (not published), the
cave fish Astyanax mexicanus (not published), the Killifish Nothobranchius furzeri (not
published) and the spotted gar Lepisosteus oculatus (not published). All of them are
dispersed over the fish phylogeny (Figure 18). Beside these available data, many other
projects are now in progress, such as the Atlantic salmon, the channel catfish, the
Amazon molly or the guppy, and we should not forget the genome 10K project launched
by the BGI center, which also announces the sequencing of the gulf toadfish, the Atlantic
herring, the fathead minnow and nine other fish species.
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b. Methods to annotate and analyze transposable elements

For long, TEs were not of interest in genome projects and were poorly studied. It is now
obvious that they are major actors in genome evolution. In this context, it is important to
evaluate the diversity and the abundance of TEs in genomes. At the moment, many
softwares and tools, developed to study TEs, exist and have been tested and listed
(LERAT 2010). Softwares can be classified in different types of uses: Ab initio detection,
classification, feature detection and identification, and folding prediction.

To annotate assembled genomes, we combined both manual and automatic annotations.
This strategy allows to avoid the problem of missing families in automatic libraries, and
to search for potentially complete sequences characterized by all structural features
described in the introduction. Vertebrate genomes are larger than those of insects or
bacteria, making the analysis of repetitions highly difficult. Manual annotation, which
leads to a library called Lib_v1 (Figure 19) corresponds to the search for the different
superfamilies (one by one) using: 1- Blast similarity analysis against known TE protein
as reverse transcriptases or transposases, using censor, a software that detects TE
similarity against repbase, and 2- by searching for characteristic features such as LTRs
or TIRS with Blast2seq. Automatic annotation was performed using RepeatModeler
(Smit and Hubley, RepeatModeler Open-1.0 2008-2010) (or RepeatScout only in case of
no result with RepeatModeler), this leading to a library called Lib_v2 (Figure 19). This
library contains consensus sequences from repeated DNA, meaning that all types of
repeats are included (low complexity regions, satellites, TEs and non-identified
sequences). The two manual and automatic libraries were combined, removing
redundancies, and unclassified sequences, i.e. sequences that could not be assigned to
any TE superfamily, were subjected to a reannotation. Redundancies can be discarded
using BlastN analyses or using the CD-Hit software (L1 AND Gopzik 2006). As MITE
sequences are not annotated in any of the two annotations, a secondary structure
prediction can help to identify them. We considered only small sequences, presenting a
folding hairpin structure. To complete the annotation, we also searched for similarities
between unclassified sequences and our combined teleost library, which contains TE
sequences from other annotated fish genomes. The final library (Lib_v3, Figure 19) was
first used to mask the studied genome, i.e. replaced repeated sequences by N’s stretches,
in order to perform and facilitate gene annotation in the context of a genome project.
However, the masking process allows us to do TE analyses. Indeed, we can first evaluate
the copy number and the coverage of the respective families in the genome and compare
these data to other fish genomes. Then, we estimated the age of the TEs in the genomes.
The distance (the number of mutations) between the TE copies in the genome and their
corresponding consensus sequences in the TE library indicates the potential age of TEs.
To correct for multiple mutations at the same site, we used the Kimura distance
estimating the age of TEs (KiMmura 1980). Kimura estimations take into account the
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proportion of transversions (corresponding to purine-purine or pyrimidine-pyrimidine
mutations) and transitions (purine-pyrimidine mutations).
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Figure 19: Protocol to annotate and analyze TEs in genomes. Upper panel details methods to annotate TEs
using both manual and automatic annotation with description of softwares that we used at each step. Lower
panel shows of genome analyses and result parsing, in both assembled and non-assembled genomes.
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To summarize, the analyses that we routinely performed to characterize TEs in

vertebrate genomes are:

Library building (automatic, manual)

Genome masking

Determination of copy number and genome percentage of superfamilies
Analysis of repeat landscape using Kimura distances: genome history by
evaluating burst of activity

Phylogenetic reconstructions of TE superfamilies

These analyses can be used to (not exclusive list):

Perform large-scale comparative genomics

Determine preferential insertion sites or regions and zones of
accumulation in genomes

Detect insertion polymorphism between individuals or species helping to
infer TE activity, age of insertion, rate of elimination, leading to more
details about TE dynamics

Detect HT events

c. Presentation of the different fish genome projects

During my thesis, I had the opportunities to participate in several genome projects,

considering mostly fish genomes dispersed over fish phylogeny (Figure 18), with the

aim to annotate and analyze transposable elements. For some of these projects, my role

was to perform the annotation and construct a species-specific TE library, which was

necessary for the masking step before assembly and genome annotation. For others, I

pushed further the analyses and did comparative genomics, or even transcriptomic

analyses in order to evaluate TE quantities in transcriptomes and have an idea on their

potential activity. In this chapter, I will describe some of the projects, but not all (to

avoid a catalog), in which I have been strongly involved. First of all, following is the list

of the different projects with collaborators:

- The southern platyfish, Xiphophorus maculatus, Cyprinodontiformes, Poeciliidae
(with Manfred Schartl, University of Wiirzburg, Ron Walter, Texas State
University and Wes Warren, the Genome Institute at Washington University) =
Model in several fields such as genetics, cancer, sex chromosomes,

speciation

o Results are developed in the “Poeciliid genome projects” part and the

published paper is available in ANNEXE 1.
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- The coelacanth Latimeria chalumnae, Sarcopterygian, coelacanthiformes (with
Chris Amemiya, Benaroya Research Institute, Seattle and Jessica Alféldi, Broad
Institute in Boston) = Species phylogenetically positioned at the fish to
tetrapod transition, key location to understand
vertebrate evolution

o Results including genomic, transcriptomic and
insertion polymorphism (three research

papers) are developed in the “Coelacanth COELA[:ANTH
genome evolution” part and the genome paper IME
is available in ANNEXE 2 (Figure 20). g

Figure 20: Cover page of the Nature issue containing the coelacanth genome
paper.

- The tongue sole Cynoglossus semilaevis, Pleuronectiformes (with Manfred Schartl
in Germany, and Changwei Shao, Qisheng Tang and Jun Wang, Yellow Sea
Fisheries Research Institute, Qingdao and BGI, Shenzhen, China) =» Sex
chromosome evolution model with a ZW system.

o The published paper is available in annexes (ANNEXE 3). A single de novo
library built using Piler and RepeatScout (but no manual annotation) was
used to mask the genome. Results showed that TE diversity is very low
compared to other fish genomes available at this time. Many families seem
to be absent from the first assembly. The genome of the tongue sole
contains about 5.8% of TEs, mainly represented by Tc1 transposons and
LINE RTE and Babar retrotransposons. There are few LTR
retrotransposons in this genome (0.08% compared to 0.6% in the
platyfish and 3.62% in the zebrafish), mainly represented by Sushi
elements (from the Gypsy family), which are probably not active anymore.
Both APE (RTE, L2 and Rex-Babar) and REL (only one family, R2)
endonuclease non-LTR retrotransposons were found, the most abundant
elements belonging to the RTE and Babar families. Finally, DNA
transposons are mainly represented by Tc1 elements. As the tongue sole
is a model to study sex chromosome evolution (ZW system as observed in
birds), we further investigated TE abundance on them. The density of
interspersed repeats of both Z and W sex chromosomes is much higher
(~2.3 and ~6.9 times, respectively) than the average on autosomes. On Z
chromosome, the most abundant type of TEs is DNA transposons (36.1%
of all TEs); while on the W, LINE elements (31.4% of all TEs) are

60



CHAPTER 2

predominant. This fish is a very interesting model to study the evolution
of sex chromosomes, as observed by the strong accumulation of TEs in
particular on the W chromosome. This suggests that the W chromosome
will probably continue to accumulate repeats, as observed for the Y
chromosomes in mammals.

- The rainbow trout Oncorhynchus mykiss, Salmoniformes (with Yann Guigen, INRA
de Rennes; Edwige Quillet, INRA Jouy-en-Josas; Hugues Roest-Crollius, ENS de
Paris, and Genoscope) = Tetraploid species under re-diploidization process,
of economical importance.

o The paper is available in annexes (ANNEXE 4). Repeats make up about
38% of the genome, with a large proportion of TEs (about 27.7% of the
genome). Both retrotransposons and DNA transposons were identified,
covering a large diversity of families. Only few vertebrate TE families, such
as Helitron transposons or Copia retrotransposons are absent from this
genome. With Kimura analyses, it appears that two or three main bursts of
transposition occurred in the genome. The most ancient one seems to be
mainly due to a high activity of Tc-Mariner families. In the second, an
increase of all families, and particularly CR1 retrotransposons, is
observed. Finally, the last one shows a second burst of Tc-Mariner
elements. We tried - not successfully - to correlate TE bursts with the 4R
(four round of whole-genome duplication (WGD) specific to salmonid
lineage) WGD event in order to see if TEs may have played or still
continue to play a role in re-diploidization process (ANNEXE 5).

o Moreover, interestingly, retroviruses sequences were identified in the
MHC region. One of the retrovirus sequences presents high similarity
(91% on 360bp) with a VHSV (Viral haemorrhagic septicaemia virus -
Rhabdovirus)-induced mRNA of the rainbow trout (Accession number
AF483545). An hypothesis is that the retrovirus sequence is expressed in
response to the infection by VHSV virus, suggesting that it might be
involved in defense reactions against other viruses.

- The cave fish Astyanax mexicanus, Characiformes (with Wes Warren and Suzanne
McGaugh, Genome Institute at Washington University) = Blind cave species of
evolutionary adaption interest.

o The genome paper, which focuses on QTL analyses, is currently submitted.
As I have only been recently involved in this project, I am waiting for a
more complete version of the assembly to analyze regions of ageing-
related interest in order to try to see if TEs might have been involved in
particular deletions or rearrangements. The cave fish is the closest
species, for which a genome is available, of the zebrafish. Genomes are
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composed of 30% and 52% of TEs in cave fish and zebrafish, respectively,
both mostly represented by DNA transposons. Both genomes underwent a
similar recent amplification of transposons (Figure 21), even if this was
much more important in zebrafish. Furthermore, LTR retrotransposons
are almost absent from the cave fish genome.

Zebrafish

Cave fish

Percent of genomes

Kimura distances (from 0 to 50)

Figure 21: Zebrafish (left side) and cave fish (right side) repeat landscapes. The different classes/orders are
represented by orange (DNA transposons), blue (LINE retrotransposons), green (LTR retrotransposons) and
purple (SINE retrotransposons).

The spotted gar Lepisosteus oculatus, Lepisosteiformes (with John Postlethwait
and Ingo Braasch, University of Oregon, Jessica Alf6ldi, Broad Institute of MIT and
Harvard, Boston) = “Outgroup” before the teleost-specific whole genome
duplication (the teleost-specific WDG is also name 3R WGD).
o The spotted gar is an excellent model by its intermediate phylogenetic
position to study the impact of whole genome duplication in teleosts. With
about 20% of repetitions (TEs and others), the spotted gar genome has a
comparable profile to lobe- and ray-finned fish. As in teleosts, a very high
diversity of TEs is observed with almost all previously described TE
superfamilies. This genome has undergone two main bursts of TE activity,
the most ancient due to Tc-Mariner, CR1 and Deu-SINE elements, and the
most recent due to R2, Rex1-Babar and 5S-SINE elements. In recent timing
of Kimura analyses, a new burst of Tc-Mariner seems to initiate. Combined
to this, transcriptomic data analyses revealed that Tc-Mariner is the most
transcribed superfamily followed by the CR1 and Rex1-Babar families.
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The Amazon molly Poecilia formosa combined with Poecilia mexicanus and
Poecilia latipinna, Cyprinodontiformes, Poeciliidae (with Manfred Schartl and
Wes Warren, Genome Institute at Washington University) = First asexual
vertebrate species to be sequenced and comparative genomics among
poeciliids with Xiphophorus.

o Results are developed in the “Poeciliid genome projects” part

Two other Xiphophorus species: the Northern platyfish Xiphophorus couchianus
and the Southern swordtail Xiphophorus helleri, Cyprinodontiformes, Poeciliidae
(with Manfred Schartl, Ron Walter and Wes Warren) = Comparative genomics
between Xiphophorus species

o Results are developed in the “Poeciliid genome projects” part.

The Kkillifish Nothobranchius furzeri, Cyprinodontiformes (with Christoph Englert
and Matthias Platzer, Leibniz Institute for Age Research, Jena, Germany) =
Short-living species developed as ageing model.

o This project is a young project, for which I mainly helped to do a complete
annotation of TEs, combining automatic annotation on raw reads and on
assembly, but also trying to annotate MITE sequences by RNA folding
visualisation. I could show that the Kkillifish is composed of almost 40% of
repeats. It contains a very high diversity of superfamilies with most of the
eukaryotic superfamilies previously described. Moreover, it seems clear
that TE superfamilies from several classes have been recently active, in
particular hAT and Tc-Mariner transposons, and LINE2, Rex-Babar and
RTE retrotransposons.
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II- Poeciliid genome projects

We have been involved in several poeciliid genome projects including the Southern
platyfish Xiphophorus maculatus ((SCHARTL et al. 2013) see paper in ANNEXE 1), which is
a model we used in our lab for sex chromosome evolution studies, and two other
Xiphophorus species, X. couchianus and X. helleri, providing us with the occasion to
compare diversity, content and evolution of TE families in closely related species that
diverged only few million years ago in central America lakes.

We also analyzed the genome of the Amazon molly Poecilia formosa, an asexual species
that reproduce by gynogenesis (reproductive system in which sperm triggers the
developpement of egg cell into an embryo but do not contribute to genetic materials).
The Amazon molly is highly interesting as it is the first asexual vertebrate genome to be
sequenced. This gynogenetic species, which do not produce any male, is a hybrid species
between two other species, Poecilia mexicana (female parent) and Poecilia latipinna
(male parent). The hybridization event has been estimated to occur around 280.000
years ago (LAMPERT AND SCHARTL 2008). The genome of P. formosa has been sequenced
and assembled, whereas genomes of P. mexicana and P. latipinna have been only
sequenced but not assembled. Having genomic data for these three genomes give us a
great opportunity to investigate TE dynamics in an asexual species on the one side, but
also to analyze the behaviour of TEs after hybridization event.

[ will first present the Xiphophorus results, followed by the Poecilia results and finally a
comparison between Xiphophorus and Poecilia. First focusing on Xiphophorus species,
the three genomes of X. maculatus, couchianus and helleri show a very similar diversity
and content of TEs, since they are composed of 21.4%, 21.8% and 21.1%, respectively.
They mostly contain DNA transposons, with a high diversity of superfamilies (Figure
22D). Their Kimura profiles representing the potential age of sequences, and so
superfamily history, also look very similar (Figure 22A), underlying three main bursts of
TE activity. Tc-Mariner (K-value 25) and hAT (K-value 14) together with Harbinger (K-
value 12) DNA transposons are responsible for the two oldest bursts that make about
0.7 and 0.6% of the genomes, respectively. A focus on low K-values shows differences
between the three species, in particular at the two K-values 3 and 4 (different content of
the several superfamilies). X. couchianus profile presents an increase for K-value 1 and 2,
compared to the two others. Finally, X. maculatus seems to contain fewer active copies in
the current time (K-value 0 and 1), with recently transposed TE sequences representing
less than 0.1% of the genome (Figure 22B). Furthermore, the Kimura profiles of the
three species present a particular accumulation falling into the K-value 50. This suggests
that it might be an accumulation of old sequences, or at least very degenerated
sequences.
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Figure 22: Transposable element superfamilies in the three Xiphophorus and the Amazon molly genomes. A-
Kimura distances of the different superfamily copies (recent copies on the left, ancient copies on the right). B-
Focus on low Kimura distances highlighting recent copies specific to each species. C- TE superfamily contents
(percentages) in genomes of X. maculatus and P. formosa.

Regarding TE content and diversity in Poecilia genomes, I only compared TE superfamily
diversity between the three Poecilia species. Indeed, different methods of analyses and
quantification were used because the tools are different for assembled and non-
assembled genomes (RepeatExplorer estimation on non-assembled reads for P.
mexicana and latipinna; RepeatMasker on P. formosa assembly). RepeatExplorer
evaluated a repeat content of around 50% in parental genomes while RepeatMasker
estimated 25% of the Amazon molly assembly. The TE content estimation between
assembled and non-assembled genomes shows how we probably underestimate TE
content in assemblies. However, it is complicated to study non-assembled genomes due
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to the high amount of raw sequences that are generally very small. Concerning TE
diversity in the three Poecilia genomes, the same superfamilies were found with the
exception of few missing ones in parents, such as BEL, Nimb, R2 retrotransposons and
Crypton, MuDr, Novosib transposons. However, except Nimb retransposons (4200
copie), these superfamilies are present at low copy numbers (less than 1000 copies) in
P. formosa genome. The fact that few superfamilies are not found in the non-assembled
genomes can be due either to the fact that the analyses were performed only on 1% of
the raw reads of P. mexicana and P. latipinna leading to potential information, or to
acquisition by horizontal transfer in the hybrid species.

As P. formosa has been analyzed with the same methods than Xiphophorus, the
comparison of Xiphophorus and Poecilia genomes was possible. Kimura profiles
resemble pretty much in the ancient timing but differ in the most recent burst (Figure
22 A, B and C). Indeed, a strong increase in the number of sequences from K-value 0 to 5
can be observed (Figure 22 A and B). A closer look at the K-values 3 and 4 shows that
the total TE content can exceed 0.4 % of the P. formosa genome. However, for K-value 0
and 1, the activity strongly decreases. The total content of TEs in P. formosa genome is
2% higher than Xiphophorus genomes (Figure 22C). This increase might result from the
recent observed burst (K-value 3 and 4, Figure 22B). If this increase is species-specific,
this might be linked to the hybridization event or to the asexuality system of the Amazon
molly.

To analyze the specificity of the recent TE bursts occurring in the four genomes, I
performed TE analysis by inverting the libraries: the X. maculatus genome was masked
and analyzed with the P. formosa TE library, while P. formosa genomes were masked
with the X. maculatus TE libraries. Results are presented in Figure 23. In the upper
panel, both genomes were analyzed with their specific libraries, while in the lower panel
they were analyzed with library from the other species. When inverting the libraries, we
observe that the shapes of the landscapes are conserved after K-values higher than
seven. However, we lose the recent bursts, suggesting that the old bursts reflect the
history in the common ancestor genomes and that the recent bursts are species- or
genus-specific. This result reflects the importance to use a specific library but it also
shows how Xiphophorus and Poecilia genomes have diverged recently.

As mentioned in the Xiphophorus analysis paragraph, the Xiphophorus Kimura profiles
present a high content of sequences with K-values around 50 (Figure 22 and 23). These
sequences can be observed in the X. maculatus genomes masked with the two libraries,
independently. The P. formosa masked with its own library does not have these
sequences, but when the genome is masked with the platyfish library, the sequences
located around K-value 50 are recovered.
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Figure 23: Analysis of TE profiles in X. maculatus and P. formosa by crossing species-specific TE libraries. The
left panel shows the Kimura TE profile in the genome of the Amazon molly P. formosa, masked with its own
specific library (upper) and with the Southern platyfish library (lower). Right panel represents the Kimura TE
profile in the genome of the Southern platyfish, Xiphophorus maculatus, masked with its own specific library
(upper) and with the Amazon molly library (lower).
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III- The coelacanth project

As a member of the international consortium coelacanth genome project, we have been
in charge of the annotation of TEs, in the genome of Latimeria chalumnae (AMEMIYA et al.
2013). We have then used the data produced to better understand TE evolution in
vertebrates (CHALOPIN et al. 2013). As the coelacanth genome presents a high proportion
of CR1 elements, this paper also revisits the classification of the CR1-like superfamily. In
a second paper, we analyzed TE expression in coelacanth (Forconi et al. 2013). In the
third paper, we looked for proofs of TE recent activity by searching for polymorphic TE
insertions between the two species Latimeria chalumnae and Latimeria menadoensis
(Naville et al. in preparation).

a. Genomic analyses of TEs in the genome of the African coelacanth,
Latimeria chalumnae

i. TE content and diversity in coelacanth to study TE evolution in vertebrate
genomes

ORIGINAL ARTICLE: “Evolutionary active transposable elements in the genome of
the coelacanth” (CHALOPIN et al. 2013): J Exp Zool B Mol Dev Evol, doi:
10.1002 /jez.b.22521.

The genome of the African coelacanth has been sequenced by the Broad Institute and
analyzed by a consortium of 13 international groups, and published in 2013 (see
ANNEXE 2). The fascination for the coelacanth, a deeply living fish highly looking like
old fossils, renders this organism very attractive for many researchers. From the
evolutionary point of view, the coelacanth has a key phylogenetic position “between”
ray-finned fish and tetrapods. Among others, genomic information from this species
brought important insights into the water-to-land transition, but also into the general
evolution of vertebrate genomes. From an evolutionary point of view, the hypothesis of
a slow-evolving genome has been raised, regarding the phenotypic stasis between
fossils from extinct species, and extant species.

In the context of the genome project, I participated to the construction of a TE library
combining manual and automatic annotations. We then performed large-scale analyses
of TE families and their evolutionary history. With about 25% of TEs, the coelacanth
genome presents a TE content higher than most of the fish but lower than mammals and
birds. However, regarding TE diversity, it contains more superfamilies than other
tetrapods but less than actinopterygians, reflecting its intermediate position among
vertebrates. The Blast analyses of transcriptomes from three different tissues (testis,
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liver and muscle) showed that the CR1, Deu, DIRS and RTE superfamilies might be
particularly strongly expressed in the coelacanth.

We pushed the analyses of CR1 retrotransposons, which are the major type of TEs in the
coelacanth genome. Interestingly, it is also one of the main families present in many but
not all other vertebrates. In this context, we analyzed sequences from three related LINE
clades: CR1, LINE2Z and Rex1-Babar to trace back their evolutionary history.
Surprisingly, the CR1 clade, which is present in tetrapods and ancestral vertebrates, is
absent from teleosts. In contrast to many TE families that have been lost in mammals
but are still active in teleosts, CR1 might represent the first example of a major clade of
TEs eliminated in fish but maintained in mammals and other tetrapods.
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ii. Comparative analysis with a second genome assembly of the African
coelacanth

In parallel to the sequencing of an individual of L. chalumnae by the BROAD Institute, a
Japanese team sequenced different individuals of the same species and produced a
second assembly (with a different assembler program) of the coelacanth genome
(NikaDO et al. 2013). Analyses of this genome, performed by the Japanese group,
showed that more than half of the genome is composed of TEs. This result strongly
differs from our analyses (about 25%). To better understand the factors explaining such
differences, I performed comparative analyses in both genomes using the same methods.
The aim of this work was to understand if differences (25% versus 50%) were due to
genome assembly, TE library construction or genome masking steps. I masked and
compared both genomes with the library that I built.

Total repeats make about 37% (comprising 28% of TEs) and 60% (46% of TEs) of the
Broad and Japanese assemblies, respectively. While both assemblies contain the same
quantity of SINE and LTR retrotransposons, the content of the two other classes are
different, i.e. the Japanese assembly contains 13 % of LINEs, 6% of DNA transposons and
18% of unclassified elements, while the Broad assembly shows 5% of LINEs, 1% of DNA
transposons and 12% of unclassified elements. Regarding the distribution of TE
sequences with Kimura distances (Figure 24), the main burst is similarly located in both
graphs (K-value around 11). However, we can observe clear differences regarding 1- the
percent of TEs in genomes, which is higher in the Japanese assembly, 2- DNA
transposons distribution (higher recent burst in “Japanese” genome, K-value 5, Figure
24) and 3- a strong accumulation of small or degenerated sequences in “Japanese”
genome (K-value 50). These results suggest that the two assemblies do not contain the
same quantity of repetitive sequences as already noticed and mentioned.

Furthermore, in the published article of the Japanese genome (NikaIDO et al. 2013),
within the 23% of DNA transposons, 9% are found to be LatiHarb1 elements. LatiHarb1
is a recently discovered DNA transposon that composes a large part of coelacanth
genome (SMITH et al. 2012), but we were not able to find a so high content in the Broad
assembly we used. The lack of LatiHarb1 in the Broad assembly might be due to a lack of
scaffolds/contigs not included in the assembly, or a bias in the masking step.

Altogether, these results highlight how assemblies from a same species can be different
depending on the methods of sequencing and assembly. Indeed, with the two current
assemblies of the African coelacanth genome, the content of TEs doubles. We would not
expect such differences between individuals from a same species, which is considered as
a slow-evolving genome. An important point to consider is how assemblies were
performed. Indeed, different methods of sequencing and different assemblers were
used, which certainly also integrates a strong bias in TE distribution analyses. Analyses
of non-assembled reads might give us preliminary answers concerning these
differences.
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Figure 24: Comparison of the repeat landscapes from the two African coelacanth assemblies, masked with the
same library generated from the Broad Institute genome.

b. Transcriptomic TE analysis in the two coelacanth species, Latimeria
chalumnae and Latimeria menadoensis

ORIGINAL ARTICLE: “Transcriptional activity of transposable elements in
coelacanth” (Forcont et al 2013): ] Exp Zool B Mol Dev Evol, doi:
10.1002/jez.b.22527.

Using the three different transcriptomes, from testis, liver and muscle, which have been
sequenced during the African coelacanth genome project, we investigated TE content
and diversity to predict their potential activity in coelacanth tissues. TE expression was
measured like expression of genes, with FPKM (Fragments per Kkilobase of exons per
million mapped fragments) values taking into account fragments length and quantity.
No difference of expression of superfamilies was observed between the three tissues,
except a higher expression of DNA transposons in muscle. Even if TEs are much less
expressed than housekeeping genes, we were also able to determine that few families
seem to be highly expressed compared to others, such as CR1 and LF-SINE
retrotransposons.

Moreover, by plotting TEs according to their expression value and their copy number in
the genome, we examined potentially interesting cases of exaptation or non-identified
superfamilies. Furthermore, thanks to this analysis, we identified a new family of SINE,
specific to coelacanths, that we called Coeg-SINE.
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c. Detection of TE insertion polymorphisms in the two coelacanth species,
L. chalumnae and L. menadoensis

ORIGINAL ARTICLE: “Insertion polymorphism analysis reveals recent activity of
transposable elements in the two extant species of coelacanth” (Naville et al
submitted)

The coelacanths are rare species, only two extant species Latimeria chalumnae (African
coelacanth) and Latimeria menadoensis (Indonesian coelacanth) have been identified. In
order to search for proofs of recent transposition activity in the coelacanth genomes,
which might challenge the hypothesis of slow evolution, we looked for TE insertion
polymorphisms between both Latimeria species.

We found that several TE superfamilies have been active after the separation between
the two species, estimated around 10 Mya. Among these superfamilies, CR1
retrotransposons were the most active superfamily, followed by SINE elements (Coeg
and LF-SINEs). Many CR1 sequences are complete and code for two ORFs, including the
presence of endonuclease, reverse transcriptase and zinc finger domains. Combined
with previous papers, this study brings a supplementary proof of a recent CR1
retrotransposon activity. Moreover, we detected evidence of homologous recombination
between LTRs from an epsilon retrovirus. Altogether, we showed that TEs have been
active after species divergence, and found clear evidence of insertions, deletions and
homologous recombination events, suggesting a non-stasis of the coelacanth genome.
However, a study at a higher level has to be performed when the genome of L.
menadoensis will be completely sequenced.
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ABSTRACT

Coelacanths are lobe-finned fish represented by two extant species, Latimeria chalumnae in South
Africa and Comoros and L. menadoensis i Indonesia. Due to their intermediate phylogenetic
position between ray-finned fish and tetrapods in the vertebrate lineage, they are of great interest
from an evolutionary point of view. In addition, extant specimens look similar to 300 million year
old fossils: due to this apparent slowly-evolving morphology, coelacanths have been often described
as « living fossils ». As an underlying cause of such a morphological stasis, several authors have
proposed a slow evolution of the coelacanth genome. Accordingly, sequencing of the L. chalumnae
genome has revealed a globally low substitution rate for protein-coding regions compared to other
vertebrates. However, genome and gene evolution can also be influenced by transposable elements
(TEs), which form a major and dynamic part of vertebrate genomes through their ability to move,
duplicate and recombine. In this work, we have searched for evidence of transposition activity in
coelacanth genomes through the comparative analysis of orthologous genomic regions from both
Latimeria species. Comparison of 5.7 Mb (0.2 %) of the L. chalumnae genome with orthologous
Bacterial Artificial Chromosome clones from L. menadoensis allowed the identification of 27
species-specific TE insertions, with a strong relative contribution of CR1 non-LTR
retrotransposons. Species-specific homologous recombination between the long terminal repeats of
a new coelacanth endogenous retrovirus was also detected. Our analysis suggests that transposon
activity is responsible for at least 0.6% of genome divergence between both Latimeria species.
Taken together, this analysis demonstrates that coelacanth genomes are not evolutionary inert: they
contain recently and possibly still active transposable elements, which have significantly

contributed to post-speciation genome divergence in Latimeria.
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INTRODUCTION

The coelacanth is a lobe-finned fish that has been considered extinct since the Late Cretaceous
period about 70 million years (my) ago, until a first living specimen, Latimeria chalumnae, was
discovered in 1938 in South Africa by Marjorie Courtenay-Latimer [1]. From an evolutionary point
of view, coelacanths occupy like lungfishes a key phylogenetic position between ray-finned fish and
tetrapods at the basis of the sarcopterygian lineage. Their fleshy fins, which resemble the limbs of
land animals, make them a pertinent model to study the water-to-land transition. A second
coelacanth species, Latimeria menadoensis, was subsequently discovered in 1997 in Indonesia, with
the capture of two individuals [2]. While coelacanths formed a highly spread taxonomic group
during the Devonian [3,4], both extant species are nowadays endangered, with only few inventoried
individuals (about 300 for L. chalumnae [5]). Despite their geographical remoteness, L. chalumnae
and L. menadoensis present a high degree of nucleotide identity at the genomic level [98.7% based
on the comparison of 20 Bacterial Artificial Chromosomes (BACs) from L. menadoensis with their
orthologous sequences in the L. chalumnae genome], as well as for exons (>99.7% based on the
comparison of liver and testis transcriptomes from both species) [6,7]. The recent genome analysis
performed by Nikaido et al. even proposed a genetic divergence as low as 0.18% between the
nuclear genomes of both species [8]. Such an identity rate of 98.7% at the genomic level is similar
to that measured between human and chimpanzee. Considering the faster evolution in the primate
lineage, the divergence time between the two coelacanth species was approximated at slightly more
than 6-8 million years [6].

With fossils dating back to 300 million years that look very similar to extant animals, coelacanths

have been placed by some authors in the arguable class of “living fossils”, which are characterized

3
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CHAPTER 2

by a long stasis in their phenotypic evolution [1,9]. The careful analyses of paleontological data,
however, has recently challenged this picture [10]. Morphological stasis has often been proposed to
rely on a very slow genomic evolution [10-12]. While several studies based on the analysis of
particular gene families such as Hox or protocadherins already suggested a slow evolutionary rate
[13-15], the recent availability of genomic data allowed to address this question in a more
systematic way. By analyzing 251 protein-coding genes, which form the most constrained part of
the genome, Amemiya et al. showed that these sequences evolve more slowly in coelacanth than in
lungfish, chicken and mammals, with a substitution rate being half of that in tetrapods [6]. This is
corroborated by the slow rate of nucleotide substitution demonstrated by Nikaido et al. based on the
calculation of Ka/Ks ratios between 4,531 genes of L. chalumnae and L. menadoensis [8]. Analysis
of coding sequences seems thus to sustain the idea of a slowly evolving genome.

Transposable elements (TEs) constitute a major source of genome diversity and evolution. These
sequences, which are generally repeated, are able to integrate into new locations in genomes. TEs
are sorted in several classes, orders and families according to their structure and mode of
transposition [16]. Retroelements (class II elements) retrotranspose though the reverse transcription
of an RNA intermediate into a ¢cDNA copy, which is inserted somewhere else in the genome
(copy-and-paste mechanism). Transposition of class I elements (DNA transposons) does not require
any reverse transcription: these elements generally excise and reinsert into a new locus
(“cut-and-paste” mechanism). Both classes are further subdivided into orders and superfamilies.
TEs can be autonomous or non-autonomous: non-autonomous elements, such as class I MITEs

(Miniature Inverted-repeat Transposable Elements) and class II SINEs (Short Interspersed Nuclear
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Elements) do not encode the enzymes necessary for their transposition, but instead use the
machinery of an autonomous element to achieve transposition.

Originally, TEs have been relegated to parasitic “junk DNA”, with occasional negative effects on
host genes such as insertional disruption and silencing [17,18]. More recently, converging studies
have uncovered major roles of TEs in the evolution of genes, genomes and organisms [19]. TEs are
driving forces of genome plasticity: their copies, interspersed along the chromosomes, can
recombine and promote genomic rearrangements such as deletions, duplications, inversions and
translocations [20,21]. In addition, TEs can duplicate or shuffle host coding sequences, and provide
material for new regulatory elements (promoters, enhancers and splicing sites), new exons and even
new genes — an evolutionary process called molecular domestication [22-25].

Considering their important impact on genome evolution, a strongly reduced TE activity has been
proposed for the “living fossil” coelacanths [21]. It was recently shown that the L. chalumnae
genome contains 25-50% of TEs, including retrotransposons (with a high proportion of non-Long
Terminal Repeat [non-LTR] retrotransposons), endogenous retroviruses and DNA transposons
[6,8,26]. Four major bursts of transposition that principally involved LINE1, LINE2, CR1 and Deu
non-LTR retrotransposons were detected through copy divergence analysis in the genome of L.
chalumnae, supporting activity of TEs in the Latimeria lineage [6,26]. Analysis of RNA-seq data
showed that 14 TE superfamilies are expressed in coelacanth tissues, with a high representation of
the CR1 LINE and LF-SINE families [6,27]. Although these results suggested TE activity in
coelacanths, a direct evidence of recent transposition was still missing.

In this study, we have looked for the presence of TE insertion polymorphisms in orthologous

regions from the genomes of the two extant coelacanth species, L. chalumnae and L. menadoensis.
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98 Identification of species-specific insertions for the CR1 LINE family as well as for other types of
99 TEs indicated recent transposition activity in the genus Latimeria and showed that TEs have

100 significantly contributed to genome divergence between both coelacanth species.
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MATERIALS AND METHODS

- Origin of genomic sequences

The L. chalumnae genome was downloaded from the Ensembl server (http:/www.ensembl.org/;

accession LatChal GCA 000225785.1). L. menadoensis BAC sequences were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/) with following accession numbers: GI:164698640, GI:170514516,
GI:189459217, GI:190886531, GI:193083250, GI:237406519, GI:239735715, GI:239835822,
GI:239835823, GI:239835824, GI:239835825, GI:239835826, GI:239835827, GI:239835828,
GI:239835829, GI:239835830, GI:305644147, GI:305644148 [Birren 2009, NCBI direct
submissions|, GI:166987259 [28], GI:220898172 (HoxA gene cluster), GI1:220898186 (HoxB gene
cluster), GI:220898198 (HoxC gene cluster), GI:220898210 (HoxD gene cluster) [13],
GI:296011776 [29], GI:407080572 (Ig’2 locus), GI:407080573 (Ig1 locus) [Saha 2012, NCBI
direct submissions], GI:40789109, GI:50253612, GI:50253613, GI:50284579, GI:50284580,
GI:50284581, GI:52077680 [Grimwood 2004, NCBI direct submissions], GI:66912372 [Lau 2010,
NCBI direct submission].

- Identification of TE insertions

In order to determine orthology relationships between L. menadoensis BAC clones and the L.
chalumnae genome, sequence comparison was performed using MegaBlast [30]. Best hits were
selected and the main alignment diagonals were used to define the maximum match coordinates
along with their orientation. Orthologous fragments are listed in supplementary table S1. L.
chalumnae and L. menadoensis TEs were localized using the RepeatMasker software [31] with a TE
library specifically built for the L. chalumnae genome [6,26]. TEs were selected according to the

following criteria: length > 100 nucleotides (nt) and divergence to the consensus sequence from the
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library < 20%. Low complexity sequences, simple repeats as well as tRNA and rRNA
(pseudo)genes were discarded. Remaining elements located in corresponding L. menadoensis BACs
and L. chalumnae genome fragments were then listed “face to face” as shown in supplementary
figure S1, and further manually aligned to visualize orthologous insertions in both species.
Species-specific insertions were inspected manually by extracting and comparing both “empty” and
“filled” sites using the Muscle alignment software [32].

- Counting of shared TE insertions

The RepeatMasker procedure can artifactually split one unique insertion into several pieces in case
of local mutations. For this reason, the simple counting of RepeatMasker annotations along the
chromosomes of the two species can provide different results for shared insertions. We thus
evaluated the number of common insertions as the minimal value between L. chalumnae and L.
menadoensis annotations that filled the filtering criteria of minimal length (100 nt) and maximal
percentage of divergence compared to the RepeatMasker consensus (20%).

- Annotation of species-specific TE insertions

TE insertions were assigned to known TE superfamilies based on Wicker’s classification by
combining comparative and predictive approaches [16]. In order to look for putative coding regions,
TE sequences were submitted to the de novo gene prediction program Genscan [33] and to a BlastX
search [34] on the NCBI website with default parameters against the Genbank non-redundant
protein sequence database. Insertions were also analyzed with the Censor software [35] that
compares sequences with the Repbase repeat database [36]. Structural features such as Long
Terminal Repeats (LTRs) and Terminal Inverted Repeats (TIRs) were identified manually and with

the Blast bl2seq utility [34]. Target Site Duplications (TSDs), which correspond to the duplication
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of few nucleotides from the insertion site, were searched at the extremities of insertions. TE
expression was analyzed by sequence similarity analysis of a transcriptome of L. menadoensis testis
[6] using the Blast algorithm with default parameters.

- Sequence alignments and phylogenetic reconstructions

Sequences not unambiguously associated to particular TE families were classified using
phylogenetic analysis. TE sequences were extracted from BACs and genomic segments and aligned
using Muscle [32] with default parameters. Phylogenetic trees were constructed with PhyML [37]
using Maximum Likelihood and aLRT values (non-parametric bootstraps) on different types of
sequences depending on the element analyzed: reverse transcriptase (RT) and integrase core domain
for Endogenous RetroViruses (ERVs), RT for CR1/L2 non-LTR retrotransposons, and nucleotide

sequence for SINE elements.
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RESULTS

We searched for the presence of species-specific TE insertions in Latimeria by comparing 36 BAC
clone sequences from the Indonesian coelacanth L. menadoensis with orthologous regions from the
recently published genome of its African congener L. chalumnae [6]. L. menadoensis BAC clones
have a median length of 170 kb and correspond to loci of particular interest including the Ighl
genes (immunoglobulin heavy chain) [Saha 2012, NCBI direct submission] and the Hox genes [13].
The analyzed sequences, which cover ca. 5.7 Mb (0.2%) of the draft of the L. chalumnae genome,
contain about 1,370 insertions of identifiable transposable elements common to both species (15.7%

of the fraction of the genome analyzed).

Identification and characterization of species-specific TE insertions

Using a comparative approach, we searched for species-specific insertions, i.e. for sites “filled” by a
TE insertion in one species orthologous to “empty” sites (i.e. without insertion) in the other (Table
1, Table 2 and supplementary Table S2). Of note, for DNA transposons, what we define here as an
“insertion” in one species could alternatively be the result of the excision in the other species of an
element inserted in the last common ancestor of both species. Furthermore, insertion polymorphism
might reflect transposition in one species after speciation, but also insertion polymorphism at allelic
positions in the last common ancestor. In any case, we consider these different possibilities as
evidence for relatively recent (<10 my old) transposition events.

Manual inspection of candidates for polymorphic insertions allowed to exclude a number of false
positives that corresponded to stretches of “N” in the L. chalumnae draft genome. Generally the

length of such N stretches matched almost exactly the length of the insertion at orthologous
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positions in L. menadoensis, suggesting that they have been produced during the assembly phase.
Pairwise alignment of “empty” and “filled” sites allowed to define insertion boundaries, as shown
in Figure 1. Several insertions presented evidence of degeneration (short size, truncated open
reading frames, etc.) (Table 2).

Comparison between both coelacanth species led to the identification of 27 species-specific TE
insertions, 13 in L. chalumnae and 14 in L. menadoensis (Tables 1 and 2). Insertion length ranged
from 225 to 5,091 nt, with a mean of 1,363 nt. Insertions were classified according to TE ontology
[16] using different specific characteristics of the superfamily, in particular the similarity with
known TE-encoded proteins and the presence of specific structural features such as LTRs and TIRs.
On the whole, identified polymorphic insertions mainly corresponded to CRI1 non-LTR
retrotransposons (6/13 and 9/14 insertions in L. chalumnae and L. menadoensis, respectively). A
reverse transcriptase-encoding region, belonging to CR1 ORF2 [38], was present in 3 and 7 of
them, respectively, with only 3 cases (one in L. chalumnae and 2 in L. menadoensis) where 1t was
apparently complete. The two longest L. menadoensis CR1 insertions with complete RT sequences
showed 95% of nt identity between each other (insertions 7 and 8; Table 2). They further contained,
upstream of the RT, an endonuclease domain also belonging to ORF2, and downstream of it, a short
and truncated ORF maybe corresponding to a partial ORF1 (93 and 89 amino acids for insertion 7
and 8 respectively, against ca. 420 amino acids for the complete expected sequence [38]; figure 1).
However, ORF1 is located upstream of the RT in sequences described in the literature [38,39], and
the sequence found here did not show any significant similarity with known ORF1 sequences.
ORF1 protein function is still poorly understood [38]; it non-specifically binds single-stranded

mRNA/DNA molecules and could be dispensable for transposition [38]. While ORF2 of insertion 8
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presented several frameshifts and two stop codons, insertion 7 ORF2 did not show such
degeneration of the sequence but only a 5' truncation of approximately 140 amino acids, deleting 2
amino acid sites thought to be important for endonuclease activity [39] (figurel). If this sequence
showed only 46% of identity with chicken ORF2, most of the other putative active sites were
conserved (17/18 amino acids) [39]. Considering the 5' truncation of the endonuclease domain, it
suggests that the element might have been recently transposition-competent. The small ORF
downstream of the RT was also identified in 9 other CR1 insertions (4 in L. chalumnae and 5 in L.
menadoensis, respectively), where it is always truncated in its 3' part.

Polymorphic insertions of other non-LTR retrotransposons from the L1 (two in L. menadoensis) and
L2 superfamilies (one in L. chalumnae) were additionally detected, as well as SINEs (three in L.
chalumnae and two in L. menadoensis), including the recently described CoeG-SINE family [27].
LTR retroelements were represented by a strongly corrupted copy of a Gypsy-like retrotransposon
in L. chalumnae and an endogenous retrovirus in L. menadoensis (see below). For class I elements,
only two imsertions with a palindromic structure reminiscent of that of Miniature Inverted
Transposable Elements (MITEs) were identified, one of them possibly derived from a hAT DNA
transposon (as predicted using Censor). Finally, insertion 27 presented a composite structure
comprising, sequentially, (1) a partial CR1 non-LTR retrotransposon with RT domain, framed by an
“AAGT” TSD, (i1) a possibly novel SINE element flanked by an “AAGT” TSD, (111) half of a
LF-SINE and (iv) a tRNA-derived SINE. TSDs, which are hallmarks of insertions consisting in few
duplicated target site nucleotides (Figure 1), could be clearly identified in 20 out of 27 insertions.
Two other insertions occurred in poly-A or AT-rich regions. Twelve out of 17 CR1 insertions were

flanked by TSDs, with no obvious sequence specificity for integration.
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Altogether, polymorphic TE insertions covered a total of 13.3 kb in L. chalumnae and 23.5 kb in L.
menadoensis, corresponding to approximately 0.23% and 0.41% of the genomic regions analyzed in
the two coelacanth species. Hence, transposon activity is responsible for ca. 0.64% of genome
divergence between both Latimeria species in the regions considered. Only insertions 7,
corresponding to a CR1 non-LTR retrotransposon, presents a structure and sequence potentially
compatible with an autonomous transposition activity.

Among the 27 polymorphic sequences identified, seven were found to be intronic, the others being
located in intergenic regions (Table 2). While half of insertions were located more than 6 kb away
from gene exons, five were closer than 1 kb from the next exon; in L. menadoensis, a CR1 element
was inserted in an intron of the SRA41 gene, about 200 bp next to the closest exon. Hence, some TE
insertions are closely linked to coelacanth genes, with possible influence on their functions and

evolution.

Structural and evolutionary analysis of new coelacanth endogenous retroviruses

The ERV insertion in L. menadoensis (insertion 24) corresponded to the largest of all identified
polymorphic insertions (5,091 nt), and showed a significant BlastX similarity (alignment of 113
amino acids with E-value = 2.2e-10) with an integrase protein encoded by elements from the ERV1
family, which belongs to Epsilon retroviruses [40]. This ERV copy was delimited by two almost
identical LTRs (462 nt, 99% of identity) and flanked by TSDs (AGAT) (Figure 2B). The
orthologous region in L. chalumnae corresponded to a sequence of 462 nt almost identical to the
LTRs of the ERV in L. menadoensis and flanked by the AGAT TSD sequences (Figure 2A). Hence,

the L. chalumnae sequence corresponds to a so-called solo-LTR, formed through homologous
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recombination between the LTRs of the original retrovirus element, this eliminating one copy of the
LTR and the mtervening retrovirus sequence.

In order to better characterize the new coelacanth endogenous retrovirus, which was called
CoeERV1-1, a consensus sequence was reconstructed from different copies found in the L.
chalumnae genome (Figure 2C). This sequence contains LTRs (475 nt long) and a central region
encoding Gag (viral capsid), Pol (polyprotein responsible for the synthesis of the viral DNA and its
integration into host genome, including protease [Pro], reverse transcriptase [RT], ribonuclease H
[RH] and integrase [Int]), and Env (envelope). Compared to this reconstructed sequence, the
identified insertion (number 24 in Table 1) is strongly truncated, lacking major parts of the Gag and
Pol domains (Figure 2 B-C). The internal part of the insertion does not share any similarity with
known TE sequences. Seventy-five copies of CoeERV1-1 longer than 300 nt (identity > 90%,
E-value < 10e-120) were detected in the L. chalumnae genome, including four copies (ranging from
6,804 to 8,045 nt) with LTRs of variable size (from 444 to 551 nt) and all ORFs including the
envelope (this ORF being truncated in three of them). One copy lacks only the RT domain (total
length 7,192 nt); two copies present all ORFs but exhibit truncated LTRs; and the other present
variable truncations of one or several ORFs. Three copies were found to share 92% of identity, at
least, over more than 7,900 nt. A wider blast search showed that more than 500 sequences share
similarities (identity > 70%, E-value < 1e-07, length > 60 nt) with this ERV, but they are mostly

corresponding to LTR parts.

Among the copies identified, at least 10 corresponded to solo-LTRs (8 being 475 nt long and

presenting TSDs, and 2 being truncated) sharing more than 98% of identity with LTRs of the
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reference complete element. Similarity search with relaxed parameters could not allow to identify
more divergent copies of this ERV element, suggesting that the family is represented by only one
group of sequences in Latimeria.

Inspection of sixteen identified TSD sequences (ranging from 3 to 5 nt) suggested preference of
insertion into target sites containing the “GT” (in 5/16 TSDs), “AC/G” (in 8/16 TSDs), both (in
2/16 TSDs) or any (in 1/16 TSDs) nucleotide motifs (Figure 2C).

Retroviruses (RV) are classified in seven genera including Alpha-, Beta-, Gamma-, Delta-, Epsilon-,
Lenti- and Spuma-viruses [40]. With six identified genera, the mammalian lineage presents the
largest diversity of RV among vertebrates. To better understand the origin and evolution of the
coelacanth ERV identified in this work, we performed phylogenetic reconstructions based on both
RT (ca. 210 amino-acids) and integrase core domain sequences alignments (ca. 132 amino-acids)
(Figure 3 and supplementary figure S2). Coelacanth sequences were found to cluster in the
Epsilon-virus group, one of the most spread branches of RV in vertebrates. Interestingly,
CoeERV1-1 sequences were closely related to turtle and crocodile RV sequences, a result supported
by both RT and integrase-based reconstructions (Figure 3 and supplementary figure S2). Coelacanth
ERV sequences share more than 3,000 nucleotides with over 64% of identity with alligator,
crocodile and turtle sequences. This strong relatedness could suggest horizontal transfer (HT)
between reptiles and coelacanths or infection of both lineages by a same subgroup of related

retroviruses.

Copy number and expression of transposable elements in coelacanth
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In order to get more insight into the relative transposition activity of TEs identified as polymorphic
in this work, we determined their copy number including common insertions by similarity search
against the 5.7 Mb of orthologous sequences analyzed in both coelacanth species (filter: length >
80 % of the considered insertion length and sequence identity > 80%; cf methods and Table 2).

In 11 cases, including 4 CR1 non-LTR retrotransposons, 3 CoeG-SINEs, both LTR elements, one
MITE and the composite insertion, we were only able to retrieve the query sequence with these
filtering parameters, indicating the absence of other related copies of approximately the same size in
the regions analyzed (Table 2). In contrast, other elements were found to be reiterated, with copy
numbers ranging from 2 to 110 (39 on the average). Particularly, most CR1 elements were repeated
(11/15, 73%), as well as LF-SINEs (48 hits). In the case of CR1, hits obtained for all the different
polymorphic insertions were overlapping, indicating that these insertions correspond to copies of
the same element. In the whole, 105 common insertions of this CR1 element were identified by
Blast in the compared regions. L1 and L2 non-LTR retrotransposons as well as a MITE-like element
showed a more modest level of reiteration. The two L1 specific-insertions of L. menadoensis
matched against two sets of sequences mutually non-overlapping, indicating that these two LI
correspond to distinct elements. Nine CR1 and one L1 elements presented at least another copy with
a very high level of nt identity (> 98%), suggesting rather recent events of transposition.

In order to determine if some of the elements identified in this work might be expressed and are
therefore potentially active, TE insertions were used as queries against a L. menadoensis testis
transcriptome (see methods). Table 2 presents for each insertion the number of Blast hits obtained
with length > 80 nt and identity > 95%. Nine elements (2 in L. chalumnae and 7 in L. menadoensis)

matched at least 10 times in the transcriptome: five CR1s, both L1s, one CoeG-SINE and the ERV,
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which presents the highest number of hits (41), probably because it is also the longest insertion, the
hits being scattered all along its sequence. All nine elements are intergenic, apart from the
CoeG-SINE, which is located in an intron. The sets of matches obtained for the different CR1
elements were overlaping, with a total number of 32 different sequences in the transcriptome. This
observation is congruent with the similarity search against genomic sequences. Also in agreement
with this search, the two L1 matches against distinct sets of transcriptomic sequences. The 5 CR1
elements represented in the transcriptome (according to our filtering parameters) included insertions
7 and 8, which correspond to the same CR1 element and constitute the most complete copies of the

retrotransposon identified in the regions analyzed.

DISCUSSION

Comparative analysis of orthologous regions covering 5.7 Mb of the genome of the two extant
coelacanth species strongly sustains the recent activity of transposable elements in this lineage, with
the identification of 13 and 14 species-specific insertions in L. chalumnae and L. menadoensis,
respectively. Insertions observed specifically in one or the other species suggested that these TE
copies transposed after speciation, 1.e. approximately within the last 6-8 million years.
Alternatively, they might also correspond to insertion polymorphisms that predated the split
between both species. Interestingly, with the exception of two MITE-like elements, most
polymorphic insertions are retrotransposons. This indicates that DNA transposons are currently
probably less active than retrotransposons in coelacanth genomes. CR1 LINEs represent most of
recent insertions, with a more marginal contribution of tRNA-SINEs (CoeG- and LF-SINEs) and L1

and L2 LINEs. Hence, our results support relatively recent activity of CR1 retrotransposons and
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other LINE and SINE elements in coelacanth genomes. Retrotransposition of non-coding
tRNA-SINEs identified in this work might be catalyzed by autonomous CRI1-LINEs or other
LINEs. However, no significant similarity could be detected between the 3' part of LINE and SINE
elements (data not shown). The more discrete presence of one ERV and one Gypsy element
indicated that LTR retrotransposons also contribute to insertion polymorphisms. Other types of
repeats such as satellite sequences represent an additional form of genome divergence that was not
considered in this study.

Target site duplications are hallmarks of insertions for most TEs. Many polymorphic insertions
identified in this analysis showed recognizable TSDs, in particular many CR1 elements, suggesting
that they transposed recently. Other arguments in favor of a recent/current transposition activity are
the presence of very similar copies of a same element in the genome, indicative of recent bursts of
transposition, and the representation of TE sequences in transcriptomes, even if the latter does not
necessarily imply functionality of the element. We have shown a particular enrichment in CR1
elements in coelacanth genomic sequences, as well as, to a lesser extent, the presence of SINEs and
L1 and L2 retrotransposons. Similarity search against a testis transcriptome of L. menadoensis
uncovered a high number of hits for CR1 elements as well as for L1 LINEs, CoeG-SINEs and an
endogenous retrovirus. These results confirmed major activity of CR1 retrotransposons and the
contribution of minor other types of TEs, mostly retroelements.

We also showed that homologous recombination between the LTRs of an endogenous retrovirus can
contribute to genome divergence in coelacanth. This analysis led to the identification of
CoeERV1-1, a so far unknown coelacanth Epsilon retrovirus, which is present in the genome of L.

chalumnae under the form of elements with two LTRs and partial or complete gag, pol and env, or
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as solo LTRs. Interestingly, phylogenetic analyses revealed a close relationship of coelacanth
CoeERV1-1 with turtle and crocodile Epsilon retroviruses. This might be due to horizontal transfer
between coelacanths and reptiles, or to infection of both lineages by related retroviruses. The
frequent high degree of nt identity between both LTRs of a same copy, the high similarity between
different copies and the presence of numerous copies with TSDs together suggest recent
introduction into and/or recent transposition of CoeERV1-1 in the genome of coelacanths.

This study allows to estimate the total number of species-specific insertions in the genomes of the
two Latimeria species and to evaluate the impact of TEs on genome divergence in coelacanths. Our
analysis, based on interspecific comparison of 5.7 Mb of orthologous genomic sequences (0.2% of
the genome), indicated an average of 13.5 species-specific TE insertions. Hence, each Latimeria
species might contain 6500-7000 TE insertions not found in the other species. This means that ca.
15,000 TE insertions are differentially present in both species, which diverged 6-8 mya. Strikingly,
this value is similar to that reported for human and chimpanzee, which show 11,000 differentially
present TE insertions (divergence 6 mya; [41,42]). In term of DNA amount, TEs are responsible for
about 0.6% of genome divergence, i.e. for about 20 Mb of difference at the scale of the whole
genome, between both coelacanth species. Importantly, this analysis particularly included gene-rich,
euchromatic regions, which are generally rather poor in TE insertions compared to gene-poor
heterochromatic regions. Hence, our estimation of TE contribution to coelacanth species-specific
genome divergence is probably an underestimation.

To con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>