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Chapter 14 DDE Transposon as Public Goods

DDE Transposons have been recruited at least four times as site-specific recombination activating gene allowing programmed DNA elimination in eukaryotes. The described cases are RAG in jawed vertebrates, Kat 1 and Alpha 3 in the Kluyveromyces lactis yeast and Piggymac/TPB1 TPB2 and TPB6 in ciliates. The domesticated RAG is the most known case. It constitutes the enzymatic core of the Jawed vertebrates V(D)J recombination machinery. It directs random assembly and joining of gene segments during the development of B and T cells helping in the generation of the enormous gene diversity encoding antibodies or T cell receptors. It was shown in the case of RAG that the shift from DDE transposon to site-specific recombination activating gene is an evolutionary phenomenon that did not require dramatic changes. This explains why the co-option of DDE transposon as site-specific recombination activating gene can occur in a convergent manner. As numerous genes coding for DDE transposases are widespread through numerous members of the life tree, it is expected that several of them might correspond to domesticated transposons involved in programmed DNA elimination and maybe in the generation of receptor diversity. The domestication of DDE transposon could have been and still be of an extreme importance for organisms' evolution.

Preamble

Eukaryotes and prokaryotes do not have the same DNA content in their genome over AQ1 stages of their cell differentiation. Indeed genomes are modified during development or cell differentiation. This phenomenon is called developmentally regulated genome rearrangement (DRGR) [START_REF] Zufall | Evolution of developmentally regulated genome rearrangements in eukaryotes[END_REF]. DRGRs start by a DNA breaks either due to a specific endonuclease activity or specific chromatin structure that is related to a mechanisù inducing a DNA recombination event.

Developmentally Regulated Genome Rearrangement via a Specific Endonuclease

All the reported cases so far correspond to the domestication of selfish DNA that displayed at the minimum an endonuclease activity derived from a DDE transposase, a homing endonuclease, or a prophage recombinase.

The homothallic switching endonuclease (HO) is a domesticated homing endonuclease (Fig. 14.1). The HO endonucleases are mobile genetic elements that correspond to DNA fragments encoding these proteins over all their length, from their first 5' to the last 3' nucleotide. These DNA fragments use the homing endonuclease they encode to mediate their mobility [START_REF] Keeling | The selfish pursuit of sex[END_REF][START_REF] Koufopanou | Degeneration and domestication of a selfish gene in yeast: molecular evolution versus site-directed mutagenesis[END_REF]. Homing endonucleases specifically recognize and cleave a specific oligonucleotide motif that is generally located within a very conserved motif of some house-keeping protein-coding sequence. After DNA cleavage, a DNA fragment coding an HO endonucleases specifically inserts in frame with the parasitized gene in the middle of its own recognition sequences (Fig. 14.1). In a diploid cell that AQ2 is heterozygous for a homing endonuclease, the gene lacking the parasitic element becomes cleaved at the recognition site, and the broken chromosome is invaded by the parasitic DNA fragment by homologous recombination using the homing endonuclease-containing gene as a template. The mating type in budding yeasts is derived from the domestication of one of these parasitic DNA fragments. The mating types in budding yeasts are encoded by the mating-type (MAT) loci MAT a and MAT α.

Some yeasts have the ability to change their mating type (mating-type switching) without going through mating or meiosis." In Saccharomyces cerevisiae, switching is initiated when the homothallic switching (HO) endonuclease induces a DNA doublestrand break (DSB) in the MAT locus. Next, the replacement is completed through a gene conversion, in which transcriptionally silent copies of MAT genes, known as "hidden MAT left, HMLα" and "hidden MAT right, HMRa," are copied into the expressed MAT locus.

Prophage excision involved in the specific rearrangement. (Feiner et al. 2015, Fig. 14.2) During the differentiation process in procaryote, prophages and derived prophages are excised from the genomic region using a prophage recombinase in order to . a Temperate phages enter a cycle in which their phage genome is first going to be integrated into the bacterial chromosome to become a prophage that is going to persist in what is considered a phage latent or dormant state in which bacterial cells will be viable and will not produce of phage particles. Prophages are replicated together with the bacterial host chromosome during host-cell replication and switch into lytic production upon exposure to stress. Chronologically, the entry in the lytic phase starts with the excision of the phage genome, its gene transcription then the production of phagie capsid and tail proteins that are thereafter assembled in phage particles. The last step is the lysis of the bacteria that releases phages and kills the bacteria. b Regulation of mother cell-specific genes during sporulation in Bacillus subtilis. A phage regulatory switch (phageRS), named skin, is inserted within the sigK gene. SigK encodes a protein, σK, that regulates the expression of late-stage sporulation genes in the mother cell. skin excises itself at the initiation of the sporulation process, leaving an intact sigK gene able to encode a functional σK protein. Post excision, σK expression activates the mother cell's late-stage sporulation genes. Following excision, the excised skin element is eventually lost in the mother cell, which dies late during sporulation. By contrast, the forespore, which did not undergo element excision, gives rise to an endospore that still encodes the skin element within its sigK gene. This figure was constructed from derived information and graphic elements from Heterocysts in cyanobacteria are specialized cells with a role in nitrogen fixation.

They provide nitrogen to vegetative cells. Differentiation in a heterocyst is due the excision of fragments that interrupt three different loci: nitD, fdxN, and hupL that encodes a dinitrogenase alpha subunit, a ferredoxin and an uptake hydrogenase large subunit, respectively. The excised fragments have prophage origins and include at least the recombinase gene [START_REF] Hilton | Surveying DNA elements within functional genes of heterocyst-forming cyanobacteria[END_REF].

Finally, to promote phagosomal escape, Listeria monocytogenes need to excise a temperate prophage integrated into the comK locus during bacterial phagocytosis in order to activate the comk expression [START_REF] Feiner | A new perspective on lysogeny: prophages as active regulatory switches of bacteria[END_REF] 14.3 Programmed Break Specified by Chromatin Signals

Mating-Type Switching in the Fission Yeast S. pombe

As in the case of S. cerevisiae, the yeast Schizosaccharomyces pombe is able of mating-type switching. This mechanism occurred in an independent manner, the two species that belong to two highly divergent clades of yeast. The S. pombe genome contains one active (mat1) and two silenced (mat2 and mat3) mating-type loci that share similarities with the S. cerevisiae MAT proteins. However, the mechanism of switching is different from that involved in S. cerevisiae. Instead of cleavage mediated by an HO endonuclease (Fig. 14.2), a fragile chromosomal site consisting of an epigenetic mark at the mat1 locus in switching-competent cells leads to a dsDNA break during replication [START_REF] Klar | A unique DNA recombination mechanism of the mating/celltype switching of fission yeasts: a review[END_REF].

Immunoglobulin Switching

Immunoglobulin isotype class switching is a mechanism that changes a B cell's production of immunoglobulin from one type to another. It involves an intrachromosomal deletional rearrangement that focuses on the region of 1-10 kb of repetitive switch (S) located upstream of each heavy chain isotype gene. Class switch recombination is induced by a break done by cytidine deaminase AID (AID-APOBEC family) on accessible chromatin which is expressed during the B cell development [START_REF] Yu | Current insights into the mechanism of mammalian immunoglobulin class switch recombination[END_REF].

The variable lymphocyte receptors (VLRs) system (Fig. 14.3). In agnathes (cyclostomes), the VLR system involved in adaptive immunity includes a germline VLR that do not code for functional protein but instead encodes the only portion of the amino and carboxyl termini of the mature VLRs. The sequences encoding those portions are separated by non-coding intervening regions. In lymphocytes, the germline VLRs are assembled by somatic DNA rearrangement into a mature VLR that encodes the functional receptor via the insertion of LRR cassette that flank the germline VLR. The germline VLR is broken by the AID-APOBEC enzyme at the intervening sequences between the C-terminal and N-terminal portions of the VLR genes where the chromatine is accessible. Then gene conversion starts thanks to sequence identity between the intervening sequence and sequences surrounding the LRR cassettes [START_REF] Boehm | Evolution of alternative adaptive immune systems in vertebrates[END_REF].

Immunoglobulin Diversity Driven by Gene Conversion in Birds and Some Mammals

In birds and some mammals, only one pair of functional V and J segments is found for both the Ig light and heavy chain loci. Therefore, the diversity generated by V(D)J recombination is limited. However, several pseudo-V coding segments are found upstream the functional V segment in genes coding light and heavy chains. Several DDE transposons have been domesticated by their hosts retaining their DNA binding capacity (see for review [START_REF] Sinzelle | Molecular domestication of transposable elements: from detrimental parasites to useful host genes[END_REF][START_REF] Jangam | Transposable element domestication as an adaptation to evolutionary conflicts[END_REF])) and in some cases, the transposase and their related TIR as site-specific recombination activating gene. The few well-studied examples will be presented in the next sections.

Shift from a DDE Transposon to a Mechanism of Programmed DNA Elimination

DDE transposons have been recruited as site-specific recombination activating gene at least four times as programmed DNA elimination system, mediating biological differentiation processes: RAG (RAG1-RAG2) in jawed vertebrates, Kat 1 and Alpha 3 in K. lactis yeast and PiggyBac (TPB1 TPB2 and TPB6) in the ciliate Tetrahymena.

The first described and best known example is the V(D)J RAG.

The Recombination Activating Gene (RAG) Paradigm

Jawed vertebrates has a specific adaptive immune system based on lymphocytes In conclusion, biochemical functions of the DDE transposon and the sequencespecific recombination activating system are very similar, hence the biochemical shift from a transposon to a sequence-specific recombination activating system corresponds an easy evolutionary step requiring a very limited number of events to pass form a "wild" state to a domesticated one (Fig. 14.3). This is also supported by the fact that many other DDE transposons have been co-opted as recombination activating site-specific endonuclease as described in the next paragraphs. Piggymac/TPB2/TPB1/TPB6 domesticated transposon evolved in the two lineages:

tetrahymena and paramecium Piggymac and TPB2/TPB1/TPB6. In the case of tetrahymena, a duplication gave rise to TPB2 in one part and TPB1/TPB6 ancestor in the other. TPB2 lost the possibility to recognize its TIR but gained the possibility to interact with the scan RNA. TPB1/TPB6 represent maybe the ancestral state and TPB2 could represent another state in the domestication process.

Kat 1 and MAT alpha3 [START_REF] Barsoum | α3, a transposable element that promotes host sexual reproduction[END_REF][START_REF] Rajaei | Domesticated transposase Kat1 and its fossil imprints induce sexual differentiation in yeast[END_REF] As we said above, some yeasts have the ability to change their mating type.

In In conclusion, DDE transposons evolved as site-specific recombination activating genes many times during evolution and therefore this is a case of isoconvergent evolution of site-specific recombination activating genes.

Simple Evolutionary Shift Can Explain Convergent Evolution

Isoconvergent evolution, the independent evolution of similar features from the same ancestral state in different evolutionary lineages [START_REF] Pontarotti | Road map to study convergent evolution: A proposition for evolutionary systems biology approaches. Evolutionary biology: convergent evolution, evolution of complex traits, concepts and methods[END_REF], could be explained in part by natural selection where the new feature gave an advantage to the individual. Isoconvergent evolution could be due to the limited number of evolutionary pathways resulting from developmental and functional constraints on the evolutionary process (Losos 2011)-Functional constraints imposing a finite number of accurate adaptations, a finite number of mechanisms can be used to answer functional problems. Finally, isoconvergent evolution can be explained in part by the ease of transition from ancestral state to a derived state. This last aspect is not really discussed in the literature. [START_REF] Losos | Convergence, adaptation, and constraint[END_REF] pointed out that the wings powering flight in vertebrates have been built in different ways in birds, pterosaurs and bats. In all these cases, the wings represent modified forelimbs. The combination of wings and forelimbs, in theory, would be not very useful in real life. He concluded that this was due to lack of constraints; however, we underline here that besides the constraints, it was easier to modify forelimbs to get wings than to start from nothing. The same reasoning could be applied for the DDE transposon co-option as sequence-specific recombination activating systems and the biochemical shift from a transposase to a sequence-specific recombination activating endonuclease is an easy evolutionary step.

Transposases Form the Largest Family in the Diverse

Genomes of Life

Transposase-encoding genes are greatly over-represented in sequenced genomes and metagenomes relative to other coding sequences [START_REF] Aziz | Transposases are the most abundant, most ubiquitous genes in nature[END_REF]. Some of the transposase coding genes could correspond to domesticated transposons, active transposons and maybe to fossilized ones. From this and the chapter developed above, we hypothesize that many DDE transposons have been recruited as recombination activating site-specific endonuclease systems. Many domesticated candidates have already been described in the literature, some of them lost the endonuclease domain butand conserved the DNA binding domain and they could be involved in novel chromatin-modifying complexes [START_REF] Feschotte | Transposable elements and the evolution of regulatory networks[END_REF]) while others are involved in centromere binding, chromosome segregation, meiotic recombination [START_REF] Sinzelle | Molecular domestication of transposable elements: from detrimental parasites to useful host genes[END_REF]). Some articles also described large-scale systematic analysis to search for domesticated transposons including DDE transposons [START_REF] Hoen | Discovery of novel genes derived from transposable elements using integrative genomic analysis[END_REF][START_REF] Bouallègue | Molecular evolution of piggyBac superfamily: from selfishness to domestication[END_REF]). In the human genome 26 putative DDE transposases has been described [START_REF] Arnaoty | Novel approach for the development of mew antibodies directed against transposase-derived proteins encoded by human neogenes[END_REF], among these putative domesticated transposases as far as we know other than the RAGs, only the function of one of them, PBGD5 was really investigated, and its nuclease activity has been shown, however we do not know whether it recognizes specific sequences and if it is really involved in recombination [START_REF] Henssen | Genomic DNA transposition induced by human PGBD5[END_REF][START_REF] Henssen | Forward genetic screen of human transposase genomic rearrangements[END_REF][START_REF] Henssen | Forward genetic screen of human transposase genomic rearrangements[END_REF]. Another candidate has been tested for its transposase activity [START_REF] Majumdar | The human THAP9 gene encodes an active P-element DNA transposase[END_REF] where the authors show that THAP9

gene encodes an active DDE DNA transposase.

We need to test further the hypothesis that many transposons have been recruited

as recombination activating site-specific endonuclease. If our hypothesis is true, many domesticated DDE transposons acting as specific DNA endonucleases should be found throughout the life diversity. 

Search for Domesticated Transposons Involved in Programmed Recombination. Test of the Hypothesis

This paragraph is a small guideline. The strategy to search for domesticated transposons involved in programmed recombination can be performed by two complementary approaches: Look for the candidate domesticated transposase and look for a somatically rearranged genomic region.

Look for the Candidate Transposase Co-opted as Site-Specific Endonuclease Involved in Genomic Recombination

Different strategies have been developed in particular by [START_REF] Hoen | Discovery of novel genes derived from transposable elements using integrative genomic analysis[END_REF] and [START_REF] Bouallègue | Molecular evolution of piggyBac superfamily: from selfishness to domestication[END_REF]. The strategy described here was adapted from these publications. We first have to look for the sequence that codes for complete transposase;

these can be done by profile search using an alignment with a known transposase [START_REF] Eddy | Accelerated profile HMM searches[END_REF].

The ORF found needs to be checked for a bona fide catalytic site and the conservation of the DDE motif. Then in order to be sure that the transposase is likely to be active it is necessary to show that the protein evolved under constraint. This can be done by calculating the ratio of non-synonymous to synonymous substitutions (dN/dS) which is a useful measure of the strength and mode of natural selection acting on protein-coding genes [START_REF] Jeffares | A beginners guide to estimating the nonsynonymous to synonymous rate ratio of all protein-coding genes in a genome[END_REF].

The next step is to differentiate between transposase belonging to an active transposon from site-specific recombination activating gene (domesticated transposase).

The following criteria must be present in the case of site-specific endonuclease. The domesticated transposase must be in single copy without pseudogene like sequences that could correspond to recent transposition events. The next criteria is based on the fact that the domesticated transposase should be unable to transpose thus the domesticated transposase should remain in the same genomic region in different speciesconserved synteny- [START_REF] Rascol | CASSIOPE: an expert system for conserved regions searches[END_REF]). The higher the number of divergent species display conserved synteny, the higher is the probability that the transposase has been domesticated. For example, PGBD5 is present in all chordate genomes and belongs to a conserved synteny [START_REF] Pavelitz | PGBD5: a neural-specific introncontaining piggyBac transposase domesticated over 500 million years ago and conserved from cephalochordates to humans[END_REF] indicating that it is likely to have been domesticated. transposase, as this is the case for the RAG transposon and the domesticated RAG (see [START_REF] Kapitonov | RAG1 core and V(D)J recombination signal sequences were derived from Transib transposons[END_REF][START_REF] Huang | Discovery of an active RAG transposon illuminates the origins of V(D)J recombination[END_REF][START_REF] Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF]. The TIR like sequences can then be searched in the genome(s) coming from the cells where the "domesticated" transposase is transcribed. It should be noted that the endonuclease could recognize RNA intermediates as this is the case for TPB2 inciliates where the TIR recognition has been lost and instead a chromatin structure is recognized.

Look for Somatically Rearranged Genomic Regions

The next step is to look for rearranged genomic regions, and this can be done in several ways. The first way would be to sequence the genome from the cell or the tissue where the domesticated transposase is expressed (sequence 1) compare this genome with a reference genome (sequence 2) from the same species (same individual) in order to look for the rearranged sequence in sequence 1. Another way is to use high throughput genome translocation sequencing methodology based on the ability of a double-strand break to translocate to a fixed 'bait' double-strand break generated by a nuclease [START_REF] Hu | Detecting DNA doublestranded breaks in mammalian genomes by linear amplification-mediated high-throughput genome-wide translocation sequencing[END_REF].

In both cases, the genomic region, where the rearrangement occurred, should be flanked by terminal repeats; these terminal repeats corresponding to the RSS should be compared to the TIR of the active transposon (the most similar one).

Candidate regions using the second methodology have been described by [START_REF] Wei | Long neural genes harbor recurrent DNA break clusters in neural stem/progenitor cells[END_REF]. They described 27 recurrent double-strand breaks that occurred during neural stem/progenitor cell differentiation and they named it as recurrent doublestrand break cluster. The authors hypothesized that the break region will be joined to the distal break region thus potentially leading to new genetic information via for example a novel exon combination that can be generated by recombination between intronic regions at the DNA level via "exon shuffling." [START_REF] Alt | DNA double-strand breaks as drivers of neural genomic change, function, and disease[END_REF] In the case where the double-strand break followed by a recombination occurs via the action of domesticated DDE transposon a possible candidate could be PGBD5.

Indeed PGBD5 seems to be expressed in the brain and fetal brain and therefore possibly in the neural stem/progenitor cells [START_REF] Pavelitz | PGBD5: a neural-specific introncontaining piggyBac transposase domesticated over 500 million years ago and conserved from cephalochordates to humans[END_REF] and PGBD5 is able to induce double double-strand breaks in non-physiologic condition [START_REF] Henssen | Genomic DNA transposition induced by human PGBD5[END_REF][START_REF] Henssen | Forward genetic screen of human transposase genomic rearrangements[END_REF].

Are There Other Domesticated Transposases that Are

Able to Generate Diversity?

One important question concerns the possibility that some domesticated transposase and their TIRs could create diversity through the rearrangement of distinct tandem repeat paralogous gene segments (such as in V(D)J recombination). These processes correspond to an excision between at least 2 sets of paralogous fragments with a combinational joining. In these cases, the paralogous fragments should be flanked by the TIR like sequences located 3 from each of the first paralogous fragments family and 5 to each of the second fragment paralogue family. Such genomic rearrangement can be searched. The corresponding transposon can be searched as described above.

Conclusion

We discussed in this chapter the possibility that DDE transposons have been recruited

several times as systems involved in programmed DNA elimination and perhaps in the generation of receptor diversity. This is due to the fact that the functional shift is an easy one and that the huge number of transposase domains are present and across the tree of life. Therefore, DDE transposons along with other so-called selfish element encoding nucleases (homing nuclease and prophage) could have been major players in the evolution of biodiversity. The co-option of DDE transposons as the regulatory element is also very important. This has been largely discussed, Justin Goodrich this Issue) [START_REF] Sinzelle | Molecular domestication of transposable elements: from detrimental parasites to useful host genes[END_REF][START_REF] Jangam | Transposable element domestication as an adaptation to evolutionary conflicts[END_REF]. Another important role of DDE transposons is the one in the horizontal gene transfer (HGT). Horizontal transfer of DDE transposons (HTT) has been widely reported in eukaryotes [START_REF] Baidouri | Horizontal transfers and the new model of TE-driven genome evolution in Eukaryotes[END_REF]. However, in most cases, the literature discusses HGT and HTT in a non-integrated manner. However, the role of DDE transposons as the carrier of additional antibiotic resistance genes is well known in bacteria [START_REF] Babakhani | Transposons: the agents of antibiotic resistance in bacteria[END_REF], and at least the role of DDE transposon as carrier one case in yeast is also known. [START_REF] Mcdonald | Transposon-mediated horizontal transfer of the host-specific virulence protein ToxA between three fungal wheat pathogens[END_REF]. It is likely that most of the HGT are driven by transposons, but as most of the studied cases HGT corresponds to ancient events the transposase and the corresponding TIR has been lost so an effort in the analysis of recent HGTs should be done. Therefore, DDE transposons could have been major players in organismal evolution because it helps in genetic exchange between species.

The DDE transposon evolutionary trajectory should be included in the public goods hypothesis for the evolution of life on Earth [START_REF] Mcinerney | The public goods hypothesis for the evolution of life on Earth[END_REF]. According to this hypothesis, nucleotide sequences are simply seen as goods, passed from one organism to another through both vertical and horizontal transfer. The interesting things about DDE transposons are that they evolved in vertical and horizontal manner and they should be seen as goods since they increase the possibility of transfer and can be co-opted for example as recombination activating site-specific endonucleases involved in programmed DNA elimination.

  Fig. 14.1 Organization, expression, splicing, and mobility from one allele occupied by an intein to an unoccupied allele. The main steps of the intein mobility and homing are numbered. Step 1 is the RNA transcription. Black lines indicate DNA strands of the occupied and unoccupied alleles by an intein-coding DNA fragment, and cyan blue and light green bars indicate the coding-frame of the DNA region transcribed for each allele kind. Blue and red lines indicated regions coding for the intein (blue) and the homing endonuclease (HEN) moieties (red) in the DNA and the corresponding RNA transcripts. Step 2 is translation into protein. "pacmans" HEN moieties are shown in red and blue ellipses are N-and C-terminal intein moieties. Step 3 is site-specific recognition of an unoccupied allele by HEN. Blank spaces indicated the insertion site specifically cleaved by the HEN in both alleles. Step 4 is specific cleavage by the HEN. Finally, steps 5 and 6 depicted the invasion of a DNA fragment encoding intein from an occupied allele toward an unoccupied one by DNA strand invasion at DNA replication. This figure was constructed from derived information and graphic elements from Piègu et al. (2015)

  frame. In addition to sigK, many other examples of sporulation-specific gene rearrangement occur, suggesting that this phenomenon is widespread and common in spore-forming bacteria (the intervening sequence can correspond to only a recombinase of prophage origin. The recombinase has two functions: it catalyzes the DNA cleavage at the recombination site and join the DNA molecule ends of the restored protein-coding genes(Abe et al. 2017b) (Fig. 14.2) 

  Fig. 14.3 Variable lymphocyte receptors (VLRs) system. Schematic diagram of a germline VLR gene and the postulated gene conversion-like (copy choice) mechanism for VLR assembly. The germline VLR gene is incomplete and contains invariant regions encoding for 5'-end of the Nterminal LRR (5 LRRNT) and 3 -end of the C-terminal LRR (3 LRRCT) and stalk. Hundreds of different LRR cassettes are located upstream and downstream of a pre-assembled germline VLR gene.The non-coding intervening sequence between 5 LRRNT and 3 LRRCT is replaced by the donor LRR cassettes that are sequentially copied either from 5 to 3 or 3 to 5 direction. At the beginning of the gene assembly process, a cytosine deaminase (CDA) converts cytosine (C) to uracil (U) in the germline VLR gene. The uracil is then removed by uracil-DNA glycosylase (UNG), leaving an apurinic (AP) site. The AP site activates nicking activity of AP endonuclease (APE) which leads to a DNA double-strand break. To repair this break, homologous recombination starts based on the sequence homology of 10-30 bp between the donor and acceptor LRR cassettes. This process is repeated along with deletion of the intervening sequence until the completion of a mature VLR gene. The diversity region of a mature VLR is composed of a 3'LRRNT, LRR1, multiple LRRVs, connecting peptide (CP), and a 5'LRRCT

  Fig. 14.4 RAG implication in the V(D)J recombination mechanism in jawed vertebrates. The chordates consensus tree shows the position of jawed vertebrates among chordates. The V(D)J mechanism was adapted from Janeway et al., 2001

  Fig. 14.5 Taxonomic distribution of the RAG and RAG-like sequences known in Deuterostomes. This is a deuterostomes consensus tree with the clades presenting RAG in the V(D)J recombination in the adaptive immune system, the clades presenting RAG-like sequences and the clades presenting no RAG-like sequences until today. described in Morales Poole et al. (2017)

  Saccharomyces cerevisiae, switching is initiated by homothallic switching (HO) endonuclease. In the related yeast Kluyveromyces lactis HO has been replaced by two domesticated DDE transposons: MATalpha 3 involved in the switch d MAT α to MATa.Kat1 involved in the switch de MATa to MATα. MAT α3 which was domesticated from transposable elements belonging to the Mutator Like Element Family MULEs. Regulated excision of this element results in a double stranded DNA break, (DSB) that stimulates recombination from the genome and initiates mating-type switching from MAT α to MATa. It has to be noted that in the case of this domesticated transposon the TIR-like sequences have been replaced by other sequences which are different on the left and right sides. The left side is a low complexity sequence with a long stretch of T and A. The right side contains a conserved motif that is conserved in sibling species-species of the Kluyveromyces genus. The other domesticated transposon named Kat1 evolved from hAT (hobo/Activator/Tam3) transposases and is involved in the switching from MAT a to MAT α. Kat1 cleaves the MAT a locus at two different positions, resulting in DSBs that stimulate recombination. Kat1 recognizes a TIR like sequence. In both cases, the intervening DNA is joined into a circle.

  The following step is to search the domesticated sequence recognition signal: find RSS/TIR like sequence. One way to search for the sequence recognition signal is to perform Chip-Seq experiment (Park 2009), and the other, that could be complementary to the Chip-Seq experiment is to be guided by sequence data. This could be done by looking for the active transposon which is the most similar to the domesticated transposon and to determine the TIR sequence of the transposon. The TIR sequence should be similar to the site-specific DNA sequence recognized by the domesticated 491382_1_En_14_Chapter TYPESET DISK LE CP Disp.:13/8/2020 Pages: 22 Layout: T1-Standard
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