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How innate immunity gave rise to adaptive immunity in vertebrates remains unknown. We propose an evolutionary scenario beginning with pathogen-associated molecular pattern(s) (PAMPs) being presented by molecule(s) on one cell to specific receptor(s) on other cells, much like major histocompatibility complex (MHC) molecules and T cell receptors (TCRs). In this model, mutations in MHC-like molecule(s) that bound new PAMP(s) would not be recognized by original TCR-like molecule(s), and new MHC-like gene(s) would be lost by neutral drift. Integrating recombination activating gene (RAG) transposon(s) in a TCR-like gene would result in greater recognition diversity, with new MHC-like variants recognized and selected, along with a new RAG/TCR-like system. MHC genes would be selected to present many peptides, through multigene families, allelic polymorphism, and peptide-binding promiscuity.

Presentation of the Evolutionary Hypotheses

When the vertebrate adaptive immune system was first investigated, two aspects were particularly impressive: i) B-and T-cell repertoire diversity and the generation of this diversity by recombination, and ii) the enormous polymorphism of molecules encoded by the major histocompatibility complex (MHC), and these proteins bind numerous peptides. It has now become clear that this molecular system, largely involving immunoglobulin (Ig) domains, may have already been in place in the lineage leading to jawed vertebrates, including cartilaginous and bony fish, amphibians, reptiles, birds and mammals [START_REF] Flajnik | Origin and evolution of the adaptive immune system: genetic events and selective pressures[END_REF][START_REF] Kaufman | Unfinished Business: Evolution of the MHC and the Adaptive Immune System of Jawed Vertebrates[END_REF] The discovery of a parallel system in jawless fish, based on leucine-rich repeats (LRRs) rather than Ig domains, suggests that the vertebrate cellular system is common to both jawless and jawed vertebrates [START_REF] Pancer | The evolution of adaptive immunity[END_REF][START_REF] Boehm | Evolution of Alternative Adaptive Immune Systems in Vertebrates[END_REF][START_REF] Flajnik | A Convergent Immunological Holy Trinity of Adaptive Immunity in Lampreys: Discovery of the Variable Lymphocyte Receptors[END_REF] (see Box 1).

In this opinion piece, we propose several hypotheses that together, can explain the emergence of the recombination activating gene (RAG)-based adaptive immune system in a jawed vertebrate ancestor following the evolution of several linked biological traits. We use the evolutionary consequence of co-opting genetic traits to propose the origin of MHC polymorphism. We first discuss the concept that a complex innate immune system may have existed long before the emergence of the vertebrate ancestor. This may have included large multigene families able to recognize foreign pathogens, cell proliferation, and immune memory following pathogen contact, as well as pathogen defense via AID/APOBEC-like (activation-induced deaminase/apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) cytidine deaminase genes. We also present arguments supporting the possible presence of clonal expansion and allelic exclusion, with each clone expressing a member of the multigene family, and recognizing a pathogen-associated molecular pattern (PAMP). We then describe the RAG DDE transposon, which belongs to a functional transposon family that allows palindromic (P) diversity after excision and DNA repair, recognized to have been active in organisms --from the ancestor of the bilaterians (animals including protostomes, deuterostomes and a few other groups), to the ancestor of jawed vertebrates (Figure 1). We posit that the biochemical switch from the RAG transposon insertion and excision to the RAG sequence-specific recombination was a relatively simple functional shift. These three properties would have increased the likelihood of RAG transposon being co-opted as a major player in gene recombination, modulating the somatic diversity of antibodies (immunoglobulins) and T cell receptors (TCR).

Finally, we propose that the somatic receptor diversity orchestrated by RAG allowed the emergence of MHC peptide-binding promiscuity and polymorphism. Many excellent papers and reviews have described and proposed hypotheses on the origin and evolution of the adaptive immune system and the MHC, although here, we focus on the origin of somatic diversification and its consequence on the evolution of MHC molecules.

The origins of vertebrate adaptive immunity in metazoans

In common with vertebrate adaptive immune systems, other metazoans can harbor large multigene families able to recognize foreign pathogens. There is also evidence for cell proliferation after pathogen contact and immune memory. In addition, clonal expansion and allelic exclusion of receptors are present in some metazoans, and AID/APOBEC-like enzymes are widely present.

To discuss the former first three points, some non-vertebrate metazoan genomes display large multigene families involved in innate immunity, including those based on LRRs --such as tolllike receptors (TLRs) and other pathogen recognition receptors (PRRs) likely to recognize PAMPs, and those based on Ig-like domains --such as IgV-IgC receptors likely involved in "natural killer" activity [START_REF] Buckley | Diversity of animal immune receptors and the origins of recognition complexity in the deuterostomes[END_REF][START_REF] Litman | The origins of vertebrate adaptive immunity[END_REF]. Second, PAMP activation gives rise to cell activation in metazoans [START_REF] Boehm | Evolution of Alternative Adaptive Immune Systems in Vertebrates[END_REF], but there are reports that PAMP activation gives rise to immune cell proliferation [START_REF] Homa | Exposure to immunostimulants induces changes in activity and proliferation of coelomocytes of Eisenia andrei[END_REF][START_REF] Holm | Induced cell proliferation in putative haematopoietic tissues of the sea star, Asterias rubens (L.)[END_REF][START_REF] Salamat | Involvement of protein kinase C signalling and mitogen-activated protein kinase in the amebocyte-producing organ of Biomphalaria glabrata (Mollusca)[END_REF].

Third, numerous studies have demonstrated various forms of immune memory in many non-vertebrate metazoans (for review, see [START_REF] Milutinović | Immune memory in invertebrates[END_REF]). Although the evidence is fragmentary, the existence of even a few examples shows that these biological traits exist outside of vertebrates and may have provided the basis for the vertebrate adaptive immune system.

For the last two points, clonal expression of receptors and allelic exclusion are common mechanisms in eukaryotes, rather than mechanisms limited to the vertebrate adaptive immune system, such as the multigene family of olfactory receptors and/or the antigenic variation of variable surface glycoproteins (VSGs) in trypanosomes [START_REF] Glover | VEX1 controls the allelic exclusion required for antigenic variation in trypanosomes[END_REF][START_REF] Monahan | Monoallelic expression of olfactory receptors[END_REF]. AID/APOBEC enzymes have several functions in vertebrates [START_REF] Conticello | The AID/APOBEC family of nucleic acid mutators[END_REF], including generating diversity of non-self recognition, producing point mutations (for instance, B-cell receptors in jawed vertebrates), and driving gene conversion mechanisms by DNA breakage, followed by repair mechanisms that increase the probability of gene conversion in cyclostomes and some invertebrates [START_REF] Arakawa | Requirement of the activation-induced deaminase (AID) gene for immunoglobulin gene conversion[END_REF][START_REF] Rogozin | Evolution and diversification of lamprey antigen receptors: evidence for involvement of an AID-APOBEC family cytosine deaminase[END_REF]. Orthologs of this family are also found with similar activities in deuterostomes, and the AID/APOBEC-like cytidine deaminase is expressed preferentially in tissues undergoing constant direct interaction with potential pathogens, can be induced upon pathogen challenge, and is involved in innate immunity acting on non-self-DNA [START_REF] Liu | Diversification of AID/APOBEC-like deaminases in metazoa: multiplicity of clades and widespread roles in immunity[END_REF][START_REF] Krishnan | Diversification of AID/APOBEC-like deaminases in metazoa: multiplicity of clades and widespread roles in immunity[END_REF].

Thus, in the pre-adaptive immune system, multigene families of PRRs and IgV-IgC receptors could have recognized PAMPs leading to cellular activation and proliferation, and immune memory. The generation of diversity for these multigene families could have been driven by members of the AID/APOBEC family [as proposed in [START_REF] Liu | Diversification of AID/APOBEC-like deaminases in metazoa: multiplicity of clades and widespread roles in immunity[END_REF]], first involved in non-self-recognition with one family member co-opted during vertebrate evolution by shifting the mutagenic activity from non-self to self. In this model, the mechanisms for clonal expression and allelic exclusion would lead to each clone expressing a single member of the multigenic family recognizing particular PAMPs.

The next step: emergence of diversified receptors

As described above, two adaptive immune systems are found in vertebrates (see Box 1). In considering the origins of the adaptive immune system of jawless vertebrates, two potentially ancestral genes are found in various metazoans and could have given rise to the diversified variable lymphocyte receptors (VLRs); namely, many proteins with LRR domains -particularly TLRs and AID/APOBEC-like enzymes. In contrast, the emergence of the adaptive immune system of jawed vertebrates is less clear, with plausible candidates for the receptors in metazoans, but rather complex in terms of the generation of diversity (see Box 2). Antibody and TCR genes of jawed vertebrates are based on Ig domains assembled from separate variable (V), diversity (D) and joining (J) gene segments during B and T lymphocyte development to give contiguous VJ and V(D)J sequences. The process is initiated by the RAG endonuclease involved in excision of DNA between the gene segments and is continued by ubiquitously-expressed DNA repair enzymes (see Box 3). The appearance of RAG has long been considered a key evolutionary step that can explain the origin of the jawed vertebrate adaptive system [START_REF] Thompson | New insights into V(D)J recombination and its role in the evolution of the immune system[END_REF][START_REF] Sakano | Sequences at the somatic recombination sites of immunoglobulin light-chain genes[END_REF].

RAG origin

The discovery of recombination signal sequences (RSSs) flanking the V, D and J gene segments, along with the mechanism of RSS cleavage --which is similar to several cut-and-paste DNA transposases (DDE transposases) [START_REF] Sakano | Sequences at the somatic recombination sites of immunoglobulin light-chain genes[END_REF][START_REF] Mcblane | Cleavage at a V(D)J recombination signal requires only RAG1 and RAG2 proteins and occurs in two steps[END_REF][START_REF] Agrawal | Transposition mediated by RAG1 and RAG2 and its implications for the evolution of the immune system[END_REF][START_REF] Hiom | DNA transposition by the RAG1 and RAG2 proteins: a possible source of oncogenic translocations[END_REF], resulted in the hypothesis (see Box 3) that a DDE transposon inserted into an Ig-like gene, eventually leading to antibody/TCR gene rearrangement [START_REF] Thompson | New insights into V(D)J recombination and its role in the evolution of the immune system[END_REF].

The experimental analyses of the RAG transposon from amphioxus (a chordate from the sister group of vertebrates, see Figure 1), devoid of any known adaptive immune system, shed light on the functional shift from a RAG transposon to the RAG sequence-specific recombination activating system. First, the excision reaction is similar for the two endonucleases: the transposase recognizes terminal inverted repeat (TIR) sequences, and the co-opted endonuclease (RAG) recognizes TIR-like sequences (i.e. the RSSs) [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF]. Both involve a nickhairpin mechanism characteristic of several DDE DNA transposases, including RAG/Transib (with Transib having only the RAG1 core, i.e. the endonuclease, present in several protostomes), HAT, and Mutator [START_REF] Lafaille | Junctional sequences of T cell receptor gamma delta genes: implications for gamma delta T cell lineages and for a novel intermediate of V-(D)-J joining[END_REF][START_REF] Fugmann | The origins of the Rag genes--from transposition to V(D)J recombination[END_REF][START_REF] Liu | Transposition of Mutator-like transposable elements (MULEs) resembles hAT and Transib elements and V(D)J recombination[END_REF][START_REF] Hickman | Structural insights into the mechanism of double strand break formation by Hermes, a hAT family eukaryotic DNA transposase[END_REF]. After excision, the hairpin-tipped segments are processed by the evolutionarily conserved endonuclease Artemis, performing an asymmetric opening of the hairpin, and leading to palindromic P nucleotide variation (see Box 3) [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF][START_REF] Colot | Extensive, nonrandom diversity of excision footprints generated by Ds-like transposon Ascot-1 suggests new parallels with V(D)J recombination[END_REF]. Other nonvertebrate species also bear a RAG transposon that is likely to work in a similar manner to that of amphioxus (Box 4 and below).

Of note, Artemis and all proteins involved in non-homologous end joining (NHEJ, a ubiquitous DNA repair pathway) are present in all metazoans [START_REF] Bonatto | In silico identification and analysis of new Artemis/Artemis-like sequences from fungal and metazoan species[END_REF], and that homologs performing a similar function are present in all eukaryotes, including PSO2 in yeast [START_REF] Tiefenbach | Pso2 (SNM1) is a DNA structure-specific endonuclease[END_REF]. Thus, co-option of RAG is not just co-option of the transposon, but co-option of a whole system of transposition which includes the cellular proteins that the transposon interacts with to perform the transposition. In this view, the RAG transposome includes the DDE transposon (transposase /TIR), the Artemis nuclease, and the cellular NHEJ enzymatic machinery.

There are differences between the RAG transposome (dependent on the RAG transposon, a piece of "selfish" DNA) and the RAG system (which has been "domesticated" for a useful function in the organism). One major difference is at the level of the flanking fragment, in which terminal deoxytransferase (TdT) adds N-nucleotides to the V, D, and J segments of the TCR and BCR genes during gene recombination, increasing junctional diversity. Preliminary work suggests that the TdT gene has a long phylogenetic history, although this remains to be fully validated; in this scenario, the domesticated RAG system would have co-opted TdT. A second major difference is at the level of the excised fragment flanked by RSSs or TIRs. The domesticated RAG actively directs cleaved signal and coding ends into the NHEJ repair pathway for signal-and coding-joint formation. In contrast, the RAG transposon strongly favors transposition, but allows some TIR-TIR joint formation [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF][START_REF] Carmona | New insights into the evolutionary origins of the recombination-activating gene proteins and V(D)J recombination[END_REF][START_REF] Zhang | Transposon molecular domestication and the evolution of the RAG recombinase[END_REF]. It is possible that the ancestral transposase partially prevented the interaction between the TIR and the NHEJ repair pathway, and that the RAG in jawed vertebrates lost this property, although this remains unknown. In vitro approaches to study this mechanism revealed important amino acid positions in RAG proteins involved in suppressing transposition [START_REF] Zhang | Transposon molecular domestication and the evolution of the RAG recombinase[END_REF], which would be important for avoiding harmful effects in the organism.

The biochemical functions of the DDE transposome and the vertebrate RAG system (a sequencespecific recombination activating system) are similar; hence the biochemical shift from a transposome to a sequence-specific recombination activating system seems to constitute a relatively straightforward evolutionary step [START_REF] Tsakou | DDE transposon as public goods[END_REF]. This idea is supported by the fact that many other DDE transposomes have been co-opted as sequence-specific recombination activating systems [START_REF] Tsakou | DDE transposon as public goods[END_REF], including Piggymac/TPB1/TPB2/TPB6 in ciliates [START_REF] Baudry | a domesticated piggyBac transposase involved in programmed genome rearrangements in the ciliate Paramecium tetraurelia[END_REF][START_REF] Cheng | The piggyBac transposon-derived genes TPB1 and TPB6 mediate essential transposon-like excision during the developmental rearrangement of key genes in Tetrahymena thermophila[END_REF], Kat 1 in yeast [START_REF] Rajaei | Domesticated transposase Kat1 and its fossil imprints induce sexual differentiation in yeast[END_REF], and MATalpha3 in yeast [START_REF] Barsoum | Alpha3, a transposable element that promotes host sexual reproduction[END_REF].

The vertical evolution of the RAG transposon and the origin of RAG

From the concepts presented above, any DDE transposon capable of creating a hairpin in the region flanking the excised fragment could have been co-opted as RAG, since such DDE transposons are able to generate P nucleotides involved in the generation of diversity [START_REF] Lu | Extent to which hairpin opening by the Artemis:DNA-Pkcs complex can contribute to junctional diversity in V(D)J recombination[END_REF]. One might wonder what the advantage of the RAG transposon might be, compared to these other

transposons. The answer could come from the different evolutionary behaviors of these transposons.

Phylogenetic analysis has been performed on hairpin-forming DDE transposons: HAT [START_REF] Arensburger | Phylogenetic and functional characterization of the hAT transposon superfamily[END_REF],

Mutator [START_REF] Dupeyron | Evolution of Mutator transposable elements across eukaryotic diversity[END_REF], Transib [START_REF] Hencken | Functional characterization of an active Rag-like transposase[END_REF] and other DDE transposons [START_REF] Wallau | Horizontal transposon transfer in eukarya: detection, bias, and perspectives[END_REF][START_REF] Dotto | HTT-DB: new features and updates[END_REF][START_REF] Joly-Lopez | Phylogenetic and Genomic Analyses Resolve the Origin of Important Plant Genes Derived from Transposable Elements[END_REF][START_REF] Bouallègue | Molecular Evolution of piggyBac Superfamily: from Selfishness to Domestication[END_REF][START_REF] Peccoud | Massive horizontal transfer of transposable elements in insects[END_REF]. Such phylogenetic studies show that these DDE transposons have apparently evolved in a horizontal manner, which contrasts with the RAG transposon, which evolved in a vertical manner. In contrast, the phylogenetic analysis of RAG transposon and vertebrate RAG sequences, as well as sequences belonging to the RAG family with unknown status and fossilized RAG transposons, shows a sequence tree topology following the species phylogenetic tree [START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF][START_REF] Martin | Evidence for an ancient bilaterian origin of the RAG-like transposon. Mobile Elements[END_REF]. The phylogenetic reconstruction also indicates that the RAG structure appeared at least at the origin of the bilaterians. Therefore, the RAG transposon appears to have been active since its birth in the bilaterians' ancestor and co-opted as a specific endonuclease in the jawed vertebrate ancestor. The presence of the RAG transposon that was inherited in the genome from one generation to the next may have increased the likelihood that it would be co-opted compared to other transposons that evolve(d) by horizontal transmission between individuals.

Horizontal transfer of DDE transposons may allow these transposable elements to enter naïve genomes which they invade by making copies of themselves and then escape before they become fully silenced by the Piwi-piRNA pathway --a host mechanism against transposable elements [START_REF] Aravin | The Piwi-piRNA pathway provides an adaptive defense in the transposon arms race[END_REF][START_REF] Lerat | TEtools facilitates big data expression analysis of transposable elements and reveals an antagonism between their activity and that of piRNA genes[END_REF]. The RAG transposon is able to transpose within a genome [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF][START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF], but to our knowledge, not between genomes of divergent species. Therefore, on the one hand, the RAG transposon seems to have lost the ability to transpose between species, and on the other hand, it seems to have evolved a mechanism to escape the Piwi-piRNA system of the host.

In this context, it should be noted that only one of the two subunits encoded by the RAG transposon comes from a transposon, while the other seems to have a host origin. The RAG1 subunit corresponds to the DDE transposase, highly related to Transib, while the RAG2 in the RAG transposon derived from a host genome [START_REF] Kapitonov | RAG1 core and V(D)J recombination signal sequences were derived from Transib transposons[END_REF][START_REF] Kapitonov | Evolution of the RAG1-RAG2 locus: both proteins came from the same transposon[END_REF]. Several sequence similarity analyses propose that a RAG-like open reading frame flanked by RSS-like TIRs captured a RAG2-like open reading frame from an ancestral protostome to give rise to the original RAG transposon [START_REF] Litman | The origins of vertebrate adaptive immunity[END_REF][START_REF] Carmona | New insights into the evolutionary origins of the recombination-activating gene proteins and V(D)J recombination[END_REF][START_REF] Callebaut | The V(D)J recombination activating protein RAG2 consists of a six-bladed propeller and a PHD fingerlike domain, as revealed by sequence analysis[END_REF]. Thus, the transposon domesticated a part of the host genome, perhaps to evade the Piwi-piRNA of the host and avoid inactivation. However, it is also possible that the transposon was retained for an unknown reason, perhaps including another function for the host.

Consequently, we propose the following conjectural scenario to enhance the published model [START_REF] Fugmann | The origins of the Rag genes--from transposition to V(D)J recombination[END_REF]: i) some time ago, there was an insertion of a complete RAG transposon (or possibly the corresponding miniature inverted-repeat transposable element (MITE, i.e. the TIR of the RAG transposon) that separated an IgV domain (already involved in immune recognition) into V and J segments; ii) after insertion of the complete transposon, the transposase was lost, leaving the native TIRs between the V and J segments intact, while a transposase from another RAG transposon was used, and which in turn, lost its TIR; iii) The TIR-like sequence could be recognized by the RAG transposase and excised along with the internal sequence, leaving hairpin-tipped ends on the flanking segments. These segments could then be processed via Artemis, opening the hairpins asymmetrically, followed by the DNA repair system leading to palindromic (P) diversity. The ability to generate diversity would have then increased with the duplication of the VJ unit (V-TIR-TIR-J) and the co-option of a TdT gene. The system later became more complex, as described by others [START_REF] Hsu | The origin of V(D)J diversification[END_REF].

Of note, the transposon and its corresponding MITE would have had hundreds of millions of years to be inserted anywhere in the genome of many protostome lineages. Some of these events were likely to have been negatively selected, some neutral, and it is possible that the insertion into a genetic system was positively selected that was already engaged in non-self-recognition. We estimate the probability of a RAG transposon insertion in an ancestral V domain to give rise to a bona fide V-J module in some metazoans to be 99% (see table S1 in supplementary material).

A third step: antibody/TCR receptor somatic diversity could drive the appearance of MHC promiscuity and polymorphisms

The classical class I/II genes of the MHC are highly polymorphic, encoding proteins that bind processed peptides within the cell, move to the cell surface, and then interact with TCRs expressed on the surface of T-cells. Each MHC allelic form can bind many peptides, both self and non-self, with a specific amino acid motif. Most developing T-cells bearing TCRs that react with self-MHC molecules bound to self-peptides, are eliminated during maturation in the thymus.

During infection, both self and non-self-peptides are presented by MHC proteins, with non-selfpeptides recognized by TCRs on T-cells, which activate the immune system to respond in a variety of ways. These MHC genes evolved in the ancestor of jawed vertebrates in roughly the same time window as the RAG/V(D)J generation of somatic diversity [START_REF] Flajnik | Origin and evolution of the adaptive immune system: genetic events and selective pressures[END_REF][START_REF] Danchin | The major histocompatibility complex origin[END_REF]. Various hypotheses have been proposed for the origin of MHC genes (see Box 4). In this speculative review, we also propose a scenario whereby MHC genes evolved from PRRs from the innate immune system.

The first part of our hypothesis is that the ancestral MHC-like molecule could have bound some In the second part of this hypothesis, the integration of the RAG transposon into ancestral BCR/TCR-like genes may have led to a significantly increased possibility of recognition; we will focus here only on TCRs, as they interact with the MHC. As a result of the increased possibilities of recognition by the TCRs, mutations in the ancestral MHC-like molecule leading to the binding of new PAMPs could have been recognized by the TCRs, and therefore been selected.

Presumably, this expanded ability of this ancient MHC/TCR system to recognize new PAMPs would have eventually allowed peptides to be bound, presented, and recognized during an immune response.

As a third part of this hypothesis, we posit that the ancient MHC molecule was selected to bind many peptides to allow the recognition of numerous pathogens, possibly via the appearance of allelic polymorphisms and peptide-binding promiscuity (as well as from the generation of multigene families). Both allelic polymorphisms and promiscuity are properties of MHC molecules encoded by a single gene, and both extend the number of peptides that can be bound, and thus, the number of pathogens that can be recognized [START_REF] Spurgin | How pathogens drive genetic diversity: MHC, mechanisms and misunderstandings[END_REF][START_REF] Radwan | Advances in the evolutionary understanding of MHC polymorphism[END_REF][START_REF] Kaufman | Generalists and Specialists: A New View of How MHC Class I Molecules Fight Infectious Pathogens[END_REF]. If a particular MHC molecule only bound a limited number of peptides, then a new pathogen would not be recognized by the MHC/TCR system unless a mutation occurred in MHC genes; thus, such a mutation would be selected to deal with the new pathogen. However, the mutation might prevent the new molecule from binding previously-bound peptides, so that the host would be vulnerable to the original pathogen still in the environment. In order to deal with both old and newly-arising pathogens, pathogen-mediated selection leads to allelic polymorphism [START_REF] Spurgin | How pathogens drive genetic diversity: MHC, mechanisms and misunderstandings[END_REF][START_REF] Radwan | Advances in the evolutionary understanding of MHC polymorphism[END_REF][START_REF] Kaufman | Generalists and Specialists: A New View of How MHC Class I Molecules Fight Infectious Pathogens[END_REF]. Another way to increase recognition of new pathogens would be to increase the range of peptides bound, and such promiscuity can be an important feature of MHC molecules [START_REF] Kaufman | Generalists and Specialists: A New View of How MHC Class I Molecules Fight Infectious Pathogens[END_REF][START_REF] Chappell | Expression levels of MHC class I molecules are inversely correlated with promiscuity of peptide binding[END_REF][START_REF] Manczinger | Pathogen diversity drives the evolution of generalist MHC-II alleles in human populations[END_REF]. A third way to increase recognition of new pathogens would be to increase the number of MHC genes, but the need to avoid recognition of self-peptides might limit the size of the MHC multigene family (although there are theoretical arguments to the contrary) [START_REF] Vidović | Unresponsiveness to a foreign antigen can be caused by self-tolerance[END_REF][START_REF] Nowak | The optimal number of major histocompatibility complex molecules in an individual[END_REF][START_REF] Borghans | Thymic selection does not limit the individual MHC diversity[END_REF]. whether there is a functional equivalent of MHC molecules in jawless fish remains unclear.

Box 2 Evolution of two systems of adaptive immunity in vertebrates

An important question concerns the origin of the complexity of cells involved in adaptive immunity. Both molecular systems with somatic diversification (VLR/AID and VDJ/RAG) could have been in place along with a pre-adaptive immune system [START_REF] Kaufman | Unfinished Business: Evolution of the MHC and the Adaptive Immune System of Jawed Vertebrates[END_REF][START_REF] Boehm | Evolution of Alternative Adaptive Immune Systems in Vertebrates[END_REF][START_REF] Flajnik | A Convergent Immunological Holy Trinity of Adaptive Immunity in Lampreys: Discovery of the Variable Lymphocyte Receptors[END_REF]. Then, the two molecular systems might have evolved in an independent manner in the two vertebrate lineages, jawless fish and jawed vertebrates. The mechanism of diversity generation is similar in both vertebrate lineages, starting with a DNA double-strand break (DSB) in the region involved in DNA recognition, followed by gene repair from either non-homologous end-joining (NHEJ) mechanisms or gene conversion [START_REF] Arakawa | Requirement of the activation-induced deaminase (AID) gene for immunoglobulin gene conversion[END_REF][START_REF] Rogozin | Evolution and diversification of lamprey antigen receptors: evidence for involvement of an AID-APOBEC family cytosine deaminase[END_REF]. The DSB in cyclostomes (and some jawed vertebrates) is due to an enzyme from the AID/APOBEC family and repair by gene conversion events, while the DSB in most jawed vertebrates is due to the RAG sequence-specific endonuclease, followed by DNA repair through a NHEJ mechanism.

It is important to note that the function of possible T-and B-cell lineages prior to the time adaptive immunity arose is entirely unclear. Innate lymphoid cells (ILCs) found in mammals are potential candidates for the functions of non-adaptive T cells before adaptive immunity (although they could also be a novelty of placental mammals), but system replacement might be more likely After cleavage, the hairpin-tipped coding segments are cut by the Artemis endonuclease, joined imprecisely by the repair cell machinery to form a coding joint (CJ). The imprecise joins are due to the palindromic (P) diversity (due to Artemis), nucleotide deletion diversity, and nucleotide (N) diversity (due to the terminal deoxynucleotidyl transferase, TdT), while the cleaved RSSs (and eliminated DNA segments) are joined precisely to form a signal joint (SJ). End-processing and joining are carried out by the NHEJ DNA repair pathway [for complete review, see [START_REF] Teng | Regulation and Evolution of the RAG Recombinase[END_REF]].

The discovery of RSSs, along with the mechanism of RSS cleavage (similar to several cut-andpaste DNA transposases (DDE transposases)) [START_REF] Sakano | Sequences at the somatic recombination sites of immunoglobulin light-chain genes[END_REF][START_REF] Mcblane | Cleavage at a V(D)J recombination signal requires only RAG1 and RAG2 proteins and occurs in two steps[END_REF] led to the hypothesis that a DDE transposon invaded an Ig-like gene, eventually resulting in antibody/TCR gene rearrangement [START_REF] Thompson | New insights into V(D)J recombination and its role in the evolution of the immune system[END_REF]. This hypothesis was strengthened by the demonstration that RAG is capable of DNA transposition [START_REF] Agrawal | Transposition mediated by RAG1 and RAG2 and its implications for the evolution of the immune system[END_REF][START_REF] Hiom | DNA transposition by the RAG1 and RAG2 proteins: a possible source of oncogenic translocations[END_REF]. The discovery of the Transib transposon in non-vertebrates (corresponding to the RAG1 core sequence and whose TIRs are similar to the RSSs) supports this hypothesis [START_REF] Kapitonov | RAG1 core and V(D)J recombination signal sequences were derived from Transib transposons[END_REF]. The finding being potentially ancestral to T cells [START_REF] Du Pasquier | The phylogenetic origin of antigen-specific receptors[END_REF]. NK cells can recognize stressed cells without direct pathogen recognition. A specific scenario was recently suggested in which an NK cell receptor recognized an MHC-like molecule with a closed groove, which evolved into an MHC-like

molecule with an open groove to detect proteins bearing leucine as a starting amino acid, and which appear in stressed cells [START_REF] Kaufman | Unfinished Business: Evolution of the MHC and the Adaptive Immune System of Jawed Vertebrates[END_REF].

A linked issue is whether primordial MHC genes and molecules were organized as in the class I or class II systems. A scenario based on structure is that the original MHC molecule was a homodimer of class II β-like chains, with gene duplication and divergence giving rise to heterodimers of class II α-like and β-like chains, followed by an inversion leading to a class I heavy-like chain and a β 2 -microglobulin chain with a transmembrane region, and a subsequent mutation to give rise to a class I-like molecule [START_REF] Kaufman | Unfinished Business: Evolution of the MHC and the Adaptive Immune System of Jawed Vertebrates[END_REF][START_REF] Kaufman | The class II molecules of the human and murine major histocompatibility complex[END_REF]. A scenario based on function suggested the transfer of a peptide-binding region from a chaperone in front of an IgC-like region to produce a class I-like heavy chain first [START_REF] Ruff | MHC signaling during social communication[END_REF]. Recent evidence for highly promiscuous peptide binding and C-terminal protrusions of peptides from the groove of chicken class I molecules renders the differences between class I and II molecules less clear [START_REF] Kaufman | Generalists and Specialists: A New View of How MHC Class I Molecules Fight Infectious Pathogens[END_REF][START_REF] Chappell | Expression levels of MHC class I molecules are inversely correlated with promiscuity of peptide binding[END_REF][START_REF] Xiao | An Invariant Arginine in Common with MHC Class II Allows Extension at the C-Terminal End of Peptides Bound to Chicken MHC Class I[END_REF].

  PAMPs, presenting them to ancestral TCR-like molecules. The ancestral MHC-like molecule may have been limited to just a few pathogens, and each ancestral TCR-like molecule may have only recognized a particular class of PAMP bound to the ancestral MHC-like molecule. Thus, if a mutation of the ancestral MHC-like molecule allowed binding of a new PAMP, this combination might not be recognized by the ancestral BCR/TCR-like molecules (even if they were encoded by a multigene family); therefore, the new MHC-like molecule might not be selected and the mutant gene could be lost by genetic drift. In fact, if the new MHC-like molecule lost binding to the original PAMPs, it might be negatively selected.

Figure 1 .

 1 Figure 1. Phylogenetic distribution: RAG in jawed vertebrates and the RAG-like transposon.Shown on the consensus bilaterian tree, are the presence of RAG-like transposons[START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF][START_REF] Fugmann | The origins of the Rag genes--from transposition to V(D)J recombination[END_REF][START_REF] Martin | Evidence for an ancient bilaterian origin of the RAG-like transposon. Mobile Elements[END_REF][START_REF] Kapitonov | RAG1 core and V(D)J recombination signal sequences were derived from Transib transposons[END_REF][START_REF] Kapitonov | Evolution of the RAG1-RAG2 locus: both proteins came from the same transposon[END_REF], and the RAG among clades, sequenced from databases. The comparative activity of RAG in V(D)J recombination among jawed vertebrates, and the activity of RAG-like transposons is adapted[START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF][START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF], showing that this biochemical switch would constitute an unconstrained evolutionary step.

Figure 2 .Box 1 .

 21 Figure 2. Antibody/TCR receptor somatic diversity might drive the appearance of MHC promiscuity and polymorphisms. We propose a hypothetical model whereby the ancestral MHC-like molecule bound certain PAMPs, presenting them to ancestral TCR-like molecules. The ancestral MHC-like molecule may have been limited to just a few pathogens, and each ancestral TCR-like molecule might have only recognized a particular class of PAMP bound to the ancestral MHC-like molecule. A mutation in the ancestral MHC-like molecule may have allowed binding of a new PAMP, but this new combination could not be recognized by the ancestral TCR-like molecule. As a result, the new MHC-like molecule would be lost by genetic drift. The integration of the RAG transposon into an ancestral TCR-like gene may have led to a significantly increased probability of recognition by these original, non-diverse TCRs. Thus, mutations in the ancestral MHC-like molecule may have led to a conformational ability to bind new PAMPs; consequently, mutated MHC molecules could have then been recognized by diverse TCRs thereafter, becoming evolutionarily selected via three mechanisms, peptide-binding promiscuity, allelic polymorphism, and expansion into multigene families. The expanded ability of this ancient MHC/TCR system to recognize new PAMPs would presumably allow peptides to be bound, presented, and recognized during an immune response.

[ 48 ]Box 3 .

 483 . If the first adaptive immune system was based on VLR, then, in jawed vertebrates, a shift might have occurred from IgV-IgC innate immunity, to IgV-IgC adaptive immunity, followed by the loss of VLR-based adaptive immunity. If the first adaptive immune system was based on IgV-IgC, then, in cyclostomes, the reverse may have occurred. In fact, such replacements have been noted for natural killer (NK) cell receptors [2]: at least three families of NK cell receptors exist with analogous functions: lectin-like receptors (overwhelmingly in rodents and to a lesser extent in certain other mammals), Ig-like receptors of the KIR family (one or another of the KIR sub-families, as in humans and other mammals) and a completely different family of Ig-like receptors in bony fish. Emergence of Rearranging B-and T-cell receptors and Brief History of the Origin of RAG The antibody and TCR genes of jawed vertebrates are assembled from variable (V), diversity (D), and joining (J) gene segments during B-and T-lymphocyte development to give contiguous VJ and V(D)J sequences. The process to excise the DNA between the gene segments is initiated by the RAG endonuclease. The RAG endonuclease specifically recognizes recombination signal sequences (RSSs) that flank each gene segment. RSSs are composed of conserved heptamer and nonamer sequences separated by a less conserved spacer sequence of either 12 or 23 bp (12RSS and 23RSS). RAG-mediated DNA cleavage occurs preferentially in a complex containing a 12RSS and a 23RSS, involving a nick-hairpin mechanism.
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Concluding Remarks

We propose a model whereby the ancestral MHC-like molecule harbored an innate immune function, but when ancestral TCR-like molecules began to diversify due to RAG domestication, thus increasing their recognition potential, ancient MHC molecules might have increased their peptide-binding capacity through increased promiscuity. However, the peptide-binding capacity may have still been low, compared to the recognition capacity of the TCR; therefore, allelic polymorphism may have evolved via pathogen-mediated selection. As this hypothesis begins with the recognition of PAMPs, for which LRR-containing molecules such as TLRs are major players, a similar scenario might be envisaged for the VLR system, based on LRRs. Thus far, no equivalent of an MHC molecule in cyclostomes has been reported (Box 1), but some analogous molecule might be expected based on this model (see outstanding questions).

Transposable elements are usually considered to be egotistical pieces of DNA, although there is much research on their potential utility for host organisms. The case of the RAG transposon is particularly spectacular: a small piece of DNA that has completely changed immunity in jawed vertebrates and indeed, also the research of many, if not most, immunologists (including the authors of this opinion article). It will be exciting to discover which other accidents of evolution have led to such enormous consequences. of complete RAG transposons (formed by RAG1-like and RAG2-like sequences) in the genome of the protochordate amphioxus (Branchiostoma belcheri) [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of V(D)J Recombination[END_REF] and the hemichordate Ptychodera flava [START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF], as well as fossilized transposons in several deuterostomes [START_REF] Fugmann | The origins of the Rag genes--from transposition to V(D)J recombination[END_REF][START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF][START_REF] Kapitonov | Evolution of the RAG1-RAG2 locus: both proteins came from the same transposon[END_REF] and protostomes [START_REF] Martin | Evidence for an ancient bilaterian origin of the RAG-like transposon. Mobile Elements[END_REF], indicates that the RAG transposon was present at least as far back as the bilaterian ancestor, remained active in several lineages, and was co-opted as part of V(D)J recombination machinery in jawed vertebrates [START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF][START_REF] Martin | Evidence for an ancient bilaterian origin of the RAG-like transposon. Mobile Elements[END_REF].

Box 4 The function and origin of MHC molecules

The high polymorphism of classical MHC genes is generally accepted to be a consequence of a molecular arms race between host and pathogens. However, the MHC can also be involved in inbreeding avoidance behavior, and kin-specific cooperation. Since kin selection and inbreeding avoidance are universal phenomena [START_REF] Cardarelli | Two Proteins Form a Heteromeric Bacterial Self-Recognition Complex in Which Variable Subdomains Determine Allele-Restricted Binding[END_REF][START_REF] Tomaso | Allorecognition and Stem Cell Parasitism: A Tale of Competition, Selfish Genes and Greenbeards in a Basal Chordate[END_REF][START_REF] Espinosa | Evidence of Taxa-, Clone-, and Kindiscrimination in Protists: Ecological and Evolutionary Implications[END_REF][START_REF] Fujii | Non-self-and self-recognition models in plant self-incompatibility[END_REF][START_REF] Gruenheit | A polychromatic 'greenbeard' locus determines patterns of cooperation in a social amoeba[END_REF][START_REF] Harada | Mechanism of self-sterility in a hermaphroditic chordate[END_REF][START_REF] Heller | Greenbeard Genes Involved in Long-Distance Kind Discrimination in a Microbial Eukaryote[END_REF][START_REF] Kües | From two to many: Multiple mating types in Basidiomycetes[END_REF][START_REF] Paoletti | Vegetative incompatibility in fungi: From recognition to cell death, whatever does the trick[END_REF][START_REF] Rosengarten | Model systems of invertebrate allorecognition[END_REF][START_REF] Saak | The Self-Identity Protein IdsD Is Communicated between Cells in Swarming Proteus mirabilis Colonies[END_REF][START_REF] Wall | Kin Recognition in Bacteria[END_REF], some authors have proposed that the immune function of the MHC is a derived function [START_REF] Boehm | Quality control in self/nonself discrimination[END_REF][START_REF] Ruff | MHC signaling during social communication[END_REF]. However, even in the best-studied systems for mate choice, evidence that MHC molecules participate in this process, and the putative mechanisms, remain unclear [START_REF] Radwan | Advances in the evolutionary understanding of MHC polymorphism[END_REF][START_REF] Leinders-Zufall | Structural requirements for the activation of vomeronasal sensory neurons by MHC peptides[END_REF].

Various hypotheses have been proposed for the origin of MHC genes. One suggestion was that chaperone genes gave rise to the peptide-binding domains characteristic of MHC molecules [START_REF] Flajnik | Which came first, MHC class I or class II?[END_REF].

Although subsequent structural analysis of HSP70 rules out the specific example suggested by these authors [START_REF] Kaufman | Unfinished Business: Evolution of the MHC and the Adaptive Immune System of Jawed Vertebrates[END_REF], it remains possible that a different ancient chaperone could be the ancestor. Another candidate is IRE1, which is involved as a sensor in the unfolded protein response, and has a structure and peptide-binding properties like MHC molecules [START_REF] Credle | On the mechanism of sensing unfolded protein in the endoplasmic reticulum[END_REF][START_REF] Karagöz | An unfolded protein-induced conformational switch activates mammalian IRE1[END_REF]. A recent suggestion was that the primordial MHC-like molecule evolved from a heavy chain-only antibody molecule that cycled between endosomal compartments and the surface [START_REF] Dijkstra | Ancient features of the MHC class II presentation pathway, and a model for the possible origin of MHC molecules[END_REF]. Another hypothesis was that NK cell receptor-ligand interactions allowed TCR-MHC interactions to evolve, with NK cells Glossary AID/APOBEC deaminases (AADs): family of enzymes that convert cytidine to uridine in single-stranded nucleic acids; involved in numerous mutagenic processes, including those underpinning vertebrate innate and adaptive immunity.

Allelic exclusion:

process by which only one allele of a gene is expressed while the other allele is silenced.

Bilaterian: metazoan animals with a bilaterally symmetric body plan, including the protostomes and deuterostomes.

Cyclostome: jawless fish (also known as agnathan); the sister group of jawed vertebrates Deuterostome: clade of animals including jawed vertebrates, jawless fish, cephalochordates (such as amphioxus), urochordates, hemichordates and echinoderms (such as sea urchins); the sister group of protostomes within bilaterians. Recombination activating genes (RAGs) are two host genes located next to each other that encode RAG1 and RAG2 proteins; these, as a complex, initiate the rearrangement of gene segments encoding antibody and TCR molecules.

DDE transposon (aka class

RAG DDE transposon:

RAG-like sequence found in non-vertebrates, functioning as transposon.

Somatic diversification: the process of mutation in somatic cells, e.g. genomic rearrangement

Terminal deoxytransferase (TdT): enzyme that randomly adds nucleotides to untemplated broken ends of DNA, particularly during somatic diversification of antibody and TCR genes

Toll-like receptor (TLR): one class of PRRs involved in initiating innate immune responses

Transib: DDE transposon from protostomes whose transposase gene is closest to RAG1, and whose TIR is similar to the RAG transposon, and the V(D)J RSSs .

Highlights

RAG evolved from a DDE transposon present in the ancestor of bilaterian animals; it evolved in a vertical manner and was domesticated as RAG in a jawed vertebrate ancestor. This RAG-like transposon belonged to a transposon family with an ability to create palindromic (P) diversity.

A proposed model is that the jawed vertebrate ancestor possessed a complex and powerful innate immune system, where the pre-MHC molecule was able to bind and present certain PAMP molecules to a monomorphic non-rearranging TCR-like molecule.

The integration of the RAG transposon in recognition module of the TCR-like gene may have led to a significant increase in recognition possibilities, presumably allowing new MHC-like variants to be selected.

Hypothetically, the increase in recognition possibilities may have also led to the appearance of MHC polymorphisms and an increase in peptide-binding repertoires (promiscuity). Table S1. Estimated Probability of the RAG transposon insertion in an ancestral V domain.

RAG transposon co-option events

The average transposition for a given DDE transposon per genome is approximately 10 -4 /year [START_REF] Adrion | Genome-Wide Estimates of Transposable Element Insertion and Deletion Rates in Drosophila Melanogaster[END_REF].

The generation time is approximately 1 year in average for Deuterostomia (calculated on the average generation age of the deuterostomian) and might be estimated as 10, including (TIR-------TIR) (MIR), and potentially more, if we look at the Ptychodera genome [START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF].

The time of evolution in the deuterostomia lineage of the RAG transposon before its co-option as RAG V(D)J recombinase was approximately 200 million years (the difference between the time the RAG transposon appeared in the ancestor of deuterostomes, and the time of its co-option in the jawed vertebrate ancestor) [START_REF] Morales Poole | The RAG transposon is active through the deuterostome evolution and domesticated in jawed vertebrates[END_REF]. The number of possible positions per gene V is approximately 250, to have a J sequence of at least 50 nucleotides [START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF]. We could estimate that 100 copies of V genes were present.

Thus, the number of possible transposition events on a V gene might be:

10 -4 x 2(10) 8 x 10 x 250 x 100 = 5 x10 9 .

The size of a deuterostomian genome is on average 5(10) 8 . The probability of observing at least one event in 5(10) 9 repetitions is the complement of not observing any, and as the events are independent (and follow the same distribution), the probability of not observing a single event in 5(10) 9 trials, is the probability of not observing it:

1 -(499999999/500000000) > 5(10) 9 = 1%.

Thus, the probability that the event happened might then be: 99%. Supplementary Material Table S1