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Highly polymorphic loci evolved many times over the history of species. These polymorphic loci are involved in three types of functions: kind recognition, self-incompatibility, and the jawed vertebrate adaptive immune system (AIS). In the first part of this perspective, we reanalyzed and described some cases of polymorphic loci reported in the literature. There is a convergent evolution within each functional category and between functional categories, suggesting that the emergence of these self/non-self recognition loci has occurred multiple times throughout the evolutionary history. Most of the highly polymorphic loci are coding for proteins that have a homophilic interaction or heterophilic interaction between linked loci, leading to self or non-self-recognition. The highly polymorphic MHCs, which are involved in the AIS have a different functional mechanism, as they interact through presented self or non-self-peptides with T cell receptors, whose diversity is generated by somatic recombination. Here we propose a mechanism called “the capacity of recognition competition mechanism” that might contribute to the evolution of MHC polymorphism. We propose that the published cases corresponding to these three biological categories represent a small part of what can be found throughout the tree of life, and that similar mechanisms will be found many times, including the one where polymorphic loci interact with somatically generated loci.
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Preamble

We develop this work mainly to determine whether MHC-like systems could be found in phyla other than vertebrates. We define an MHC-like system as consisting of a polymorphic presenting molecule (the MHC) that recognizes a small molecule and interacts with a receptor capable of somatic diversification. The possibility that MHC-like could be polymorphic is based on our earlier proposition: the MHC polymorphism is due to the limited binding properties of the MHC binding pocket, compared to the capacity of recognition of the T cell receptor [(1), see Figure 1A].




Figure 1 | We proposed a hypothetical model whereby the ancestral MHC-like molecule bound certain pathogen-associated molecular patterns (PAMPs), presenting them to ancestral TCR-like molecules. (A) The ancestral MHC-like molecule may have been limited to just a few pathogens and each ancestral TCR-like molecule might have recognized only a particular class of PAMP bound to the ancestral MHC-like molecule. A mutation in the ancestral MHC-like molecule may have allowed the 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. (B) The integration of the recombination-activating gene (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 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. We propose in the present article that this phenomenon could be universal. This figure has been reprinted with permission from Tsakou-Ngouafo et al. (1).



We developed here this proposal and named it “the capacity of recognition competition mechanism” (CRCM) (see below). We further propose that MHC-like systems evolved in other phyla than that of the jawed vertebrates.

This proposal is inspired by two kinds of observations:

The first kind of observation leads to the hypothesis that diversity, driven by somatic recombination, evolved many times during species evolution. Indeed the recombination activation gene (RAG), which is involved in the somatic TCR rearrangement, is a domesticated cut and paste transposon (1, 2) belonging to the DDE transposon family. It has to be noted that the number of DDE transposons found in nature is huge (2) and that DDE transposons have been co-opted several times as site specific recombinase.

The second kind of observation is that tripartite interaction is found in other cases that MHC plus peptide and TCR interact. This has been described in the following case: BTN3A1 recognizes, via an internal domain, a pathogen metabolite leading to a modification of the conformation of the extracellular domain leading to the activation of the Vγ9Vδ2 TCR (3).

Our article is organized as follows: we first describe the different biological categories in which polymorphism loci are involved: 1) kind recognition, 2) self-incompatibility (inter-individual recognition, 3) the MHC system involved in the jawed vertebrate adaptive immunity.

We will describe that recognition primarily occurs through the interaction of polymorphic ligands and polymorphic receptors and at least in one case of interaction between receptors driven by a somatic mutation and polymorphic ligands. We will then present the hypothesis that predicts the MHC-like systems exist in phyla other than jawed vertebrates.

In this article, we discuss the diversity of life using examples of different clades of species. In order to better follow the text, we advise readers to refer to the Tree of Life [(4) http://tolweb.org/tree/].



Kind Recognition

Kin recognition is the body’s ability to distinguish between close genetic individual (kin) and less genetically related individual (non-kin). This capacity is found throughout the diversity of life. Different mechanisms have been implemented to enforce cooperation between cells. The interaction can be helpful or harmful (5) rewarding kinship and/or penalizing non-kinship. It is important to note that, the interaction can be limited at certain loci, a process named “kind recognition”. Much discrimination appears to be achieved through kind recognition rather than kin-recognition. The genes involved in kind-recognition are named “green beard” genes. Many of the described Greenbeard genes are polymorphic. The recognition between the ligand and the receptor can correspond to homotypic or heterotypic interaction. In the case of heterotypic interaction, the genes coding for the interaction protein are linked in the genome. Recognition could be self-recognition, and this has led to cooperation, non-self-recognition; in this case it will be harmful and missing self-harmful.


Bacteria

Kind recognition has been well described for two bacterial species: Proteus Mirabilis and Myxococcus Xanthus.


Proteus mirabilis

Proteus mirabilis is capable of forming swarming colonies. Genetically different colonies do not interact, while those of genetically identical populations merge (6). Id proteins are important for the recognition mechanism. Indeed, IdsD and IdsE encode identity information for each colony. Heterotypic complex is formed between polymorphic IdsD and IdsE (7) belonging to the same operon and therefore are strongly genetically linked. They bind also in vitro in an allele-restrictive manner. Saak and Gibbs (6) demonstrated that the non-interaction between IdsD and IdsE does not cause cell death. The non-interaction leads to restricting the expansion radius of the swarming colony. Therefore, P. mirabilis communicates Ids between neighboring cells for a helpful interaction (6).



Myxobacteria

At least two systems are involved in the recognition; they operate in a subsequent manner. The first step involves the TraA/TraB receptor-ligand binding. The second step is a verification step; a polymorphic toxin is delivered to the recognized cell. Genetically identical cells will express a related immunity factor and survive, while a cell that is not genetically identical will lack immunity and die (8).

The first step involves receptor–ligand binding (TraA/TraB), Myxobacterial cells can exchange their outer membrane (OME) lipoproteins OME. TraA and TraB are cell surface proteins that must be present on both interacting cells. TraA/TraB catalyze the fusion of the OME; TraA is the receptor involved in recognition. Recognition occurs if the partnering cells have identical or very similar TraA receptors. TraA is polymorphic, with hundreds of different alleles (9) and here, the self-recognition led to a cooperative interaction (helpful) and the missing self is therefore harmful.

During the verification step, polymorphic toxins are delivered to the recognized cell. If the two cells are from the same strain, the recognized cell will express a cognate immunity factor and survive, whereas a cell that is not from the same strain will not possess the cognate receptor and therefore will be killed (10). This mechanism, as described for other bacteria, corresponds to a toxin–antitoxin system (11). The polymorphic toxins are delivered between cells in close contact (SitA toxins). Each toxin is associated with an antitoxin, which specifically neutralizes toxicity in the producing cell and in the cells from the same strain. As expected, the genes that code for the toxin and the antitoxin are genetically linked and are coded by the same operon. Here, the missing self is therefore harmful.




Eukaryotes

Several eukaryotes are able of kind recognition; some of these mechanisms are known at the molecular level. Several examples are found in unicellular eukaryotes.


Dictyostelium discoideum

Dictyostelium discoideum have a unicellular life phase, but they aggregate upon starvation and form fruiting bodies with viable spores and dead stalk cells. The cell aggregation can lead to chimerism. Dictyostelium avoids chimerism by preferential cooperation with kin. This recognition (that participates in cell-adhesion and signaling) involves the highly polymorphic TgrB1 and TgrC1 receptors that are encoded by two adjacent genes. A pair of TgrB1 and TgrC1 alleles from the same haplotype is necessary and sufficient for the self-recognition, which is mediated by differential cell–cell adhesion. TgrB1 and TgrC1 receptors mediate this adhesion through direct binding. In fact (12–14), here, the self-recognition led to a cooperative interaction (helpful).


Fungi (here the non-kin recognition is called Vegetative incompatibility)

The systems work at two different levels: one acts post-fusion and the other pre-fusion.



Self-/Non-Self-Discriminations That Act Post-Fusion

Non-self-harmful heterotypic linked loci or homotypic polymorphisms are distributed between several loci; the different loci have the same functional properties. Here, the mechanism is different than above since the interaction occurs in the non-self-manner in ascomycetes, and basidiomycetes allorecognition can result in vegetative incompatibility. This is done via programmed cell death that occurs after fusion of cells from different strains. The recognition involves the het loci, with co-expression of any combination of incompatible alleles resulting in vegetative incompatibility. The Het code for a recognition domain and a cell death inducing domain, these domains can be found on the same protein or on different proteins. The recognition domain includes at least one polymorphic site, which defines allele specificity. Polymorphism at het loci can also involve several genes maintained in tight linkage disequilibrium, which prevents recombination. This is important in the case of heterotypic interaction (15–18).

Recognition is driven by several loci with two or three alleles of high specificity supported by a low polymorphism and several paralogous loci. For example, 11 loci are functional in allorecognition in the ascomycete Neurospora crassa (19).

Here, the loci are not linked; the explanation is that in natural population, events of out-crossing, which eventually lead to the formation of self-incompatible meiotic, descendants may occur very rarely. These fungi strains are pseudo-homothallic; they have two mating-types, but spores are binucleated and almost always carry nucleic of the two sexual types. So in the end, the strains can be self-fertile and can do very little outcrossing.



Self-/Non-Self-Discriminations That Act Pre-Fusion 

In ascomycete fungi, several loci are involved in self-/non-self-discriminations that act before the fusion step during chemotropic interactions (20). This has been well studied in Neurospora crassa. Recognition and chemotropic interactions between genetically identical germinated asexual spores (germlings) require oscillation of a signal transduction protein complex. Different groups of communication can be identified, in which germlings within one communication group are able to interact, while germlings from different groups of communication groups avoid each other.

Three highly polymorphic genes (doc-1, doc-2, and doc-3) found in linkage disequilibrium are involved in the communication group phenotype. The exchange of doc-1 and doc-2 alleles from different communication group strains was necessary and sufficient to define communication group identity. The ligands are not known. The deletion of doc-1 and doc-2 allows self-communication and chemotrophic interactions between non-communication groups. It is possible doc-1 and doc-2 repress a functional cascade if non-genetically identical germlings are close. Therefore, the cascade is activated when the self is missing.

The question is whether the ligand gene is close to the doc loci, or do we have some kind of education (change at the somatic level)? This is an important point to raise and will be discussed in the hypothesis section of the article.




Metazoan

Kind recognitions have been described in several clades of colonial metazoan (and likely to be present in all the colonial metazoan) desmoponges, cnidarians, ascidians, bryozoans, see for review Grosberg (21); most of the cases have been evidenced via artificial tests, such as grafting. The cases characterized in vivo are described below.


Cnidarian: Hydractinia

Hydractinia polyps, which are asexual, can join and form colonies; the junction is done via vascular-type canals. These vascular-type canals allow the stem cells of one individual to migrate into the vasculature of the fusion partner. Three outcomes can be evidenced in transplantation assays: fusion, transitory fusion, and rejection. This is controlled by highly polymorphic loci Alr1 and Alr2 that encode self-ligand protein. If colonies share at least one allele at both genes, they fuse. If an allele is shared in only one of the two genes, the colonial fusion is transient. The rejection occurs when the two individuals have different alleles for the two genes.

Hundreds of Alr2 alleles have been described (22, 23) in natural population of Hydractinia (22, 23), while Alr1 are expected to be similarly polymorphic (22).



Urochordate Botryllus

Botryllus schlosseri colonies’ contact leads to fusion or rejection. In fusion, each colony’s tunic border dissolves at the contact zone; the opposing matrices and ampullae fuse, leading to a continuous circulation system. In rejection, a cell mediated inflammatory reaction prevents vascular continuity. The cells involved in the cytotoxic reaction are the morula cells [see for review (24)]. The fusion or rejection outcome is controlled by the histocompatibility locus FUHC fusion/histocompatibility (25). Fusion will occur between two colonies if they share one or both haplotypes of the Fuhc locus, while rejection will occur if two colonies share no alleles.

Given the rarity of fusion observed between randomly paired colonies, FUHC has been inferred to be highly polymorphic. Several polymorphic loci are found in the FUHC cluster, one of them, BHF, seems to play a crucial role in the allorecognition (26, 27).

Voskoboynik and colleagues (26) showed that polymorphisms on the BHF locus agree with the fusion rejection pattern, and other polymorphic loci found in the vicinity of BHF have poor fusion/rejection predictability. These outcomes have been viewed with some skepticism (24). Indeed, the same analysis suggested that cfuhcsec and cfuhctm, hsp40-l, which are separated respectively 227 bp and 8 kb each and are in strong linkage disequilibrium, had different predictive abilities. However, an interesting observation published in 2018 (27) reported that B. schlosseri Morula cells do not express BHF protein on the cell membrane. This suggests the existence of an inhibitory receptor on the morula cytotoxic cells that can recognize self-BHF. It is important to note that one of the genes that is differentially expressed by cytotoxic morula cell is sFuHC. Given the mechanism of inhibition of BHF and the significantly high expression of sFuHC in cytotoxic morua cells, it is likely that FuHC acts as a BHF inhibitory recognition receptor.






Self-Incompatibility in Sexual Reproduction and Mating System

In animals and plants, the sexual reproduction is due to the fusion of two gamete types of different sizes (anisogamy). In both phyla, self-incompatibility has been developed for hermaphrodites species in order to avoid self-fertilization and thus polymorphism depression. The self-incompatibility can be determined at the organism phenotypic level or at the gametic genetic level. We will focus here on the studies investigating the gametic level.

In addition to plants and animals, most of eukaryotes reproduce via the same gamete type isogamy. In order to avoid “polymorphism depression”, they use the mating system. The best studied case is the one of the basidiomycetes fungi.


Mating in Basidiomycetes Fungi

In Basidiomycetes fungi, sexual reproduction is often driven by two independent sets of mating type (MAT) specific genes that control different stages of the sexual cycle. This is supported by two unlinked loci: the HD and the P/R loci. The H/D loci encode transcriptional regulators. The encoded proteins are HD1 and HD2. They correspond to two classes of homeodomain transcription that form heterodimers regulating post-mating behavior (28, 29). The HD1 interacts with the HD2 from a different allelic form than the HD2 self and vice versa. The number of HD1–HD2 alleles, for example in Coprinopsis Cinera, is estimated at 160. PR locus encodes one pre-mating lipopeptide pheromones and their receptors (P/Rs), which mediate recognition of mating partners and cell fusion; the pheromone will interact with the receptor of a different allelic form in a given allelic group. The number of (P/R) loci in the case of Coprinopsis Cinera has been estimated at 79.



Self-Incompatibility in Plants and Animal

In plants and metazoan, biological mechanisms exist to avoid inbreeding for the hermaphrodite; self-incompatibility can be found at the morphological (structural barrier) or genotypic level.

Two different systems have been set up during the evolutionary history of hermaphrodites: helpful non-self-recognition and harmful self-recognition.


Self-Incompatibility in Plant

Self-incompatibility is described in approximately 40% of flowering plant species and in at least 100 families. The self-incompatibility can be found at the morphological level (structural barrier) or at the genotypic level. At the genetic level, self-incompatibility system evolved at least three times during the eudicot evolution and at least once in monocots (30).


Non-Self-Recognition Protection: The Most Well Described Cases Is the One of Solanaceae


SRNASE mediated gametophytic self-incompatibility

The SRNASE mediated gametophytic self-incompatibility occurred after the monocot–dicot split, but before the rosids asterids split. It was replaced many times by polymorphic incompatibility, phenotypic incompatibility in most of the cases and has been also replaced at the molecular level in the case of brassicaceae by the sp11 SRK system and PrsS/PrpS in papaveraceae (sister group of the rosids asterids group).

The male and female genes are linked. The female S determinant is an S-RNAse, the male S determinant encodes an F-box protein (SLF), which recognizes and detoxifies the female-determining S-RNases from another haplotype. The SLF forms multigene families (formed of several paralogs). Each paralogous SLF protein specifically interacts with one or more S-RNAse proteins of other S-haplotypes. High polymorphism and sequence divergence of the SRNase genes and conservation of a high sequence of SLF genes from different haplotypes are found (30–32).

The explanation of the processes is that the SLF, the paralog recognizing the self S-RNAse, is counter-selected as this would result in polymorphism depression leading to decreased fitness (33).




Self-Incompatibility via Self-Recognition in Plant

Here, the recognition of self prevents fertilization. This results in tight coevolution between male and female determining components in a single haplotype. If the two loci are separated, fertilization can occur and cause inbreeding depression, so the two loci must co-evolve.

These self-histocompatibility mechanisms have been very well studied in two model groups: Brassicaceae and Papaveraceae.


Brassicaceae

The S-locus in the Brassicaceae carries two tightly linked and highly polymorphic S-determinant genes. The S-Locus protein 11 (SP11) or S-Locus cysteine rich protein (SCR) is the male S-determinant: SP11 is a secreted peptide located in the pollen coat. The S-locus Receptor Kinase (SRK) is the female S-determinant. SRK corresponds to a transmembrane protein belonging to the ser/thr receptor kinase family. SRK is located on the plasma membrane of the stigma papilla cells. Direct and specific molecular interaction between SP11 and SRK from the same S-Haplotype induces the incompatibility response in the stigma leading to self-pollen rejection.



Papaveracea

Male and female S determinants carry two closely related and highly polymorphic genes. The female S determinant: PrsS encodes a small protein secreted by papilla cells of the stigma. The male S determinant: PrpS encodes a small protein with several predicted transmembrane folds. The system is not as well understood as that in the case of brassicaceae. However, the specific interaction between PrsS and PrpS from the same S-haplotype results in self-rejection of the self (same S-haplotype); specific PrsS binding to its cognate PrpS on pollen plasma membrane elicits Ca2+ influx in the pollen tube, which triggers SI responses, leading to programmed cell death.





Self-Incompatibility in Animals

Self-incompatibility has been described for many tunicates and cnidarians. However, the mechanism is only known for the ascidian Ciona Intestinalis (34, 35). The SI system in Ciona intestinalis is similar to those of Papaveracea and Brassicaceae. The products of the sperm-side and egg-side multiallelic SI genes, which are closely related and highly polymorphic, appear to be responsible for the Self-incompatibility, as revealed by genetic analysis. The male-side S-determinant located in sperm head surface in animals and female-side S-determinant located in the vitelline coat of animal eggs recognize each other. When it is recognized as the same haplotype allele, fertilization is blocked.

Self-incompatibility can be found in other hermaphrodite animals, such as coral, but the self-incompatibility system does not seem to be driven by molecular mechanism (36). More investigations have to be carried out for animals. Nonetheless, it is likely that similar molecular systems will be found.





The MHC System

Two characteristics are specific to the MHC: 1) the system is involved in self non-self-interaction and interacts with a receptor (a tripartite recognition system); 2) the receptor (T cell receptor) diversifies at the somatic level. In order to better understand our hypothesis, it is useful to describe cases of self–self interaction and direct recognition using somatic diversification mechanisms.


Cell–Cell Recognition From the Same Individual, Interactions Between Loci Able to Perform Alternative Splicing and Regulation of Isoform Expression


Neural Development: Self-Avoidance During Neural Development Cases

During the neural development in many animals, self-avoidance ensures that a neuron’s process arborizes to evenly fill a particular spatial domain (37). At the individual neuron level, self-avoidance is driven by genes encoding cell-surface molecules (38, 39). This is done by generating thousands of different isoforms due to alternative splicing, such a as Dscam1 in drosophila and homophilic avoidance (38), or, as in the case of vertebrates, by using a homophilic interaction between different isoforms from a multigene family (protocadherin), which are expressed in a combinatorial way; a single mismatch can infer with the combinatorial homophilic interaction (39). Consequently, the recognition of cell identity is due either to the homophilic recognition of a system capable of generating thousands of isoforms, or to a system using the combination of several possible isoforms.



NK System

Individual Ly49 receptors in mouse and KIRs in humans are expressed in a stochastic and independent manner on NK cells. This mechanism allows the formation of a unique ‘NK cell repertoire’ in each individual, which is characterized by the coexistence of several NK cell subsets, each expressing from zero to five receptors. The composition of the NK cell repertoire is determined by several factors. Among these latter, the MHC repertoire is an important player as it affects the composition of the final Ly49/KIR repertoire and thus contributes to NK cell education. The NK cell education results from the differential interaction between the different MHC alleles and NK receptors.

It has to be noted that the interaction between the NK receptors and MHCs could be very ancient (40) and that the NK system may therefore have played a role in the emergence of MHC polymorphism (41).

However, to date, the NK system is not well known outside of the mammalian phyla. This will be discussed later in the article.




Direct Recognition With Self and Non-Self via Somatic Diversifying Selection


Olfactory System (Direct Interaction With Non-Self)

The odorant receptor genes (ORs) encode seven transmembrane receptor proteins that form the largest mammalian protein family. ORs are expressed monogenically and monoallelicaly in each olfactory epithelium neuron. The olfactory system is fantastically discriminating, so it uses a combinatorial receptor coding scheme to encode olfactory identities. Indeed, one OR can recognize several odorant molecules, and one given odorant is recognized by multiple ORs. However, the different odorant molecules are recognized by different combinations of ORs (42).



Immunoglobulin Diversity (Direct Interaction With the Self and Non-Self)

The jawed vertebrates’ adaptive immune system includes the immunoglobulin, the T-cell receptors (TCR) and the MHC. Immunoglobulin and TCR recognize antigenic determinants through the variable (V) regions, whose diversity is generated by V(D)J module recombination. The Immunoglobulin and TCR repertoire is increased thanks to the junctional diversity. This process corresponds to the addition of non-templated encoded nucleotides (N) at V(D)J junctions. Immunoglobulin directly recognized antigen, while, in the case of TCR, the recognition of the antigen involved a presentation of the antigen via the MHC, see after in text. The recombination-activating gene products (RAG proteins) constitute the enzymatic core of the V(D)J recombination machinery of jawed vertebrates. RAG catalyzes random assembly of variable, diverse, and joining gene segments that are present in the jawed vertebrate genome in numerous copies and together with hyper-mutation generate the enormous diversity of the assembled antibodies and T-cell receptors. The rearrangement occurs via repetitive elements at the edge of the rearranging segments, having a conserved heptamer and nonamer sequence separated by a space of either 12 or 23 base pairs: the recombination signal sequences or RSS [see for review Teng (43) and references]. The VDJ recombination mechanism is similar to the DDE transposon. Indeed, the DDE transposons encode for a transposase coding gene flanked by two Terminal Inverted Repeats (TIRs). To achieve transposition, the transposase recognizes these TIRs to perform the excision of the transposon which is then, or in concert with the excision, reinserted into a new genomic location. A DDE transposon (DNA cut and paste transpososon) named the RAG transposon, which is homolog to the RAG VDJ, has been described in non-vertebrate species (see for review 1). A likely hypothesis is that that the RAG DDE transposon invaded in the jawed vertebrate ancestor an IG-Like gene eventually resulting in the antibody/TCR rearrangement (1, 44).

A different recombination system is used in birds and some mammals to generate the immunoglobulin diversity. Indeed, only one pair of functional V and J segments are found for both the Ig light and heavy chain loci, and several pseudo V coding segments are found upstream the functional V segments in genes coding light and heavy chains. These pseudo-V segments are used as template for gene conversion to diversify the single functional V segment. To launch the diversification process, a break done by the Activation-induced deaminase (AID) within the single functional V segment is required [see for example (45)].



The Agnathe VLR System/Direct and Maybe Tripartite Recognition System

In cyclostomes (agnathe vertebrates), the variable lymphocyte receptors (VLRs), the VLR system involved in adaptive immunity includes a germline VLR that does not code for functional protein, but encodes instead 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 flanks the germline VLR. The germline VLR is broken by the AID-APOBEC enzyme at the intervening sequences between the C terminal and N terminal portion of the VLR genes. Then, gene conversion starts, thanks to sequence identity between the intervening sequence and sequences surrounding the LRR cassettes (46). The VLR could be secreted (expressed in agnathes B cell like): VLRB or transmembrane protein VLRA and VLRC (which are expressed in αβT cell like γδ T cell like). It is not known whether VLRA and VLRC interact with an MHC analogous structure.



MHC/T-Cell Receptor Somatic Diversity and Self Non-Self-Recognition: The Capacity of Recognition Competition Mechanism Hypothesis

The central interaction in cell-mediated adaptive immunity lies between the αβT cell antigen receptor (αβ TCR) and MHC class I and MHC class II antigen-presenting molecule loaded with peptides. MHCs are highly polymorphic genes: more than 6,000 MHC allomorphs have been described so far (47). The polymorphism is localized around the peptide-binding cleft of the MHC protein. The different MHC allomorphs have distinct peptide-binding preferences that are determined by anchor residues that reside within MHC pockets (48). MHC allomorphs can present several thousand peptides (49) with more or less overlaps between loci. The combination of MHC plus peptide is recognized by T cell receptors. The generation of the T cell receptor diversity occurs during T cell ontogeny in the thymus. The size of the TCR repertoire has been estimated to be around 2 × 107 (50). Further, TCRs recognize multiple peptide/MHC complexes (TCR cross-reactivity or polyspecificity) (51–53).

Therefore, MHC proteins have a limited capacity of presenting peptides compared to the capacity of the TCR to recognize different sets of MHC plus peptides. This could explain MHC polymorphism. Indeed, new variations given to a new peptide interaction that would be recognized by a T cell receptor could not be fixed in an individual as this would result in the loss of the binding property of another peptide from a given pathogen present in the environment. Therefore, the mutation will be counter-selected. However, the fixation can occur in an individual living in an environment where the pathogen is absent, leading to polymorphism. We name this mechanism: The capacity of recognition competition mechanism.

We first proposed this mechanism to explain the origin of the MHC polymorphism in the context of the origin of the adaptive system of jawed vertebrates [Figure 1 and (1)]. We proposed, before the origin of the jawed vertebrate adaptive immune system, that the pre-MHC system was able to recognize some Pathogen-associated molecular patterns (PAMPs) and present them to receptors able to recognize the pre-MHC plus the PAMPs. The evolution of the system was low and likely limited to some pathogens. Indeed, even if the receptors (T cell like receptor) could be encoded by large multigenic families, and this was likely (1), they could recognize only a few couples pre-MHC/PAMPs. Therefore, even though pre-MHC could recognize a new antigen, thanks to a new mutation, as this new couple will not be recognized by the T cell like receptor, substitutions will not be selected and eventually lost (maybe the new MHC variant will lose the possibility to interact with another pathogen).

T cell like receptors could have increased their diversification, thanks to the integration of the RAG transposon in the module of recognition of the ancestor of the T cell-like receptor. This event led to an increase in the recognition possibilities (1, 44), as many receptors could be present, thanks to rearrangement. Therefore, mutations in the pre-MHC leading to a recognition of new pathogens could be positively selected. Of course, selection of polymorphic MHC could be also due to other interactions, such as the one with the NK receptor that can enhance the MHC polymorphism, but this is not incompatible with the capacity of recognition competition mechanism.

In the next paragraph, we will propose that receptors that encoded highly polymorphic loci interacting with receptors generated by somatic mutations could be present in many systems involved in the adaptive recognition processes.





Proposition: The Tip of the Iceberg

Our analysis only describes a very small part of the cases present in nature. It is likely that the receptor for interacting polymorphic ligands will be found several times in the case of loci involved in the kin recognition and self-incompatibility.

Many cases of kind and self-incompatibility have been reported in the literature, but the molecular mechanism remains unknown.

For kind recognition, many examples are found in: protists (54), a colonial vertebrate (55), and bacteria (9).

There are many cases of self-incompatibility in plants and animals [see for example (36)] and it is likely that species with several types of mating are found in eukaryotes, because most of them are isogamous eukaryotes (56). We can predict that, in these cases, polymorphic interacting loci will be found. They will be easy to identity via population genomic analysis, as shown very nicely by Zhao et al. (19).

What about the MHC-like systems? We mainly carried out these analyses in order to assess whether MHC-like systems could be found in phyla other than vertebrates. We defined an MHC-like system as a system that consists in presenting molecules encoded by polymorphic loci that recognize small molecules and interact with receptors generated via somatic diversification. The possibility that MHC-like could be polymorphic is based on our earlier proposition that the MHC polymorphism is due to the limited binding properties of the MHC binding pocket (1) (see Figure 1A) compared to the capacity of recognition of the T cell receptor (almost unlimited). A phenomenon that we called “the capacity of recognition competition mechanism” (see above).

We propose that other somatically diversifying systems could have driven the emergence of polymorphic loci via non-self-abiotic or biotic component. This is because mechanisms of the generation of somatic diversity and tripartite interactions evolved many times during life history. Indeed, rearranging processes involved in the gene somatic diversification evolved in a convergent manner via the convergent use of gene conversion (VLR) or via the use of site specific recombinase systems (RAG) [(1) see Figure 1B]. As mentioned earlier, RAG is a domesticated RAG transposon. The main difference between the VDJ RAG and the RAG transposon is the fact that the excised fragments in the case of the VDJ recombination lost the properties to insert new genomic location by losing the integrase activity of the transposase (1). This evolutionary functional shift did not require dramatic changes. This must be related to the fact that many DDE transposons have been recruited as site-specific recombination system several times during evolution (2). As the number of DDE transposons found in nature is huge (57), we propose that some of them could have been recruited as site specific recombinase involved in the generation of high somatic diversity and, therefore, in the capacity of recognition competition mechanism leading to polymorphic counter receptors.

The MHC system is not the only one capable of a tripartite interaction. Indeed, Vγ9Vδ2 T-cells detect tumor cells and microbial infections through the recognition of phosphoantigens (pAgs). The recognition is mediated by a member of the butrophylin family: butyrophilin 3A1 (BTN3A1). The intracellular domain of BTN3A 1: B30.2 binds pAg through a positively charged surface pocket inducing a modification of the conformation of the membrane butyrophilin BTN3A1. This conformation shift is recognized by the Vγ9Vδ2 TCR (58) and drives T cell activation. In that case, BTN3A1 is not polymorphic. However, this shows that tripartite interaction involving a presenting molecule that interacts with a self or non self molecule forming a complex recognized by a receptor evolved in a convergent manner.



Conclusion and Perspectives

In conclusion, we hypothesize that other MHC-like systems will be found in other living organisms. In the next chapter we propose a strategy to search for them and discuss their possible function.


How to Find MHC-Like Systems?

The strategy combines two approaches: the search for polymorphic loci and for rearranging loci. If both loci are found for the same organism, it could be a MHC/TCR-like complex.

Search for polymorphic loci: To evidence such loci, the strategy to used is the following: to have a genome of reference and many sequenced genomes from the same species (no need to finish sequences); map the polymorphic sites and look for the most polymorphic loci (they can be several); they could be the candidate, see (19, 59, 60).

Search for somatic diversification: Somatic diversification can occur via different mechanism rearrangements, expression of different combinations of paralogs, like the protocadherin example, but we will need a lot of paralogs. The same can be said for alternative splicing. The rearrangement strategy seems to be a more efficient system to generate diversity. Rearrangement can occur via different mechanisms (site directed recombination, gene conversion…). So far, many simple programmed rearrangements (rearranging two loci) have been described [see for a complete review (1, 2)]. Rearrangement should occur between several sets of paralogous genes with a combinational joining (a set of germ line linked paralog gene segments), able of combinational joining with segments of another set of linked paralog gene segments to create a functional loci (able to code for a protein) with the addition of diversity. This could be driven via gene conversion, where a module copy in a bona fide gene is replaced by a module. Except if the replacing modules are huge, we do not expect a lot of diversity from this process. However, the process that occurs via a domesticated DDE transposon is expected to increase diversity via the p diversity and n diversity. The p diversity is due to the way the domesticated DDE transposon cuts at the recognition sequence. We know that RAG and some families of DDE transposons [see for review (1)] are able to create hairpin when they excise their hairpin and are then cut in an asymmetric way via the nuclease. Artemis will provide later palindromic diversity during the junction. Further, some nucleotides can be deleted, so domesticated DDE transposon able to generate hairpin could be the champion of the generation of diversity. The experimental in silico design would be as follows: look for a similar organization than the IG and TCR locus: we will look, for example, for a gene fragment named A and a gene fragment named B that are linked on the same transcript, with the following organization at the genomic level: A found in multi-copies, with each copy close to each other, followed by fragment B with the same organization as A. We will evidence the RSS bordering A and B by comparing the sequence flanking A and B with the TIR from the different transposon families. The family of transposons where the RSS comes from will therefore be identified, and this will allow the domesticated transposase to be evidenced. The genome of the cell or tissue where the domesticated transposase is expressed will be sequenced and compared to the germline genome.



What Could Be the Function of MHC-Like System?

Intuitively, we could think that the MHC-like system could be involved in other possible cases of adaptive immunity or in the recognition of very diverse elements present in the environment, such as odors that could influence our comportment. However, it could also be involved in kin recognition as well. Indeed, vertebrate MHC is involved—as its name says—in graft rejection in case of histocompatibility. The graft rejection is due in fact to the positive and negative selection of the TCR, which, depending on the MHC allotype (and also on the minor histocompatibility antigens), will result in two different repertoires, and some TCRs from the individual A reacts with the MHC of an individual B (if the allotype is different). Even if this is artificial (graft does not occur in nature, at least in vertebrate), it is still a possibility that h colonial species could use a MHC-like system.




Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. further inquiries can be directed to the corresponding authors.



Author Contributions

Analysis and writing the manuscript: JP and PP. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the French Government under the “Investissements D’avenir” (Investments for the Future) programme managed by the Agence Nationale de la Recherche (ANR, fr: National Agency for Research), (reference: Méditerranée Infection 10-IAHU-03) and XEGEN R&D company funding.



Acknowledgments

The authors would like to thank many comparative immunologists and evolutionary biologist colleagues for helpful discussions and the Cookietrad Company for formatting and English editing.



References

1. Tsakou-Ngouafo, L, Paganini, J, Kaufman, J, and Pontarotti, P. Origins of the RAG Transposome and the MHC. Trends Immunol (2020) 41(7):561–71. doi: 10.1016/j.it.2020.05.002

2. Tsakou-Ngouafo, L, Vicari, C, Helou, L, Keshri, V, Das, S, Bigot, Y, et al. DDE Transposon as Public Goods. Evolutionary Biology—a Transdisciplinary Approach. Cham: Springer (2020). p. 337–57. doi: 10.1007/978-3-030-57246-4_14

3. Yang, Y, Li, L, Yuan, L, Zhou, X, Duan, J, Xiao, H, et al. A Structural Change in Butyrophilin Upon Phosphoantigen Binding Underlies Phosphoantigen-Mediated Vgamma9vdelta2 T Cell Activation. Immunity (2019) 50(4):1043–53 e5. doi: 10.1016/j.immuni.2019.02.016

4. Maddison, DR, Schulz, KS, and Maddison, WP. The Tree of Life Web Project. Zootaxa (1668) 2007:19–40. doi: 10.11646/zootaxa.1668.1.4

5. Gardner, A, and West, SA. Greenbeards. Evol Int J Organ Evol (2010) 64(1):25–38. doi: 10.1111/j.1558-5646.2009.00842.x

6. Saak, CC, and Gibbs, KA. The Self-Identity Protein IdsD is Communicated Between Cells in Swarming Proteus Mirabilis Colonies. J Bacteriol (2016) 198(24):3278–86. doi: 10.1128/JB.00402-16

7. Cardarelli, L, Saak, C, and Gibbs, KA. Two Proteins Form a Heteromeric Bacterial Self-Recognition Complex in Which Variable Subdomains Determine Allele-Restricted Binding. mBio (2015) 6(3):e00251. doi: 10.1128/mBio.00251-15

8. Wielgoss, S, Fiegna, F, Rendueles, O, Yu, YN, and Velicer, GJ. Kin Discrimination and Outer Membrane Exchange in Myxococcus Xanthus: A Comparative Analysis Among Natural Isolates. Mol Ecol (2018) 27(15):3146–58. doi: 10.1111/mec.14773

9. Wall, D. Kin Recognition in Bacteria. Annu Rev Microbiol (2016) 70:143–60. doi: 10.1146/annurev-micro-102215-095325

10. Vassallo, CN, Cao, P, Conklin, A, Finkelstein, H, Hayes, CS, and Wall, D. Infectious Polymorphic Toxins Delivered by Outer Membrane Exchange Discriminate Kin in Myxobacteria. eLife (2017) 6:e29397. doi: 10.7554/eLife.29397

11. Zhang, D, de Souza, RF, Anantharaman, V, Iyer, LM, and Aravind, L. Polymorphic Toxin Systems: Comprehensive Characterization of Trafficking Modes, Processing, Mechanisms of Action, Immunity and Ecology Using Comparative Genomics. Biol Direct (2012) 7:18. doi: 10.1186/1745-6150-7-18

12. Benabentos, R, Hirose, S, Sucgang, R, Curk, T, Katoh, M, Ostrowski, EA, et al. Polymorphic Members of the Lag Gene Family Mediate Kin Discrimination in Dictyostelium. Curr Biol CB (2009) 19(7):567–72. doi: 10.1016/j.cub.2009.02.037

13. Ostrowski, EA, Shen, Y, Tian, X, Sucgang, R, Jiang, H, Qu, J, et al. Genomic Signatures of Cooperation and Conflict in the Social Amoeba. Curr Biol (2015) 25(12):1661–5. doi: 10.1016/j.cub.2015.04.059

14. Gruenheit, N, Parkinson, K, Stewart, B, Howie, JA, Wolf, JB, and Thompson, CR. A Polychromatic ‘Greenbeard’ Locus Determines Patterns of Cooperation in a Social Amoeba. Nat Commun (2017) 8:14171. doi: 10.1038/ncomms14171

15. Saupe, SJ. Molecular Genetics of Heterokaryon Incompatibility in Filamentous Ascomycetes. Microbiol Mol Biol Rev (2000) 64(3):489–502. doi: 10.1128/MMBR.64.3.489-502.2000

16. Smith, ML, Micali, OC, Hubbard, SP, Mir-Rashed, N, Jacobson, DJ, and Glass, NL. Vegetative Incompatibility in the Het-6 Region of Neurospora Crassa is Mediated by Two Linked Genes. Genetics (2000) 155(3):1095–104. doi: 10.1093/genetics/155.3.1095

17. Kaneko, I, Dementhon, K, Xiang, Q, and Glass, NL. Nonallelic Interactions Between Het-C and a Polymorphic Locus, Pin-C, are Essential for Nonself Recognition and Programmed Cell Death in Neurospora Crassa. Genetics (2006) 172(3):1545–55. doi: 10.1534/genetics.105.051490

18. Paoletti, M. Vegetative Incompatibility in Fungi: From Recognition to Cell Death, Whatever Does the Trick. Fungal Biol Rev (2016) 30(4):152–62. doi: 10.1016/j.fbr.2016.08.002

19. Zhao, J, Gladieux, P, Hutchison, E, Bueche, J, Hall, C, Perraudeau, F, et al. Identification of Allorecognition Loci in Neurospora Crassa by Genomics and Evolutionary Approaches. Mol Biol Evol (2015) 32(9):2417–32. doi: 10.1093/molbev/msv125

20. Heller, J, Zhao, J, Rosenfield, G, Kowbel, DJ, Gladieux, P, and Glass, NL. Characterization of Greenbeard Genes Involved in Long-Distance Kind Discrimination in a Microbial Eukaryote. PloS Biol (2016) 14(4):e1002431. doi: 10.1371/journal.pbio.1002431

21. Grosberg, RK. The Evolution of Allorecognition Specificity in Clonal Invertebrates. Q Rev Biol (1988) 63(4):377–412. doi: 10.1086/416026

22. Rosengarten, RD, Moreno, MA, Lakkis, FG, Buss, LW, and Dellaporta, SL. Genetic Diversity of the Allodeterminant Alr2 in Hydractinia Symbiolongicarpus. Mol Biol Evol (2011) 28(2):933–47. doi: 10.1093/molbev/msq282

23. Gloria-Soria, A, Moreno, MA, Yund, PO, Lakkis, FG, Dellaporta, SL, and Buss, LW. Evolutionary Genetics of the Hydroid Allodeterminant alr2. Mol Biol Evol (2012) 29(12):3921–32. doi: 10.1093/molbev/mss197

24. De Tomaso, AW. Allorecognition and Stem Cell Parasitism: A Tale of Competition, Selfish Genes and Greenbeards in a Basal Chordate. In:  P Pontarotti, editor. Origin and Evolution of Biodiversity. Cham: Springer (2018). doi: 10.1007/978-3-319-95954-2_8

25. Scofield, VL, Schlumpberger, JM, West, LA, and Weissman, IL. Protochordate Allorecognition is Controlled by a MHC-like Gene System. Nature (1982) 295(5849):499–502. doi: 10.1038/295499a0

26. Voskoboynik, A, Newman, AM, Corey, DM, Sahoo, D, Pushkarev, D, Neff, NF, et al. Identification of a Colonial Chordate Histocompatibility Gene. Science (2013) 341(6144):384–7. doi: 10.1126/science.1238036

27. Rosental, B, Kowarsky, M, Seita, J, Corey, DM, Ishizuka, KJ, Palmeri, KJ, et al. Complex Mammalian-Like Haematopoietic System Found in a Colonial Chordate. Nature (2018) 564(7736):425–9. doi: 10.1038/s41586-018-0783-x

28. Kües, U, James, TY, and Heitman, J. 6 Mating Type in Basidiomycetes: Unipolar, Bipolar, and Tetrapolar Patterns of Sexuality. In: Evolution of Fungi and Fungal-Like Organisms The Mycota (a Comprehensive Treatise on Fungi as Experimental Systems for Basic and Applied Research), vol. 14. Berlin, Heidelberg: Springer (2011). doi: 10.1007/978-3-642-19974-5_6

29. Nieuwenhuis, BP, Billiard, S, Vuilleumier, S, Petit, E, Hood, ME, and Giraud, T. Evolution of Uni- and Bifactorial Sexual Compatibility Systems in Fungi. Heredity (2013) 111(6):445–55. doi: 10.1038/hdy.2013.67

30. Niu, SC, Huang, J, Zhang, YQ, Li, PX, Zhang, GQ, Xu, Q, et al. Lack of S-RNase-Based Gametophytic Self-Incompatibility in Orchids Suggests That This System Evolved After the Monocot-Eudicot Split. Front Plant Sci (2017) 8:1106. doi: 10.3389/fpls.2017.01106

31. Bod’ova, K, Priklopil, T, Field, DL, Barton, NH, and Pickup, M. Evolutionary Pathways for the Generation of New Self-Incompatibility Haplotypes in a Nonself-Recognition System. Genetics (2018) 209(3):861–83. doi: 10.1534/genetics.118.300748

32. Fujii, S, Kubo, K, and Takayama, S. Non-Self- and Self-Recognition Models in Plant Self-Incompatibility. Nat Plants (2016) 2(9):16130. doi: 10.1038/nplants.2016.130

33. Charlesworth, D, and Charlesworth, B. Inbreeding Depression and Its Evolutionary Consequences. Annu Rev Ecol Syst (1987) 18:237–68. doi: 10.1146/annurev.es.18.110187.001321

34. Harada, Y, Takagaki, Y, Sunagawa, M, Saito, T, Yamada, L, Taniguchi, H, et al. Mechanism of Self-Sterility in a Hermaphroditic Chordate. Science (2008) 320(5875):548–50. doi: 10.1126/science.1152488

35. Sawada, H, Morita, M, and Iwano, M. Self/non-Self Recognition Mechanisms in Sexual Reproduction: New Insight Into the Self-Incompatibility System Shared by Flowering Plants and Hermaphroditic Animals. Biochem Biophys Res Commun (2014) 450(3):1142–8. doi: 10.1016/j.bbrc.2014.05.099

36. Carlon, DB. The Evolution of Mating Systems in Tropical Reef Corals. Trends Ecol Evol (1999) 14(12):491–5. doi: 10.1016/S0169-5347(99)01709-7

37. Kramer, AP, and Stent, GS. Developmental Arborization of Sensory Neurons in the Leech Haementeria Ghilianii. II. Experimentally Induced Variations in the Branching Pattern. J Neurosci (1985) 5(3):768–75. doi: 10.1523/JNEUROSCI.05-03-00768.1985

38. Hattori, D, Millard, SS, Wojtowicz, WM, and Zipursky, SL. Dscam-Mediated Cell Recognition Regulates Neural Circuit Formation. Annu Rev Cell Dev Biol (2008) 24:597–620. doi: 10.1146/annurev.cellbio.24.110707.175250

39. Thu, CA, Chen, WV, Rubinstein, R, Chevee, M, Wolcott, HN, Felsovalyi, KO, et al. Single-Cell Identity Generated by Combinatorial Homophilic Interactions Between Alpha, Beta, and Gamma Protocadherins. Cell (2014) 158(5):1045–59. doi: 10.1016/j.cell.2014.07.012

40. Vivier, E, van de Pavert, SA, Cooper, MD, and Belz, GT. The Evolution of Innate Lymphoid Cells. Nat Immunol (2016) 17(7):790–4. doi: 10.1038/ni.3459

41. Norman, PJ, Hollenbach, JA, Nemat-Gorgani, N, Guethlein, LA, Hilton, HG, Pando, MJ, et al. Co-Evolution of Human Leukocyte Antigen (HLA) Class I Ligands With Killer-Cell Immunoglobulin-Like Receptors (KIR) in a Genetically Diverse Population of Sub-Saharan Africans. PloS Genet (2013) 9(10):e1003938. doi: 10.1371/journal.pgen.1003938

42. Malnic, B, Hirono, J, Sato, T, and Buck, LB. Combinatorial Receptor Codes for Odors. Cell (1999) 96(5):713–23. doi: 10.1016/S0092-8674(00)80581-4

43. Teng, G, and Schatz, DG. Regulation and Evolution of the RAG Recombinase. Adv Immunol (2015) 128:1–39. doi: 10.1016/bs.ai.2015.07.002

44. Fugmann, SD. The Origins of the Rag Genes–From Transposition to V(D)J Recombination. Semin Immunol (2010) 22(1):10–6. doi: 10.1016/j.smim.2009.11.004

45. Arakawa, H, Hauschild, J, and Buerstedde, JM. Requirement of the Activation-Induced Deaminase (AID) Gene for Immunoglobulin Gene Conversion. Science (2002) 295(5558):1301–6. doi: 10.1126/science.1067308

46. Boehm, T. Quality Control in Self/Nonself Discrimination. Cell (2006) 125(5):845–58. doi: 10.1016/j.cell.2006.05.017

47. Robinson, J, Barker, DJ, Georgiou, X, Cooper, MA, Flicek, P, and Marsh, SGE. Ipd-IMGT/HLA Database. Nucleic Acids Res (2020) 48(D1):D948–D55. doi: 10.1093/nar/gkz950

48. Rossjohn, J, Gras, S, Miles, JJ, Turner, SJ, Godfrey, DI, and McCluskey, J. T Cell Antigen Receptor Recognition of Antigen-Presenting Molecules. Annu Rev Immunol (2015) 33:169–200. doi: 10.1146/annurev-immunol-032414-112334

49. Sarkizova, S, Klaeger, S, Le, PM, Li, LW, Oliveira, G, Keshishian, H, et al. A Large Peptidome Dataset Improves HLA Class I Epitope Prediction Across Most of the Human Population. Nat Biotechnol (2020) 38(2):199–209. doi: 10.1038/s41587-019-0322-9

50. Bradley, P, and Thomas, PG. Using T Cell Receptor Repertoires to Understand the Principles of Adaptive Immune Recognition. Annu Rev Immunol (2019) 37:547–70. doi: 10.1146/annurev-immunol-042718-041757

51. Mason, D. A Very High Level of Crossreactivity is an Essential Feature of the T-cell Receptor. Immunol Today (1998) 19(9):395–404. doi: 10.1016/S0167-5699(98)01299-7

52. Sewell, AK. Why Must T Cells be Cross-Reactive? Nat Rev Immunol (2012) 12(9):669–77. doi: 10.1038/nri3279

53. Wucherpfennig, KW, Allen, PM, Celada, F, Cohen, IR, De Boer, R, Garcia, KC, et al. Polyspecificity of T Cell and B Cell Receptor Recognition. Semin Immunol (2007) 19(4):216–24. doi: 10.1016/j.smim.2007.02.012

54. Espinosa, A, and Paz, YM-CG. Evidence of Taxa-, Clone-, and Kin-discrimination in Protists: Ecological and Evolutionary Implications. Evol Ecol (2014) 28(6):1019–29. doi: 10.1007/s10682-014-9721-z

55. Grosberg, RK, and Quinn, JF. The Evolution of Allorecognition Specificity. Invertebrate Historecognition Bodega Marine Laboratory Marine Science Series. Boston, Ma, Springer (1988). doi: 10.1007/978-1-4613-1053-2_12

56. Speijer, D, Lukes, J, and Elias, M. Sex is a Ubiquitous, Ancient, and Inherent Attribute of Eukaryotic Life. Proc Natl Acad Sci USA (2015) 112(29):8827–34. doi: 10.1073/pnas.1501725112

57. Aziz, RK, Breitbart, M, and Edwards, RA. Transposases are the Most Abundant, Most Ubiquitous Genes in Nature. Nucleic Acids Res (2010) 38(13):4207–17. doi: 10.1093/nar/gkq140

58. Sandstrom, A, Peigne, CM, Leger, A, Crooks, JE, Konczak, F, Gesnel, MC, et al. The Intracellular B30.2 Domain of Butyrophilin 3A1 Binds Phosphoantigens to Mediate Activation of Human Vgamma9Vdelta2 T Cells. Immunity (2014) 40(4):490–500. doi: 10.1016/j.immuni.2014.03.003

59. Abi-Rached, L, Gouret, P, Yeh, JH, Di Cristofaro, J, Pontarotti, P, Picard, C, et al. Immune Diversity Sheds Light on Missing Variation in Worldwide Genetic Diversity Panels. PloS One (2018) 13(10):e0206512. doi: 10.1371/journal.pone.0206512

60. Paganini, J, Ramdane, A, Gouret, P, Chiaroni, J, and Di Cristofaro, J. Validation of New HLA-F Alleles Assigned by Next-Generation Sequencing. Hla (2019) 93(2-3):131–2. doi: 10.1111/tan.13455



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Paganini and Pontarotti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.635521_cover.jpg
’ frontiers
in Immunology

Search for MHC/TCR-Like Systems
in Living Organisms





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-635521-g001.jpg
st i

+ et o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Search for MHC/TCR-Like Systems in Living Organisms

      

        		

          Preamble

        



        		

          Kind Recognition

        

          		

            Bacteria

          

            		

              Proteus mirabilis

            



            		

              Myxobacteria

            



          



          



          		

            Eukaryotes

          

            		

              Dictyostelium discoideum

            

              		

                Fungi (here the non-kin recognition is called Vegetative incompatibility)

              



              		

                Self-/Non-Self-Discriminations That Act Post-Fusion

              



              		

                Self-/Non-Self-Discriminations That Act Pre-Fusion 

              



            



            



            		

              Metazoan

            

              		

                Cnidarian: Hydractinia

              



              		

                Urochordate Botryllus

              



            



            



          



          



        



        



        		

          Self-Incompatibility in Sexual Reproduction and Mating System

        

          		

            Mating in Basidiomycetes Fungi

          



          		

            Self-Incompatibility in Plants and Animal

          

            		

              Self-Incompatibility in Plant

            

              		

                Non-Self-Recognition Protection: The Most Well Described Cases Is the One of Solanaceae

              

                		

                  SRNASE mediated gametophytic self-incompatibility

                



              



              



              		

                Self-Incompatibility via Self-Recognition in Plant

              

                		

                  Brassicaceae

                



                		

                  Papaveracea

                



              



              



            



            



            		

              Self-Incompatibility in Animals

            



          



          



        



        



        		

          The MHC System

        

          		

            Cell–Cell Recognition From the Same Individual, Interactions Between Loci Able to Perform Alternative Splicing and Regulation of Isoform Expression

          

            		

              Neural Development: Self-Avoidance During Neural Development Cases

            



            		

              NK System

            



          



          



          		

            Direct Recognition With Self and Non-Self via Somatic Diversifying Selection

          

            		

              Olfactory System (Direct Interaction With Non-Self)

            



            		

              Immunoglobulin Diversity (Direct Interaction With the Self and Non-Self)

            



            		

              The Agnathe VLR System/Direct and Maybe Tripartite Recognition System

            



            		

              MHC/T-Cell Receptor Somatic Diversity and Self Non-Self-Recognition: The Capacity of Recognition Competition Mechanism Hypothesis

            



          



          



        



        



        		

          Proposition: The Tip of the Iceberg

        



        		

          Conclusion and Perspectives

        

          		

            How to Find MHC-Like Systems?

          



          		

            What Could Be the Function of MHC-Like System?

          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





