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Abstract

Adaptive immune systems in prokaryotes and animals give rise to long-term memory through 

modification of specific genomic loci, such as by insertion of foreign (viral or plasmid) DNA 

fragments into clustered regularly interspaced short palindromic repeat (CRISPR) loci in 

prokaryotes and by V(D)J recombination of immunoglobulin genes in vertebrates. Strikingly, 

recombinases derived from unrelated mobile genetic elements have essential roles in both 

prokaryotic and vertebrate adaptive immune systems. Mobile elements, which are ubiquitous in 

cellular life forms, provide the only known, naturally evolved tools for genome engineering that 

are successfully adopted by both innate immune systems and genome-editing technologies. In this 

Opinion article, we present a general scenario for the origin of adaptive immunity from mobile 

elements and innate immune systems.

All cellular organisms persist and evolve under a perennial onslaught of mobile genetic 

elements (MGEs), such as transposons, viral sequences and plasmids. Many, if not most, of 

these diverse, ‘selfish’ elements insert into the chromosomes of the cellular hosts, either as 

an obligate part of their life cycles or at least sporadically. In multicellular eukaryotes, 

MGEs constitute a substantial proportion of the host genome, for example, >50% of the 

genome in mammals and >70% of the genome in some plants1–3. Integrated MGEs are also 

present in the genomes of most bacteria and archaea4,5; although they are not as abundant as 

those in eukaryotes, these elements account for up to 30% of some bacterial genomes6,7.

Transposons are DNA segments that move from one location in the host genome to another. 

Most of the transposons can be grouped into two classes8,9. Class I elements (also known as 

retrotransposons) transpose via an RNA intermediate which, prior to integration, is copied 

back to the DNA form by the element-encoded reverse trans-criptase. Class II DNA 

transposons move in the host genome via the ‘cut-and-paste’ mechanism, whereby the 

transposon is excised from its initial location and inserted into a new locus. Most of the class 

II transposons have characteristic terminal inverted repeats (TIRs) but differ widely with 
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respect to the element size and gene content, the mechanisms of transposition and the 

transposases encoded8,10,11. The majority of the transposases belong to the DDE 

superfamily (which is named after two aspartate residues and one glutamate residue that 

form the catalytic triad), but several other unrelated families of transposases have been 

identified8,10,11. Some transposons encode transposases that are homologous to the rolling-

circle replication initiation endonucleases found in single-stranded DNA viruses and 

plasmids12–14, whereas other transposases are homologous to bacteriophage tyrosine or 

serine recombinases15,16, or to eukaryotic APE1-like DNA repair endonucleases (which 

function in conjunction with reverse transcriptases)17. Such diversity of transposases 

strongly suggests that transposons have emerged on multiple independent occasions via 

recruitment of non-homologous endonucleases.

Owing to the ubiquity and high abundance of MGEs, their co-evolution with cellular hosts is 

a perennial parasite–host ‘arms race’ in which the two sides evolved extremely diverse and 

elaborate systems of defence and counter-defence18–22. Notably, many defence systems — 

including restriction–modification enzymatic modules, toxin–antitoxin and the clustered 

regularly interspaced short palindromic repeat–CRISPR-associated protein (CRISPR–Cas) 

systems in prokaryotes, and the apoptosis machinery in eukaryotes — seem to be ‘guns for 

hire’; that is, they are also recruited by viruses and other MGEs for counter-defence23,24.

All organisms have a plethora of innate immunity mechanisms, and many also have adaptive 

immunity25–27. In general, innate immunity covers all systems of defence against a broad 

range of pathogens, whereas adaptive immunity is tailored towards a specific pathogen, and 

its essential feature is immunological memory, whereby an organism that survives an 

encounter with a particular pathogen is specifically protected from that pathogen for the long 

term (often for the lifetime of the individual). Adaptive immunity is highly specific and 

extremely efficient against many pathogens, despite numerous powerful counter-defence 

strategies evolved by the pathogens18–22.

In prokaryotes, innate immunity mechanisms include the well-studied restriction–

modification enzymatic modules and multiple less thoroughly characterized systems28. 

Notable among the latter is the recently described mechanism that uses bacterial 

homologues of the eukaryotic Argonaute proteins — the key enzymes of RNA interference 

(RNAi) — to generate guide RNA or DNA molecules that are then used to inactivate foreign 

genomes29–31. Until recently, prokaryotes have not been thought to have adaptive immunity. 

However, this perception was overturned by the discovery of the CRISPR–Cas systems that 

are represented in most archaea and many bacteria (FIG. 1a). CRISPR–Cas is an immunity 

mechanism that functions by incorporating fragments of foreign (viral or plasmid) DNA into 

CRISPR cassettes and then using the transcripts of these unique spacers to target and 

inactivate the cognate genomes28–38. Although the immunological memory of the CRISPR–

Cas system is short-lived by evolutionary standards, extremely efficient and specific 

immunity can be transmitted across many thousands of generations39. Thus, the CRISPR–

Cas system fully satisfies the definition of adaptive immunity and is also a mechanism of 

bonafide Lamarckian adaptive evolution40.
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Eukaryotes encompass a variety of innate and adaptive immunity mechanisms of their own; 

some of these mechanisms seem to have their roots in prokaryotes, whereas others are 

eukaryote-specific. All eukaryotes seem to have some form of RNAi, a powerful defence 

system that uses RNA guides to inactivate invading nucleic acids, primarily those of RNA 

viruses41–44. In addition, animals encompass the paradigmatic system of antibacterial innate 

immunity centred around Toll-like receptors45,46, and vertebrates (and possibly other 

deuterostomes) also have the equally well-characterized interferon antiviral response47,48. 

Historically, the most well-known form of anti-parasitic defence is adaptive (acquired) 

immunity, which is prominent in mammals and is also represented in all other 

vertebrates49,50. The specificity of the adaptive immunity of jawed vertebrates is achieved 

via proliferation of lymphocyte clones that carry immunoglobulin receptors for antigens of 

the given pathogen and that are selected accordingly from an enormous pre-existing 

repertoire of cells with diverse receptors51,52. In contrast to the prokaryotic adaptive immune 

system, in vertebrates, immunological memory is limited to somatic cells and has no 

transgenerational inheritance. Instead, the vast repertoire of immunoglobulin genes is 

generated via dedicated diversification processes known as V(D)J recombination — in 

which variable (V), diversity (D) and joining (J) segments are recombined — and 

hypermutation53,54 (FIG. 1b).

Paradoxically, insights into the origins of adaptive immune systems in both eukaryotes and 

prokaryotes come from the least expected field of research — namely, studies on MGEs. It 

was demonstrated that RAG1, which encodes the key enzyme of V(D)J recombination, is 

derived from a eukaryotic transposon55,56. More recent studies on bacterial and archaeal 

mobilomes have provided clues regarding the origin of the CRISPR–Cas system57.

Specifically, we identified a novel family of archaeal and bacterial MGEs that were named 

‘casposons’ because they encode Cas1 homologues that are implicated as the transposase of 

these elements57. The discovery of casposons puts a new twist on the origin of CRISPR–

Cas, especially given that in phylogenetic trees casposon Cas1 does not cluster with any 

particular group of CRISPR-associated Cas1 proteins, which is compatible with a basal 

position of casposons in the phylogenetic tree of the Cas1 family. We proposed that 

casposons could have been at the ‘root’ of CRISPR–Cas57. Below, we develop this proposal 

into a complete evolutionary scenario in which CRISPR–Cas was derived from a casposon 

and an innate immune system, and discuss the striking parallels with the evolution of 

adaptive immunity in animals, as well as general implications of the naturally evolved 

genome engineering capacity of MGE-encoded recombinases.

Evolutionary origin of CRISPR–Cas

Prokaryotes have evolved two analogous mechanisms of immunity — namely CRISPR–Cas 

and Argonaute-based systems — that rely on short guide RNA or DNA molecules for 

targeting and inactivating of the nucleic acids of invading MGEs29,30. Despite similar 

mechanisms of action, the CRISPR–Cas system is adaptive, whereas the Argonaute-centred 

system is an embodiment of innate immunity and is homologous to eukaryotic RNAi. The 

key distinction between these adaptive and innate immune systems lies in the ability of the 

CRISPR–Cas system to keep a record of past infections by incorporating spacer sequences 
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derived from MGEs into the dedicated CRISPR loci28–38 (FIG. 1a). The immunization 

process, known as adaptation, is mediated by the concerted action of two proteins, Cas1 and 

Cas2 (REFS 34,58,59). These two proteins are conserved in the three major types of 

functionally characterized CRISPR–Cas systems (FIG. 2) and can be considered the 

signature proteins of the systems32,60,61. By contrast, other CRISPR–Cas components are 

mostly type-specific. These other components include Cascade (CRISPR-associated 

complex for antiviral defence), which mediates the processing of primary CRISPR 

transcripts, generates the mature guide CRISPR RNAs (crRNAs), and loads them on the 

target DNA, and ‘executor’ nucleases that are directly involved in the cleavage of the target 

DNA (FIGS 1a,2). Consequently, it seems that the CRISPR–Cas immunity mechanism 

emerged via the fusion of originally independent functional modules — the block of genes 

encoding an RNA- or DNA-guided innate immune system, and a module responsible for the 

adaptation process60. The ‘last piece in the puzzle’ is the source of the CRISPR loci. Tracing 

the origins of these distinct components of CRISPR–Cas is thus expected to shed light on 

the emergence of adaptive immunity in prokaryotes.

Cascades: the effector modules of CRISPR–Cas

The Cascade complexes of the Type I and Type III CRISPR–Cas systems consist of the Cas5 

and Cas7 proteins, the large-subunit protein Cas8 (in Type I) or Cas10 (in Type III) and the 

small-subunit proteins; in some Type I systems, Cas6 proteins, the RNases directly 

responsible for guide RNA precursor processing, are also subunits of the Cascade 

complexes61–63. At the heart of the Cascade complexes are RNA recognition motif (RRM) 

domains, which are common RNA-binding domains in all cellular organisms64–66. The 

Cas5, Cas6, Cas7 and Cas10 proteins all contain one or two RRM domains28,32,61. It has 

been proposed that the Type III Cascade complex is the ancestral form that could have 

evolved from a simple double-RRM protein through fusion with a histidine–aspartate (HD) 

nuclease domain and a series of RRM domain duplications61,67. Once in existence, the 

Cascade complex could initially function as an innate immune system, analogous to the 

extant Argonaute proteins, although sequence analysis has unequivocally showed that the 

Argonaute-based system is evolutionarily unrelated to the Cascade complexes68. The 

credence to this hypothesis is given by the fact that many Type III CRISPR–Cas loci, in 

particular those of subtype IIIB, are not associated with CRISPR cassettes or the Cas1–Cas2 

module and apparently use, in trans, the adaptation machinery of other Type I or Type III 

systems present in the same genomes61,67. Furthermore, a recent comparative genomic 

analysis has uncovered a growing variety of Type IV (formerly Type U) CRISPR–Cas 

systems61 (FIG. 2). Similar to some of the Type III systems, Type IV systems lack Cas1, 

Cas2 and the CRISPR cassettes but, in this case, the respective genomes do not typically 

encompass any other CRISPR–Cas loci61,67. Thus, although none of these ‘minimal’ 

CRISPR–Cas variants have been functionally characterized so far, they clearly cannot 

provide adaptive immunity via genome manipulation that is characteristic of canonical 

CRISPR–Cas, but are most likely to represent a distinct innate immunity mechanism. In a 

close analogy to the small interfering RNA (siRNA) branch of the eukaryotic RNAi system 

and the Argonaute-based bacterial innate immune systems30,68–70, the ‘solo- Cascade’ 

modules might generate small guide RNAs from transcripts of invading MGE genomes or 

guide DNAs directly from such genomes, and use these guide molecules for the inactivation 
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of the cognate foreign DNA. This putative form of innate immunity could resemble the 

ancestral state of the Cascade complex that was a key contributor in the evolution of 

CRISPR–Cas.

Cas1–Cas2: the immunization (informational) module

Recently, the likely source of the CRISPR–Cas immunization module has also been 

uncovered. Cas1 and Cas2 are endonucleases that form a heterohexamer involved in the 

acquisition of the protospacer sequences from the invading MGEs and insertion of the 

spacers into the CRISPR loci58. It has been demonstrated that the nuclease activity of Cas2 

(REFS 71,72) is not required for this process, whereas the activity of Cas1 is essential; thus, 

Cas1 is the primary enzyme involved in immunization58. The endonuclease and DNA 

strand-rejoining activities of Cas1 mechanistically resemble the respective activities of 

MGE-encoded integrases and transposases, although Cas1 is not homologous to any of the 

known recombinase families58,59. Indeed, transposon-like elements of the casposon 

superfamily encode Cas1 and apparently use its endonuclease activity for integration into 

and excision out of the cellular genome57 — a role strongly reminiscent of that postulated 

for the Cas1–Cas2 complex during spacer sequence acquisition in CRISPR–Cas. Deep 

branching of the casposon Cas1 sequences within the global Cas1 phylogeny has led to the 

proposal that casposons could have played a pivotal part in the emergence of CRISPR–Cas, 

specifically by providing the ancestral cas1 gene57. Under the proposed scenario, CRISPR–

Cas would emerge when a casposon inserted into an archaeal genome next to a solo-Cascade 

operon (FIG. 3).

Casposons are large MGEs that, in addition to the genes encoding Cas1 and a family B DNA 

polymerase (PolB) that are present in each of them, encompass a broad diversity of protein-

coding genes that are found among different casposons57. Several of these dispensable 

casposon genes encode various nucleases and helicases — enzymes that are common in 

CRISPR–Cas systems, including a homologue of Cas4, a nuclease present in the majority of 

CRISPR–Cas systems (FIG. 2). Notably, in some CRISPR–Cas systems Cas4 is fused to 

Cas1, suggesting that it could play a part in spacer sequence acquisition, although a role of 

Cas4 in programmed cell death has also been proposed60,67. We hypothesize that the 

casposon at the origin of CRISPR–Cas incorporated several ancestral cas genes, in 

particular, cas1 and cas4 (FIG. 3).

The Cas2 protein is a homologue of VapD— a typical prokaryotic toxin that has the activity 

of an mRNA interferase, which is a nuclease that specifically cleaves ribosome-associated 

mRNAs to induce dormancy or to kill the cell28,73,74. Accordingly, although either RNase or 

DNase activity has been reported for Cas2 proteins from different prokaryotes71,72, Cas2 is 

most likely to have originated from a typical toxin–antitoxin module, which could have 

already been present in the casposon that gave rise to CRISPR–Cas (FIG. 3). Although none 

of the currently known casposons carry recognizable toxin–antitoxin systems, toxin–

antitoxin modules are common in other bacterial and archaeal MGEs29,75,76.
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CRISPR cassettes

The key Cas proteins might not be the only contribution of casposons to the emergence of 

CRISPR–Cas; the CRISPR cassettes, which are perhaps the most enigmatic component of 

the CRISPR–Cas systems, might have also been derived from casposons. By definition, 

CRISPRs are clusters of short palindromic repeats that are interspersed with unique spacer 

sequences. Although not universal, the palindromic character of the repeats is widespread in 

the CRISPR cassettes from different organisms77. These repeats are thought to be 

recognized by the Cas1–Cas2 complex that introduces a staggered cut to allow the 

incorporation of new spacer sequences into the CRISPR arrays78,79. In the case of the 

casposons, according to the proposed model57, the Cas1 recognition site lies within the TIRs 

that are present at the extremities of all casposons. Similar to CRISPR repeats, TIRs from 

some casposons display a palindromic feature57 and even share sequence similarity with 

CRISPR repeats from certain organisms (FIG. 4a,b). Although TIRs are variable in size (25–

602 bp)57, their median length is around 50 bp, which is within the reported size range of 

CRISPR repeats (20–50 bp)35. Thus, casposon TIRs are similar to CRISPR repeats with 

regard to the sequence, size, secondary structure and the (postulated) ability to bind to Cas1. 

Inactivation of a TIR at one of the extremities of an integrated casposon would immobilize 

the inserted casposon genes and produce a palindromic sequence that is reminiscent of a 

CRISPR unit.

Emergence of CRISPR–Cas

Importantly, the casposon Cas1 is expected to be capable of recognizing and acting on its 

TIR substrate in trans, similarly to the way in which the Cas1–Cas2 complex operates on 

CRISPR cassettes. Indeed, physical coupling of the target sequence (casposon TIR) with the 

gene encoding the protein that recognizes it (casposon Cas1) is not necessary, as indicated 

by the ability of transposases to mobilize non-autonomous MGEs that contain the cognate 

transposase-binding sites within their TIRs8,10. Consequently, recognition of such ‘solo-

TIRs’, and their subsequent amplification within the same locus, would eventually result in 

arrays of palindromic repeats, the putative ancestors of CRISPRs (FIG. 3). Indeed, such 

physical uncoupling of the recombinase from its target could have been a prerequisite for the 

emergence of a stably inheritable immune system. The scenario of the emergence of a 

CRISPR–Cas system from a casposon and a solo-Cascade then becomes less complex, 

requiring only integration of the casposon next to the Cascade complex, proliferation of the 

repeats originating from the casposon TIR and deletion of some of the casposon genes, in 

particular, the polB gene (FIG. 3).

Type II CRISPR–Cas systems differ substantially from Type I and Type III systems in terms 

of the organization of the processing-executive module, which in Type II systems consists of 

a single large Cas9 protein. This protein binds to the crRNA (which is processed with the 

help of bacterial RNase III), mediates its annealing to the target DNA and cleaves the target 

via its two nuclease domains, RuvC and HNH32,80,81. Strikingly, the Cas9 protein is 

homologous to a family of transposon-encoded proteins known as TnpB (also known as 

Fanzors) that contain the RuvC-like nuclease domain but that are not required for 

transposition81. Several transposons encode only the TnpB protein and use a transposase in 

trans82. The Type II CRISPR–Cas system is most likely to have evolved when a transposon 
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encoding a Cas9 ancestor inserted into a type I CRISPR–Cas locus and replaced the genes 

for the Cascade subunits. Thus, the major components of Type II CRISPR–Cas, the type that 

is used for genome engineering83, apparently evolved through two transposon insertion 

events such that this system seems to consist entirely of transposon-derived genes.

MGEs in vertebrate adaptive immunity

Similar to CRISPR–Cas, the classic vertebrate adaptive immunity also involves genome 

manipulation — namely, V(D) J recombination (FIG. 1b) that, along with somatic 

hypermutation, generates the diversity of the T cell receptors (TCRs) and B cell receptors 

(BCRs). The three segments (V, D and J) of the variable portions of the TCRs and BCRs are 

each encoded in several dozens of genomic copies. However, V(D)J recombination brings 

them together in a single exon and, in the process, generates numerous small insertions and 

deletions at the junctions, creating the enormous combinatorial diversity that is required to 

match the vast diversity of antigens84,85. This process is mediated by the RAG1–RAG2 

recombinase complex (FIG. 1b), in which RAG1 is the enzymatically active subunit86,87, 

whereas RAG2 acts as a regulatory subunit and is superficially similar to the function of 

Cas2 in the Cas1–Cas2 duet.

Strikingly, the recombinase domain of RAG1 is derived from the recombinase of animal 

transposons of the Transib family56,88. The small Transib transposons are found among 

diverse animal species but are absent in vertebrates, and encode a transposase that belongs to 

a distinct family within the DDE superfamily of transposases and that is homologous to the 

catalytic core domain of RAG1 (REF. 56). The RAG1 protein has undergone substantial 

evolution since the proposed recruitment from a Transib transposon, including an amino-

terminal fusion with a domain containing a RING finger ubiquitin ligase, but the mechanism 

of DNA cleavage and rejoining during V(D)J recombination displays a striking similarity to 

the transposition mechanism56. Moreover, the target site duplications (TSDs) generated 

during the transposition reactions mediated by Transibs and RAG1–RAG2 are similar, and 

there is significant sequence similarity between the TIRs of Transib and the recombination 

signal sequences (RSSs) of the immunoglobulin genes (FIG. 4c), indicating that the RSS 

evolved via Transib insertion56,88,89.

The tight linkage between the RAG1 and RAG2 genes in animal genomes suggests that this 

gene pair was already present in the ancestral Transib-like transposon, although no such 

gene combination has been detected in the currently identified transposons56. Several 

variations of the ‘RAG transposon’ hypothesis for the origin of adaptive immunity in 

animals have been proposed55,90–92. Typically, these scenarios postulate two independent 

transposition events, whereby insertion of one transposon (the RAG transposon) gave rise to 

the RAG1–RAG2 gene pair, whereas insertion of a related non-autonomous element 

introduced the RSS into an ancestral immunoglobulin gene, which was an element of innate 

immunity. In such models, two conditions would have to be met. First, the TIRs of the 

hypothetical non-autonomous transposable elements would have to be identical to those of 

the RAG transposon in order to be specifically recognized by the RAG1–RAG2 transposase. 

Second, the TIRs of the RAG transposon would have to be obliterated to ensure the 

immobilization of the RAG1–RAG2 gene pair. However, non-autonomous transposons 
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carrying RSS-like TIRs have not been discovered so far55. We propose that a more 

parsimonious scenario for the origin of V(D)J recombination would involve a single 

insertion of a fully functional RAG transposon into an ancestral immunoglobulin gene, 

followed by externalization of the RAG1–RAG2 gene block while leaving the native RSS-

like TIRs within the immunoglobulin gene. An important consequence of the disconnection 

of the TIRs from the transposon genes is that the TIRs would be immobilized within the 

genome, thus ensuring stable inheritance of the immune system (FIG. 5).

A general analogy to the scenario of CRISPR–Cas evolution is apparent; in both cases, the 

potential to form immunological memory, which is the essence of adaptive immunity, is 

conferred on a pre-existing innate immune system by insertion of a transposon that donates 

both the recombination sites and the recombinase (FIG. 5). The emergence of vertebrate 

adaptive immunity from innate immunity mechanisms following the recruitment of the 

rearrangement machinery (RAG1–RAG2) has been previously discussed93,94.

Although V(D)J recombination, to the best of the current knowledge, is limited to jawed 

vertebrates, the discovery of the RAG1–RAG2 locus in the sea urchin genome implies that 

this pair of closely linked genes was already present in the genome of the last common 

ancestor of the Deuterostomes95. Moreover, homologues of the RAG1 catalytic domain, 

which might be evolutionary intermediates between the Transib transposases and RAG1 

proteins of Deuterostomes, have been detected in cnidarian genomes56,96. The function (or 

functions) of RAG1–RAG2 before the emergence of adaptive immunity is intriguing: is it 

possible that there may be additional mechanisms of naturally evolved genome engineering 

that remain to be discovered?

MGEs and natural genome engineering

Insertion of MGEs into the host genome, by definition, modifies the content of these 

genomes. Given that MGEs are ubiquitous in cellular life forms and account for the majority 

of the DNA in some genomes — particularly those of many vertebrates and plants — the 

consequences of the genome modifications caused by MGEs are diverse and fundamental 

for cellular organisms97,98. It is well known that MGE sequences are often recruited for 

various cellular functions, typically as regulatory elements and, in some cases, as novel 

protein-coding sequences99–101. Besides the recruitment of MGE sequences for diverse 

functions, cellular organisms directly exploit the capacity of MGEs to modify the host 

genome. A major case in point is the catalytic subunit of telomerase, a reverse transcriptase 

derived from prokaryotic retroelements (group II introns) and responsible for the replication 

of chromosomal ends (telomeres) in most eukaryotes102,103. Remarkably, in organisms that 

have lost the ancestral telomerase, such as insects, telomere replication is mediated by 

reverse transcriptases of other retrotransposons104.

Evolution of adaptive immunity can perhaps be considered as the pinnacle of this strategy 

that makes exquisite use of the ability of recombinases (transposases or integrases) to insert 

foreign DNA into specific sites in the host genome. The two best-characterized adaptive 

immune systems, the prokaryotic CRISPR–Cas system and the immunoglobulin-centred 

adaptive immunity of jawed vertebrates, seem to have evolved completely independently, yet 
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through strikingly similar scenarios (FIG. 5). In both cases, the ‘executive’ part of the 

system that is responsible for the mechanics of the interaction with the target (the Cascade 

complex and immunoglobulins) is derived from pre-existing innate immune systems. By 

contrast, transposons give rise to the ‘informational’ module that consists of the specific 

integration sites and the enzymatic machinery of recombination and/or integration. Further 

research on the molecular mechanisms at play during the CRISPR–Cas action and casposon 

mobility should provide key details to help to refine the proposed model on the origin of the 

prokaryotic CRISPR–Cas immunity.

The finding that two unrelated classes of MGEs apparently gave rise to adaptive immune 

systems in prokaryotes and animals along strikingly similar evolutionary routes suggests that 

these two systems might not be the only versions of adaptive immunity or, more broadly, of 

genome manipulation mechanisms that make use of MGE-derived recombinases as naturally 

evolved devices for genome engineering. Given that genomes of almost all cellular 

organisms are replete with integrated MGEs, some of which are domesticated and conserved 

through long evolutionary timespans, it seems unlikely that these two adaptive immune 

systems are unique. For example, the HARBI1 protein that is conserved across vertebrates is 

a derivative of the transposase of the widespread Harbinger transposons105,106. The function 

of HARBI1 remains obscure, but a role in a yet unknown genome manipulation pathway 

cannot be ruled out. Focused searches for novel genome manipulation systems that exploit 

MGE-encoded recombinases could be a promising research direction.

The high specificity and genome engineering capacity of adaptive immune systems translate 

into almost unlimited potential for experimental tool development. The utility of antibodies 

as tools for protein detection is obvious. Recently, the immense promise of CRISPR–Cas has 

been realized, in particular for Type II systems, in which the transposon-derived Cas9 

protein is the only protein required for target recognition and cleavage83,107,108. This 

property of CRISPR–Cas is a direct extension of its extremely high specificity achieved via 

genome manipulation by an MGE-derived recombinase.
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Figure 1. Adaptive immune systems of prokaryotes and eukaryotes
a | The prokaryotic clustered regularly interspaced short palindromic repeat–CRISPR-

associated protein (CRISPR–Cas) locus consists of cas genes (blue arrows) that encode 

different Cas proteins, and CRISPR arrays composed of variable spacers (coloured 

hexagons) interspersed with direct repeats (red triangles). The leader sequence (grey 

rectangle) contains a promoter for the transcription of the CRISPR array and marks the end 

where new spacers are incorporated. Three stages of CRISPR–Cas immunity are depicted. 

During the adaptation stage, a Cas1–Cas2 heterohexamer uptakes a protospacer from the 

invading plasmid or viral DNA (green) and incorporates it at the leader-proximal end of the 

CRISPR array. During the expression stage, the CRISPR array is transcribed, and the 

transcript is processed into small CRISPR RNAs (crRNAs) by different Cas nucleases in a 

CRISPR–Cas type-dependent manner. During the interference stage, crRNAs act as guides 

for the cleavage of invading viral or plasmid DNA or RNA that contains regions 

complementary to the crRNA. b | Lymphocyte antigen receptor diversification by V(D)J 

recombination is shown. The variable region of the immunoglobulin heavy chain is 

assembled by V(D)J recombination from V (variable; purple rectangle), D (diversity; green 

rectangle) and J (joining; brown rectangle) gene segments. The immunoglobulin light chain 

is assembled from V and J segments by VJ recombination (not shown). Multiple V, D, J and 

C (constant region; red rectangles) gene segments are available for recombination in the 

germline genome. The recombination is carried out by the RAG1–RAG2 recombinase 

complex and involves two types of recombination signal sequences (RSSs), 23-RSS (red 
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triangles) and 12-RSS (pink triangles), which flank each gene segment. Joining of the DNA 

ends requires non-homologous end-joining (NHEJ) proteins (not shown). Two rounds of 

recombination, D to J and V to DJ, produce a VDJ coding joint and two circular molecules 

(signal joints); the latter do not have any further role and are discarded. Transcription across 

the VDJ coding joint, followed by splicing, produces the mature transcript of the 

immunoglobulin heavy chain. Subsequent translation of the transcript, assembly of the 

heavy chain and association with the light chain (beige rectangles) complete the assembly of 

the immunoglobulin receptor.
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Figure 2. A general scheme of the organization of CRISPR–Cas systems
Protein names follow the current nomenclature and classification32. The general functions 

and the stages of the clustered regularly interspaced short palindromic repeat–CRISPR-

associated protein (CRISPR–Cas) immunity are shown on the right; the corresponding 

proteins in each type of CRISPR–Cas system are shown on the left and are colour coded. 

Cas9 of Type II CRISPR Cas is a multifunctional protein involved in several stages of the 

immune response, including processing of the primary CRISPR transcript into CRISPR 

RNAs (crRNAs), target binding and target cleavage. Similarly, in Type I and Type III 

CRISPR–Cas systems, Cas6 is a subunit of the Cascade (CRISPR-associated complex for 

antiviral defence) complex that is involved in both pre-crRNA processing, as well as target 

recognition and inactivation. Note that RNase III, which participates in cleavage of Type II 

CRISPR transcripts, has other roles in the processing of cellular RNA, particularly 

ribosomal RNA. Csn2 is predicted to be functionally analogous (but not homologous) to 

Cas4 and participates in spacer acquisition33. HD, histidine–aspartate family nuclease; LS, 

large subunit; SS, small subunit.
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Figure 3. A scenario for the evolution of the CRISPR–Cas system from a casposon, a toxin–
antitoxin module and a solo-Cascade innate immune system
Casposon-derived genes are shown as dark blue rectangles, toxin–antitoxin genes are 

depicted in grey and ‘solo-Cascade’ (CRISPR-associated complex for antiviral defence) 

genes are shown in green. A generic organization of a Type III Cascade operon is shown that 

does not depict any particular genomic locus. Most of the Cascade genes encode proteins 

that are distinct arrangements of one or two RNA recognition motif (RRM) domains and that 

might have evolved from a simple double-RRM protein through a series of RRM domain 

duplications and a fusion with a histidine–aspartate nuclease domain in Cas10 (REF. 61). 

Terminal inverted repeats (TIRs) are palindromic, which is reminiscent of the CRISPR unit. 

polB, family B DNA polymerase; SS, small subunit.
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Figure 4. Comparison between TIR, CRISPR and RSS
a | Schematic organization of the casposon from Aciduliprofundum boonei T469 

(NC_013926, nucleotide coordinates: 380320–389403) is shown at the top, whereas the 

clustered regularly interspaced short palindromic repeat–CRISPR-associated protein 

(CRISPR–Cas) system of Thermotoga thermarum DSM 5069 (NC_015707, nucleotide 

coordinates: 1706198–1717565) is shown at the bottom. cas genes are colour-coded 

according to the scheme provided in FIG. 2. The alignment of the corresponding casposon 

terminal inverted repeat (TIR) and CRISPR sequence is shown in the middle. Identical 

nucleotides are indicated by the black background. b | Predicted secondary structures of 

theA. boonei casposon TIR (left) and T. thermarum CRISPR repeat (right) are shown. c | 

Comparison between the Transib TIRs and recombination signal sequences (RSSs) is 

shown. The Transib5 transposon from Drosophila melanogaster (top) is flanked by TIRs that 

consist of conserved heptamer and nonamer sequences separated by a variable spacer of 

either 13 bp (pink triangle) or 23 bp (red triangle). Sequence alignment of the Transib5 TIRs 

and the consensus recombination recognition sequence (RSS) is depicted. The variable 

spacers in RSSs are marked by ‘n’. The most conserved nucleotides in the RSS heptamer 

and nonamer, which are necessary for efficient V(D)J recombination, are highlighted by the 

red background. The RSS and TIR sequences data are derived from REF. 56. HD, histidine–

aspartate family nuclease; polB, family B DNA polymerase.
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Figure 5. Comparison of the proposed evolutionary paths to the prokaryotic and eukaryotic 
versions of adaptive immunity
Terminal inverted repeats (TIRs) and recombination signal sequences (RSSs) are depicted as 

triangles. In the case of V(D)J recombination, TIRs and RSSs consist of conserved heptamer 

and nonamer sequences separated by a variable spacer of either 12 bp (pink triangles) or 23 

bp (red triangles). V and J represent variable and joining gene segments of the 

immunoglobulin (Ig) gene, respectively. The dashed line indicates that RAG1 and RAG2 

proteins are not encoded in proximity of the cognate recombination sites. CRISPR–Cas, 

clustered regularly interspaced short palindromic repeat–CRISPR-associated protein.
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