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Abstract

Transposable elements (TEs) are selfish genetic units that typically encode proteins that enable 

their proliferation in the genome and spread across individual hosts. Here we review a growing 

number of studies that suggest that TE proteins have often been coopted or ‘domesticated’ by their 

host as adaptations to a variety of evolutionary conflicts. In particular, TE-derived proteins have 

been recurrently repurposed as part of defense systems that protect prokaryotes and eukaryotes 

against the proliferation of infectious or invasive agents, including viruses and TEs themselves. We 

argue that the domestication of TE proteins may often be the only evolutionary path toward the 

mitigation of the cost incurred by their own selfish activities.
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Domestication of transposable element proteins

Transposable elements (TEs) are selfish genetic elements (see Glossary) that are able to 

move and amplify within the genome of virtually all walks of life, including prokaryotes, 

unicellular and multicellular eukaryotes, and even large DNA viruses [1-3]. So-called 

autonomous TEs encode the enzymatic machinery to promote their own mobilization and 

propagation (Key Figure, Figure 1) as well as those of related non-autonomous elements, 

and occasionally unrelated host sequences. The disruptive effects of TEs have been 

documented extensively, for instance as they integrate into regulatory or coding regions of 

host genes or when they induce ectopic/non-allelic recombination events [4-6]. As a result, 

new TE insertions are often deleterious and removed from the population by purifying 

selection (see Glossary) or they are effectively neutral and fixed through genetic drift [7] 

(see Glossary). Consistent with the idea that the bulk of TE sequences do not serve host 

function, the rate and pattern of sequence evolution of TEs that are fixed in a genome 
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generally follows that of unconstrained, neutrally evolving DNA leading to the accumulation 

of disabled and non-replicative TE ‘skeletons’ throughout genomes [8-10].

These theoretical and empirical observations are in line with the notion that TEs owe their 

persistence and extraordinary diversification to their self-replicative and genetically invasive 

activities [11]. This selfish ‘raison d’être’ does not preclude that, on occasion, parts or whole 

TE sequences may be coopted to serve cellular function beneficial to the host organism. This 

process of cooption or ‘molecular domestication’ [12] of TE sequences has become 

increasingly recognized in recent years as advances in genomics have facilitated the 

identification, in various organisms, of a growing number of instances of TE-derived 

sequences that have been repurposed to serve cellular functions. The most robust evidence 

for such domestication events has come from either (i) comparative genomics whereby 

particular TE sequences can be inferred to have been immobilized and evolved under 

functional constraint acting at the level of the host organism for extended periods of time, 

and/or (ii) genetic evidence whereby mutation or experimental removal of TE sequences 

have advert effects on cell function and/or host fitness [1, 13-16]. Many of these well-

documented examples point to the frequent cooption of TE-derived sequences as noncoding 

elements modulating host gene expression at the DNA or RNA level [13, 16-20]. By 

contrast, we herein focus on cases where the coding regions of TEs have been recruited as 

proteins serving host cell function. Out of the well-studied examples of TE protein 

domestication (listed in the Supplementary table), a substantial fraction appears to have been 

driven by the necessity to cope with various evolutionary conflicts and these will be the 

focus of this review (Table 1). We will highlight specific cases that illustrate both recent and 

older domestication events and reveal that TE proteins are often domesticated in response to 

intraspecific and interspecific evolutionary conflicts, as part of an arms race (see Glossary) 

characterized by ever-changing selective pressures [21]. Interestingly, some of these 

conflicts have played out repeatedly in multiple lineages and adaptation has occurred 

through independent TE domestication events, leading to convergent evolutionary 

innovations. Finally, we will argue that in certain conflicting situations TE domestication 

might be the sole, inevitable evolutionary resolution.

Conflicts between hosts and pathogens

A recurrent theme implicating TE protein domestication is the emergence of adaptive 

immune systems (see Glossary). V(D)J recombination is a conserved process of jawed 

vertebrates that creates a virtually infinite repertoire of antibodies in their B and T cells, 

which in turn allows the recognition and neutralization of a vast diversity of antigens 

expressed by pathogens [22, 23]. The two crucial components of V(D)J recombination are: 

(i) the RAG1 and RAG2 proteins, which catalyze the DNA rearrangement reaction, and (ii) 

their cis-acting DNA sequences, the recombination signal sequences (RSS), which reside at 

the boundaries of the V (variable), D (diversity), and J (joining) segments that define the 

specific genomic sequences bound, cleaved, and joined to produce an essentially unlimited 

diversity of coding sequences [22, 24]. It is now firmly established that the catalytic core of 

RAG1, the protein that is responsible for cleavage activity, is a domesticated transposase 

derived from an ancient lineage of DNA transposons dubbed Transib [23, 25]. TE-encoded 

homologs of RAG1 occur in various invertebrates such as sea urchin and oysters [25, 26]. It 
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is also likely that the RSS motif descends from the terminal inverted repeats (TIRs) of 

Transib elements, since these sequences and their arrangement are similar in Transib 
transposons [25]. In addition to RAG1, RAG2 also was shown to have TE origins and 

several lines of evidence suggested that both RAG1 and RAG2 were domesticated from the 

same ancestral Transib element [26]. This evolutionary scenario has been solidified by a 

recent study that functionally characterized an active Transib element from the lancelet, a 

member of the cephalochordates, which lack V(D)J recombination [27]. This transposon, 

coined ProtoRAG, encodes both RAG1- and RAG2-like genes arranged just like their 

domesticated vertebrate homologs and flanked by TIRs that resemble the RSS and is able to 

undergo TIR-dependent transposition through a mechanism strikingly similar to RAG1/2-

mediated DNA rearrangement [27]. These results support the idea that not only RAG1 
derives from a transposase, but that RAG2 and RSS also descend from an ancestral 

transposon related to ProtoRAG.

There is growing evidence that TE domestication was also instrumental to the emergence of 

another adaptive immune system, but this time of prokaryotes: the CRISPR-Cas system. To 

defend against the continuous assault of invasive (and often deadly) genetic elements such as 

plasmids and phages, many bacteria and archaea have evolved a form of adaptive immunity 

that consists of two minimal components: (i) a core Cas (CRISPR-associated system) 

protein complex, which has nucleic acid binding and endonuclease activities, and (ii) a guide 

RNA generated from clustered regularly interspaced short palindromic repeats (CRISPR) 

loci [28]. CRISPR loci are composed of noncontiguous direct repeats separated by variable 

spacer sequences that are formed by incorporating DNA bits of invasive genetic elements, 

thereby providing an heritable record of the cell’s previous exposure to various parasitic 

elements [29, 30]. If the invader in record enters the cell again, the CRISPR RNA (crRNA) 

will be used as a guide for the Cas protein complex to recognize and digest the invader’s 

nucleic acids [31]. Recent studies have uncovered a wide diversity of CRISPR-Cas systems 

that can be divided into two major classes. Class 1 systems are the most widespread in 

bacteria and archaea and are defined by multisubunit crRNA effector complexes, whereas 

class 2 systems represent only about 10% of the CRISPR-Cas loci and are defined by a 

single subunit crRNA–effector module [32]. Cas1, the most prominent Cas protein found in 

CRISPR-Cas systems, shares sequence similarity to the transposases encoded by a group of 

TEs called Casposons [33]. Additionally, Cas1 is able to integrate spacer sequences into the 

CRISPR locus through a biochemical mechanism that is strikingly similar to transposase 

[34, 35]. Akin to RSS sequences in V(D)J, it has been proposed that the CRISPR repeats 

may be derived from the TIRs of Casposon-like elements based on the observation that the 

TIRs of these transposons are very similar to CRISPR repeats in terms of sequence, size, 

secondary structure and their predicted ability to be bound and cleaved by Cas1-like 

transposases [36, 37]. Thus, evidence is mounting that class I CRISPR-Cas systems 

originated from the domestication of Casposons [33]. Other mobile genetic elements have 

contributed to the further diversification of Class 1 CRISPR-Cas systems. Notably, reverse 

transcriptase (RT) sequences derived from mobile group II introns have been coopted 

repeatedly in bacterial evolution to form Cas1-RT fusion proteins, which enable the 

acquisition of spacer sequences from parasitic RNA agents [38].

Jangam et al. Page 3

Trends Genet. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The class 2 CRISPR-Cas system, which is apparently less common, but still remarkably 

diverse in bacteria is thought to have an independent origin from class 1 CRISPR-Cas 

system. There is growing support to the notion that class 2 systems were also assembled 

from parts borrowed from transposons. Cas9-like proteins, which act as effectors in most 

class 2 systems, show sequence similarity to proteins called TnpB, which are poorly 

characterized but are commonly found in both autonomous and non-autonomous TEs [39, 

40]. Phylogenetic analyses point to multiple domestication events of TnpB-proteins giving 

rise to different lineages of Cas9-like effectors for several class 2 CRISPR-Cas subtypes 

[39]. Taken together these findings paint a remarkable picture whereby multiple CRISPR-

Cas systems have been assembled independently from the cooption of various types of TE-

derived proteins during prokaryotic evolution.

Host-TE conflict resolved through TE domestication

In parallel to the arms race between host and pathogens plays another battle between cells 

and invasive genetic elements like TEs and retroviral relatives. Cells have evolved ways to 

overcome these conflicts through pathways and mechanisms that often rely on domesticated 

TE proteins. Several proteins derived from the Envelope (Env) gene of endogenous 

retroviruses are known to aid in the protection of the host cell by restricting infection of 

related retroviruses. Because Env is essential for entry of the virus into the host cell, 

endogenous Env expression can block viral entry through a competitive process called 

receptor interference [41]. There are at least six different Env-derived genes identified in 

species as diverse as mouse, cat, sheep and primates that are capable of protecting against 

the infection of related retroviruses [41, 42].

In addition to Env proteins, the Gag proteins encoded by endogenous retroviruses can also 

be coopted for restricting retroviral infection. A classic example is the mouse Fv1 gene 

which is derived from the Gag gene of a member of the endogenous retrovirus family ERV-

L. Fv1 was initially identified as a restriction factor for the murine leukemia virus (which is 

not directly related to ERV-L), but was subsequently shown to be capable of protecting 

against a wide variety of retroviruses [43]. Thus, Fv1 may have acquired a broad antiviral 

function, though the molecular mechanisms by which restriction is achieved remain poorly 

understood. Interestingly, Fv1 is a rapidly evolving gene with signature of positive selection 

(see Glossary) diversifying the C-terminal region of the protein, which is known to be 

important for viral restriction [43], suggesting that this factor has been engaged in an arms 

race with retroviruses.

In the fission yeast Schizosaccharomyces pombe, three transposase-derived proteins (Abp1, 

Cbh1 and Cbh2) originated from pogo transposons have taken on partially overlapping 

function in controlling unrelated retrotransposons called Tf2 elements. These domesticated 

proteins have been reported to transcriptionally silence Tf2 retrotransposons by tethering 

histone deacetylases (see Glossary) to the long terminal repeats of these elements, which 

also prevents the chromosomal integration of Tf2 elements via homologous recombination 

[44-46]. Thus, proteins derived from one TE class have acquired the ability to silence TEs 

from a completely different class. TE silencing may not be the sole cellular function of the 

S. pombe transposase-derived proteins as they are also required for proper chromosome 

Jangam et al. Page 4

Trends Genet. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



segregation [47]. Therefore, it is unclear whether the TE silencing function of Abp1, Cbh1 

and Cbh2 evolved first or emerged secondarily through fortuitous recognition of Tf2 

elements. Interestingly, pogo-like transposases have been domesticated in several additional 

lineages and also in part to serve centromeric function (see Box 2). We speculate that these 

repeated episodes of transposase domestication might have been promoted to suppress 

another conflict: the so-called centromere drive (Box 2).

In Arabidopsis, two genes MAIL1 and MAIN encode related proteins that appear to be 

evolutionarily derived from a subset of Ty3/gypsy retrotransposons found in angiosperms 

[48]. These proteins might have been initially captured from the host by these elements, but 

appear to have been reclaimed to partake in an epigenetic silencing pathway that 

transcriptionally represses a broad array of TEs [48]. Genetic loss of these genes resulted in 

impaired condensation of pericentromeric heterochromatin and upregulation of TE 

transcription suggesting their protein products are acting as transcriptional repressors. The 

molecular mechanisms by which MAIL1 and MAIN promote the formation of silent 

chromatin remain to be characterized, but involve a molecular pathway independent of 

small-interfering RNAs (see Glossary) and DNA methylation. It is intriguing that proteins 

related to MAIL1 and MAIN seem to have been acquired by TEs multiple times, including 

DNA transposons of the Mutator-like superfamily, which may reflect a counter-defense 

strategy deployed by these elements [48].

ALP1 is another domesticated TE protein identified in Arabidopsis that is involved in yet 

another epigenetic silencing pathway [49]. ALP1 directly derives from a PIF-like 

transposase and antagonizes silencing through a direct interaction with the Polycomb 

Repressor Complex 2 (PRC2), which is known to contribute to TE silencing in Arabidopsis 
[49]. The authors hypothesized that ALP1’s interaction with PRC2 could be an ancient 

property of PIF-like transposases that benefited the original transposon as a form of counter-

repression [49]. Interestingly, in this case, the domesticated TE protein does not appear to 

play an effector role in TE repression but exerts a modulatory effect on a TE silencing 

pathway. The outcome must be beneficial to the host organism since the ALP1 gene display 

clear signature of evolutionary conservation and purifying selection across diverse land plant 

species.

Another example of domesticated TE protein that was potentially coopted for TE control is 

LINE-1 type Transposase Domain-containing 1 (L1TD1 [50]). L1TD1 was coopted in the 

ancestor of placental mammals from the ORF1 coding region of long interspersed nuclear 

elements LINE-1 (or L1s), one of the most abundant and persistent TE families in 

mammalian genomes. While the biochemical and cellular activities of L1TD1 remain to be 

defined, several observations suggest that it may be engaged in an arms race relationship 

with L1 elements. First, the evolution of the L1TD1 gene is characterized by bouts of rapid 

diversification under positive selection in primates and mice, lineages where L1 elements 

have undergone particularly dramatic bursts of diversification and expansion. Second, the 

L1TD1 gene has been lost multiple times during mammalian evolution, and at least in one 

lineage (megabats), its loss correlates with the (otherwise rare) extinction of L1 elements, as 

if L1TD1 was no longer needed once L1 became extinct. Although human L1TD1 now 
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appears to function as a regulatory protein to maintain embryonic stem cell pluripotency, the 

authors argue that L1TD1 was initially domesticated to defend against L1 or other TEs [50].

TE proteins co-opted to eliminate TE-derived sequences

Ciliates are single-celled eukaryotes that are unique for harboring dimorphic nuclei [51]. 

The germline micronucleus (MIC) contains the genomic material that is passed down to the 

next generation while the somatic macronucleus (MAC) is not passed to the next generation 

but encodes all the proteins responsible for the organism’s function [51]. Like other typical 

eukaryotic genomes, the micronucleus contains a large amount of repetitive sequences and 

TEs interspersed with DNA sequences essential for the host [52, 53]. However, unlike any 

other genomes, the genes in the MIC are interrupted and sometimes even scrambled by a 

multitude of nongenic DNA segments, including repetitive elements called Internal 

Eliminated Sequences or IES that must be excised at the DNA level for correct assembly of 

the MAC and proper gene expression [54]. To excise IESs some ciliates have co-opted the 

cleavage properties of transposases. For instance, Paramecium uses PiggyMac (Pgm [55, 

56]), a domesticated transposase, while in Tetrahymena at least four other transposase-

derived proteins (TPB2, TPB1, TBP6, and Lia5) are required for IES removal [57-60]. 

While all of these proteins share sequence similarity to the piggyBac superfamily of 

transposases their evolutionary relationship to one another remains obscure. For example, it 

is unclear whether the Paramecium and Tetrahymena genes encoding these proteins are 

orthologous or if each is derived from distinct transposons independently domesticated 

and/or the product of gene duplication events [54, 58, 61]. The functions of these 

transposase-derived proteins also appear to vary or to have diverged after they were 

domesticated. In Paramecium, DNA elimination involves the precise excision of IES, which 

are located between and within genes, and requires the catalytically active PGM transposase 

as well as TA dinucleotides at the boundaries of IES. When excised in the MAC only a 

single TA remains [61]. In Tetrahymena, IES are primarily intergenic and while TPB2 has 

retained catalytic activities that are essential for IES removal [60], LIA5 appears to have lost 

its catalytic activity but remain essential for DNA elimination likely through its involvement 

in chromatin reorganization prior to IES excision [57, 58]. Finally, TPB1 and TPB6 appear 

to function as catalytically active transposases, but differ from TPB2 in being dedicated to 

the removal of a small subset of IES that resemble ancient piggyBac transposons [59].

There is growing evidence that IES themselves originated from TEs. In Paramecium, a 

fraction of IES appears to be derived from recent Tc1/mariner-like element invasions and 

resemble miniature elements or solitary TIRs, whose sequences appear to have converged to 

be excised by Paramecium’s PiggyMac leaving no scar behind unlike typical Tc1/mariner 
transposition [61]. In Tetrahymena, there is also substantial overlap and terminal sequences 

similarities between IES and TEs, including piggyBac-like elements [53, 59, 62]. These 

observations and what is known about the biochemistry of IES excision [61] support the idea 

that the process of IES elimination in Paramecium and Tetrahymena closely resembles the 

excision of piggyBac transposons, and that this type of elements could have provided both 

the enzymatic machinery and at least some of the cis-acting sequences now required for the 

process. Expanding upon this idea, we propose a model in which the dimorphic nuclei 

system of ciliates fosters the evolution of TEs that are specifically expressed during the 
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transition from MIC to MAC as to be excised during that transition, which would minimize 

their deleterious impact and lead to their eventual domestication (see Box 1). Another ciliate 

species, Oxytricha, provides an outstanding model to test the hypothesis. In this species, 

certain DNA transposons called TBE undergo self-excision during the MIC to MAC 

transition and TBE transposase expression is essential for IES excision and proper genome 

unscrambling (Nowacki, et al. 2009). Thus TBE transposons might be at an early step 

toward domestication [54, 63] (see also Box 1 and Box 3).

Parallels have been drawn between the ciliate IES and spliceosomal introns in eukaryotes 

[64]. Analogously to the TE domestication model for IES removal (see Box 1), it is tempting 

to speculate that TE proteins might have been ancestrally coopted to ensure spliceosomal 

intron splicing. There is solid evidence that spliceosomal introns are evolutionarily related 

and likely derive from sequences resembling group II introns (i.e., a type of class I mobile 

element). First, group II introns have structural similarity with spliceosomal introns (e.g., 

several components of the group II intron ribozyme including small RNAs are similar to the 

small nuclear RNAs of the spliceosome), and they also have a splicing mechanism that is 

strikingly reminiscent of the removal of spliceosomal introns [65]. Additionally, the prp8 

protein, which is an integral component of the spliceosomal complex, displays significant 

sequence similarity with reverse transcriptases and as such has been proposed to derive from 

an anciently domesticated retroelement [66]. Since group II introns typically encode a 

reverse transcriptase that is essential for their insertion (Figure 1), group II and spliceosomal 

introns are not only similar in structure and excision mechanism, but also in parts of the 

enzymatic machinery that catalyzes their mobilization [65, 66]. These observations bring 

credence to the idea that spliceosome and introns could have originated via domestication of 

TE-encoded proteins and their cis-acting sequences, respectively. This hypothesis is in line 

with the proposal that the invasion of an ancient group II intron-like mobile element of an 

early eukaryotic ancestor might have led to the emergence of spliceosomal introns [64, 67]. 

Insertions of these introns within genes would have been tolerated by natural selection as 

long as the introns would have been spliced out after transcription, restoring the reading 

frame, imposing functional constraint on the machinery that ensures their splicing and 

leading to domestication of the machinery for proper cell function

In summary, TEs evolve ways to replicate and spread in the genome while minimizing their 

deleterious effects on host fitness, for instance by ensuring their excision at the DNA or 

RNA level. These processes create a dependence of the host on these enzymatic activities, 

which leads to the assimilation of TE-encoded proteins to the cellular machinery. Thus, the 

evolutionary dynamics of host-TE interactions create fertile ground for the domestication of 

TEs, which in turns add a layer of complexity to the organization and function of the 

genome.

TE proteins co-opted as a result of conflict between mother and embryo

Syncytins are proteins derived from the Env gene of retroviruses that have been coopted at 

least nine times during mammal evolution and are thought to play a role in placentation 

[68-71]. The placenta is a temporary organ that is formed by the fusion of fetal 

extraembryonic membrane and the maternal uterine tissue, which facilitates metabolic 
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exchanges through the interface between the mother and the fetus [69]. The proposed 

function of Syncytins in the placenta is based on their restricted or high level of expression 

in that organ, their ability to mediate cell-to-cell fusion (which is required for the 

establishment of the syncytiotrophoblast layer at the fetal-maternal interface) and, in some 

case, also immunosuppressive activities [68]. Knockout studies of two murine-specific 

Syncytins in the mouse firmly established their critical function in placenta development 

[72, 73], but it remains unknown whether all Syncytins identified in other mammalian 

lineages are equally important for placentation. In fact, the evolution of Syncytins presents 

an evolutionary conundrum, because none are conserved across mammals, but instead each 

has emerged independently during mammal evolution through cooption events of distinct, 

lineage-specific retroviral Env sequences [68-71]. Some species like mouse and human even 

harbor multiple Syncytins in their genomes that originated at different evolutionary time 

points and there is also evidence that some Syncytins have been lost during evolution [68]. 

Could the repeated cooption and turnover of Syncytins reflect convergent adaptation to a 

persistent evolutionary battle? It has been proposed that the interface between the mother 

and the fetus in the placenta sets the stage for a conflict whereby the fetus selects for the 

ability to maximize the transfer of nutrients to itself while the mother, in response, adapts to 

limit the nutrient transfer and maintain overall homeostasis maximizing her offspring 

number [74]. This conflict is predicted to result in an evolutionary arms race driving rapid 

placental evolution and potentially Syncytin evolution. The model is supported by several 

genetic observations, including certain patterns of gene expression (imprinting; that reveals 

that the conflict might even start as a mother-father conflict [75, 76]) and evolution (positive 

selection) that are prevalent for placental-specific genes, and at an anatomical level by the 

remarkable diversification of this organ during mammalian evolution [69, 74, 77, 78].

A placenta feature that might facilitate the recurrent Syncytin cooption for placenta function 

could be the low level of DNA methylation relative to other tissues, which tends to promote 

the expression of TEs and endogenous retroviruses in particular in this organ [76, 79, 80]. In 

addition to the Syncytins, i.e., endogenous retrovirus gene domestication, numerous ERV 

and other TE sequences have been coopted as cis-regulatory elements to coordinate 

placental or uterine gene expression during pregnancy [81, 82]. Thus placenta 

hypomethylation that might facilitate the recurrent recruitment of ERV proteins and 

placenta-specific regulatory sequences might have influenced how embryos evolved the 

cellular fusion that started the conflict and might influence how it adapts to the everlasting 

evolutionary arms race between the fetus and the mother [78].

Concluding remarks

In this review we highlight three major routes by which TE proteins have been domesticated 

in response to genetic conflicts. First, TE proteins from various classes of elements have 

been repeatedly coopted to suppress TEs or retroviruses. The recurrence of this phenomenon 

may be explained by the fact that these TE proteins had pre-existing interactions with 

cellular machinery and with TEs themselves, which can be readily repurposed for TE 

suppression. A second, unforeseen route invokes the transition from actively transposing 

elements toward domestication imposed by their own selfish invasive strategies. This route, 

which is best exemplified by the process of DNA elimination and the formation of IES in 
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ciliates or possibly the transition from self-splicing to spliceosomal introns, likely 

contributed to increasing complexity in genome organization and function during evolution. 

Finally, the last route involves the cooption of TE proteins and sequences for seemingly 

unexpected novel biological processes such as adaptive immune systems of vertebrates 

(V(D)J recombination) and prokaryotes (CRISPR-Cas). In those examples where TE 

proteins are coopted for seemingly completely new functions, the interactions of those 

proteins, the host cellular machinery and the interactions of TEs they derive from need to be 

better characterized if we are to obtain a complete picture of how those novel functions 

evolved.

Lastly, we want to highlight the challenges in assigning function to domesticated TE 

proteins. These challenges are very similar to assigning functions to any other candidate 

protein and reverse genetics methods are often used. However, from an evolutionary point of 

view, there is an interest in exploring the function that initially facilitated the domestication 

of TE proteins. When a TE protein is domesticated to resolve a conflict, it will most likely 

be incorporated into host cellular pathways. These pathways may evolve over time to a point 

that may obscure our understanding of the activity or interaction that initially triggered the 

domestication event. Thus the present function of a TE-derived protein may not always 

illuminate the initial process of domestication and, as a consequence, the role of genetic 

conflicts as the initial driver of TE domestication may remain underestimated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Adaptive immune systems
Antigen specific response system that involves antigen-specific recognition and 

neutralization.

Arms race In this publication, an evolutionary conflict that involves continuous 

competition between interacting species or genetic elements to adapt to the 

ever-changing interacting partner.

Genetic drift Evolutionary process leading to the chance change in allele 

frequencies due to the random effects caused by sampling 

in populations of finite population size.

Histone deacetylases Enzymes whose activity involves the removal of acetyl 

groups of histones. This histone modification most often 

leads to chromatin condensation.

Positive selection Evolutionary process leading to the increase in frequency 

of new beneficial alleles. When it occurs in the context of 

an arms race it is recurrent and leaves behind a signature of 

fast protein evolution.

Purifying selection Evolutionary process leading to the decrease in frequency 

of new deleterious alleles.

Reverse transcription
Protein activity that leads to the synthesis of DNA using RNA as a template.

Selfish genetic element
DNA sequences that have evolved the ability to propagate at a cost to the host.

Small-interfering RNAs
In this publication, short cellular RNAs complementary to mRNAs that prompt targeted 

mRNA degradation and, often, targeted gene silencing through chromatin remodeling.

Jangam et al. Page 14

Trends Genet. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1

When TE domestication may be inevitable

Here we argue that evolutionary conflicts drive TEs to evolve features that initially 

minimize their deleterious impact on the host, but eventually and inevitably lead to 

their domestication. We envision that the ciliate MIC/MAC binuclei transition, 

which involves a step of programmed DNA elimination when the MAC nucleus 

forms (see main text), might provide such an opportunity. Once this process is in 

place, natural selection would favor ciliate TEs that are expressed during the 

transition from MIC to MAC as this behavior would promote their propagation 

exclusively in the MIC and minimize deleterious effects on somatic development 

and function in the MAC (Figure I). This system further predicts that TEs capable 

of excision, such as cut-and-paste DNA transposons, would be favored over those 

that cannot like retrotransposons. Consistent with this, the TE landscape of 

Tetrahymena and Oxytricha MIC genomes appears to be dominated by DNA 

transposons [52, 53] (but maybe less so for Paramecium [83]). Another prediction 

of this model is that if a transposon lands in a region where its excision becomes 

essential for proper MAC (somatic) function and fixes in the population, it would 

impose functional constraint on at least one active transposase gene as well as the 

cis-acting sequences (TIRs) required for excision of the transposon (Figure I). 

This situation may progress from a type of mutualism [54, 64], where active TEs 

capable of excision are maintained by natural selection, to a complete 

domestication if the transposase becomes physically dissociated from its cis-acting 

sequences and can only function in trans without increasing the spread of the 

transposase. Interestingly, the transposases encoded by the TBE family of DNA 

transposons, which are currently active in Oxytricha, are known to bear the 

signature of purifying selection [64, 84]. This signature of constraint suggests that 

TBE transposase activity has to be maintained to preserve host fitness and might 

reflect an intermediate step toward eventual domestication. A final prediction of 

the model is that transposons that insert within or close to genes but excise 

precisely, leaving no molecular ‘footprints’ of their insertion, would be more 

likely to succeed in colonizing the MIC and therefore be more prone to evolve 

toward domestication. In this regard, it is notable that all transposases identified to 

date as domesticated for DNA elimination in ciliates derive from piggyBac 

transposons, which are known to insert preferentially within or near genes [85] 

and to produce precise excision events [86].
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Box 2

Is centromere drive promoting TE domestication?

Centromere binding protein B (CENP-B) is a conserved mammalian factor that is 

essential for the establishment of centromere identity (Black et al. 2007). CENP-B 

is derived from the transposase of a pogo-like DNA transposon [87]. Three CENP-

B-like proteins (Abp1, Cbh1, and Cbh2) have also been identified in fission yeast 

by virtue of their sequence and functional similarities to mammalian CENP-B. 

However, the yeast genes are not orthologous to the mammalian CENP-B and 

were independently domesticated from a distinct lineage of pogo-like transposons, 

suggesting a form of convergent evolution [88]. In addition, there are two more 

reports of independent domestication events of pogo-like transposases: one in 

lepidopteran species with holocentric chromosomes [89] and one in Drosophila 

(called CAG), which may also be a centromere-associated protein [89, 90].

The recurrent domestication of pogo-like transposases in evolution is intriguing 

and might be driven by the ability of these proteins to turn into TE silencers as 

described in the text for the CENP-B-like proteins of fission yeast [44]. But the 

association of several CENP-B proteins with centromeric regions suggests that 

another genetic conflict might be another evolutionary force repeatedly underlying 

their cooption: the so-called centromere drive model [91]. Unlike mitosis, which 

produces two identical daughter cells or male meiosis, where all four gametes are 

produced, in female meiosis only one of the four meiotic products is passed to the 

next generation through the oocyte. This creates an opportunity for competition 

between homologous chromosomes to end up in the oocyte. The centromere is 

positioned in a way that it can effectively orient the chromosome during meiosis I 

through microtubule attachment and the proper orientation of a chromosome has 

been shown to be advantageous for its transmission to the next generation [11]. 

This phenomenon has led to a model dubbed centromere drive, where the 

centromere that positions the chromosome in the best orientation is selected, and 

is thought to be responsible for rapid evolution of centromeric DNA as its length 

and sequence can bias its transmission [92, 93]. Centromere drive is believed not 

to cause direct negative fertility effects to females, however if it reduces the 

fertility in males, the centromeric proteins would require to adapt and restore male 

fertility [94]. The conflict generated could have not only led to the rapid evolution 

of kinetochore proteins, but in addition, might have also led to the domestication 

of pogo-like transposase as centromere-binding proteins to adapt to the centromere 

drive.
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Box 3

Can whole TEs be domesticated?

A recurrent theme in the examples of TE domestication summarized in this review 

is that the domesticated TE proteins act in trans even when they act on substrates 

that resemble TE ends or derive from the same cognate TE (e.g., RAG1/2 in 

V(D)J recombination). But can a whole TE be domesticated as a unit? Below we 

argue that domestication is complete only when proteins are separated from rest of 

the TE sequences as genetic conflict still exist when the whole TE is still 

replicating even if it is potentially in the trajectory to being domesticated.

In Oxytricha, TEs belonging to Tc1/mariner superfamily excise themselves during 

the transition from MIC to MAC nucleus and their activity is needed for from 

MIC to MAC transition [63]. However, the conflict may still be ongoing in this 

case as the fitness of individuals is predictably lowered by new insertions of the 

active element that is likely still actively transposing [54] thereby increasing the 

chances of deleterious TE-excision-disabling mutations as offspring is produced 

(Figure I).

In Drosophila, the activity of non-LTR retrotransposons elongates telomeres. In 

these species three non-LTR retrotransposons (Het-A, TART, and TAHRE) 

retrotranspose to the very ends of the chromosomes using the 3’ end for reverse 

transcription preventing the telomeres from shortening [95, 96]. These elements 

preferentially target the end of the chromosomes and are rarely found in other 

genomic regions [97]. The presence of TEs at the ends of the chromosomes might 

be viewed as a domestication of whole TEs by the host. However, while the 

retroelements may have found a “safe heaven” at the ends of the chromosomes, 

perhaps, after the demise of the telomerase in Drosophila, the genome might 

actually still be in conflict with the TEs. It should be emphasized that the three 

non-LTR retroelements that transpose to the ends of the chromosomes in 

Drosophila have evolved features that differ from their non-LTR relatives such as 

targeting of the 5’ of other telomeric TEs at the end of chromosomes combined to 

unusually long UTRs that appear to specialize them toward their genomic niche of 

telomere targeting [96]. However, they appear to remain selfish elements as given 

the opportunity, DNA double strand breaks are recognized by these elements and 

they transpose into other genomic regions as well [96] and the opportunities for 

selfishness remain [98]. Thus these TEs cannot be considered fully domesticated 

and although the organism presumably benefits from their insertion at the 

telomeres there is evidence of ongoing conflict that might only be resolved by a 

complete domestication whereby the locus producing the template RNA is 

physically separated from that encoding the reverse transcriptase. It is tempting to 

speculate that telomerase, itself a reverse transcriptase, might have originated 

through this evolutionary path from a domesticated retroelement [99].
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Trends Box

Transposable elements are selfish DNA elements That are able to increase in copy 

number by Xploiting host cellular functions.

Domestication of TE sequences by the host for cellular function is an evolutionary 

process that has been unexpectedlycommon.

Proteins encoded by transposable elements (TEs) are often repurposed to Perform 

host functions as part of novel protein---coding genes. Domesticated TE proteins 

are frequently coopted to mitigate evolutionary conflicts, especially in defense 

against pathogens and invasive genetic elements.

For certain TE conflicts, domestication might be an inevitable outcome.
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Outstanding Questions Box

--- Why do DNA transposon proteins appear to be more prone to domestication 

than retroelement proteins?

--- What types of interaction interfaces between host and TEs facilitate TE 

domestication?Are some interfaces more likely to be preserved and coopted?

--- How often does TE domestication lead to convergent molecular innovations?

--- How are TE genes put under the regulatory control of the host? Does it involve 

the replacement or modification of TE’s ancestral regulatory properties? Does the 

local genomic environment near a TE’s landing site play a major role?

--- To what extent is the population genetics of a species affecting the propensity 

and path toward TE domestication?

--- Are species accumulating more TEs in their genome more likely to co---opt 

TEs?
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Key Figure, figure 1. 
Transposition mechanisms of major types of transposable elements highlighting genes and 

functions that are involved in conflict. Class I elements or retrotransposons transpose via 

RNA intermediates (A and B), and Class II elements or DNA transposons mobilize directly 

as DNA molecules (C). We include retroviruses and endogenous retroviruses under LTR 

retrotransposons as previously proposed [100]. A. A typical non-LTR retroelement 

transposition (i.e., LINE element) is initiated by the transcription of the element. The 

transcript is translated into proteins and they associate with the mRNA and translocate into 

the nucleus. The retrotranscriptase (RT) protein has endonuclease activity and makes a nick 

on one of the strands and uses the 3’ end to prime synthesize a cDNA copy and insert into 

the genome. This process is known as target primed reverse transcription (TPRT). The nicks 

generated on two DNA strands are generally staggered and this results in target site 

duplications (TSDs). B. A typical LTR retrotransposon is characterized by long terminal 

repeats (LTRs) and generally encodes for three major proteins (GAG, POL, and ENV). The 

transposition is initiated by the transcription of three encoded genes as a single mRNA. The 

transcript is translated into several protein products. The POL gene is translated to three 

proteins, integrase (INT), RNAse H (RH), and RT. The GAG forms the capsid protein that 

encapsulated the LTR mRNA, int, RH, RT into a nucleocapsid virus like particle (VLP). The 

ENV, which is a glycoprotein, can promote the escape of the VLP from the cell. In the 

extracellular space, the viral surface ENV glycoprotein can recognize susceptible cells 

through recognition of the cell receptors and fuse with the cell membrane. Once fused, the 

nucleocapsid can enter into the cell cytoplasm. Alternatively, the VLP, instead of escaping 

the cell, can continue the transposition process within a single host cell. In the VLP, the RT 

reverse transcribes the RNA into cDNA which then associated with the INT. The INT guides 

the cDNA into the nucleus, where it finds a target site and integrates the element into the 

genome. Since the INT usually generates a staggered cut, the LTR elements are flanked by 

TSDs. C. A typical cut and paste DNA TE is flanked by target site duplications (TSDs), 

Terminal inverted repeats (TIRs) and encodes for at least a transposase. The transposition of 

the cut and paste element is initiated when the transposase is transcribed and translated. The 
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transposase can either stay as monomer or form multimers. Alternatively, the transposase 

can also interact with other proteins (either encoded by the TE itself or host proteins). The 

transposase is then able to translocate into the nucleus where it recognizes and binds the 

TIRs. After binding to the TIRs the transposase catalyzes the excision of the TE from the 

donor site. When the TE (bound to the transposase) finds a target site, it makes a staggered 

cut and inserts itself into the new site. When the staggered cuts are repaired the TE remains 

flanked by TSDs.
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Figure I. 
Model of the inevitability of TE domestication using ciliates as example. i) A novel TE 

invades a naïve ciliate genome and expands in copy number. Upon integration, TEs can 

potentially disrupt genes and regulatory sequences. ii) Because ciliates have dimorphic 

nuclei, micronucleus (MIC) and macronucleus (MAC), the organisms in which the TEs 

evolve to precisely excise during the transformation from the MIC to the MAC will have 

intact coding regions and regulatory sequences and will survive. These TEs will proliferate 

undetected by the host. Host with mutated copies of the TEs which cannot excise due to 

mutations in the TIRs or transposases cannot form intact ORF in the MAC and do not 

survive. Thus there is purifying selection and organisms that harbor TEs able to precisely 

excise, provided there are enough active TE copies that provide a source of transposase for 

excision have higher fitness. These TEs will keep proliferating and the potential for 

deleterious mutations in the TIRs will increase. iii) Conflict between TE and host is resolved 

by domesticating a TE protein to excise related TEs during the transition to the MAC 

nucleus. iv) Overtime the TE-related sequences accumulate mutations beyond recognition. 

However, the regions of TE (generally parts of TIRs) are under purifying selection since 

these sequences are important for the excision of disruptive sequences and gives rise to IESs.
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