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Since the discovery of the first transposon by Dr. Barbara McClintock, the prevalence and diversity of

transposable elements (TEs) have been gradually recognized. As fundamental genetic components, TEs

drive organismal evolution not only by contributing functional sequences (e.g., regulatory elements or

“controllers” as phrased by Dr. McClintock) but also by shuffling genomic sequences. In the latter respect,

TE-mediated gene duplications have contributed to the origination of new genes and attracted extensive

interest. In response to the development of this field, we herein attempt to provide an overview of TE-

mediated duplication by focusing on common rules emerging across duplications generated by different

TE types. Specifically, despite the huge divergence of transposition machinery across TEs, we identify three

common features of various TE-mediated duplication mechanisms, including end bypass, template

switching, and recurrent transposition. These three features lead to one common functional outcome,

namely, TE-mediated duplicates tend to be subjected to exon shuffling and neofunctionalization. Therefore,

the intrinsic properties of the mutational mechanism constrain the evolutionary trajectories of these du-

plicates. We finally discuss the future of this field including an in-depth characterization of both the

duplication mechanisms and functions of TE-mediated duplicates.

Copyright © 2023, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of

Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

As a subject worthy of a Nobel Prize award, transposable ele-

ments (TEs) were initially discovered by Dr. BarbaraMcClintock in the

1940s (McClintock, 1948). With 80 years of effort, the following three

characteristics of TEs are well-known: 1) although TEs are extremely

diverse, they can be roughly grouped as Class I TEs (retro-

transposons) with RNA as transposition intermediates, and Class II

TEs (DNA transposons) with DNA as intermediates (Finnegan, 1989;

Wicker et al., 2007; Wells and Feschotte, 2020); 2) with very few

exceptions, TEs constitute an appreciable proportion of almost all

eukaryote genomes (Wicker et al., 2007; Sun et al., 2012; Wells and

Feschotte, 2020); and 3) TEs shape the activity and evolution of host
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genomes through contributions of regulatory or coding sequences

and through induction of genomic changes (Dooner and Weil, 2007;

Cosby et al., 2019; Fueyo et al., 2022; Wang et al., 2022a). The last

characteristic, the functional consequences of TEs, draws the most

attention. On the one hand, Dr. McClintock noticed that TEs

contributed regulatory elements and thus controlled the activity of

flanking genes as “controlling elements” (McClintock, 1956). In par-

allel, the coding sequences of TEs could also be co-opted or

domesticated (Makalowski et al., 1994; Cosby et al., 2021). On the

other hand, Dr. McClintock also recognized TEs as mutagens cata-

lyzing structural changes in genomes including duplications, de-

letions, and inversions (McClintock, 1950).

Among these various changes, TE-mediated gene duplication

was extensively studied. Specifically, gene duplication has long been

believed to be the major mechanism underlying new gene origination

and driving phenotypic evolution (Ohno, 1970; Zhang, 2003; Long

et al., 2013). Although the evolutionary fate of most duplicates is

pseudogenization or gene loss, a small proportion are retained or
logy, Chinese Academy of Sciences, and Genetics Society of China. Published by
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preserved in long-term evolution (Lynch and Conery, 2000; Innan and

Kondrashov, 2010). A dozen models have been proposed to explain

the retention of these duplicates, among which positive dosage

(selection for higher dosages), subfunctionalization (ancestral func-

tion subdivided across copies), and neofunctionalization (one copy

conferring a novel role) models are more often studied (Zhang, 2003;

Qian and Zhang, 2008; Innan and Kondrashov, 2010). Interestingly,

due to the jumping and shuffling nature of TEs, TE-mediated dupli-

cates tend to be neofunctionalized through new exon/intron struc-

tures or new regulatory contexts (Lynch and Katju, 2004; Katju, 2012;

Cerbin and Jiang, 2018).

The first case of TE-mediated gene duplication was reported in

bacteria as early as 1975 (Kleckner et al., 1975). Subsequently,

tremendous efforts, including ours, have firmly established that gene

or sequence duplication can be mediated by all major TE types

(Fig. 1A). That is, genes can be captured by the two retrotransposon

subclasses, long terminal repeat (LTR) and non-LTR retro-

transposons (Moran et al., 1996; Emerson et al., 2004; Tan et al.,

2016; Rosikiewicz et al., 2017; Zhang and Tautz, 2022), and by the

two DNA transposon subclasses, terminal inverted repeat (TIR) TEs

and rolling-circle TEs (also known as Helitrons) (Jiang et al., 2004;
Fig. 1. The classification of TEs and their transposition mechanisms. A: TE classification syste

are short for plants, metazoans, fungi, and others, respectively. In the last column, we listed on

duplicates. B: The transposition mechanisms of four major TE subclasses. The purple and gree

synthesized strand. The figure was modified from Wells and Feschotte (2020).
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Thomas and Pritham, 2015; Tan et al., 2021). Given their ability in

capturing and mobilizing host genes (“stealing” sequences from host

genes), TEs are therefore dubbed as “thieves” (Lisch, 2005). Notably,

due to the ubiquity and repetitive nature of TEs in genomes, they

provide templates for non-allelic homologous recombination (NAHR)

or ectopic recombination leading to gene excision or gene duplica-

tion (Babcock et al., 2003; Bailey et al., 2003; Kazazian, 2004; Yang

et al., 2008). However, because NAHR is presumably enabled by all

kinds of similar sequences, including TEs, it would not be discussed

subsequently in this review.

Along with blooming research on TE-mediated gene duplication,

numerous reviews have been published in the past decade. Some of

them focused on one type of TE, such as duplicates captured by DNA

transposons (Zhao et al., 2016), or retroduplicates (or retrocopies)

generated by retrotransposons (Kubiak and Makalowska, 2017).

Alternatively, some reviews broadly covered duplicates generated by

various types of TEs, together with functions associated with these

duplicates (Dooner andWeil, 2013; Cerbin and Jiang, 2018). Different

from these previous efforts, we herein provide a mechanistic over-

view of duplicates generated by all four TE subclasses and then

carefully dissect their common features. Furthermore, we discuss
m and representative studies of TE-mediated duplicates. Species groups P, M, F, and O

e or two example studies with the number referring to the count of corresponding types of

n solid lines indicate the double strand of a TE, while the dashed line indicates the newly



H. Ma, M. Wang, Y.E. Zhang et al. Journal of Genetics and Genomics xxx (xxxx) xxx
how these commonalities predispose TE-mediated duplicates to the

evolutionary trajectory of neofunctionalization. We end by providing

our vision for the future of the field. Altogether, by diving into the

dense literature on TE-mediated gene duplications, we highlight how

the mechanistic properties of the mutational processes constrain

evolution.

A concise overview of TE and TE-mediated gene duplication

mechanisms

Among all four TE subclasses, retrocopies generated by non-LTR

retrotransposons are the best studied, simply because one type of

non-LTR retrotransposon, LINE-1s (also known as L1s), is the most

active autonomous element in the human genome and its reverse

transcriptase (RT) recognizes its own polyadenylated RNAs or host

mRNAs (Fanning and Singer, 1987; Eickbush, 1992) via a target-

primed reverse transcription (TPRT) process (Fig. 1B) (Luan et al.,

1993; Moran et al., 1995). During the TPRT process, a nick is

created at a loose site 50-TTTT/A-30 in a single strand of the target

sequence with the endonuclease encoded by LINE-1 and the

exposed 30-OH is in turn used as a primer to initiate reverse tran-

scription to synthesize cDNA of the LINE-1 mRNA under the cata-

lyzation of reverse transcriptase (Feng et al., 1996; Cost et al., 2002).

Then, the second strand of the target sequence is cleaved usually at

7e20 nucleotides downstream of the first nick (Kazazian and Moran,

1998) and the second strand is synthesized through RNA polymerase

II or host repair mechanism to leave a target site duplication (TSD) of

variable length flanking the insertio n. Later, we use LINE-1s to

represent non-LTR retrotransposons. LINE-1-mediated retrocopies

or retrogenes harbor all hallmarks of retroposition, including the

absence of introns and the presence of a 30 polyA tail or flanking

TSDs.

LTR retrotransposons can also mediate the formation of retro-

copies. These elements have long terminal repeats flanking the open

reading frames (ORFs) and have a close evolutionary relationship

with retroviruses (Wicker et al., 2007). LTR retrotransposons usually

have at least two ORFs: one encodes the GAG protein, which is a

structural protein forming virus-like particle (VLP); the other encodes

the POL protein, which contains four domains: aspartic proteinase

(AP), reverse transcriptase (RT), RH RNase H (RH) and DDE/D inte-

grase (INT). The reverse transcription happens in the VLP, and then

the cDNA bound by the integrase is integrated into host genome

(Fig. 1B) (Wilhelm and Wilhelm, 2001; Delviks-Frankenberry et al.,

2011; Wells and Feschotte, 2020). LTR retrotransposons are known

to sometimes capture host mRNAs in their VLPs (Hajjar and Linial,

1993). Because LTR RT has low template affinity and low proc-

essivity, it may accidentally switch to host mRNA as a template

(Goodrich and Duesberg, 1990) and then generate a chimeric cDNA.

This mechanism is deeply conserved across plants (Wang et al.,

2006, 2022b; Elrouby and Bureau, 2010; Hu et al., 2022), fungi

(Derr et al., 1991; Schacherer et al., 2004), and animals (Jamain et al.,

2001; Tan et al., 2016; Calatrava et al., 2022).

As for DNA transposons, both TIR TEs andHelitrons can duplicate

host genes, which are called Pack-TIRs (“packing” duplicates into

TIR TEs to form chimeric elements) and Pack-Helitrons (“packing”

duplicates into Helitrons), respectively. TIR TEs use the canonical

“cut-and-paste” mechanism for transposition (Fig. 1B). The trans-

posase encoded by TIR TEs recognizes the TIRs and catalyzes the

excision of both strands of the element from the donor site. Then the

element is inserted into a distinct genomic position, where it is

flanked by TSDs. This TE subclass consists of 23 superfamilies to

date (Kojima et al., 2023). Among various TIR TE superfamilies,

Mutator-like transposable elements (MULEs) in rice (Jiang et al.,

2004) and CACTA elements (named by their conservative terminal

inverted sequence “CACTA/G…C/TAGTG”) in sorghum (Paterson
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et al., 2009) are the two most successful gene-capturing superfam-

ilies. However, the mechanism to generate Pack-MULEs and Pack-

CACTAs in plants is largely unknown (Cerbin and Jiang, 2018). In

animals, P elements (named by P strains carrying these TEs [Rubin

et al., 1982]) in Drosophila are long known to capture sequences

using the gap-filling model (Gloor et al., 1991), in which external se-

quences are filled in upon repair of double-strand breaks (DSBs)

induced by transposition or secondary structures of TEs (Yant and

Kay, 2003; Izsvak et al., 2004; Zhao et al., 2016; Tan et al., 2021).

Different from TIR TEs, Helitrons encode 50-TC and CTRR-30 (R being

G or A) termini instead of TIRs and in the 30 end, it contains a 16e20

bp hairpin structure as the terminator with 10e12 bp away from the

terminus. Helitrons transpose by “peel-and-paste” mechanism with

peeling off the positive DNA strand to form an extrachromosomal

circular DNA and replication by rolling circle (Fig. 1B) (Grabundzija

et al., 2016, 2018; Kosek et al., 2021; Peng et al., 2022). Over 90%

of Helitrons in maize have captured gene fragments (Dong et al.,

2011) and similar events (Pack-Helitrons) are found in silkworms

and bats, albeit in smaller numbers (Pritham and Feschotte, 2007;

Han et al., 2013; Thomas et al., 2014). The gap-filling process may

also underlie Helitron-mediated duplication (Feschotte and Wessler,

2001; Kapitonov and Jurka, 2007; Thomas and Pritham, 2015).

Notably, the end bypass (also named 30 transduction) model is

also proposed for both retrotransposons and DNA transposons in

which the 30 end is bypassed until an accidental downstream

termination signal occurs (Tsubota and Huong, 1991; Moran et al.,

1999; Feschotte and Wessler, 2001). In this case, the 30 down-

stream sequence is duplicated by co-transposition.
Three common features of TE-mediated gene duplication

mechanisms

Given the huge between-class or between-subclass divergence

of TEs, fundamental differences are expected between the duplica-

tion mechanisms. Surprisingly, three important features, the end

bypass process, template switching, and recurrent transposition are

shared in gene duplications mediated by all four major TE

subclasses.
End bypass

The end bypass process depends on two conditions, trans-

position activity and a weak or aberrant termination signal together

with a fortuitous downstream signal. Therefore, more frequent

transductions are expected for TEs with a simple termination signal, a

simple recognition sequence, and a simple transposition process

(Fig. 2A). The literature is consistent with this expectation.

LINE-1s are the most efficient TEs for generating 30 transductions,
followed by Helitrons and the other TEs. LINE-1s use a weak tran-

scription termination signal, i.e., the polyA signal (Moran et al., 1999),

and show a cis transposition preference with proteins predominantly

transposing their own transcripts (Wei et al., 2001). Due to these two

facts, more than 20% of LINE-1s are associated with transductions

(Goodier et al., 2000; Pickeral et al., 2000). Helitrons are commonly

reported to mediate gene duplications through the end bypassmodel

(Kapitonov and Jurka, 2007; Lal et al., 2009; Thomas and Pritham,

2015). The downstream terminator can be provided by a non-TE

sequence or by another 50 truncated Helitron (Kapitonov and Jurka,

2007; Tempel et al., 2007; Thomas et al., 2014). The latter is also

called alternative transposition (Gray, 2000; Wang et al., 2015). In

addition, one experiment revealed that the frequency of trans-

ductions increased after deletion of the hairpin in the 3’ end, which

functions as the transposition terminator of Helitrons (Grabundzija

et al., 2016).



Fig. 2. The TE-mediated gene duplication mechanisms. For four major TE subclasses, TE-mediated gene duplications occur either via the end bypass or template switching mech-

anism. In the end bypass model (A), the termination signals in TEs are weak or aberrant, and the terminators of TEs are bypassed until an accidental terminator occurs. As a result, TEs

with the 30 flanking sequences are co-transposed to new sites. In the template switching model (B), microhomology (a short similar sequence shared by breakpoints of captured

sequences and TEs) can induce polymerase or reverse transcriptase to switch from one template to another at the RNA or DNA level. After two rounds of template switches (or one

round for LINE-1), the TE can capture a sequence from a parental gene (source gene) to form a chimeric element. In addition, two template switching models were further proposed for

duplications mediated by TIR TEs: the gap-filling model (C) and the FoSTeST model (D). Panel D was adapted from Tan et al. (2021).
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By contrast, the end bypass process is less likely used by LTR

retrotransposons given their complicated life cycle (such as reverse

transcription in VLPs) and the requirement for recognizing both LTRs.

The SUN locus in tomato represents an outlier where readthrough of
4

Rider led to duplication of IQD12 (Xiao et al., 2008). Notably, several

Rider readthrough transcripts were identified, suggesting that the

termination signal was promiscuous or aberrant (Jiang et al., 2009).

Similar to LTR retrotransposons, TIR TEs rarely induce transductions



Fig. 3. Recurrent transposition. The duplicate generated by a TE may undergo recurrent

transposition as a pseudo-TE.
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because the terminal repeats are required to be bound by trans-

posases. Only one anecdotal 30 transduction event was documented

in Drosophila, where an 8-bp sequence downstream of a P element

was sufficient as the new TIR (Tsubota and Huong, 1991). A relatively

more frequent mechanism is the alternative transposition model as in

Helitrons. It is reported that two active CACTA elements can jump

into genes and form closely spaced TE copies. The frequent deletion

of TEs results in the loss of internal TIRs, and the gene together with

the remaining external TIRs are mobilized as Pack-CACTAs (Catoni

et al., 2019).

Template switching

Similar to the end bypass process, the template switching pro-

cess happens at both the RNA and DNA level (Fig. 2B). For LINE-1s,

reverse transcription starts from the 30 end of their RNA templates

and often aborts, thus causing 50 truncation (Kazazian and Moran,

1998). It is reported that template switching could capture host

sequences and attach them to the 50 end of LINE-1s via micro-

homology (or microsimilarity, a short similar sequence shared by

breakpoints of host sequences and LINE-1s) (Buzdin et al., 2002,

2003). Eighty-one chimeras consisting of different types of recom-

bination (e.g., U6 small nuclear RNA attached to LINE-1) have been

detected in the human genome (Buzdin et al., 2003). Interestingly,

93% of the 50 ends of these chimeras are from small nuclear RNAs

involved in spliceosomes, indicating a close spatial distance be-

tween the reverse transcription and splicing machinery. Certainly,

LINE-1s can also mediate retroposition by directly binding to the

polyA tail of host mRNA rather than by template switching

(Kaessmann et al., 2009). By contrast, for retroposition mediated by

LTR retrotransposons, template switching is mandatory (Goodrich

and Duesberg, 1990; Delviks-Frankenberry et al., 2011). Based on

previous studies and ours, we conclude four features of template

switching mediated by LTR retrotransposons (Tan et al., 2016): 1)

the retrocopies tend to be partial compared to the parental tran-

scripts; 2) both 50 and 30 LTRs usually coexist in the retrocopies,

which is essential for recognition by the integrase; 3) micro-

homology at the fusion point between the mRNA and LTR retro-

transposon is commonly identified, suggesting its importance in

template switching; and 4) two or more switching events can occur,

demonstrating that LTR-mediated retroposition has a strong ability

to shuffle sequences.

For DNA transposons, the gap-filling model is essentially a tem-

plate switching process (Fig. 2C). This model can be applied to both

TIR- and Helitron-mediated duplications, which also has other

names, such as synthesis dependent strand annealing (SDSA) or filler

DNAmodel (Kapitonov and Jurka, 2007; Thomas and Pritham, 2015).

Note that gap-filling only requires DSBs induced by excision via

transposition or other mechanisms. Our recent work actually sup-

ports the transposition-independent gap-filling model by identifying

duplicates flanked by TIR TEs (Pack-TIRs) in the primate genomes

without active DNA transposons (Tan et al., 2021). This gap-filling

model for DNA transposons and the LTR-mediated template

switching model (Tan et al., 2016) are two similar processes occur-

ring respectively at the DNA and RNA level, which share all afore-

mentioned four features: partial copies, co-existence of 50 and 30

terminal repeats, microhomology, and sequence shuffling. We found

that the gap-filling model is compatible with most single-copy Pack-

TIRs, while we additionally proposed a replication Fork Stalling,

Template Switching and Transposition (FoSTeST) model (Fig. 2D) to

explain the generation of multicopy Pack-TIRs (Tan et al., 2021). The

major difference between FoSTeST and the gap-filling model is that

Pack-TIRs in the former model can be transposed as nonautono-

mous TEs and then amplified by recurrent transposition. In this

aspect, FoSTeST is transposition-dependent.
5

Compared to end bypass, template switching shows two

essential differences due to its distinct duplication mechanisms.

First, template switching can happen between TEs and unlinked

sequences. Second, it applies to scenarios with or without trans-

position activity (Tan et al., 2021). The latter scenario enables tem-

plate switching as a more general mechanism of TE-mediated gene

duplications at the DNA level.

Recurrent transposition

As exemplified by multicopy Pack-TIRs potentially generated by

the FoSTeST process (Fig. 2D), duplicates generated by TEs can act

as pseudo-TEs and amplify to multiple copies via transposition. The

distinct copies are often dispersed on different chromosomes, which

stands in contrast with the most frequent form of gene duplication

induced by errors during DNA replication, recombination or repair,

which is tandem duplications (Emerson et al., 2008; Zhang et al.,

2022). Notably, TSDs help to distinguish transposition-mediated

amplification from tandem duplications (Fig. 3).

In addition to Pack-TIRs, retrocopies mediated by LINE-1s or LTR

retrotransposons can also experience two or more rounds of trans-

position (Zhang et al., 2003; Pan and Zhang, 2009; Tan et al., 2016;

Batcher et al., 2020), as do Pack-Helitrons (Brunner et al., 2005;

Morgante et al., 2005; Yang and Bennetzen, 2009; Dong et al., 2011).

Clearly, as with bona fide TEs, the copy number of pseudo-TEs de-

pends on the activity of the corresponding autonomous TEs. Two

extraordinary examples come from the highly activeHelitrons in bats:

HelibatN217.1, in which a Helitron containing a fragment of TMBIM4

(a gene involved in apoptosis inhibition) reached 392 copies (Thomas

et al., 2014) and HelibatN3 carrying part of nucleotide binding

protein-like (NUBPL) was amplified to more than 1000 copies

(Pritham and Feschotte, 2007).

Various evolutionary fates of TE-mediated duplicates

Like other types of duplicates, e.g., tandem duplicates, the

evolutionary fate of most TE-duplicates is also pseudogenization or

gene loss. For example, the majority of LINE-1-mediated retrocopies

were “dead-on-arrival” (Petrov et al., 1996; Zhang et al., 2003, 2004b)
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due to the loss of preexisting promoters. Sometimes, TE-mediated

duplicates can get transcribed using the nearby promoters pro-

vided by flanking TEs or the host genes. Therefore, TE-mediated

duplicates can encode new proteins and evolve along varying tra-

jectories including neofunctionalization, positive dosage and others.

Although pseudogenization is the most common fate, we focus on

the former evolutionary trajectories subsequently, which can explain

the retention of the TE-mediated duplicates.

Exon shuffling contributes to neofunctionalization of TE-

mediated duplicates

The aforementioned three common mechanistic features of the

mutational process lead to one common functional outcome, exon

shuffling (Fig. 4). Exon shuffling was originally proposed by Dr. Gilbert

in 1978 in which exons represented the functional unit and were

recombined as new genes via buffering of introns (Gilbert, 1978; Long

et al., 2003; Zhang et al., 2022). Here, we used the term in a broader

sense, in which exons, introns, or intergenic sequences are shuffled
Fig. 4. Exon shuffling contributes to neofunctionalization of TE-mediated duplicates. AeC: Exo

attached to TEs or captured by them (Fig. 2), there are three main forms of exon shuffling:

transposition event (B), and multiple gene fragments captured step-by-step through recurrent

cases are sorted by species and by gene symbols. A few representative genes are elaborated

experimentally established, while for others, it has been only inferred based on factors such as

In this example, intragenic partial duplication of C6 leads to an extra copy of two exons. F: S

mechanisms. “Exon shuffling” indicates duplicates potentially involving shuffled sequences on

former duplicates with transcriptome or RT-PCR evidence of chimerism. The number in parent

CG4799_CG11924_r in flies. Partial transcripts separately derived from CG4799 and CG11924

(G) and 2 in (F) are from Tan et al. (2016), which analyzed duplications mediated by LTR retro

6

to generate novel gene structures (Batcher et al., 2022; Zhang et al.,

2022). These chimeric sequences are expected to have novel func-

tions compared to their source sequences (Betr�an and Long, 2006;

Xia et al., 2016; Zhou and Zhang, 2019).

Two characteristics of TE-mediated duplicates may make them

prone to exon shuffling. First, the mobile nature of transposition

means that TE-mediated duplicates are shuffled into a new chro-

mosomal context and expected to evolve under this context (Fig. 4A).

One study showed that 17 out of the top 100 expressed retrocopies

in humans were fused with the corresponding host genes

(Vinckenbosch et al., 2006). The new gene, jingwei (jgw) in Drosophila

is a classic example of neofunctionalization, which is contributed by

exon shuffling. That is, jgw was shown to emerge via retroduplication

of alcohol dehydrogenase (Adh) and then was fused with the host

gene, Yande (Long and Langley, 1993). Subsequently, jgw was

subjected to adaptive selection to gain a new function in substrate

specificity (Zhang et al., 2004a, 2010). Similar neofunctionalization

cases induced by retroposition and exon shuffling include sphinx

(Wang et al., 2002) and TRIM5-CypA (Sayah et al., 2004) (Fig. 4D).
n shuffling during TE-mediated gene duplications. In addition to scenarios with duplicates

integration into a preexisting host gene (A), several rounds of template switches in one

transposition (C). D: TE-mediated duplicated genes with potential novel function. These

with more details in the text. Note that the novel functionality of certain genes has been

chimeric gene structure. E: Exon shuffling after incomplete tandem duplication in humans.

tatistics of exon shuffling cases in flies and humans associated with different duplication

the basis of sequence arrangement, while “Chimeric transcripts” indicates a subset of the

heses indicates the proportion of exon shuffling genes. G: The formation of chimeric gene

are co-captured by one LTR retrotransposon. (E) and 1 in (F) are from Zhang et al. (2022);

transposons; 3 in (F) is from Tan et al. (2021), which analyzed Pack-TIRs.
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Strikingly, the fusion gene TRIM5-CypA emerged multiple times in

different monkeys where CypA (binding the capsids of retrovirus) has

experienced recurrent transposition into the same host gene TRIM5

(involved in antiviral defense) (Kaessmann, 2009). TRIM5-CypA could

more efficiently restrict retroviruses compared to the ancestral

TRIM5. Second, TE-mediated duplicates tend to be chimeric upon

birth when duplicated sequences are attached to TEs, as in LINE-1s,

LTR retrotransposons and DNA transposons (Fig. 2). Thus, the

duplicate may evolve a new gene structure with adjacent TEs or

evolve under the regulatory sequences of TEs (Tan et al., 2016, 2021).

Taking LTR-mediated retrocopies as an example, the majority (90%)

of them are transcribed under the regulation of flanking transposons

(Tan et al., 2016). From this perspective, either end bypass or tem-

plate switching essentially provides a way to shuffle TEs and

captured sequences, which can be further powered by recurrent

transposition.

Template switching can enhance exon or sequence shuffling via

multiple switches (Fig. 4B). Both LTR retrotransposons and DNA

transposons can duplicate sequences from multiple genes. Previous

work showed that retrocopies contain fragments from two to four

genes in animals and plants. Cases include: PIP5K1A-PSMD4 in

hominoids, a retrogene derived from two neighboring genes (Akiva

et al., 2006; Zhang et al., 2009); Bs1 in maize, a retrogene fused

from three different host genes (Elrouby and Bureau, 2010); a “Super”

retrocopy derived from four genes in mouse; and a chimeric retro-

copy CG4799_CG11924_r in the population of D. melanogaster

(Fig. 4D) (Tan et al., 2016). For the latter two cases, their transcription

is demonstrated. For CG4799_CG11924_r, we further detected

reduced levels of nucleotide diversity and increased levels of linkage

disequilibrium, suggesting that this gene is under positive selection

and probably has evolved a new function (Tan et al., 2016). Certainly,

in-depth experimental study is needed to reveal the functional roles

of either “Super” or CG4799_CG11924_r. Notably, multiple switches

seem to be more frequent for duplications mediated by DNA trans-

posons in plants. About 20% of Pack-MULEs contain gene frag-

ments from more than one locus in rice (Jiang et al., 2004), which are

much more frequently expressed (32%) than those derived from one

gene (21%) (Hanada et al., 2009), and about 70%ofHelitrons capture

more than one gene fragment in maize (Dong et al., 2011). Stepwise

capture of gene fragments was detected in LINE-1s (Pickeral et al.,

2000), MULEs (Jiang et al., 2004), and Helitrons (Dong et al., 2011;

Thomas and Pritham, 2015), suggesting that recurrent transposition

contributed to the formation of multigene chimeras (Fig. 4C). In

contrast, whether these complex chimeras captured by LTR retro-

transposons are generated by one mutational event or multiple

sequential events remain unknown.

A natural question is whether TE-mediated gene duplication is

more often subjected to exon shuffling compared to the most com-

mon type of gene duplication, i.e., tandem duplication. So far as we

know, there is no systematic study comparing these two types of

gene duplications. However, we could make a preliminary inference

on the basis of previous literatures. Specifically, we recently reported

that incomplete tandem duplication is often subjected to exon

shuffling by evolving new exon/intron structures (Fig. 4E) (Zhang

et al., 2022). That is, 111 out of 270 (41.1%) polymorphic tandem

duplications in flies are partial (spanning some exons rather than the

whole genes), while the number becomes 196 out of 964 (20.3%) for

humans (Fig. 4F). Transcriptional analyses demonstrate that 66.7%

of partial duplicates in flies and 26.5% of partial duplicates in human

evolve novel gene structures. Since the transcriptome data used in

this study may be not complete, the upper-bound estimation of exon

shuffling for tandem duplications in these two species would be

41.1% and 20.3%, respectively. By contrast, 9 out of 10 (90%)

polymorphic LTR-mediated retrocopies evolve chimeric structures in

flies (Fig. 4F and 4G) (Tan et al., 2016), so do 5 out of 8 (62.5%)
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recently originated Pack-TIR in humans (Tan et al., 2021). Therefore,

the frequency of exon shuffling or chimerism seems to be higher for

TE-mediated duplicates than for tandem duplications.

Notably, although neofunctionalization is anticipated to be the

common fate of chimeric TE-mediated duplicates, the in-depth

demonstration of neofunctionalization is not trivial and thus only a

handful of case studies were performed with more or less functional

evidence (Fig. 4D).

TE-mediated duplicates may also be retained due to a

preference for a higher dosage or other reasons

For retained duplicates generated by all four TE subclasses,

neofunctionalization is expected to be the most common fate (Fig. 5).

However, although retrocopies mediated by LINE-1s are also sub-

jected to possible neofunctionalization due to exon shuffling induced

by 30 transduction, attachment of 50 small nuclear RNA, fusion with

host genes (e.g., jgw or TRIM5-CypA) or regulation by the host

context, most retrocopies are derived from a single gene. Therefore,

these retrocopies may also evolve under a dosage or sub-

functionalization model. As aforementioned, although LINE-1-

mediated retrocopies were generally “dead-on-arrival”, a signifi-

cant number of retrocopies have evolved into bona fide genes (e.g.,

117 retrogenes in humans), in which their transcription is often driven

by nearby regulatory elements or permissive transcriptional envi-

ronments (e.g., testis, [Vinckenbosch et al., 2006; Kaessmann et al.,

2009]). Such fortuitous expression is expected to be low or tissue-

specific (e.g., testis-specific). Thus, the chance for functional sub-

division (subfunctionalization) on the basis of differential expression

sites should not be high. By contrast, quite a few studies demon-

strated that retrocopies could evolve under a dosage model (Fig. 5)

(Parker et al., 2009; Sulak et al., 2016; Yang et al., 2020). For

example, several retrocopies of TP53 (TP53RTGs) are transcribed in

elephants and contribute to the enhanced DNA damage response by

increasing the TP53 copy number (Sulak et al., 2016). In very rare

scenarios, retrogenes may be blessed by a regulatory context more

appropriate compared to that of parental genes, in which they evolve

to be an orphan duplicate with the loss of corresponding parental

genes (Ciomborowska et al., 2013; Carelli et al., 2016). Interestingly,

we recently found that this unusual switch between the derived and

progenitor copy also occurs in one dispersed segmental duplication

presumably generated by recombination (Ma et al., 2022).

In this regard, although duplicates captured by LTR retro-

transposons and DNA transposons may form chimeric sequences

with flanking TEs and possibly evolve under the neofunctionalization

model (Barbaglia et al., 2012; Han et al., 2013; Tan et al., 2016, 2021),

sometimes they may also maintain their original gene structure and

evolve under the dosage or subfunctionalization model (Fig. 5). We

are not aware of cases of subfunctionalization, but the aforemen-

tioned IQD12 duplication fits the dosage model in which the

increased expression level led to elongated fruit shape (Xiao et al.,

2008). Certainly, even if the duplicates maintain their preexisting

gene structure, they could still evolve a novel function. As shown by

one multicopy Pack-TIR family fitting the FoSTeST model, Ssk-FB4s

(Ssk captured by FB4, with Ssk involved in smooth septate junctions

of Drosophila), the amino acid substitution pattern and protein

interaction data indicate a neofunctionalization consequence (Tan

et al., 2021).

Significance and perspective

By surveying decades of research, we painted a picture where

three common mechanistic features of TE-mediated duplications,

including end bypass, template switching, and recurrent trans-

position, led to one common functional outcome, in which the
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derived duplicates generally undergo exon shuffling and thus are

expected to evolve in a trajectory which is different from that of the

parental genes.

The significance of this unified picture is two-fold. On the one

hand, TEs are generally perceived as extremely diverse given their

divergent transposition machinery, which is shaped by an endless

arms race between these molecular “parasites” and host genomes

(Dooner and Weil, 2007; Cosby et al., 2019; Almeida et al., 2022). It is

actually counter-intuitive that duplications mediated by the four TE

subclasses share so many features in terms of mutational processes

and functional consequences. A unified picture highlighting com-

monality provides a simple framework to grasp the individually

complicated TE-mediated duplication processes. On the other hand,

although it is undoubtedly true that nothing in biology makes sense

except in the light of evolution (Dobzhansky, 1973); the parallel view,

nothing in evolution makes sense except in the light of biology, is

becoming appreciated in the recent decade (Nei, 2007; Rosenberg

and Queitsch, 2014; Witt et al., 2019; Zhang et al., 2022). Support-

ing evidence for the latter view is especially pronounced in studies of

mutational properties. For example, the recurrent enhancer deletion

of pituitary homeobox transcription factor 1 (Pitx1) led to the parallel

evolution of pelvic reduction in three-spine stickleback fish pop-

ulations, through contributions by both deletion bias (a magnitude

higher deletion rate relative to the genomic background) and adap-

tive selection (Chan et al., 2010; Xie et al., 2019). TE-mediated

duplication studies fit the same line of thinking, in which the

derived copies generated by TEs are born with gene structures

different from their progenitors, and their future evolution toward

neofunctionalization is guided by mutational properties.

Despite significant progress in the past decades, two funda-

mental questions of TE-mediated gene duplications, mutational

mechanisms and the function of duplicate genes, still warrant future

exploration. Due to a strong interest in LINE-1s in mammals, the

corresponding retroposition mechanism is extensively studied

(Moran et al., 1999; Wei et al., 2001; Cost et al., 2002; Hwang et al.,

2021). The mechanisms for other TE subclasses are at best partially

characterized. Using LTR-mediated retroposition as an example, we

previously observed that the RT of Gypsy BLASTOPIA always

switches back from the mRNA to the retrotransposon at one
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particular site (TAAAAAACAAGC-GGTTG, [Tan et al., 2016]). This

phenomenon raises two questions, namely, how the switch between

the LTR retrotransposon and mRNA is regulated, and whether such

regulation is shared across TE families. With such questions

addressed, we will not only know which genes are more prone to be

captured by transposons and thus have higher duplicability, but will

also be able to select better RTs with preferred switching behavior

(e.g., low switching frequency) for bioengineering (Martin-Alonso

et al., 2021). As for the function of TE-mediated duplicates, a

similar research bias for retrogenes generated by LINE-1s also ex-

ists. With the exception of a couple of cases (e.g., the aforemen-

tioned SUN locus [Xiao et al., 2008]), studies of duplicates mediated

by LTR retrotransposons and DNA transposons are generally limited

to transcriptomic or computational surveys rather than in-depth

experimental characterization (Barbaglia et al., 2012; Tan et al.,

2016, 2021; Zhao et al., 2018). Actually, we do not know the exact

molecular function of Ssk-FB4, and we also lack a well-characterized

chimeric protein emerging from the multiple gene fragments

captured by Pack-MULEs or Pack-Helitrons. Since these genes are

likely on the path of neofunctionalization, experimental character-

ization could lead to the discovery of another locus similar to SUN

underlying important phenotypic renovation.

In conclusion, endowed with the intrinsic properties of TE-

mediated duplications, the products tend to evolve novel functions

through exon shuffling. Such pervasive phenomena highlight the

mighty power of “controllers”.
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