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Abstract

Transposable elements (TEs) are selfish genetic elements that mobilize in genomes via transposition or retrotransposition and often

make up large fractions of vertebrate genomes. Here,we review the current understanding of vertebrate TE diversity and evolution in

the context of recent advances in genome sequencing and assembly techniques. TEs make up 4–60% of assembled vertebrate

genomes, and deeply branching lineages such as ray-finned fishes and amphibians generally exhibit a higher TE diversity than the

more recent radiations of birds and mammals. Furthermore, the list of taxa with exceptional TE landscapes is growing. We emphasize

that the current bottleneck in genome analyses lies in the proper annotation of TEs and provide examples where superficial analyses

led tomisleadingconclusionsaboutgenomeevolution. Finally, recentadvances in long-readsequencingwill soonpermitaccess toTE-

rich genomic regions that previously resisted assembly including the gigantic, TE-rich genomes of salamanders and lungfishes.
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Introduction

In the last decade, high-throughput sequencing has led to

substantial advances in the fields of comparative genomics

(Berthelot et al. 2014; Louis et al. 2015), systematics

(Noonan and McCallion 2010), molecular evolution

(McGaugh et al. 2015), functional genomics (Foote et al.

2015), adaptive evolution (Ge et al. 2013), and the evolu-

tion of genome architecture (Farré et al. 2015). Although

genomic data are still scarce for the majority of vertebrates

and restricted mostly to a growing list of model species,

increased rates of whole-genome sequencing (from ~26

sequenced vertebrates in 2009 to the 268 that are cur-

rently listed at NCBI, http://www.ncbi.nlm.nih.gov; last

accessed March 1, 2016) have provided insights into over-

all differences of genome size and composition for repre-

sentatives of all vertebrate classes (Koepfli et al. 2015).

Repetitive sequences, and transposable elements (TEs) in

particular, are a major component of vertebrate genomes

and contribute to the diversity in genome sizes and struc-

ture. Here, we review recent insights into TEs gained from

modern, genome-scale data sets, and how TEs have influ-

enced vertebrate genomes.

TEs are discrete DNA fragments that have the ability to

mobilize within a host genome, often creating new copies

of themselves during the mobilization process. Our under-

standing of these elements has changed dramatically over

time. Originally, TEs were thought to be functionless genomic

parasites but the complex role they play in genome evolution

has received more attention with the increasing availability of

genomic data (Orgel and Crick 1980; Oliver and Greene

2009). TEs can impact genome architecture and evolution in

numerous ways. They can mediate small-scale changes in link-

age groups but also lead to large structural genomic variation,

such as deletions, inversions, duplications, and translocations

(Gray 2000; Grabundzija, et al. 2016). TEs cause double-

strand breaks, which may lead to chromosomal rearrange-

ments, either by TE–TE ectopic recombination or during the

transposition process itself (Lim and Simmons 1994; Gray

2000; Hedges and Deininger 2007; Carbone et al. 2014).

TEs are also major determinants of genome size and
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composition in eukaryotes. Indeed, there is a linear correlation

between genome size and TE content in all eukaryotes, in-

cluding vertebrates (Kidwell 2002; Sun, Shepard, et al. 2012;

Elliott and Gregory 2015).

TEs are also functionally important. Several putative regu-

latory sequences derived from TEs are conserved across differ-

ent vertebrate lineages (Lowe et al. 2007) and are responsible

for evolutionary innovation (Levis et al. 1993; Van de

Lagemaat et al. 2003; Lowe et al. 2007; Lindblad-Toh et al.

2011; Jurka et al. 2012; Kokošar and Kordiš 2013). Examples

include the contribution of TEs to the evolution of the immune

system (Kapitonov and Jurka 2005; Chuong, et al. 2016;

Lynch 2016), recruitment of a pogo-like transposase into cen-

tromeric protein B (CENP-B) (Casola et al. 2008), and transcrip-

tional regulation via non-coding elements in the placenta and

brain in mammals (Sasaki et al. 2008; Lynch et al. 2011; Lynch

et al. 2015). Altogether, over 200,000 TE insertions have been

exapted in the mammalian lineage (Lindblad-Toh,et al. 2011).

TE Classification, Evolution, and
Mobilization

TEs are split into two major classes (I and II), determined by

whether their mode of transposition occurs with or without an

RNA intermediate (fig. 1). Each class comprises different

subclasses, superfamilies and families (Finnegan 1989;

Wicker et al. 2007; Kapitonov and Jurka 2008; Piégu et al.

2015). Within this broader classification scheme, TEs can be

described as those having the ability to self-mobilize (autono-

mous) and those relying on co-mobilization by the enzymatic

machinery of other TEs (non-autonomous).

Class I TEs, or retrotransposons, mobilize in the genomes

via a “copy-and-paste” mechanism directed by reverse tran-

scription of an RNA intermediate of a source element. This

class is typically subdivided into long terminal repeat (LTR) and

non-LTR retrotransposons (Eickbush and Jamburuthugoda

2008). Phylogenetic, structural, and functional differences in

the LTR reverse transcriptase seem to indicate a relatively close

relationship between LTR retrotransposons, retroviruses and

other reverse-transcribing viruses (hepadnaviruses, caulimo-

viruses), and a more distant kinship with other non-LTRs retro-

transposons (Eickbush and Malik 2002).

Although they both employ reverse transcriptase, the two

groups of autonomous class I elements, LTR retrotransposons

and non-LTR retrotransposons, the latter usually referred to as

LINEs (Long INterspersed Elements) mobilize via distinct mech-

anisms. During LTR retrotransposon mobilization, an RNA

molecule is reverse-transcribed into double-stranded DNA

through a series of template switches (Levin and Moran

2011). The double-stranded DNA copy of the element is

FIG. 1.—Examples of the major TE types and a general classification scheme. Structural features are presented as follows: LTR retrotransposons –

nucleocapsid protein (GAG), envelope protein (ENV), polyprotein (POL) that includes a protease (PRO), integrase (IN), reverse transcriptase (RT), and an RNase

H (RH). Non-LTR retrotransposons – nuclear chaperone protein (ORF1), endonuclease domain (EN), RNA polymerase III promoter (A and B), poly-A or other

repetitive tail (A(n) or ATTCTRTG(n)). Class II elements – transposase (TPASE), zinc finger domain (ZnF), replicase (REPL), helicase (HELI), polymerase B (PolB),

ATPase (ATP), proteins of unknown function (?) and integrase (INT). Coding regions are depicted as boxes. Non-coding regions are depicted as lines. In some

instances, the ENV gene in endogenous retroviruses may be missing (dotted line). Triangles represent repeated DNA sequences and the orientation of the

triangle reflects the orientation of terminal repeats, if present.
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then reinserted into the genome via an integrase. On the con-

trary, LINEs mobilize via a target-primed reverse transcription

mechanism in which the transcript itself reenters the nucleus

with the help of its protein products. Those proteins, usually

including an endonuclease domain along with the reverse

transcriptase, nick the target site for integration and conduct

reverse transcription of the LINE transcript (Luan et al. 1993;

Deininger and Batzer 2002).

Non-autonomous non-LTR retrotransposons, also known

as Short INterspersed Elements (SINEs), are mobilized by

LINE partners, which often share sequence similarity at their

30 ends. The result is that SINEs and LINEs are often found in

pairs, where a LINE trans-mobilizes a SINE with similar 30 struc-

ture (Kajikawa and Okada 2002; Ohshima and Okada 2005).

Because the LINE enzymatic machinery is responsible for re-

verse transcription of the SINE, all what is necessary for a SINE

to propagate itself is reliable transcription. For this reason,

most SINEs are derived from actively transcribed small RNA

genes, such as 5S ribosomal RNA (rRNA), 7SL RNA, or transfer

RNA (tRNA), all of which contain internal RNA Pol III pro-

moters. SINEs may acquire 30 sequence similarity to LINEs

through the template switching of a reverse transcriptase

from a LINE to a tRNA or rRNA during reverse transcription

or the insertion of a 50-truncated LINE into a tRNA or rRNA

gene (Ohshima and Okada 2005). Novel SINEs have originated

multiple times during vertebrate evolution and include some

unusual elements. See, for example, the relatively recent dis-

coveries of the primate-specific SVA SINEs (Wang et al. 2005),

or the SINEUs in crocodilians that are derived from U1 and U2

small nuclear RNAs (Kojima 2015).

Class II TEs or DNA transposons mobilize without reverse

transcription of source elements and are classified into three

major subclasses, each with a distinct transposition mecha-

nism: “cut-and-paste” or Terminal Inverted Repeat (TIR)

DNA transposons (e.g., hATs, piggyBacs and mariners), roll-

ing-circle transposons (e.g., Helitrons), and self-synthesizing

DNA transposons (e.g., Mavericks) (Kapitonov and Jurka

2001, 2006; Pritham et al. 2007; Bao et al. 2009). Some of

these subclasses likely originated from bacterial insertion se-

quences (IS) (Siguier et al. 2015) or bacteriophages (Krupovic

and Koonin 2015). As with the retrotransposons, these ele-

ments can also be either autonomous or non-autonomous. In

this case, however, the non-autonomous families are often

deletion derivatives of their autonomous counterparts (Hartl

et al. 1992; Feschotte and Pritham 2007).

Class I elements are found in most eukaryotic lineages and,

rarely, in prokaryotes, whereas class II elements are readily

found in both prokaryotes and eukaryotes. This suggests

that progenitors of both classes were likely present in the

common ancestor of all eukaryotes. Despite the ubiquity of

TEs in vertebrate genomes, differential amplification of ele-

ments in isolated populations, genetic drift, and recombina-

tion can result in drastically different genomic TE landscapes

between closely related taxa (Bergman and Bensasson 2007;

Akagi et al. 2008; Ray et al. 2008; Jurka et al. 2011; Jurka et al.

2012; Schmidt et al. 2012). Indeed, the differential patterns of

TE accumulation and amplification presented by vertebrates

have likely played an important role in organismal evolution.

TEs can alter or disrupt the expression of genes, promoting

population-level variation (Akagi et al. 2008) and possibly even

rapid adaptation (Stapley et al. 2015). The evolutionary poten-

tial of TE-derived variation has been postulated in the epi-

transposon hypothesis (Zeh et al. 2009) and the TE-Thrust

hypothesis (Oliver and Greene 2011, 2012), and may be

strongly influenced by environmental and ecological factors.

Indeed, speciation events often correlate with the expansion

of new TE families (Boer et al. 2007; Michalak 2009; Oliver

and Greene 2009; Zeh et al. 2009; Jurka et al. 2011; Oliver

and Greene 2011), suggesting that TEs can serve as drivers of

adaptation, diversification, and speciation by generating struc-

tural genomic diversity between populations (reviewed in

Chénais et al. 2012; Rebollo et al. 2012).

Some TEs are capable of being horizontally transferred (HT)

between individuals from distantly related species (Daniels

et al. 1990; Gilbert et al. 2010; Pagan et al. 2010; Schaack

et al. 2010; Thomas et al. 2010; Gilbert et al. 2013). The ability

to horizontally transfer successfully seems to be related to

stability of the mobilizing intermediate (Eickbush and Malik

2002). DNA transposons are mobilized as a transposome, a

dimeric transposase associated with the double-stranded DNA

transposon that is highly stable (Silva et al. 2004). LTR retro-

transposons are transcribed into single-stranded RNA but then

reverse-transcribed into a double-stranded DNA prior to rein-

tegration, providing a moderately stable intermediate. Non-

LTR retrotransposons are mobilized as single-stranded RNA

and are relatively unstable (Eickbush and Malik 2002).

Following the pattern of stability DNA transposons undergo

frequent horizontal transfer, LTR retrotransposons are some-

times horizontally transferred (Schaack et al. 2010), and non-

LTR retrotransposons are rarely horizontally transferred (with

the notable exception of the retrotransposon-like non-LTR su-

perfamily, RTE; Kordis and Gubensek 1998; Walsh et al. 2013;

Suh et al. 2016).

Annotating TEs

Despite (and possibly because of) the increased availability of

genome-scale data, proper and thorough TE annotation is

sorely lacking in many of the vertebrate genome projects pub-

lished in recent years. This observation was recently high-

lighted in two manuscripts (Hoen et al. 2015; Platt et al.

2016). While many papers focus on the coding regions of

genomes or on specific questions related to particular

genes, the TE repertoire is often ignored or given only a pass-

ing glance. Much of this is due to the fact that a thorough

annotation of the TE content in the genome requires signifi-

cant manual analysis that is not amenable to automation.

Such a lack of manual curation on current TE annotation
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practices results in inaccurate pictures of the TE landscape that

could negatively impact our understanding of those genomes.

This was illustrated in Platt et al. (2016) using a variety of

mammalian genomes. In that work, the authors demon-

strated that by using only homology-based approaches, the

TE repertoire is usually underestimated. Furthermore, the di-

vergences of the TEs that are identified tend to be overesti-

mated, leading researchers to believe that TE accumulations

are older than they really are.

Identifying repetitive sequences in general, and TEs in par-

ticular is computationally challenging, and as mutations accu-

mulate within individual insertions, the difficulty in

identification increases. Several tools have been developed

to identify TEs through homology, as well as using de novo

methods (reviewed in Lerat 2010). However, rather than re-

solving the problem of TE annotation, the large number of

tools introduces variability across different annotations as dif-

ferent research groups use their preferred tools. The quality of

TE annotations often varies among studies, especially as meth-

odologies continue to improve. For example, 45–69% of the

human genome (Lander et al. 2001; de Koning et al. 2011,

Wheeler and Eddy 2013) and 25–50% of the coelacanth

genome (Amemiya et al. 2013; Nikaido et al. 2013) is derived

from TEs, depending on the methodology used (supplemen-

tary table S1, Supplementary Material online). These examples

emphasize the difficulty not only in TE identification but also in

comparing annotations within a species, much less across a

group as diverse as vertebrates and demonstrate the need for

a standardized annotation methodology or benchmarking

metrics (Hoen et al. 2015).

Given the fact that a large number of cellular processes and

genomic structural variations are heavily influenced by both

the presence and activity of TEs, the inaccurate representation

has the potential to influence decision making and hypothesis

generation. For example, in their 2012 update to the TE-

Thrust hypothesis, Oliver and Greene (2012) reference the

genome of the naked mole rat (Heterocephalus glaber) as a

potential example (Kim et al. 2011). They state that the TEs of

the genome “are homogeneous and constitute 25% of the

genome, [and] are highly divergent, indicating that they have

been both nonviable and inactive for a very long time.” The

subsequent analysis by Platt et al. (2016), implementing a

more thorough analysis of the TE content, not only identified

an additional 4% of the genome as being TE-derived but also

found, to paraphrase Mark Twain, that the report of the

demise of TEs was greatly exaggerated. Indeed, a relatively

recent surge in LINE accumulation was identified. Oliver and

Greene further suggested that there may be a link between

the lack of recent TE activity and H. glaber’s reduced incidence

of cancer. However, this hypothesis is a direct result of the lack

of accurate information about the TE complement and, for all

we know, has led to laboratories pursuing a line of question-

ing that has no actual support. Such examples highlight the

need to keep up with the growing number of genome

assemblies available to the research community by providing

accurate assessments of TE content from both qualitative and

quantitative perspectives.

We should also point out that our ability to evaluate the TE

content of a genome is directly related to the quality and

effort given to TE classification and annotations for that

genome. For example, much more effort has been devoted

to the accurate classification of TEs in model organisms like

human, mouse and Drosophila. Indeed, the taxonomy of Alu

SINEs is very well described with 68 distinct subfamilies cur-

rently described in RepBase and several others present in the

literature (Ray and Batzer 2005). By contrast, most SINE fam-

ilies in other vertebrates are rarely even divided into subfami-

lies. The result can be a lack of precision when identifying and

dating TE accumulations in the less well-studied species.

Furthermore, as described by Pop (2009), the primary dif-

ficulty in creating an accurate genome assembly is the pres-

ence of the TEs themselves. The presence of these repetitive

regions leads to breaks in the assemblies and the regions span-

ning those repeats are likely missing. This is particularly prob-

lematic for genomes with recent accumulations. Insertions

that are highly similar or very long are more difficult to assem-

ble since similar reads may be collapsed and few read pairs

span long repeats.

These problems are particularly well exemplified by recent

advances in genome assembly and resulting TE annotations.

The study of Alu, L1 and SVA activity in primates, especially

humans and fellow hominids, exemplify the problem. Work by

various authors has suggested that humans are particularly

rich in recent Alu activity compared with chimpanzees, go-

rillas, and orangutans while SVA elements have experienced

an increase in accumulation in the branch leading to the

human-chimpanzee common ancestor (Hedges et al. 2004;

Mikkelsen et al. 2005; Mills et al. 2006; Eid et al. 2009;

Ventura et al. 2011; Lee et al. 2015). Indeed, orangutans

appear to have experienced a nearly complete cessation of

Alu retrotransposition over the past 12 million years (Locke

et al. 2011). Most recently, Gordon et al. (2016) provided

an excellent illustration by performing de novo assembly of

a gorilla genome via long, single-molecule, real-time (SMRT)

reads. They demonstrated that substantial portions of TE-

derived regions of the original Sanger- and Illumina-based

genome assembly were missing. The long-read assembly in-

creased the number of Alu repeats by 3.8-fold and increased

the number of identifiable full-length PTERV1 elements, which

can encompass 10 kb, by nearly 5-fold. Thus, as is always the

case in scientific endeavors, our understanding of TE diversity

in genomes will undoubtedly change as our methods of

genome assembly improve.

Understanding TE diversity is more important than ever

given their presence in virtually all vertebrate genomes, evo-

lutionary impacts, and the increasing volume of genomic data

being generated. Below, we review our current understanding

of TE biology in each of the major vertebrate lineages (fig. 2A).
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FIG. 2.—(A) A general phylogeny of vertebrates. (B) Pie charts comparing the percentage of a genome derived from TEs. The area of the pie chart is

proportional to genome size except for the west African lungfish and Axolotl. The genomes of these species are exceptionally large. A scaled pie-chart

representing the human genome is presented for to illustrate this aspect. Please note that in all cases, the TE content is based on estimates made using the

methods by the individual research teams studying each genome. Thus, the methods employed varied and represent the authors’ best estimates obtained

using those methods.

Evolution and Diversity of TEs in Vertebrate Genomes GBE

Genome Biol. Evol. 9(1):161–177. doi:10.1093/gbe/evw264 Advance Access publication February 1, 2017 165



We find a general pattern that the larger and more deeply

branching the clade, the more variety we see with regard to

the diversity of landscapes and TE content (fig. 2B).

TE Patterns in the Major Vertebrate
Lineages

Fishes

Fishes are herein defined as the paraphyletic group comprising

jawless, cartilaginous, ray-finned, and lobe-finned fishes (in-

cluding coelacanth and lungfish), thus comprising the five

deepest lineages of vertebrates (Amemiya et al. 2013).

There is a dramatic variation in TE copy number and compo-

sition in different fish taxa, ranging from 55% in the zebrafish

(Danio rerio) to only 6% in the green spotted pufferfish

(Tetraodon nigroviridis), one of the smallest known vertebrate

genomes (Crollius et al. 2000; Volff et al. 2003; Howe et al.

2013). All major types of eukaryotic TEs are present and fishes

display an overall higher TE diversity than other vertebrate

groups (Chalopin et al. 2014). Most TE annotation efforts to

date have targeted ray-finned fishes, but characterization of

the TE landscapes have been accomplished for at least one

species within each major fish lineage, as detailed below.

Agnatha

TE information derived from whole-genome sequencing data

is available for a single jawless fish species: the sea lamprey

(Petromyzon marinus). Curation of the lamprey genome as-

sembly suggests that at least 34.7% is derived from TEs (Smith

et al. 2013). The genome includes lineage-specific TEs, as well

as ancient repeats shared with other vertebrates and even

invertebrates. Many of the TEs have yet to be classified and

these make up ~19.2% of the genome. Most of the known

TEs are estimated to be derived from LINEs and SINEs but class

II elements are also present, and to a lesser extent, LTR retro-

transposons (Smith et al. 2013; Chalopin et al. 2015). The

lamprey genome also contains thousands of copies Tc1 trans-

posons with high sequence similarity (reaching 92–98% iden-

tity) to those found in diverse lineages of teleost fishes,

suggesting both recent amplification of these elements and

high rates of HT (Kuraku et al. 2012). A similar scenario was

also described for Chapaev transposons (Zhang et al. 2014).

Host–parasite interactions between teleosts and lampreys

may, therefore, play a role in mediating horizontal transfers

of TEs. Interestingly, lampreys eliminate ~20% of their somatic

genome during embryogenesis, much of it TE-rich (Smith et al.

2009, 2013). It is unknown how this feature might contribute

to a distinctive TE dynamic. For example, one could argue that

the elimination of junk in the form of TEs in somatic cells is a

strategy for tolerating TEs in the population as a whole, while

also preserving TE-derived variation in the germ line. Reducing

genome complexity and streamlining cell reproduction or

other biological processes in the “everyday life” of somatic

cells may increase host fitness. In any case, it is well possible

that programmed DNA elimination is present in all jawless

fishes and might be even more widespread among vertebrates

(Wang and Davis 2014).

Chondrichthyes

Only a single-sequenced genome is available for cartilaginous

fishes (Chondrichthyes) (enkatesh, et al. 2014). The elephant

shark (Callorhinchus milii) harbors a TE content of ~42% of its

~770-Mb to 1-Gb genome. The prevalent TEs are non-LTR

elements of the L2 and CR1 superfamilies, and SINEs

(Venkatesh et al. 2005, 2007, 2014; Chalopin, et al. 2015).

Previous findings indicate that SINEs are well represented in

the genomes of sharks and rays, suggesting that the TE land-

scapes in cartilaginous fishes might be more similar to jawless

than to bony fishes (Ogiwara et al. 1999, 2002). By contrast,

the low relative contribution of TEs other than non-LTRs retro-

transposons makes the elephant shark genome an exception

among fishes regarding TE diversity. Additionally, the elephant

shark genome is one of the slowest-evolving among verte-

brates (Venkatesh et al. 2014) and this is reflected by the

presence of many old, degenerate TEs.

Actinopterygii

The numbers and proportions of TEs are extremely variable

among genomes of actinopterygian (ray-finned) fishes, espe-

cially teleosts, which exhibit the highest number of TE super-

families among vertebrates (Duvernell et al. 2004; Volff 2005).

This is often reflected in genome sizes within the clade. For

example, Teleostei include the smallest reported vertebrate

genomes in the green spotted pufferfish and the fugu

(Takifugu rubripes), ~342 and 393 Mb, respectively, which

consist of only ~6% of TE-derived DNA (Crollius et al. 2000;

Aparicio et al. 2002; Volff et al. 2003). But the genome of

another teleost, the zebrafish is TE-rich, with ~55% TE con-

tent in a genome of ~1.4 Gb (Howe et al. 2013). In fact, TE

abundance appears to be the major determinant of genome

size across this group (Chalopin et al. 2015; Gao et al. 2016).

Chalopin et al. (2015) showed that actinopterygian genome

size may be more heavily dependent on TEs than the larger

sarcopterygian genomes (including Tetrapoda). The latter ex-

hibit a greater contribution of low copy number and non-

repeated sequences.

An average of 24 TE superfamilies per sequenced genome

exemplifies the distinctive TE diversity of actinopterygians.

Teleost fishes display the highest diversity, reaching 27 TE

superfamilies in the zebrafish genome (Howe et al. 2013).

Interestingly, extreme genome size reduction in some teleosts

did not result in a decrease in TE diversity, contrasting with the

major loss of entire TE superfamilies in other vertebrates that

also exhibit small genomes. For example, despite the very low

overall abundance of TEs in their small genomes, all major

types of TEs have been identified in pufferfishes. Even the
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number of retrotransposon superfamilies in the fugu and the

green spotted pufferfish surpasses that of sarcopterygian lin-

eages, and is significantly higher than the observed in human

and mouse (Crollius et al. 2000; Waterston et al. 2002;

Kasahara et al. 2007; Church et al. 2009; Chalopin et al.

2015). Thus, as suggested by Furano et al. (2004), there

might be two basic host strategies for dealing with TE

accumulation – tolerance of increased diversity coupled with

lower copy numbers per family or decreased diversity coupled

with tolerance of increased copy numbers.

The dominant types of TEs differ drastically among actinop-

terygian genomes. DNA transposons are a major component

of some teleost genomes. For example, class II elements make

up ~60% of the TEs in cichlids, and 39% of the zebrafish

genome, while retrotransposons make up less than 12% of

each (Howe et al. 2013; Brawand et al. 2014). On the other

hand, the fugu and the non-teleost spotted gar (Lepisosteus

oculatus) genomes are characterized by a predominance of

non-LTR retrotransposons (Volff et al. 2003; Braasch et al.

2016). Furthermore, the prevalence and diversity of major

types of TEs can vary substantially even between closely re-

lated groups. The green spotted pufferfish genome differs

slightly from that of the fugu, its close relative, by exhibiting

a lower diversity of non-LTR retrotransposons. Whereas the

prevalence of LINEs and SINEs characterizes the fugu genome,

the relative proportions of DNA transposons, LTR and non-LTR

elements are roughly equal in the green spotted pufferfish

genome (Volff et al. 2003; Chalopin et al. 2015). So far, no

actinopterygian genome seems to be particularly enriched for

LTR retrotransposons, although many of them, including cur-

rently active elements, have been reported in several species

(Poulet et al. 1994; Herniou et al. 1998; Poulter and Butler

1998; Volff et al. 2001; Shen and Steiner 2004; Kambol and

Abtholuddin 2008; Gao et al. 2016). Finally, there are many

cases of lineage-specific losses of TE superfamilies. For in-

stance, the non-LTR retrotransposon Rex3 is widespread

among most teleosts, but is not found in salmonids (Volff

et al. 2001).

Rates of TE accumulation are also heterogeneous in ray-

finned fishes. Recent accumulation has been shown for many

TE families (Böhne et al. 2012; Gao et al. 2016). For example,

in the medaka (Oryzias latipes, teleost) DNA transposon fam-

ilies Tol1 and Tol2 have ongoing transposition bursts and are

considered major sources of genetic variation in natural pop-

ulations (Koga et al. 2006; Tsutsumi et al. 2006; Koga et al.

2009; Watanabe et al. 2014). Among non-LTR retrotranspo-

sons, multiple bursts of amplification have been observed in

different fish lineages (Volff et al. 2000, 2001). Such differen-

tial rates of TE amplification can result in a high turnover of TE

families in teleost genomes. Bursts of amplification of few TE

families and the elimination of older insertions through large

deletions, ectopic recombination, or high nucleotide substitu-

tion rates can result in the prevalence of the most recently

active elements and very distinct TE landscapes among the

genomes of some closely related species (Duvernell et al.

2004; Blass et al. 2012; Chalopin et al. 2015). Interestingly,

similar patterns are also seen in some reptiles (see below).

Sarcopterygii

Within sarcopterygians (excluding Tetrapoda), the only ge-

nomes analyzed in meaningful ways are the African coela-

canth (Latimeria menandoensis, Amemiya et al. 2013;

Nikaido et al. 2013) and the Australian lungfish

(Neoceratodus forsteri, Metcalfe et al. 2012). Depending on

the study, TEs contribute either 25% or 50% of the total

genome size of the coelacanth. For example, Nikaido et al.

(2013) found that both class I and II TEs contribute to diversity

in roughly equal proportions (23% DNA transposons, 26%

retrotransposons) but other studies identify fewer DNA trans-

posons (Amemiya et al. 2013; Chalopin et al. 2015).

Numerous lineage-specific insertions have occurred in the

two extant coelacanth species (Forconi et al. 2014; Naville

et al. 2014). Most of these are non-LTR retrotransposons

(CR1 LINEs and LF-SINEs), but some DNA transposons have

undergone recent transposition (Naville et al. 2014; Chalopin

et al. 2015; Naville et al. 2015). Surprisingly, Harbinger DNA

elements, which were thought to be an extinct clade of TEs,

show evidence of ongoing accumulation (Smith et al. 2012).

Recent amplification of non-LTR retrotransposons is one ex-

ample of many instances where the slow-evolving coelacanth

genome has retained activity of TEs that were exapted as

regulatory and coding sequences in other vertebrate lineages

(Bejerano et al. 2006; Nishihara et al. 2006).

Lungfishes have the largest vertebrate genomes identified

to date (~49–127 Gb) (Gregory 2002) and harbor correspond-

ingly massive numbers of TEs. Their large size and high repet-

itive content has impeded whole-genome sequencing and

assembly efforts. Based on survey sequencing, the TE content

of the Australian lungfish (Neoceratodus forsteri) is estimated

to be ~40%. CR1 and L2 LINEs make up over half of those

TEs, and correspond to ~22% of the genome (Metcalfe et al.

2012). Transcriptome analyses of the West African lungfish

(Protopterus annectens) show a high diversity of transcribed

TEs (Biscotti et al. 2016). The most prevalent are LINEs, fol-

lowed by DNA transposons and SINEs. This transcriptional pro-

file is very similar to the coelacanth (Forconi et al. 2014;

Biscotti et al. 2016).

Amphibia

Very little is known about the diversity and distribution of TEs

in amphibians. In part, this is driven by the lack of genomic

resources for this group, which are limited to genome drafts of

the western clawed frog (Xenopus tropicalis) and the Tibetan

frog (Nanorana parkeri) (Hellsten et al. 2010; Sun, et al. 2015).

Around one-third of the clawed frog genome is derived from

TEs with roughly three quarters of that being from DNA trans-

posons (Hellsten et al. 2010; Chalopin et al. 2015). In fact
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percentage-wise, the clawed frog contains a higher ratio of

class II to class I content than any other vertebrate examined to

date (Chalopin et al. 2015). By contrast, LTR retrotransposons

appear to dominate the genome of the Tibetan frog where

these TEs have undergone a rapid expansion in the last 30 my

(Sun et al. 2015). This expansion has contributed directly to

the larger genome size of the Tibetan frog when compared

with the clawed frog.

Due to their massive genomes (14–50 Gb), no genome as-

sembly is available for salamanders, but survey sequencing

reveals that between 25% and>47% of the genomes are

derived from TEs and that the LTR superfamily Ty3/gypsy dom-

inates the TE landscape (Gregory 2002; Sun, Shepard, et al.

2012; Metcalfe and Casane 2013). The recent assembly of the

two smallest chromosomes of the Mexican axolotl

(Ambystoma mexicanum) recovered similar densities but

most of these TEs are yet to be classified (Keinath et al.

2015). In contrast to the clawed frog, salamanders have a

higher ratio of LTR retrotransposons to TE content than any

other vertebrate investigated to date (Sun, Shepard, et al.

2012). It is not known whether increased TE accumulation

rates (Sun, Shepard, et al. 2012; Metcalfe and Casane

2013), decreased rates of DNA loss (Sun, Arriaza, et al.

2012), some combination of both, or other mechanisms are

responsible for the genomic gigantism seen in the salaman-

ders. Similar phenomena have been observed in coniferous

trees which have similarly massive genome sizes (Nystedt

et al. 2013). Regardless, the lack of information on TE dynam-

ics in Anura, Caudata, and Gymnophiona represents a major

gap in our knowledge and suggests an area ripe for

exploration.

Squamata

The squamate reptiles likely harbor a diverse array and distri-

bution of TEs similar to fish. However, this clade is like amphib-

ians in that it is poorly represented with regard to high-quality

genome assemblies. The first squamate genome assembly

was from a lizard, the green anole (Anolis carolinensis) with

a TE content of approximately 30%. Similar to amphibian and

fish genomes, all major groups of elements are present in the

anole, but most of them are DNA transposons and LINEs

(Alföldi et al. 2011). Based on genetic distances, most element

families appear to have been, or are, recently active. For ex-

ample, elements from all five major non-LTR retrotransposon

superfamilies are active, but these families are present in rel-

atively low copy number, making the repeat profile more

“fish-like” (i.e. high diversity, low copy number) than other

amniotes (Novick et al. 2009). In addition to the current and

recently active elements, older, more heavily mutated ele-

ments appear to have been removed through high rates of

DNA loss via ectopic recombination or are undetectable due to

high substitution rates (Novick et al. 2009; Tollis and Boissinot

2013).

To date, only two snake genome assemblies have been

published. One of these, the cobra (Ophiophagus hannah)

was not interrogated for TE content (Vonk et al. 2013). The

python, however, has been informative, especially when the

data were combined with survey sequencing of other snakes.

Analyses suggest that despite similar genome sizes, snake spe-

cies have drastically different TE content but low diversity in

the types of TEs present. For example, the copperhead

(Agkistrodon contortrix) and the Burmese python (Python

molurus bivattatus), each have a genome size of ~1.4 Gb,

but TEs (most of them CR1 LINEs) occupy twice the space in

the copperhead genome (45%) compared with the python

(21%) (Castoe et al. 2011, 2013).

Other squamate genomes are available and have only re-

ceived minimal annotation efforts with regards to the repeti-

tive portions of their genome. According to this limited

information, LINE elements are the dominant TE type in the

Asian glass lizard (Ophisaurus gracilis) (Song et al. 2015),

Japanese gecko (Gekko japonicus) (Liu et al. 2015), and

bearded dragon (Pogona vitticeps) (Georges et al. 2015) ge-

nomes. Repeat content ranges from ~40% in the bearded

dragon to ~48% in the Japanese gecko. Drawing further con-

clusions from these three genomes is difficult though, since

about half of the identified repeats were unclassified and re-

fined classifications are lacking.

Like some fish, data from squamates suggest the potential

for frequent horizontal transfer events. For example, very sim-

ilar, and, therefore, likely horizontally transferred, SPIN ele-

ments are found in at least 17 squamate lineages, some of

which diverged more than one hundred million years ago

(Gilbert et al. 2011). Furthermore, BovB, a member of the

RTE superfamily of LINEs, is found across Squamata but its

distribution outside of the squamates is disjointed and

sparse, including arthropods, monotremes, ruminants, and

sea urchin. Based on species phylogenies and BovB distribu-

tions, it is likely that BovB is vertically inherited in the reptiles,

but has been horizontally transferred from reptilian hosts to

other taxa on at least nine different occasions (Walsh et al.

2013).

Testudines

Turtles have served as a model to study TE evolution for 30

years (Endoh and Okada 1986). The first LINE/SINE partnership

was discovered in turtles (Kajikawa et al. 1997; Terai et al.

1998). Yet, in spite of this history, not much is known about

the distribution and diversity of TEs in Testudines. The western

painted turtle (Chrysemys picta belli), green sea turtle

(Chelonia mydas), and Chinese soft-shell turtle (Pelodiscus

sinensis) appear to be intermediate to the squamates and

birds with regard to TE content. Around 10% of each

genome is derived from TEs (Shaffer et al. 2013; Wang

et al. 2013). CR1 LINEs are the dominant family in the ge-

nomes examined thus far, accounting for a majority of
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identified TEs in each (Shaffer et al. 2013) and reflecting much

of the ancestral CR1 diversity of amniotes (Suh 2015; Suh

et al. 2015). Like amphibians, this clade represents a potential

fount of information to gain a better understanding of TE

dynamics and impacts.

Crocodilia

Similar to turtles, crocodilians exhibit low neutral mutation

rates and their genomes contain a plethora of recognizable

ancient TEs and endogenous viruses (Green et al. 2014; Suh

et al. 2014). Comprehensive TE annotations of the genomes

of representatives from all three extant families of Crocodilia,

namely the saltwater crocodile (Crocodylus porosus), gharial

(Gavialis gangeticus), and American alligator (Alligator missis-

sippiensis), revealed that ~37% of each genome is TE-derived.

Approximately 95% of these elements belong to families that

were active in the common ancestor of the three families

(Green et al. 2014). CR1 LINEs, the most abundant group of

TEs in crocodilians, and other TEs show an overall trend of

decreased TE activity and diversity since the crocodilian ances-

tor. More precisely, crocodilian genomes exhibit a similar di-

versity of ancestral, amniote CR1 lineages as turtles (Suh 2015;

Suh et al. 2015). However, presence/absence analysis of CR1

insertions suggests that members from only one of these lin-

eages were active since the common ancestor of Crocodilia

(Suh et al. 2015). While there appears to be some very recent

or ongoing CR1 activity in gharial (Suh et al. 2015), the ma-

jority of within-crocodilian TE activity is derived from a variety

of LTR retrotransposons (superfamilies ERV1, ERV2, ERV4)

(Chong et al. 2014) and, to a much lesser extent, two families

of Tx1-mobilized SINEs with snRNA-derived heads (Kojima

2015).

Aves

Among vertebrates, birds are unusual in that they exhibit rel-

atively low copy numbers and a reduced overall diversity of TEs

(Hillier et al. 2004; Dalloul et al. 2010; Warren et al. 2010). A

typical 1.0–1.3-Gb bird genome harbors between 130,000

and 350,000 TE copies making up only 4.1–9.8% of its size

(Hillier et al. 2004; Warren et al. 2010; Poelstra et al. 2014;

Zhang et al. 2014). The only clear outlier, the downy wood-

pecker (Picoides pubescens), contains ~700,000 TE copies

making up 22.2% of its 1.2-Gb genome assembly (Zhang

et al. 2014). The majority of avian TEs belong to the CR1

superfamily (Hillier et al. 2004; Warren et al. 2010; Zhang

et al. 2014). Notably, the diversity of CR1 in birds comprises

14 recognized families which emerged from a single CR1 lin-

eage after the bird/crocodilian split, while the rest of the an-

cient amniote CR1 diversity was lost (Suh 2015; Suh et al.

2015). Analyses of CR1 landscapes and CR1 presence/absence

markers suggest that many of these CR1 families were active

simultaneously and throughout large parts of avian diversifi-

cation (Kaiser et al. 2007; Kriegs et al. 2007; St John and

Quinn 2008; Suh et al. 2011; Matzke et al. 2012; Suh et al.

2012); however, evidence for very recent or ongoing CR1

activity is limited to Tachybaptus ruficollis, the little grebe

(Suh et al. 2012).

LTR retrotransposons constitute the second-largest fraction

of TEs in neognaths (chicken + duck and Neoaves) (Zhang

et al. 2014), where they have been active throughout their

early evolution (Suh et al. 2011a, 2011b, 2015). Although

avian LTRs were initially described in the chicken lineage

(Hillier et al. 2004; Wicker et al. 2005), there appears to

have been more LTR accumulation in Neoaves, especially

during their early radiation (Suh et al. 2011, 2015). Among

Neoaves, oscine songbirds (e.g., zebra finch, collared fly-

catcher, American and hooded crow) exhibit increased num-

bers of young LTR retrotransposons from the superfamilies

ERV1, ERV2, and ERV3 (Warren et al. 2010; Cui et al. 2014;

Smeds et al. 2015; Vijay et al. in revision). In the collared fly-

catcher (Ficedula albicollis), the recent or ongoing LTR activity

coincides with a gradual reduction of CR1 activity and poten-

tial lack of ongoing CR1 activity (Smeds et al. 2015).

Interestingly, similar trends are visible in the zebra finch

(Taeniopygia guttata) and the hooded crow (Corvus cornix)

(Kapusta and Suh 2016). Each of these potential CR1 extinc-

tions occurred very recently and thus each postdate the most

recent ancestor of songbirds. This suggests that CR1 extinc-

tion and LTR dominance emerged independently in each of

these songbird lineages (Kapusta and Suh 2016).

Despite the relative scarcity of TE copies and diversity in

birds, more peculiarities are being identified as more genomes

become the focus of sequencing and TE research efforts. Most

birds are similar to chicken, in that they lack any recent SINE

accumulation (Hillier et al. 2004; Zhang et al. 2014). However,

CR1-mobilized SINEs have been accumulated in the lineage of

zebra finch and related songbirds (Warren et al. 2010; Zhang

et al. 2014). On the other hand, the chicken has experienced

recent mariner and hAT DNA transposon activity (Hillier et al.

2004; Wicker et al. 2005), which is unusual among birds

(Zhang et al. 2014). Finally, some avian lineages (some song-

birds, some parrots, hornbills, trogons, hummingbirds,

mesites, tinamous) have been infiltrated repeatedly by

AviRTE, a newly discovered family of RTE LINEs (Suh et al.

2016). This family of RTEs is distantly related to the aforemen-

tioned BovB, and the presence of AviRTE in filarial nematodes

strongly suggests horizontal transfer between and among

birds and nematodes. Notably, SINEs mobilized by AviRTE

evolved independently in some songbirds, some parrots, and

hornbills (Suh et al. 2016).

Mammalia

In terms of TE diversity, distribution, and evolution, mammals

are the best-studied vertebrates. This is largely due to the

higher number of sequenced genomes spanning major line-

ages within the group (Koepfli et al. 2015). In addition, there is
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substantial information on the impact of TEs for the evolution

of genome architecture, even for groups still lacking whole-

genome drafts (Wichman et al. 1992; Acosta et al. 2008;

Cantrell et al. 2008; Khalil and Driscoll 2010). TEs account

for more than half of the size of many mammalian genomes.

However, they typically exhibit low subfamily diversity com-

pared to fishes, amphibians, and reptiles, high copy numbers

of retrotransposons, and minimal DNA transposon content

(Furano et al. 2004). Deviations from this pattern are described

below.

Monotremata

Most of what is known about TEs in monotremes is derived

from the platypus (Ornithorhynchus anatinus) genome assem-

bly (Warren et al. 2008). Similar to monotreme morphology,

the TE landscape exhibits characteristics that are intermediate

between reptiles and mammals. Interspersed repeats derived

from TEs account for approximately 45% of the platypus

genome. The most prevalent TEs, with over 1.5 million

copies each, are L2 and the co-mobilized MIR/Mon-1 SINE,

both of which went extinct in therians (Metatheria and

Eutheria) around 60–100 Mya. Monotremes have a novel

SINE-like, small nucleolar RNA-derived retrotransposon that

is mobilized by an RTE (sno-RTEs) rather than by L1, the

common LINEs of therians (Schmitz et al. 2008; Warren

et al. 2008). Interestingly, the patterns of genomic distribution

and past accumulation of DNA transposons and LTR retro-

transposons differ between monotremes and therians. In

the platypus genome, DNA transposons and LTR retrotranspo-

sons are particularly underrepresented in genic regions known

to undergo imprinting in therians. This suggests that therian-

specific expansion and accumulation of these TEs may have

promoted the evolution of imprinting, which is a feature pre-

sent in metatherian and eutherian but not monotreme ge-

nomes (Pask et al. 2009).

Metatheria

The genomes of Metatheria (marsupials) more closely resem-

ble the genomes of eutherian mammals than monotremes.

Analyses of the short-tailed opossum (Monodelphis domes-

tica), tammar wallaby (Macropus eugenii), and Tasmanian

devil (Sarcophilus harrisii) draft genomes suggest that over

half of the typical marsupial genome is derived from TEs

(Mikkelsen et al. 2007; Renfree et al. 2011; Nilsson et al.

2012; Nilsson 2016). As with other therians, large fractions

of TEs correspond to non-LTR elements, such as LINEs and

SINEs, including a high fraction of RTEs that are widely distrib-

uted across all marsupial orders (Gentles et al. 2007). By con-

trast, RTEs, specifically BovB, are restricted to only a few

eutherian lineages and these instances are likely due to hori-

zontal transfer events (Walsh et al. 2013). SINE activity is

thought to have ceased before the radiation of the

Dasyuridae (marsupial mice, quolls, and Tasmanian devils)

~30 Mya, followed by L1 extinction in the lineage of the

Tasmanian devil (but see Nilsson, 2016, for further com-

ments). The opossum however, harbors transcriptionally

active L1 and SINEs (Gu et al. 2007).

Eutheria

Most modern eutherians (placental mammals) share a core set

of TE characteristics that includes a relatively high TE content

but lower TE diversity when compared with non-mammalian

and non-avian vertebrates. Additional features characterizing

most eutherian genomes are the significant degeneration of

ancient vertebrate elements and the underrepresentation and

inactivity of DNA transposons (Chalopin et al. 2015).

However, many ancient TEs are still visible because they

have been exapted as conserved non-coding elements, a

large fraction of which were inserted in the common ancestor

of eutherians (Mikkelsen et al. 2007; Jurka et al. 2012).

With few exceptions (e.g., see Adelson et al. 2009; Walsh

et al. 2013), the most common TE in many eutherian genomes

is L1 which, unlike many non-mammalian retrotransposon

families, typically exhibits a single lineage of successive subfa-

milies (Boissinot and Furano 2001; Furano et al. 2004). L1-

dependent SINEs recurrently arose de novo, and often make

up significant fractions of therian genomes. These SINEs are

usually order specific. Approximately 67 SINE families have

been described in mammals, 29 of which are eutherian

specific (Shimamura et al. 1999; Gogolevsky et al. 2009;

Churakov et al. 2010; Kramerov and Vassetzky 2011;

Vassetzky and Kramerov 2013). There is variation in this char-

acteristic, however. Some lineages harbor multiple active

SINEs (Kass et al. 2000; Kass and Jamison 2007), whereas

others exhibit either no evidence of SINE accumulation

(Rinehart et al. 2005; Platt and Ray 2012), or only minimal

accumulation in the recent past, like the orangutan genome,

in which the primate SINE Alu has apparently generated only

~250 insertions over the past 12 million years (Locke et al.

2011).

While most TE activity in eutherian genomes is represented

by retrotransposition of L1 and SINEs (Akagi et al. 2008;

Chalopin et al. 2015), L1 extinctions (and associated SINE

shutdowns) have been reported in some lineages (Casavant

et al. 2000; Grahn et al. 2005; Cantrell et al. 2008; Platt and

Ray 2012). Interestingly, in muroid rodents, L1 extinction

events are correlated with a shift or genomic invasion by

other types of elements, ERVs (Cantrell et al. 2005; Erickson

et al. 2011). Indeed, mice are atypical mammals in that they

have experienced significant LTR retrotransposon accumula-

tion in addition to the typical mammalian LINEs and SINEs

(Nellaker et al. 2012). By contrast, most species of eutherians

exhibit only modest contributions of ERV and ERV-like ele-

ments when compared to other TEs (Bénit et al. 1999;

Mager and Stoye 2015).
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Significant DNA transposon activity ceased in mammals

around 40 Mya (Pace and Feschotte 2007), with a few

minor (Zhao et al. 2009; Pagan et al. 2010) and one major

exception. Significant accumulation of DNA transposons has

been found in a single family of bats, Vespertilionidae (Pritham

and Feschotte 2007; Ray et al. 2007, 2008; Pagán et al. 2012;

Mitra et al. 2013; Platt et al. 2014; Thomas et al. 2014).

Analyses confirm that multiple class II superfamilies have

been accumulating in vesper bat genomes in the recent

past, but not in other closely related taxa (Platt et al. 2016).

This includes the rolling-circle transposons (Helitrons), which

comprise over 100,000 copies in the genome of Myotis luci-

fugus (Pritham and Feschotte 2007; Thomas et al. 2014).

These observations have generated particular interest in that

the massive amount of accumulation by these elements may

be associated with the high rates of diversification in this clade

via perturbation of regulatory networks and the generation of

genomic novelties (Platt et al. 2014; Thomas et al. 2014),

lending support to the growing number of hypotheses that

relate TE accumulation and species diversity (Zeh et al. 2009;

Oliver and Greene 2011; Stapley et al. 2015).

The Future

As demonstrated above, advances in sequencing technology

have been a boon to the field of TE biology. The increased

throughput provided by new sequencing technologies has al-

lowed for an unprecedented rate of discovery. The benefit of

so many new genome assemblies is obvious. As new genomes

from a broad range of taxa become available, we have the

opportunity to expand our knowledge of the TE landscapes in

each one. In particular, this is demonstrated by the increasing

number of manuscripts that detail not one genome but sev-

eral, a trend that will likely increase. In one such recent exam-

ple, Zhang et al. (2014) published assemblies for 45 new avian

genomes. Although the consortium only performed uncu-

rated RepeatModeler (Smit and Hubley 2008–2015) de novo

analysis of the TE content in each genome (the shortcomings

of which are discussed above), they revealed some interesting

findings, including a substantial number of LINE elements in

the woodpecker and the large copy numbers of LTR retro-

transposons specific to songbirds. These examples provide ev-

idence of lineage-specific expansions of particular TE groups

that could have served to influence the evolution of birds in

any number of ways. However, in-depth TE curation of most

of these genomes is pending and some ongoing analyses have

unearthed fascinating findings (e.g., Suh et al. 2016).

Several other groups are taking advantage of our increased

ability to generate sequence data to assemble genomes for a

large number of species in particular taxonomic groups. The

Broad Institute, for example, recently embarked on an effort

to generate genome assemblies for 150 additional mammal

species (Johnson J, personal communication). As part of that

effort, they have contacted individuals with expertise to

determine which species contain the most scientific value.

As these genomes are released; however, the TE community

must be ready to identify the repetitive complements in each.

The same applies for the B10K project of BGI Shenzhen, which

recently announced plans to sequence all 10,500 species of

birds (Zhang G, personal communication).

The decrease in sequencing costs has greatly increased the

availability of non-model genome assemblies. However, gen-

erating an assembly for every genome of interest is still a major

undertaking and is not a viable strategy for many laboratories.

Fortunately, information on the TE content of a genome is

readily available even without generating a de novo assembly.

Because most TEs are, by definition, present in multiple copies,

their composition and impact can be investigated via survey

sequencing. For example, a subfamily of SINE in a genome,

even when present at only 1,000 copies (a relatively small

number for a SINE), is still present at 1,000 times the single-

copy portions. Thus, even when sequencing a genome at a

depth of only 0.5X coverage, one would expect to find mul-

tiple copies of that SINE (or at least an increased read depth).

Multiple studies have illustrated this point in vertebrates. For

example, efforts to analyze the genomes of vesper bats re-

vealed the unique dynamics of DNA transposons and Ves

SINEs in bats, including substantial difference in SINE accumu-

lation when comparing vesper bats to other families and sev-

eral lineage-specific subfamilies within vesper bats (Pagán

et al. 2012; Ray et al. 2015). Sun, Shepard, et al. (2012)

used similar methods to implicate LTR retrotransposons in

the evolution of large genome size in plethodontid salaman-

ders and Castoe et al. (2011) identified substantial TE diversity

among snake genomes. In contrast to the studies mentioned

above which used 454-based sequencing chemistry, Castoe

et al. (2011) employed Illumina sequencing technology. While

this chemistry generates vast amounts of data, the short read

lengths can be a limiting factor in its utility. For example, given

the fact that most non-SINE TEs are several hundred nucleo-

tides or longer, obtaining full-length elements using Illumina

data is nearly impossible, even when one generates the lon-

gest possible reads and overlapping sequencing libraries, or

uses recent TE analyses pipelines that assemble survey se-

quencing reads into longer contigs (e.g., dnaPipeTE;

Goubert et al. 2015).

Fortunately, Pacific Biosciences (PacBio) SMRT sequencing

(Eid et al. 2009) may serve to alleviate this problem. Single

PacBio reads can average over 10,000 nt, more than enough

to span all but the largest full-length TE insertions. The high

error rate exhibited by PacBio chemistry could present a prob-

lem for certain types of analyses. However, the most common

way to overcome this weakness is to sequence the region

multiple times over, thereby generating enough reads to cor-

rect the data via consensus methods. Given the overabun-

dance of TEs in any given genome, multiple insertions will

likely be present in the data and, while these multiple inser-

tions cannot be used to correct errors in any given insertion,

Evolution and Diversity of TEs in Vertebrate Genomes GBE

Genome Biol. Evol. 9(1):161–177. doi:10.1093/gbe/evw264 Advance Access publication February 1, 2017 171

Deleted Text: ; Ray
Deleted Text: J. 
Deleted Text: pers. comm.
Deleted Text: ,
Deleted Text: G. 
Deleted Text: pers. comm.
Deleted Text: -


they can be used to identify the consensus for any particular

family that might be present. Additionally, as costs for long-

read sequencing decrease, it will soon be possible to reassess

the influence of TE content of structurally complex regions

that are often missed in short-read assemblies. To our knowl-

edge, no one has yet used PacBio in this way but it seems a

natural extension of the technology.

Conclusions

At the most basic level of inquiry, the percent of a genome

derived from TEs, vertebrate genomes can vary from 6 to

60%. If one takes into account aspects of TE diversity, accu-

mulation histories, and even variation in repeat annotations

themselves, it becomes difficult to build a coherent narrative

that adequately explains repeat variation across vertebrates.

Generally, higher levels of TE diversity correlate with the age of

vertebrate lineages; lineages that have existed for longer pe-

riods, such as fishes, and deep-branching tetrapods tend to

have higher TE diversity than more recent radiations, such as

birds and mammals. However, as the number of vertebrate

genome assemblies increases, exceptions to this pattern will

become more common. Known outliers within each verte-

brate lineage include the lungfish with a genome dominated

by two types of non-LTR retrotransposons, and the western

clawed frog whose TE content is highly biased towards DNA

transposons. Woodpeckers contain almost half a million more

TE copies than other birds. Among mammals, vespertilionid

bats are the sole lineage exhibiting DNA transposon activity.

Indeed, our view of what is “normal” for broad lineage such

as mammals or birds continues to expand and our under-

standing of TEs and their role in vertebrate genome evolution

benefits greatly from understanding both general trends and

outliers. Identification of the contribution of TEs to the unique-

ness of each genome will be key to unraveling the impact of

genome architecture on organismal evolution.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.

Acknowledgments

This work was supported by the National Science Foundation

(DEB-1355176, DEB-1020865, MCB-0841821 and MCB-

1052500 to D.A.R.). Additional support was provided by

College of Arts and Sciences at Texas Tech University.

C.G.S.C. was supported by a Postdoctoral scholarship from

the Conselho Nacional de Desenvolvimento Cientı́fico e

Tecnológico, CNPq-Brazil.

Literature Cited
Acosta MJ, Marchal JA, Fernández-Espartero CH, Bullejos M, Sánchez A.

2008. Retroelements (LINEs and SINEs) in vole genomes: differential

distribution in the constitutive heterochromatin. Chromosome Res.

16:949–959.

Adelson DL, Raison JM, Edgar RC. 2009. Characterization and distribution

of retrotransposons and simple sequence repeats in the bovine

genome. Proc Natl Acad Sci U S A. 106:12855–12860.

Akagi K, Li J, Stephens RM, Volfovsky N, Symer DE. 2008. Extensive var-

iation between inbred mouse strains due to endogenous L1 retrotran-

sposition. Genome Res. 18:869–880.
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