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2.1 Introduction

Beginning with the pioneering work in the 30s and 40s

of Barbara McClintock, R.A. Brink, Rollins Emerson,

Marcus Rhoades, and other prominent maize geneticists,

transposable elements (TEs) have come to occupy a central

position in the study of plant genomes. Not only did

McClintock’s discovery of the Activator/Dissociation

(Ac/Ds) system of maize change forever our appreciation

of the dynamic nature of chromosomes, her seminal character-

ization of the regulatory influence of ‘controlling elements’

(such as Ac/Ds and later the Enhancer/Suppressor-Mutator

(En/Spm) system) on adjacent gene expression paved the

way for decades of exciting research on the control, both

genetic and epigenetic, of gene regulation in plants and other

eukaryotes.

It took four decades after McClintock’s groundbreaking

discoveries and the rise of recombinant DNA technology for

the first TEs to be cloned and sequenced in the 1980s. One of

the surprises from these early molecular studies was the

striking similarity in structure, genetic organization, and

even sometimes nucleotide sequence, among the first TEs

characterized in maize, snapdragon, Drosophila and bacteria

(Green 1980; Fedoroff et al. 1983; Levis et al. 1984; Saedler

et al. 1984). At that time, and over the next two decades, the

biology of TEs was assessed primarily on the basis of the

mutations they engendered. Myriad mutant alleles caused by

insertions and/or rearrangements of transposons were col-

lected by geneticists in the field, the greenhouse and the fly

room, and meticulously analyzed at the molecular level in

the lab. Although this era furnished many crucial insights

regarding the mechanistic underpinnings and mutagenic

capabilities of transposition (for review, Berg and Howe

1989), it yielded little information regarding the abundance

and diversity of TEs, much less the long-term evolutionary

impact of TE activity.

The advent of large-scale DNA sequencing over the last

two decades, combined with advances in functional
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genomics and bioinformatics, has transformed the study of

TE biology. This “genomics revolution” has resulted in a

greater understanding of the many ways that TEs influence

the function and evolution of genes and genomes, and con-

sequently, their host organisms. In particular the genomics

era has revealed that, although only a tiny fraction of TEs are

transpositionally active, most eukaryotic genomes, and espe-

cially plant genomes, are packed with a plethora of seem-

ingly dormant or inactivated TE families (Feschotte et al.

2002). Given the inherent mutagenic potential of active

transposition, it should come as no surprise that the majority

of these TEs are either defective, fossilized copies or poten-

tially active copies that are restrained by host silencing

systems; however, active transposition, as evidenced by

instances of mutagenic (yet potentially evolutionarily signif-

icant) insertions, has been demonstrated. For example, TEs

have been shown to silence or alter expression of genes

adjacent to insertion sites, become integrated into functional

genes as newly acquired exons (exapted), acquire host gene

sequences and insert them into new genomic locations, con-

tribute to chromosomal rearrangements via recombination,

epigenetically alter regional methylation patterns, and pro-

vide template sequences for RNA interference (Feschotte

et al. 2002; Bennetzen 2005; Morgante et al. 2007; Weil

and Martienssen 2008; and see Slotkin et al. 2012, this

volume). This diverse functional impact of TEs, and their

intrinsic contribution to genomic plasticity, suggests that

these elements play a major role in molecular diversification

and, ultimately, species divergence.

In this chapter, we provide the reader with the funda-

mentals of TE biology, with an emphasis on plant elements.

We begin with an overview of TE classification and transpo-

sition mechanisms, followed by an examination of the exten-

sive variability in both inter- and intra-specific TE content

across diverse plant taxa. Finally, we explore some of the

general principles characterizing and influencing the geno-

mic distribution, activity and evolution of TEs.

2.2 Transposable Element Classification

TEs can be broadly defined as DNA segments capable of

chromosomal movement, either via replicative or conserva-

tive (cut-and-paste) mechanisms (discussed in more detail

below). The TE classification system that we present here is

similar to the one proposed byWicker et al. (2007) and to the

one implemented in Repbase, the most popular database of

repetitive DNA sequences (http://www.girinst.org/). At the

highest level, eukaryotic TEs comprise two major classes,

and each class can be divided into subclasses based on their

mechanism of chromosomal integration, which is reflective

of the protein-coding capabilities and organizational struc-

ture of each class and subclass of elements (Figs. 2.1, 2.2).

Class I elements, also known as retrotransposons, transpose

via an RNA intermediate, which must be reverse transcribed

prior to integration into the genome, while Class II elements

transpose via a DNA intermediate (Finnegan 1989). Trans-

position of both classes of elements may result in a heritable

increase in genomic copy number; hence, individual TE

types are found in multiple copies (often referred to as a

TE family) and comprise the majority of the repetitive frac-

tion of eukaryotic genomes (e.g. Adams et al. 2000; The

Arabidopsis Genome Initiative 2000; Lander et al. 2001;

International Rice Genome Sequencing Project 2005). TEs

have been found in virtually every organism studied to date

(with few exceptions, such as Plasmodium falciparum and

other Apicomplexa), although significant qualitative and

quantitative variation abounds, even among closely related

organisms (see below for a comparison among selected plant

species).

The genomes of plants are packed with many and diverse

TEs, and continue to serve as excellent models to yield some

of the most significant advances in the field of transposon

biology. The vast majority of repetitive DNA in the nuclear

genomes of plants is derived from the proliferation of TEs,

most often Class I RNA elements (Fig. 2.1) (e.g. SanMiguel

et al. 1996; Vicient et al. 1999; Hawkins et al. 2006;

Neumann et al. 2006; Vitte and Bennetzen 2006). Two

major subclasses of Class I elements have been identified

in plants: (1) Long terminal repeat (LTR) retrotransposons,

whose reverse-transcription and subsequent integration as

double-stranded DNA is mediated by an element-encoded

reverse transcriptase and integrase, respectively, (2) non-

LTR retrotransposons (sometimes called retroposons),

which include long and short interspersed elements (LINEs

and SINEs) and use target-primed reverse transcription, a

mechanism coupling reverse transcription and integration.

DIRS-like elements (named after Dictyostelium intermedi-

ate repeat sequence) represent a third subclass of

retrotransposons integrated through an element-encoded

tyrosine recombinase. They are relatively common in

animals and fungi, but have yet to be found in flowering

plants. Class II elements have been identified in every plant

genome that has been thoroughly examined, and these can be

divided in two major subclasses: (1) classic ‘cut-and-paste’

DNA transposons, characterized by terminal inverted

repeats (TIRs), which are excised and reintegrated as dou-

ble-stranded DNA by the action of an element-encoded

transposase and (2) Helitrons, or rolling-circle transposons,

which most likely transpose via a replicative mechanism

involving a single-stranded DNA intermediate and which

encode recombinase with Replicator initiator motif (Rep)

and DNA Helicase domains (Fig. 2.1).

In plants, Class I elements (particularly LTR retro-

transposons) make up the largest fraction of the TE comple-

ment (SanMiguel et al. 1996, 1998; Vicient et al. 1999;
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Hawkins et al. 2006; Neumann et al. 2006; Vitte and

Bennetzen 2006). The LTRs flanking a retrotransposon

can range from just a few hundred base pairs to as much as

6 kb, and usually begin with 50-TG-30 and end with 50-CA-30.
The LTR retrotransposons typically contain GAG and

POL protein coding ORFs, which encode several enzymes

(reverse transcriptase – RT; protease – PR; RNaseH – RH;

integrase – INT) responsible for reverse transcription and

integration of daughter sequences into new chromosomal

locations. Two major superfamilies of LTR retrotransposons

are found in plants, gypsy-like and copia-like (also known as
Metaviridae and Pseudoviridae, respectively). Both types of

LTR retrotransposons contain the same protein coding

domains, but these are arranged in a different order. Their

ancient origin is evidenced by the fact that they form deeply

diverged monophyletic clades in phylogenetic analyses of

reverse transcriptases (Eickbush and Malik 2002; Havecker

et al. 2004). Non-LTR retrotransposons (LINEs and SINEs)

are, as their name indicates, not flanked by LTRs, but com-

plete LINEs can reach several thousand base pairs in length,

contain coding sequences responsible for transposition,

and often display a stretch of adenines or a simple sequence

repeat at their 30 end (Figs. 2.1, 2.2c).

Class II DNA elements are found in most eukaryotes, and

despite their conservative transposition mechanism, have

been capable of attaining relatively high copy numbers in

some plants (see Sect. 2.3.1, Feschotte and Pritham 2007).

Class II elements encode the machinery to facilitate their

own transposition, usually in the form of a transposase

(TPase) encoded by a single gene. “Cut-and-paste” trans-

position is associated with Subclass 1 DNA transposons,

and occurs via TPase binding to the terminal inverted repeats

(TIRs) of the element (Fig. 2.1), followed by excision and

reintegration of the transposon at a new chromosomal loca-

tion (Craig et al. 2002). The transposition mechanism of

Helitrons has not been investigated in functional detail, but

these elements are believed to employ a mechanism where

only one DNA strand is cut, displaced and which serves as a

template for replication of the element at a new locus

(Kapitonov and Jurka 2007).

Both Class I and Class II TEs may be further divided

into autonomous or non-autonomous elements dependent

upon their ability to encode the enzymatic machinery res-

ponsible for movement. Non-autonomous elements may

still be mobilized in trans if they retain the capacity to

be recognized by the enzymes encoded by autonomous

LTR retrotransposon:

LTR GAG LTR
PR     RT     RH     INT

PBS PPTPOL

LTR GAG LTRPBS PPTPOL

LTR GAG LTRPBS PPTPOL ENV

gypsy

copia PR     INT     RT     RH

PR RT RH INTretrovirus

ORF1

non-LTR retrotransposon:

PR RT RH INT

EN         RT 
POL/ORF2ORF1 poly(A)5’UTR 3’UTR

DNA transposon:
TIR TIRTPase

Helitron:

3‘ hairpinHELRPA

CTAGT
16-20b

Fig. 2.1 Structure of main types of transposable elements. GAG

and POL genes of LTR retrotransposons, ORF1 of non-LTR

retrotransposons, transposase (TPase) of DNA transposons and repli-

cative protein A (RPA) and helicase (HEL) of Helitrons are marked.

Long terminal repeats (LTRs), primer-binding site (PBS) and

polypurine tract (PPT) of LTR retrotransposons, 50 UTR, 30 UTR

and poly(A) of non-LTR retrotransposons, terminal inverted

repeats (TIR) of DNA transposons and 30 hairpin of Helitrons are

labeled. LTR retrotransposons are exemplified by gypsy, copia and

retrovirus superfamilies. Protease (PR), reverse transcriptase (RT),

RNaseH (RH), integrase (INT) and endonuclease (EN) domains

are marked
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elements located elsewhere in the genome. Although this

concept was initially described for classic, two-component

DNA transposon systems, such as Ac/Ds in maize, it

seems that virtually all types of TEs may include both

autonomous elements and non-autonomous counterparts

that are movable in trans (Feschotte et al. 2002; Wicker

et al. 2007). Non-autonomous Class I elements in plants

include SINEs (short interspersed elements, Deragon and

Zhang 2006), TRIMs (terminal repeat retrotransposons in

miniature, Witte et al. 2001) and LARDs (large retro-

transposon derivates, Kalendar et al. 2004). MITEs (minia-

ture inverted-repeat elements, Bureau and Wessler 1992)

Retrotransposition - LTR retrotransposonsa b Life cycle of LTR retrotransposons

RNA DNAreverse transcription integrationnucleus

reverse 
transcription

transcription integration

retroelement
host DNA

GAGRNA

transcription
translation       
+ processing

chromosomes

VLP

original copy new copyhost DNA

GAG

RT-RH

IN PR

mRNA

cytoplasm

Target-primed reverse transcription (TPRT)
- non-LTR retrotransposons Life cycle of non-LTR retrotransposons

synthesis of new
element by TPRT

first strand cleavage

target site

RNP

translation

chromosomes

RT/EN

reverse
transcription

mRNA

3’end

integration and
DNA synthesis

second strand cleavage

ORF1

mRNAtranscriptionnucleus

cytoplasmTSDTSD new element

c d

Transposition - DNA transposonese f Life cycle of DNA transposons

DNA transposon

donor DNA TIR TIR
import of TP to nucleus TP

excision
transposase

binding

transcription

translation

chromosomes

nucleus

excision and
insertion of TE

+

target DNA

insertion mRNA

cytoplasm

Fig. 2.2 Transpositional mechanism of main types of transposable

elements. (a) Schematic retrotransposition of LTR retrotransposons

and (b) their life cycle in the cell has a “copy and paste” character.

Target-primed reverse transcription of non-LTR retrotransposons

where cDNA is synthesized in situ (c) and the life cycle of non-LTR

retrotransposons in the cell (d). Transposition of DNA transposons

using “cut and paste” mode (e) and their life cycle in the cell (f).

GAG gene, reverse transcriptase (RT), endonuclease (EN), integrase

(INT), protease (PR) domains, transposase (TP), terminal inverted

repeat (TIR), target-site duplication (TSD), ribonucleoparticle (RNP)

and virus-like particle (VLP) are marked
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represent the most abundant type of non-autonomous DNA

transposon in plant genomes thus far examined.

Non-autonomous elements may originate in a variety of

ways. Most commonly, they derive from autonomous copies

that have suffered mutations (substitutions or insertions/

deletions) disabling their coding capabilities. For example,

most Ds elements are directly derived from Ac by internal

deletions (Yan et al. 1999). Note, however, that autonomous

and non-autonomous elements need not share extensive

sequence similarity to form a functional pair. Indeed, the

original Ds1 element from maize, which is recognized and

mobilized by the Ac-encoded transposase, shares only the

outermost 11 nucleotides of its TIRs (terminal inverted

repeats) with Ac (Kunze and Starlinger 1989). Likewise,

many families of high-copy number MITEs are not always

directly related to autonomous elements present in the same

genome. Nonetheless, there is evidence that some MITEs,

such as Stowaway, can be mobilized with high efficiency by

distantly related autonomous transposons (mariner-like

elements in the case of Stowaway, Yang et al. 2009). With

respect to the origin of such ‘orphan’ MITE families, it

remains possible that their progenitors are direct derivatives

of autonomous elements that did not reach fixation or are no

longer recognizable in the genome (Feschotte et al. 2003).

Alternatively, some may have arisen ‘de novo’, by juxtapo-

sition of sequences that were fortuitously recognized by

transposition enzymes produced in trans. This scenario has

been documented at least once in Drosophila (Tsubota and

Huong 1991), but to our knowledge, never in plants.

SINEs represent another atypical category of non-

autonomous elements that derive from non-coding genes

transcribed by RNA polymerase III (pol III), most commonly

tRNA genes (Deragon and Zhang 2006). The simplest SINE

families are equivalent to amplified tRNA retrogene

families, which apparently result from accidental trans-rec-

ognition by the enzymatic machinery of autonomous LINEs.

The use of an internal promoter (retained after retroposition)

coupled to the short length and perhaps also the cellular

localization of pol III transcripts may explain the recurrent

amplification of tRNA genes by retroposition. More com-

plex SINEs are formed either by multimerization, duplica-

tion and/or fusion with the 30 terminus of a LINE (Deragon

and Zhang 2006). Such chimeric SINEs may become highly

efficient at hijacking the machinery of their partner LINEs.

Perhaps the best-known SINE is the Alu element of primates,

which is present in over a million copies per haploid human

genome (Lander et al. 2001). SINEs have been identified in a

wide range of plant species and individual families may

attain several thousand copies (Deragon and Zhang 2006),

but due to their short size they tend to make up a relatively

small fraction of the repetitive DNA content of plant genomes

(Fig. 2.5).

2.3 Transposable Elements Biology:
Intrinsic Factors of Transposon
Proliferation

Although the total quantitative amount of TEs varies

tremendously among (and possibly within) plant species,

every genome analyzed so far has been found to harbor

representatives of both Class I and Class II TEs (Figs. 2.4,

2.5). As mentioned above, however, the relative qualitative

contribution of the two classes and their subclasses to the

total TE population varies substantially among species. For

example, LTR-retrotransposons predominate in the genomes

of cotton and maize (Hawkins et al. 2006; Vitte and

Bennetzen 2006), but less so in the genomes of rice or

Lotus japonicus, where DNA transposons are as (or more)

successful than other TE types, as measured by copy num-

bers (Holligan et al. 2006). Additionally, there are

differences in the chromosomal distribution of Class I and

Class II elements in the genome (e.g. Peterson-Burch et al.

2004; International Rice Genome Sequencing Project 2005;

Baucom et al. 2009). These variations correspond, in part, to

the disparate histories of TE invasion experienced by differ-

ent plant lineages, in addition to how an organism copes with

these invasions, which is greatly influenced by host biology,

as discussed in Sect. 2.4. In the present section, we examine

how the biology and properties of the TEs themselves may

lead to significant variation in TE composition among spe-

cies, and possibly, within the genome.

2.3.1 Mechanisms of Transposition

The mechanism by which a TE family is amplified may

determine, in part, their pattern of proliferation and diversi-

fication in the genome. Part of the proliferative success of

Class I retrotransposons in many taxonomic groups (partic-

ularly plants) is ensured by their replicative mode of trans-

position, where in principle, a small number of ‘master’

copies can produce hundreds or thousands of ‘daughter’

copies during a single amplification event (Fig. 2.2a, b).

Evidence of such transpositional “bursts” comes from

phylogenetically informed analyses in both rice and

Gossypium, where comparative sequence analyses within

various TE families indicates waves of TE accumulation

surrounded by periods of relative quiescence (Piegu et al.

2006; Hawkins et al. 2008, 2009). Additionally,
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diversification can be accomplished via “template-

switching” during reverse transcription, first described in

retroviruses (Pathak and Hu 1997), in which two different

RNA molecules co-localized in a virus-like particle com-

bine, leading to a new, chimeric element. Recent data point

to this mechanism as an important force driving the evolu-

tion of maize LTR-retrotransposons (Sharma et al. 2008).

Template-switching may also occur during the transposition

of non-LTR retrotransposons (Garcia-Perez et al. 2007), and

this mechanism may explain the chimeric structure and

modular evolution of SINEs (Deragon and Zhang 2006).

Exchange of sequences is also possible at the DNA level

and may promote the diversification of DNA transposons,

including Helitrons (Yang and Bennetzen 2009), providing a

mechanism for the acquisition of host gene fragments by

various plant TEs (Bureau et al. 1994; Jiang et al. 2004; see

also Chap. 2). In fact, template-switching or other forms of

inter-element recombination may be viewed as a primitive

form of sex, promoting the genetic diversification of TEs.

Class II DNA transposons are mobilized by a cut-and-

paste mechanism where the element is excised from one

locus and re-inserted elsewhere in the genome (Fig. 2.2e, f).

This process, by itself, does not result in an increase in copy

number, as the element is not replicated; however, increases

in Class II element copy number can occur through two

known mechanisms, both of which are dependent upon host

cellular activities. First, upon excision of a Class II element,

the consequential double-stranded DNA break can be

repaired by homologous recombination using the transposon

copy located on the homologous chromosome as a template

(Engels et al. 1990), or alternatively, the sister chromatid if

excision takes place during S phase. DNA replication offers a

second opportunity for duplication: when a transposon jumps

ahead of a replication fork, from a post- to a pre-replicated

region, it can effectively be replicated twice (Ros and Kunze

2001). Nevertheless, each of these mechanisms produces a

net gain of only one copy per transposition event.

In spite of the conservative nature of cut-and-paste trans-

position, it is clear that DNA transposons can amplify to very

high copy numbers (up to several thousands per family), as

documented by the explosive bursts of MITEs in many

angiosperms (for a spectacular example of MITE amplifica-

tion in ‘real-time’, see Naito et al. 2009). How MITEs could

achieve such high copy number has remained a mystery for

nearly two decades, but some important clues have surfaced

recently, thanks to the study of actively transposing MITE

families discovered in the rice genome. It is now established

that MITEs rely on a transposase encoded by larger, autono-

mous elements (Feschotte and Mouchès 2000; Zhang et al.

2001; Feschotte et al. 2003). Furthermore, the data point to a

typical cut-and-paste mechanism involving excision and re-

insertion similar to that of other eukaryotic DNA

transposons (Petersen and Seberg 2000; Nakazaki et al.

2003; Yang et al. 2006, 2009). One key to the mystery of

MITE amplification seems to lie in the complexity of their

interactions with transposases, as revealed by functional

studies of Stowaway MITEs and their partner Osmar

transposases in rice. First, a single source of Osmar

transposase is capable of interaction and mobilization of a

diversity of Stowaways having different origins, even in the

absence of extensive sequence similarity between Osmar

and Stowaway termini (Feschotte et al. 2005; Yang et al.

2009). Second, some Stowaway elements possess the inher-

ent ability to excise at higher efficiency in response toOsmar

transposase than other substrates, including the cognate

Osmar element providing the source of transposase.

Sequence-swapping experiments indicate that the excision

hyperactivity of the MITE stems from a combination of

properties, including short size, the absence of cis-elements

present in the autonomous Osmar element that repress trans-

position, and conversely the presence of cis-elements in the

MITE internal sequence that enhance transposition (Yang

et al. 2009). Thus, multiple, overlaying rampant amplifica-

tion of MITEs in plant genomes.

2.3.2 Targeting Strategies

2.3.2.1 Transposable Elements Occupy Different
Genomic Niches

Genomes can be partitioned into a variety of “chromosomal

niches” that are colonized by various repetitive sequences

(Kidwell and Lisch 2001). In particular, constitutive hetero-

chromatic regions of the plant genome, such as pericentromeric

regions, knobs, and subtelomeres, represent chromosomal

niches heavily occupied by LTR-retrotransposons (Miller

et al. 1998; Lippman et al. 2004; Kejnovsky et al. 2006b). By

contrast, most DNA transposons, and MITEs especially, are

found at higher density in euchromatic regions where they

often reside within or in close proximity to genes (Bureau

and Wessler 1992; International Rice Genome Sequencing

Project 2005).

To account for the chromosomal distribution of TEs, one

must consider the action of several, non-mutually exclusive

forces acting at the time of insertion and often long after

insertion. Some of these forces are inherent to the transposi-

tion machinery of the elements that confer insertion prefer-

ence for certain chromosomal or sequence features. Also,

natural selection will favor the fixation of beneficial

insertions and the elimination of deleterious ones from the

population. Finally, an array of indirect forces may act more

gradually, influencing the decay of the elements or their

removal by deletion or recombination (for review, Pritham

2009). These latter forces include rates of substitution, dele-

tion and recombination, which can vary dramatically along
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chromosomes (e.g. low recombination in peri-centromeric

regions) and also among species. It is often difficult to

discern the relative importance of these many forces on TE

accumulation differentially over time. The effect of insertion

preference tends to be more apparent for younger TE

insertions, while recombination and deletional processes

become more significant as TEs become older and accumu-

late in the genome.

With respect to TE insertion preference targeting of TEs

into specific chromosomal locations, such as heterochroma-

tin where they likely have less deleterious effects, represents

a mechanism minimizing the negative impact of TEs on the

host. Thus different targeting strategies are likely to evolve

among TEs to occupy diverse genomic niches and thereby

contribute to their evolutionary persistence. The biased TE

populations of two diverged yeast species, S. cerevisiae and

S. pombe, provide an extreme example. In these streamlined

genomes, only a handful of LTR retrotransposon families

co-exist, and remarkably, all have adopted different

targeting strategies. Ty1 and Ty3 of S. cerevisiae preferen-

tially insert upstream of tRNA genes and other units tran-

scribed by Pol III (Ji et al. 1993), while Ty5 targets the silent

chromatin located in subtelomeric regions and around the

mating loci (Zou et al. 1996). In S. pombe, Tf elements

preferentially insert upstream of Pol II-transcribed genes

(Bowen et al. 2003).

In plants, there is evidence that the accumulation of

Arabidopsis LTR retrotransposons in pericentromeric

regions and other highly heterochromatic chromosomal

compartments is the result of both active targeting and

selective retention over time (Pereira 2004; Peterson-Burch

et al. 2004). Comparison of the age and chromosomal distri-

bution of TEs in Arabidopsis indicate that copia-like
elements are integrated fairly randomly into the genome

while gypsy-like elements preferentially insert into the

pericentromeric heterochromatin (Pereira 2004). In maize,

high-copy-number LTR retrotransposon families are found

to primarily accumulate in gene-poor regions, while LINEs,

SINEs, and low-copy-number LTR retrotransposons show

biased insertion in gene-rich regions (Baucom et al. 2009).

The accumulation of LTR elements in heterochromatic

regions is also evident in rice, while conversely, MITEs

and most other DNA transposons are found in higher density

close to or within protein-coding genes (International Rice

Genome Sequencing Project 2005). An examination of a

large number of de novo insertions of Mutator DNA

elements in rice and maize (Dietrich et al. 2002; Liu et al.

2009; Jiang et al. 2011) and mPing MITEs in Arabidopsis
and rice (Yang et al. 2007; Naito et al. 2009) demonstrate

that these transposons actively target genes, with a prefer-

ence for insertion in their 50 upstream region. A preference

for insertion within or near the same family of elements

(self-preference) was also observed for Tourist MITEs in

maize and rice (Jiang and Wessler 2001) and for Helitrons in
maize (Yang and Bennetzen 2009).

The molecular mechanisms underlying the targeting of

plant TEs remain poorly understood, but may involve the

recognition of specific DNAmotifs (Zhang et al. 2001), their

position relative to the nucleosome (Jiang and Wessler

2001), or the epigenetic state of the insertion sites (Brady

et al. 2008). Indeed, emerging evidence suggests that mobile

elements may, in some cases, possess the inherent capacity

to target their integration toward particular chromatin

domains. For example, chromoviruses are gypsy-like

retrotransposons that contain 40–50 amino acid

“chromodomains” at the C-terminus of their integrase

(Kordis 2005; Novikova 2009). These chromodomains are

thought to direct integration into heterochromatic regions

via interaction with methylated histone residues, thereby

facilitating targeted insertion into relatively gene-poor

regions (Gao et al. 2008).

2.3.2.2 The Special Relationship of Plant
Retrotransposons with Centromeres

In spite of their conserved function, centromeres are highly

dynamic at the sequence level (see Hirsch and Jiang 2012,

this volume). The major components of plant centromeres

are large arrays of tandem repeat, called satellite DNA (Jiang

et al. 2003), as exemplified by rice CentO (Cheng et al.

2002) and maize CentC satellites (Ananiev et al. 1998). In

most plants examined, centromeric satellites are

intermingled with a particular group of gypsy-like elements

called centromeric retrotransposons (CRs). CRs were origi-

nally found in many grass species, such as CRM in maize

(Zhong et al. 2002; Nagaki et al. 2003), CRR and RIRE7 in

rice (Kumekawa et al. 2001; Cheng et al. 2002; Nagaki et al.

2005), CEREBA in barley (Presting et al. 1998), CRW in

wheat (Liu et al. 2008), CRS in sugarcane (Nagaki and

Murata 2005), and Bilby in rye (Francki 2001). However

CRs are not restricted to grasses, as they were recently

discovered in Arabidopsis, soybean (Du et al. 2010) and

many other eudicot species (Neumann et al. 2011). These

findings suggest that CRs colonized centromeres (or

pericentromeres) before the divergence of monocots and

eudicots and have been stable components of angiosperm

genomes ever since (Du et al. 2010). Consistent with this

scenario, phylogenetic analyses revealed that CRs represent

a deeply rooted, monophyletic clade of gypsy-like elements

(Gorinsek et al. 2004; Kordis 2005; Neumann et al. 2011).

There are exceptions, nonetheless, such as in Oryza
brachyantha, where CentO satellites and CRR

retrotransposons have disappeared from functional

centromeres and were subsequently replaced by FRetro3,
a retrotransposon belonging to a different lineage of gypsy-

like elements (Gao et al. 2009).
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The ancient origin, vertical persistence and relatively

high level of sequence conservation across species set CRs

apart from other plant LTR retrotransposons, and these

characteristics prompted several investigators to hypothesize

that CRs could have been co-opted for a cellular function

(Zhong et al. 2002). One possibility is that that they provide

an abundant source of promoters for the transcription of

satellite repeats, which may be important for the establish-

ment of centromere identity and/or chromosome segregation

(May et al. 2005). Indeed, plant centromeric satellites and

CRs themselves are often transcribed (Topp et al. 2004;

Neumann et al. 2007), and there is evidence that the

transcripts of rice CRR elements are partially processed

into small RNAs through the RNA interference (RNAi)

pathway (Neumann et al. 2007). It is tempting to speculate

that CR-derived small RNAs are implicated in the formation

and/or maintenance of centromeric chromatin (Neumann

et al. 2007), akin to the mechanism underlying the formation

of pericentromeric heterochromatin in fission yeast which

are also initiated by transcription and RNAi-dependent

processing of repetitive elements (Volpe et al. 2002; Grewal

and Jia 2007). Furthermore maize CRM DNA and, surpris-

ingly, CRM-derived transcripts, both interact with the cen-

tromeric histone CENH3 (Zhong et al. 2002; Topp et al.

2004) and at least one subfamily of CRM elements (CRM2)

exhibit tightly phased positioning on CENH3-containing

nucleosomes (Gent et al. 2011). Together these data point

at a functional association of CRs with centromeric chroma-

tin, although further experiments are needed to clarify the

role of CRs in plant centromere biology.

2.4 Influence of Host Biology on
Transposable Element Proliferation

Factors acting at the level of the host and affecting the likeli-

hood of fixation of TE insertions, subsequent decay (via nucle-

otide substitutions or indels), or their physical removal (via

large deletions and other recombination events) may have

a significant influence on shaping TE content over time. We

highlight here three of these forces, effective population size,

sexual reproduction and recombination rate that are likely to

have prominent effects on TE persistence and accumulation.

We also describe the role of recombination in shaping TE

proliferation and distribution on sex chromosomes.

2.4.1 Effective Population Size

For long-term persistence any TE family must, on average,

give rise to at least one daughter element for each element

inactivated by mutation or eliminated by deletion. Strongly

deleterious TE insertions are eliminated by selection

(Le Rouzic et al. 2007), and the efficiency of selection is

proportional to the host effective population size. The per-

sistence of TEs in species with large effective populations,

like in most unicellular species, is rare (Wagner 2006),

especially in the absence of sex or horizontal transfer. The

critical effective population size above which eukaryotic

populations appear to be immune to retrotransposon prolif-

eration is suggested to be ~7 � 107, whereas for

DNA transposons it is ~2 � 107 (Lynch and Conery 2003).

Additionally, total genome size is inversely correlated with

long-term effective population size because TEs form a

significant part of the genomes of multicellular eukaryotes

having generally smaller effective population sizes (Lynch

and Conery 2003). Long-term effective population size

reduction then probably enabled increases in genome sizes

as well as organism sizes. In plants, it was suggested that

species with small population sizes should purge TE

insertions less efficiently and hence accrue DNAmore rapidly

(Lockton et al. 2008); however, a recent study of 205 species

of seed plants determined no relationship between effective

population size and genome size, suggesting that effective

population size is not an especially significant factor in

the relative level of proliferation and persistence of TEs

in plants (Whitney et al. 2010).

2.4.2 Breeding System

Almost three decades ago Hickey (1982) suggested that the

potential for TE proliferation is related to the rate of out-

crossing in a given host species. Population genetics and

mathematical modeling predict that obligatory out-crossing

species should contain a larger number of and more active

TEs than self-fertilizing or facultative sexual species, while

at the other end of the spectrum obligate asexuals and uni-

parental organelle genomes should rapid purge active TEs

and essentially be free of selfish genetic elements, unless

they have recently re-entered by horizontal transfer (Hickey

1982; Bestor 1999; Sch€on and Martens 2000). Although

these theoretical arguments were grounded in arguments of

population genetics, they have proven difficult to test empir-

ically (but see Zeyl et al. 1996; Arkhipova and Meselson

2000; Schaack et al. 2010a,b).

Plants, which include closely related selfing and

outcrossing species, offer a valuable system to investigate

these questions because the genetics of selfing species

resemble that of asexuals. Consistent with this theory, the

outcrossing Arabidopsis lyrata displays higher transposition

frequency, stronger selection against new TE insertions, and

faster removal of insertions by ectopic recombination than in

the selfing A. thaliana (Wright et al. 2001, 2003; Lockton

and Gaut 2010; Hollister and Gaut 2007). Perhaps conse-

quently, the diversity of TEs is greater in A. lyrata than in
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A. thaliana (Lockton et al. 2008). However the difference in
breeding system may be only partially or indirectly causative

of these patterns. As discussed above, demographic history,

such as population bottlenecks, has the power to explain

most of these variations and to exert a substantial influence

on TE dynamics (Lockton et al. 2008; Tenaillon et al. 2010).

2.4.3 Recombination Rates Shape
the Chromosomal Distribution
of Transposable Elements

The chromosomal distribution of TEs is influenced by many

factors, such as local variation in recombination rates or

gene density (as reviewed above). Genomic regions with

no or low recombination are represented by most of the Y

chromosome, B chromosomes, or (peri)centromeres. In par-

ticular, the non-recombining Y chromosome is subject to a

suite of processes leading to the accumulation of deleterious

mutations (Charlesworth and Charlesworth 2000). These

processes include (1) Muller’s ratchet, (2) genetic

hitchhiking and (3) background selection (reviewed in

Bachtrog 2006). There are two predictable consequence of

these processes, namely, the degeneration of genes and the

accumulation of selfish genetic elements, including TEs

(Charlesworth et al. 1994). Two models have been evoked

to explain the accumulation of TEs in gene-poor regions

with low or no recombination, such as the Y chromosome

or the peri-centromeric regions of chromosomes (reviewed

in Dolgin and Charlesworth 2008). In the “insertion model”,

there is weaker selection against TEs in gene-poor regions

due to the decreased possibility of deleterious insertions,

resulting in higher TE abundance in these regions. The

“ectopic recombination model” postulates that TEs accumu-

late in regions of low recombination because ectopic recom-

bination between copies, which is a powerful deletional

force, is less frequent in these regions than in regions with

high recombination rate (Langley et al. 1988).

The accumulation of TEs in non-recombining regions has

been observed empirically on the Y chromosome of humans

(Erlandsson et al. 2000; Skaletsky et al. 2003), Drosophila

melanogaster (Pimpinelli et al. 1995), as well as on the neo-

Y chromosome of Drosophila miranda (Steinemann and

Steinemann 1992; Bachtrog 2003). In plants, however, the

relationship of recombination rate to TE distribution is not

clear. As noted above, in A. thaliana and many other

angiosperms examined, TEs tend to accumulate in

pericentromeric regions. TE distribution in A. thaliana, how-
ever, does not correlate with recombination rate, but is

negatively correlated with gene density (Wright et al.

2003). Shorter LTR retrotransposons and their fragments

accumulate in regions with higher recombination rates,

indicating that both recombination and gene density can

influence the rate and pattern of TE elimination (Swigonová

et al. 2005; Tian et al. 2009).

Some dioecious plants possess sex chromosomes that

often are in the early stages of evolution (compared to the

more ancient mammalian sex chromosomes), where the Y

chromosomes have expanded, rather than contracted, com-

pared to X (Vyskot and Hobza 2004). It is often assumed, but

not yet demonstrated, that the increased size of plant Y

chromosomes results from the accumulation of TEs in non-

recombining regions. Consistent with this idea, various types

of repetitive DNA are specific to or enriched on the Y

chromosome of several plant species, e.g., RAYS tandem

repeats in Rumex acetosa (Shibata et al. 1999), LINE

elements in Cannabis sativa (Sakamoto et al. 2000) and

copia-like elements in Marchantia polymorpha (Okada

et al. 2001). In papaya, which possesses the youngest studied

plant Y chromosome, the male-specific region of this

nascent Y chromosome is associated with a high density of

various DNA repeats (Liu et al. 2004). In Silene latifolia, the

most popular dioecious plant model (Kejnovsky and Vyskot

2010), the Y chromosome is strikingly enlarged (Fig. 2.3a).

This is due in part to an accumulation of copia-like elements

but also to chloroplast DNA insertions and to an expansion

of tandem repeats (Hobza et al. 2006; Kejnovsky et al.

2006a; Cermak et al. 2008; Kubat et al. 2008). However,

not all TEs of S. latifolia accumulate on the Y chromosome.

For example, Ogre-like gypsy elements (Fig. 2.3b) are

abundant on all chromosomes but virtually absent on the

non-recombining parts of the Y chromosome. Several

mechanisms might account for this unexpected distribution,

including female-specific transposition activity or specific

Fig. 2.3 Examples of TE localization on sex chromosomes using

FISH in model dioecious plant Silene latifolia (white campion), species
with heteromorphic sex chromosomes. Accumulation of Copia
elements (in red) on the Y chromosome (a) in contrast with the Ogre-
like gypsy retrotransposon (in red) that colonizes only recombining

parts of genome (b). Ogre-like elements are ubiquitously distributed on

all autosomes and the X chromosome but on the Y chromosome occupy

only short pseudoautosomal region while are absent in the large non-

recombining parts (b). The tandem repeat X-43.1 labels most

subtelomeres but on the Y chromosomes only its q-arm (green signals).
Chromosomes are counterstained by DAPI (blue). The X and Y

chromosomes are indicated. Bar represents 10 mm. Reproduced by

courtesy of Cytogenetic and Genome Research
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targeting of recombining regions of genome (Cermak et al.

2008; Kejnovsky et al. 2009a).

The massive aggregation of TEs in early stages of Y

chromosome evolution suggests that TEs themselves may

be involved in the degeneration of genes located on the Y

chromosome, through insertional disruption, rearrangements

or post-insertional effects on gene expression (Marais et al.

2008). However, it is still unknown whether the accumula-

tion of retrotransposons causes gene degeneration or

whether these elements accumulate on the Y chromosome

only after the erosion of most gene content (Steinemann and

Steinemann 2005). The comparison of sex chromosomes at

different stages of evolution, which should be possible in

plants, may provide an opportunity to address this question

and evaluate the generality of the models and processes

shaping sex chromosomes in plants and animals.

2.5 Transposable Elements and Genome
Size Evolution

2.5.1 The C-Value Paradox and Plant
TE Composition

The “C-value paradox”, a term derived to describe the lack

of correlation between morphological complexity and total

nuclear DNA content, was resolved in part by the discovery

that eukaryotic genomes harbor large and dynamic

populations of repetitive sequences, primarily transposable

elements. Over the past few decades, numerous studies

(summarized in Table 2.1) have described the total TE

contribution to genome size and compositional diversity of

TEs among and within various plant genomes. These studies

have converged upon the conclusion that often the greatest

fraction of plant genomes are composed of TEs, particularly

in those plants with greater total nuclear content (Zhang and

Wessler 2004; Hawkins et al. 2006; Vitte and Bennetzen

2006; Wicker and Keller 2007; Sweredoski et al. 2008;

Wicker et al. 2009) (Fig. 2.4). The total TE copy number

in plant genomes ranges widely, from as little as a few

hundred in those with smaller genome sizes, such as

Arabidopsis, to hundreds of thousands in their larger genome

counterparts (e.g. maize, Triticum, Hordeum). Notably, this
positive correlation between genome size and TE copy num-

ber generally holds across a broad range of eukaryotes

(Bennett and Leitch 2005).

Copy number of a particular TE family or subfamily is a

reflection of its relative success in terms of amplification and

subsequent retention in the genome. Comparisons of TE

composition across a wide range of plant species suggests

that, although the same general TE types are found in all

plants, the relative proportions contributed by various clas-

ses and subclasses can differ dramatically (Fig. 2.5).

Generally speaking, the genomes of eudicots contain fewer

transposable elements relative to that of monocots, which

have experienced recent and rampant LTR retrotransposon

activity (SanMiguel et al. 1998; Vitte and Bennetzen 2006).

LTR retrotransposon turnover in monocots appears to be

extremely rapid, with both gains and losses of TE sequences

occurring over as little as a few million years (see

Sect. 2.5.2; Ma et al. 2004). In striking contrast, gymno-

sperm LTR retrotransposons are distinguished by their high

level of decay and significant degree of divergence from

angiosperm LTR retrotransposons, indicative of their

ancient origin and subsequent long-term retention (Kovach

et al. 2010). Additionally, these types of qualitative

differences are not necessarily restricted to comparisons

among major plant lineages. For example, significant

differences in TE content have been observed among

species within the genus Gossypium, where gypsy-like

retrotransposons comprise the majority of the TE fraction

Table 2.1 Genome size and proportion of TEs in plant species

Species Genome size

(Mbp)

Proportion

TE (%)

Reference

Arabidopsis
thaliana

120 14 The Arabidopsis Genome

Initiative (2000)

Fragaria
vesca

240 23 Shulaev et al. (2011)

Cucumis
sativus

243 24 Huang et al. (2009)

Carica
papaya

372 52 Ming et al. (2008)

Medicago
truncatula

375 10 Wang and Liu (2008)

Oryza sativa 420 35 Paterson et al. (2009)

Theobroma
cacao

430 26 Argout et al. (2011)

Lotus
japonicus

470 19 Holligan et al. (2006)

Populus
trichocarpa

485 42 Tuskan et al. (2006)

Vitis vinifera 487 17 French-Italian Public

Consortium for Grapevine

Genome Characterization

(2007)

Brassica
oleracea

600 20 Qiu et al. (2009)

Sorghum
bicolor

740 62 Paterson et al. (2009)

Gossypium
raimondii

880 54 Hawkins et al. (2006)

Glycine max 1,100 59 Schmutz et al. (2010)

Zea mays 2,045 76 Paterson et al. (2009)

Hordeum
vulgare

5,439 80 Wicker et al. (2009)

Triticum
aestivum

16,979 80 Bennett and Smith (1976)

Pinus taeda 21,516 80 Kovach et al. (2010)
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in species with larger genomes, while copia-like elements

dominate the TE fraction in species with smaller genomes

(Hawkins et al. 2006).

Sequence diversity among closely related species or even

[individuals] within a TE family may also differ substantially,

and the extent of divergence is often a direct reflection of a

particular TE family’s age. TE families that have undergone

relatively recent proliferation are usually absent among closely

related species, while families that have undergone amplifica-

tion at more distant time points can be shared among closely

related organisms as a product of their shared evolutionary

history. An example of the former was demonstrated via

comparisons of TE families among wheat and barley, where

families that were highly abundant in one species were virtu-

ally absent in their close relative (Wicker et al. 2009). The rate

at which new families appear (through either vertical or hori-

zontal transfer), as well as the rate at which older TE families

decay (by nucleotide mutation leading to sequence erosion or

sequence removal via deletion) often differ substantially

between species, and will be discussed further in the next

section. These forces act to mold genome structure and com-

position not only at higher levels of taxonomic divergence, but

often even at the species level.

2.5.2 Variable TE Insertion and Deletion Rates
as a Driving Force in Plant Genome Size
Evolution

As outlined above, large-scale amplification of transposable

elements can lead to extraordinarily high copy numbers

within plant genomes, often over short evolutionary

timescales (Bennetzen 2005). One of the best-known

examples in plants comes from maize, where repeated bursts

of retrotransposon amplification over the past 6 million years

have been responsible for generating approximately half of

the modern maize genome (SanMiguel et al. 1998; Walbot

and Petrov 2001). Similarly, a three-fold increase in the

genome size of diploid members of Gossypium is due to the

accumulation of LTR retrotransposons over the past

5–10 Myr (Hawkins et al. 2006). In Oryza australiensis,

three LTR retrotransposon families proliferated during the

last 3 million years leading to a two-fold increase in genome

size compared to that of Oryza sativa (Piegu et al. 2006). The

two- to threefold higher copy number of TEs in Arabidopsis

lyrata compared to A. thaliana correlate and may be attributed

to the higher expression of TEs in A. lyrata, apparently caused

by less efficient TE silencing in this species (Hollister et al.

2011). These studies, in addition to several other plant

genome surveys, clearly demonstrate that amplification of

TEs, together with persistent rounds of genome doubling via

polyploidization, are the primary mechanisms responsible for

genome size expansion and variation in plants (Vitte and

Bennetzen 2006; Kejnovsky et al. 2009b). These examples

specifically implicate LTR retrotransposons as the agents

most often responsible for massive TE-mediated increases in

plant genome size. In contrast, comparative analyses of

A. thaliana and Brassica oleracea indicate that several

families of DNA transposons have amplified to high copy

number in the lineage of B. oleracea, and that this activity

has contributed to genome expansion in this lineage (Zhang

and Wessler 2004), suggesting that DNA transposons may

also play a significant role in shaping genome size in plants.

Fig. 2.4 Positive correlation

between genome size and TE

amount in selected plant species.

Arabidopsis thaliana (At),

Fragaria vesca (Fv), Cucumis
sativus (Cs), Carica papaya (Cp),

Medicago truncatula (Mt), Oryza
sativa (Os), Theobroma cacao
(Tc), Lotus japonicus (Lj),
Populus trichocarpa (Pt), Vitis
vinifera (Vv), Brassica oleracea
(Bo), Sorghum bicolor (Sb),
Gossypium raimondii (Gr),
Glycine max (Gm), Zea mays
(Zm) and Hordeum vulgare (Hv)
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Fragaria vescaArabidopsis thaliana

Relative contribution of main groups of TEs to genome coverge in various plants (species arrayed according to genome size)

Relative coby numbers of main groups of TEs in various plant genomes (species arrayed according to genome size)

Cucumis sativus Oryza sativa

Populus trichocarpa Vitis vinifera Brassica oleraceaLotus japonicus

Gossypium raimondiiSorghum bicolor Glycine max Zea mays

LTR
non-LTR
DNA TE
Helitrons

Arabidopsis thaliana Fragaria vesca Cucumis sativus Oryza sativa

Populustrichocarpa Vitisvinifera BrassicaoleraceaLotusjaponicus

Gossypium raimondiiSorghum bicolor Glycine max Zea mays

Fig. 2.5 Relative contributions of main groups of transposable

elements in 12 plant genomes calculated by either genome coverage

(a) or TE copy numbers (b). LTR retrotransposons (dark blue),
non-LTR retrotransposons (red), DNA transposons (yellow) and

Helitrons (white blue). It is evident that the contribution of LTR

retrotransposons to the genome coverage increases with increasing

genome size (a). DNA transposons are successful in their

amplifications in both small and large genomes (b) but their contribu-

tion to the genome coverage is because their small length not so

evident in large genomes (a)
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The discovery that plant genomes expand via TE amplifi-

cation combined with a paucity of information regarding

mechanisms that might counteract this process and lead to

DNA removal raised the question whether the process is

a “one-way ticket to genomic obesity” (Bennetzen and

Kellogg 1997). Analyses of plant genome size variation

across a wide taxonomic range and within a phylogenetic

framework show that several species with small genomes are

embedded within clades of species characterized by much

larger genomes, suggesting that genome downsizing can and

does occur (Ma et al. 2004; Leitch et al. 2005; Hawkins et al.

2009). These observations have stimulated significant efforts

to discover the genetic mechanisms responsible for DNA

removal that might lead to substantial decreases in genome

size (Vitte and Panaud 2003, 2005). Presently, two primary

mechanisms of genome contraction have been proposed:

intra-strand homologous recombination and illegitimate

recombination.

Intra-strand homologous recombination, a form of

ectopic recombination, is a process in which recombination

occurs between non-allelic sequences of high sequence sim-

ilarity. Such recombination may occur between two different

TEs (inter-element recombination) or among highly similar

sequences within a single TE, such as the long terminal

repeats (LTRs), of the same retroelement (intra-element

recombination) (Fig. 2.6). The latter mechanism is straight-

forward to detect and quantify as it results in the formation

of solo LTRs. Since solo LTRs have been identified in

virtually all species known to be colonized by LTR

retrotransposons, this process appears to occur frequently

and it is believed to play a major role in DNA removal in

plant genomes. For example, the vast majority of BARE-1

elements in barley are represented by solo LTRs (14,000

full-length and 64,000 solo LTR), indicating massive

amplification and subsequent removal of these elements in

recent evolutionary history (Vicient et al. 1999). The ratio of

full-length elements to solo LTRs is 1:1 in Arabidopsis, 2:3

in rice (Devos et al. 2002), 5:1 in maize (SanMiguel et al.

1996) and 1:7–11 in barley (Vicient et al. 1999), suggesting

recent amplification of elements in maize as evidenced by

the prevalence of intact to partial elements, and conversely,

element removal by intra-strand homologous recombination

in barley (prevalence of solo LTRs). Intra-strand homolo-

gous recombination has been coined a “partial return ticket

from genomic obesity” (Vicient et al. 1999) as some portion

of the nucleotide sequences involved in recombination (for

example, one of the LTRs) is left behind, preventing com-

plete deletion of extraneous DNA.

This type of recombination is expected to operate more

strongly (1) to remove TE insertions in regions of high

recombination, (2) on larger TE families, and (3) on longer

copies of element (Petrov et al. 2003). Because longer

elements increase the probability of ectopic recombination,

longer TE copies persist in genomes for shorter periods than

smaller elements, which is true not only for LTR

retrotransposons, but also for Helitrons (Hollister and Gaut

2007). For the same reason, solo LTRs are preferentially

formed by TEs with longer LTRs (Du et al. 2010) suggesting

selection may occur for shorter LTRs in order to escape

these deletions. The mechanisms suppressing genetic recom-

bination may reduce the frequency of the formation of solo-

LTRs as was demonstrated in pericentromeric regions of

soybean (Du et al. 2010). Additional support for this hypoth-

esis comes from Oryza sativa, where short elements accu-

mulate in regions of high recombination while long elements

accumulate in regions of low recombination (International

Inter-element recombinationa b Intra-element recombination

TE TE LTR LTRGAG

LTR retrotransposon

+ +
TE

+
solo LTR

POL

Fig. 2.6 Removal of

transposable elements by

homologous recombination.

(a) Recombination between two

transposable elements results in

deletion of an in-between region.

(b) Recombination between long

terminal repeats (LTRs) of the

same retrotransposon results in

solo LTRs and deletion of internal

region
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Rice Genome Sequencing Project 2005). Because the accu-

mulation of substitutions and indels reduce recombination

frequency, opportunities for LTR–LTR recombination are

rapidly lost in species with high rates of substitution and

indels.

Illegitimate recombination is a RecA-independent form

of recombination involving sequences of microhomology in

which small deletions result due to non-homologous end-

joining (NHEJ) or slip-strand mispairing. Sequences of

microhomology may be as small as a few nucleotides, and

the resulting deletions are often less than 10 bp in length,

although they can be much larger. DNA loss leading to

genome contraction in Arabidopsis and wheat is primarily

attributed to illegitimate recombination (Devos et al. 2002;

Wicker et al. 2003) but to both intra-strand homologous

recombination and illegitimate recombination in rice (Ma

et al. 2004). It is unclear at this time as to the evolutionary

significance of DNA loss in shaping extant genome size;

however, assuming removal rates at a high enough level

to counteract genome expansion via TE proliferation,

differences in the repair/recombination machinery of the

host species might be a driving force in shaping extant

genome size (Orel and Puchta 2003).

2.6 Closing

Upon her discovery of transposable elements in the 1950s,

Barbara McClintock suggested that these sequences might

operate to control gene expression and play a major role in

evolution. This suggestion was remarkably prophetic, even

though the concept it embodied had to survive several

decades of misinterpretation of TEs as mere “junk” prior to

emerging in the last decade or more as major players in the

organization and function of plant genomes. Our increasing

understanding of TE abundance, distribution, and behavior

has revealed that the selfish nature of TEs is not incompati-

ble with them playing a significant role in genome evolution

at multiple levels, from genome-wide (total nuclear content,

chromatin structure, recombination, RNAi, etc.) to local

effects (chromosomal rearrangements, regulation of neigh-

boring genes, co-option of individual TE sequences to form

new genes, TE-mediated gene duplication, etc.) as

summarized above and discussed in more detail in Chap. 3.

Thus, after almost 60 years, Barbara McClintock’s vision,

considered radical at the time and dismissed by most, is

receiving growing empirical support. Plant research

continues to be at the forefront of TE biology, and the

ongoing genomic revolution is promised to yield many

more exciting discoveries in the years to come.
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