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The ultimate source of evolution is mutation. As the largest component in plant genomes, transposable elements
(TEs) create numerous types of mutations that cannot be mimicked by other genetic mechanisms. When TEs in-
sert into genomic sequences, they influence the expression of nearby genes as well as genes unlinked to the in-
sertion. TEs can duplicate, mobilize, and recombine normal genes or gene fragments, with the potential to

generate new genes or modify the structure of existing genes. TEs also donate their transposase coding regions
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for cellular functions in a process called TE domestication. Despite the host defense against TE activity, a subset
of TEs survived and thrived through discreet selection of transposition activity, target site, element size, and
the internal sequence. Finally, TEs have established strategies to reduce the efficacy of host defense system by in-
creasing the cost of silencing TEs. This review discusses the recent progress in the area of plant TEs with a focus on
the interaction between TEs and genes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Transposable elements (TEs) were first discovered by Barbara Mc-
Clintock in the 1940s using maize (Zea mays) as a model system.
Maize, a member of the grass (Poaceae) family, is an excellent model
for genetic studies. Its large flowers with separate male (the tassels)
and female (the ears) reproductive organs allow easy genetic crosses.
In addition, the large size of maize chromosomes makes them readily
visible under a light microscope. In a normal maize plant, chromosome
breakage is rarely observed. Nevertheless, McClintock noticed very fre-
quent breakage on a particular locus of chromosome 9 in one special
maize line [1]. Subsequently, she discovered that two loci were required
for the breakage. One locus found at the site of breakage and was called
Ds (Dissociation). The other, which was required to “activate” the break-
age, was therefore called Ac (Activator). Since the location of Ac and Ds
appears to be variable between generations, McClintock proposed that
they were actually genetic elements capable of transposition [1]. Thus,
the first TEs were discovered through a forward genetics approach.

In 1983, more than 30 years later, McClintock won a Nobel Prize for
her discovery of TEs. This coincided with the cloning and sequencing of
the Ac and Ds elements by multiple research groups [2,3,4,5]. It was dis-
covered that Ac encodes a transposase protein responsible for the trans-
position of itself as well as Ds. Meanwhile, more TEs were identified
from maize and other organisms including other plants, animals,
fungi, algae, and bacteria. These TEs form distinct superfamilies,
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families, and subfamilies (defined below)—Ac/Ds represent only one of
numerous TE families. Moreover, not all TEs at present are capable of
transposition; the ones with current transposition activity are called ac-
tive TEs. When an active TE creates a new copy, the two copies are often
identical at the time of transposition. Over time, the two copies diverge
and become less similar.

In 2002, approximately 20 years after the cloning of Ac/Ds, the entire
genome of rice (Oryza sativa), a relative of maize, was sequenced [6,7,8].
Rice was the first crop genome sequenced and the quality of its se-
quence remains the best among all crops. In 2003, the first active DNA
element in rice, called mPing, was discovered independently by three
research groups through two distinct approaches [9,10,11]. One group
identified mPing through a mutation called slender glume, caused by
the insertion of this element [11], resembling the classical pathway for
TE discovery. A reverse genetics approach was employed by the two
other groups [9,10]. With this method, candidate active elements
were identified through computational search of available genomic se-
quences. The rationale for this search is that if an element is active, or
was active in the recent past, identical or highly similar copies should
be identified in the genome. Among the 52 copies of mPing in
Nipponbare, the sequenced rice cultivar, 40 are identical to each other,
strongly suggesting a recent activity. Since mPing appeared to be a
good candidate for an active TE, its transposition activity was tested in
tissue culture, where excisions and new insertions of mPing were ob-
served [9,10]. The advances of technology, especially the availability of
genomic and transcriptomic sequences, have revolutionized our ap-
proaches to study TEs and brought about a burst of information about
TE biology. In this review, we will discuss some of the latest progress
in plant TEs.
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2. Classification of plant transposable elements

Based on the transposition mechanism, TEs fall into two classes.
Class, the retrotransposons, use a “copy and paste” mechanism and uti-
lize an RNA intermediate for transposition [12]. Class II, the DNA trans-
posons, transpose via a DNA intermediate through a “cut and paste”
mechanism [13]. Based on their coding capacity, both classes of TEs
can be divided into autonomous and non-autonomous elements. Au-
tonomous elements (such as Ac) encode the protein products required
for their transposition. Non-autonomous elements (such as Ds) do not
encode the relevant products and rely on their cognate autonomous el-
ements for transposition. When an element inserts into a genomic locus,
a small piece of flanking sequence in the insertion site is duplicated and
this sequence is called target site duplication (TSD).

For both RNA and DNA TEs, they are often further categorized into
superfamilies. A superfamily is classified by elements sharing
transposases with significant similarity at the protein level and having
similar length of TSDs. A family of elements typically shares a sequence
that is critical for transposition, such as the element ends. A subfamily is
composed of members wherein the entire element sequence or at least
the major portion of the elements is conserved (Fig. 1). However, during
genome-wide annotation, a family is defined by a practical method
using sequence similarity among different elements due to the difficulty
in defining elements sharing transposition machinery or cis-sequences.
A common practice is that if two elements share 80% or higher identity
at the nucleotide level for over 80% of the length of the shorter element,
the two elements are considered to belong to the same family [14]. It is
helpful to follow this community standard whenever possible, but cer-
tainly, these parameters may be modified to suit the objectives of each
individual study.

2.1. Class I elements (retrotransposons)

Class I elements can be further divided into several groups, including
the long terminal repeat (LTR) elements, long interspersed nuclear ele-
ments (LINEs), and short interspersed nuclear elements (SINEs)
(Table 1). Due to the lack of LTRs, LINEs and SINEs are called non-LTR
retrotransposons. Non-LTR retrotransposons are often associated with

a poly-A tail at the 3’ end of the elements as a consequence of transcrip-
tion. LTR elements are further classified into Gypsy superfamily and
Copia superfamily, depending on the gene order in the internal region
of the elements [12]. The internal regions of LTR elements encode gag,
pol, and int genes that are synthesized as a polyprotein. The gag gene en-
codes structure proteins of virus-like particles which are responsible for
packaging of retrotransposon RNA and proteins. The pol gene encodes
reverse transcriptase and RNase H activities that are required for repli-
cation/transposition of the retrotransposon, and int encodes the
integrase that allows the DNA form of the retrotransposon to insert at
a new chromosomal location [15]. During the transposition of class I el-
ements, the element mRNAs are converted into cDNA through the ac-
tion of reverse transcriptase (from the pol gene) which is encoded
within the element, and the TE cDNAs are then inserted into a target
site in the genome. LTR elements are associated with a TSD of 5 bp
whereas non-LTR retrotransposons generate TSDs with variable length
and in some cases even deletion of the flanking sequence [16].

Because of their replicative transposition mechanism, class I ele-
ments can amplify very rapidly and constitute the largest portion of
DNA content in most plant genomes. Particularly, LTR elements are
often responsible for the expansion of plant genomes, which is different
from that in mammals where non-LTR retrotransposons are very abun-
dant [17]. For instance, 75% of the maize genome is occupied by LTR
retrotransposons, including both Gypsy and Copia like elements [18].
In contrast, non-LTR retrotransposons are relatively scarce in plants,
usually accounting for less than 5% of the genome with some excep-
tions, e.g., apple (Malus domestica, 7.95%), sacred lotus (Nelumbo
nucifera, 6.4%), sugar beet (Beta vulgaris, 5.67%), and banana (Musa
acuminata, 5.41%) [19,20,21,22].

2.2. Class I elements (DNA transposons)

DNA transposons are usually associated with terminal inverted re-
peats (TIRs) and transpose via a DNA intermediate [13]. In general,
DNA transposons excise from one site (donor site) and reinsert else-
where (target site) in the genome. The departure of element from
donor site is called “excision” whereas the integration of element into
target site is called “insertion/reinsertion” or “forward transposition”.
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Fig. 1. Structural organization of a superfamily of transposable elements. Mutator-like superfamily (DNA transposons) in maize is used as an example. Terminal inverted repeats (TIRs) are
depicted as black triangles. Colored boxes represent open reading frames in autonomous elements or acquired gene fragments in non-autonomous elements, and other sequences are
depicted as white boxes. The homologous sequences between MuDR and its non-autonomous counterparts are connected with dashed lines. Introns are shown as lines connecting
exons. In Mu4, the red triangles indicate that a portion of the acquired gene fragment was duplicated, inverted, and became part of the TIR. Colored arrows above the elements

indicate the transcribed regions as well as the orientation of transcription.
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Table 1
Structural features and classification of transposons in plants.
Class Superfamily TSD Element size TIR or LTR size ~ Terminal sequence
Traditional name Systematic classification Autonomous Non-autonomous (539
Class 1 LTR-Copia RLC 5 bp 4-11 kb 292 bp to 4 kb 85 bp to3 kb TG...C/G/TA
LTR-Gypsy RLG 5bp 5-20 kb 2-5kb 120 bp to 6 kb TG...CA
LINE RIL/RII Variable Up to 9 kb NA NA ...AAAA
SINE RST/RSL Variable NA 80-500 bp NA ...AAAA
Class1l  Ac/Ds/hAT DTA 8 bp 3-6 kb 110 bp-3 kb 5-22 bp C/TA...TA/G
En/Spm/dSpm/CACTA DTC 3bp 6-21 kb 200 bp-6 kb 12-28 bp CACTA/G...C/TAGTG
MuDR/Mutator/Mu/MULE DTM 7-11 bp, mostly 9 4-16 kb 120 bp-3 kb 0-800 bp G/C...G/C
PIF/Harbinger/Tourist DTH TNA 3-7 kb 80 bp-3 kb 14-60 bp GGG/CC...GG/ccC
GG/AGCA...TGCT/CC
Tc1/Mariner/Stowaway DTT TA 3-7 kb 80 bp-3 kb 11-120 bp CTCCCTCC...GGAGGGAG
Helitron DHH None 5-17 kb 150 bp-20 kb None TC...CTRR

NA: Not available.

For most DNA elements, excision is not necessarily accompanied by re-
insertion in the genome. In plants, there are several superfamilies of
DNA transposons that are briefly introduced below (Table 1).

2.2.1. Ac/Ds/hAT or DTA elements

The founder elements of this superfamily are hobo from fruit fly
(Drosophila melanogaster), Ac/Ds from maize, and Tam3 from snapdrag-
on (Antirrhinum majus) [23,24,25]. The first letter of the three elements
contributes to the name “hAT". “DTA” is the systematic nomenclature
[14]. Autonomous hAT elements are a few kilobases (kb) in length
whereas non-autonomous elements can be as short as less than
200 bp. Most hAT elements have short TIRs that are less than 30 bp,
starting with “CA/TA” and ending with “TG/TA”. The TSD of hAT ele-
ments is usually 8 bp in length. Since Ac/Ds were the first identified
transposons, they are the best-characterized DNA transposons in plants
and have been widely used in gene tagging and functional genomics
studies [26,27,28].

2.2.2. CACTA or DIC elements

The founder elements of this superfamily are Spm/dspm in maize
[29]. They are named CACTA elements because their terminal sequences
are “CACTA/G...C/TAGTG". In general, autonomous CACTA elements are
large in size. The Tam1 element in snapdragon is 17 kb [30], and the
Tgmt element in soybean (Glycine max) is over 20 kb [31]. Like hAT ele-
ments, CACTA elements are associated with short TIRs, and frequently
contain many subterminal repeats. CACTA elements generate 3-bp
TSD upon insertion. Unlike other DNA transposons, which are enriched
in genic regions, CACTA elements do not have a significant preference
for genic regions [32]. Due to the large size of CACTA elements [30,31,
32], their amplification can result in significant genome mass. For exam-
ple, CACTA elements represent 13% of the wheat genome, accounting
for 87% of the DNA transposons in wheat.

2.2.3. Mutator/MULE or DTM elements

Mutator/Mu/MuDR elements in maize are the founder elements [33].
Similar elements in other organisms are called Mutator-like elements
(MULEs). MULEs are the most complex superfamily of DNA transposons
in plants in terms of sequence, structure, size, and transposition behav-
ior. Most MULEs have extended long TIRs (100-800 bp) compared to
other DNA transposons. Yet there are a group of MULEs called “non-
TIR MULEs,” which have short (usually <50 bp) TIR with low similarity
between the two termini [34]. Some non-TIR MULEs, such as the TAFT
element in maize, specifically target “TATATA...” satellite sequences
[35]. In addition, some MULEs have two or more tandem TIRs at the ter-
mini of the elements [36]. Autonomous MULEs can be rather large in
size. For example, the CUMULE element is 12 kb in length [37]. The ter-
minal sequences of MULEs vary among elements but most of them start
or end with G or C. Most MULESs create a 9-bp TSD upon insertion. Non-
autonomous MULEs usually are not deletion derivatives of the

autonomous elements; instead, they often carry non-TE genomic se-
quences including genes. In rice, about % (2812) of the TIR MULEs
carry gene fragments [38], which are referred to as “Pack-MULEs”.

2.2.4. PIF/Harbinger/Tourist or DTH elements

For this superfamily, the non-autonomous elements (Tourist) were
described nearly a decade prior to the discovery of their autonomous el-
ements (PIF/Harbinger) [9,39,40,41,42]. Like CACTA elements, PIF/Har-
binger/Tourist elements are associated with a 3-bp TSD. Nevertheless,
the TSD of CACTA elements can be any combination of the four nucleo-
tides, whereas that for PIF/Harbinger/Tourist elements is mainly “TAA”
or “TTA”, suggesting a more stringent target selection during transposi-
tion. Compared with other autonomous DNA elements, PIF/Harbinger
elements are relatively small in size, usually a few kb in length. Tourist
elements are usually less than 600 bp. The terminal sequences for PIF/
Harbinger/Tourist elements are “GGG/CCC...GGC/GCC” or “GA/GGCA...
TGCC/TC” [41].

2.2.5. Tc1/Mariner/Stowaway or DTT elements

Like PIF/Harbinger/Tourist elements, the non-autonomous Stowaway
elements were reported prior to their autonomous elements (Tc1/Mar-
iner) in plants [43,44,45]. Tc1/Mariner elements specifically insert into
“TA” sequence and the “TA” sequence is duplicated as a TSD. Tc1/Mari-
ner elements in animals, such as those in C. elegans, are very compact,
usually less than 2.5 kb in size [46]. In contrast, it is not unusual for
Tc1/Mariner elements in plants to be over 5 kb. The terminal sequences
for Tc1/Mariner/Stowaway elements are “CTCCCTCC...GGAGGGAG". Like
Tourist elements, Stowaway elements are small in size (<600 bp). Tc1/
Mariner elements are detected in many plant genomes but absent
from banana, grape (Vitis vinifera), sacred lotus, Amborella, and Selagi-
nella [22,47,48,49).

When the non-autonomous Tourist and Stowaway elements were
initially identified from plants, it was unclear which types of autono-
mous elements were associated with these elements [39,43]. Hence, it
was impossible to assign them to a specific family or superfamily. As a
result, they were classified as “miniature inverted repeat transposable
elements” (MITEs) based on their structural features. About a decade
later, it was revealed that Tourist elements are related to PIF/Harbinger
elements [40,41,42], and the Stowaway elements are related to Tc1/Mar-
iner-like elements [44,45,50]. Technically, MITEs can refer to any small
TEs (<600 bp) with TIRs, although it is the term most commonly used
for Tourist and Stowaway elements due to historical reasons. In many
plant genomes, MITEs are numerically the most abundant elements al-
though they account for a limited genome fraction due to their small
size.

2.2.6. Helitron or DHH elements
All of the above autonomous DNA transposons encode transposases
with a DDE motif for “cut and paste” transposition and are associated
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with TIR [51]. In contrast, Helitrons replicate through a rolling-circle
mechanism and do not generate a TSD upon insertion [52]. Autonomous
Helitrons encode a Y2-type tyrosine recombinase resembling that in
bacterial rolling-circle transposons, with a helicase domain and replica-
tion initiator activity. Helitrons specifically insert into “AT” sequence, i.e.,
flanked by “A” at the 5’ end and “T” at the 3’ end. Helitrons have no TIRs,
and the terminal sequence is “TC...CTRR”, where R stands for “G” or “A”.
In addition, a short GC-rich stem loop (a 16-20 bp stem separated by
10-12 bp loop) is often found near the 3’ end of the element. Similar
to Pack-MULEs, non-autonomous Helitron elements frequently carry
genes or gene fragments [53,54,55,56].

To date, there are a total of 12 superfamilies of DNA transposons de-
scribed but only 6 of them (see above) are reported in plants. The six su-
perfamilies that are absent from plants include Molin, P-element,
PiggyBac, Transib, Crypton, and Maverick [14]. Since most of the TE stud-
ies are focused on flowering plants, it is likely that novel superfamilies of
DNA transposons will be reported when the genomes of non-flowering
plants, such as mosses and ferns, are thoroughly studied.

3. Factors that contribute to the proliferation of TEs in plants

TEs are often referred to as “repetitive elements”. It is true that some
elements can amplify to hundreds, even thousands of copies. Neverthe-
less, most TEs families in a genome are only found either low copy or
moderately repetitive. For example, in maize, there are over 400 fami-
lies of LTR retrotransposons which occupy 75% of the genome. Never-
theless, the top 20 families contribute to ~70% of the genome,
whereas the remainder (380 or more) only contributes to 5% of the ge-
nome [57]. Moreover, more than 250 families only have one or two in-
tact members. Low copy numbers are common for DNA transposons as
well. Among the 3000 Pack-MULEs in rice, over half have only one copy,
with an average copy number of 3 [58,59]. It suggests that the majority
of TEs are not significantly amplified but the few families that are ampli-
fied contribute to the critical mass of the genome. The high amplifica-
tion activity of a few families results in the false perception that most
TEs are highly repetitive. This is analogous to the fact that some non-
TE genes belong to large gene families while others are single copy
genes or belong to small gene families. The only difference is that
most non-TE gene families achieve copy numbers in a rather long
time frame. In contrast, TEs could increase their copy numbers very rap-
idly and may become unrecognizable in a similar path (see below). For
example, the amplification of LTR elements has doubled the maize ge-
nome in the last few million years [60], which is very recent in an evo-
lutionary time scale. Below we will briefly discuss some of the factors
that contribute to the variation of abundance of TEs within and among
genomes.

3.1. Transposase activity

Given the dramatic difference in copy numbers of different TEs in a
genome, it is conceivable that the element itself is responsible for the
degree of amplification. For a transposition event to occur, the autono-
mous elements must be transcribed, translated, and a functional
transposase (or reverse transcriptase, integrase, etc.) be generated. An
astonishing fact about transposase is that those from naturally occurring
TEs are often not the most competent form, with various types of de-
fects, suggesting selection against transposases with high activity. For
example, the truncated form of Ac transposase demonstrated higher ac-
tivity than the wild-type form [61], which aggregates in cytoplasm at
high concentrations [62]. Similarly, truncation of the transposase from
a MULE in rice significantly enhances its activity [63]. It is likely that
the truncation alters the conformation of the transposase so that it influ-
ences the activity. For the Ping/Pong elements from rice, the mutation of
a putative nuclear export signal in the transposase leads to a 6-fold in-
crease of excision activity, which is likely due to the elevated concentra-
tion of transposase in the nuclei [64].

3.2. Element size

Besides the transposase, element size is critical for the transposition
activity [65,66,67]. For DNA transposons, it is obvious that non-
autonomous elements, which are small in size, significantly outnumber
their autonomous counterparts [32]. In a recent experiment, we directly
compared the transposition efficiency of two elements which differ by
1 kb (469 bp vs. 1485 bp) [63], with the smaller element constructed
as a deletion derivative of the larger one. It was shown that the smaller
element is more active in both excision and reinsertion, and its overall
transposition activity is 36-fold that of the larger element [63]. The
small element size may confer a mechanistic advantage during transpo-
sition. For example, some transposons form a synaptic complex prior to
excision, as two transposon ends on the same molecule are brought to-
gether via transposase-mediated oligomerization [68,69]. The shorter
distance between the two ends in small elements may be more condu-
cive to form the synaptic complex. In addition, small elements are usu-
ally less deleterious than larger elements when they insert around the
genes, so their insertions are more likely to be retained. Nevertheless,
the success of small elements could be due to factors beyond size. In
rice, a Stowaway MITE is able to utilize the transposase encoded by a dis-
tantly related autonomous Osmar element [70]. The transposition activ-
ity of the deletion derivatives of the Osmar element is extremely low
while that for the MITE is very high (approximately 1 vs. 50). This is
due to the presence of a suppressive motif inside the autonomous ele-
ment and a region that enhances transposition in the Stowaway ele-
ment. It was proposed that the presence of a suppressive motif in the
autonomous elements would minimize their deleterious effect of large
insertions and facilitate the long-term persistence of the entire family
in the genome [70].

Similar to the presence of MITEs among DNA transposons, there are
terminal-repeat retrotransposons in miniature (TRIM) among LTR
retrotransposons [ 71]. TRIMs are non-autonomous LTR elements, usual-
ly less than 1 kb in length. Their size is in stark contrast to the autono-
mous LTR elements with sizes ranging from a few kb to over 10 kb. It
appears that TRIMs are widespread in plants [72,73,74,75]; however,
none of them has amplified to the degree that is comparable to that of
MITESs. This is possibly due to the different transposition mechanism of
DNA transposons and retrotransposons. Unlike DNA transposons that
could act on distantly related elements (see below), the transposition
machinery of retrotransposons demonstrates cis-preference for its
encoding mRNAs [76]. Thus, non-autonomous retrotransposons are rel-
atively unfavorable in the competition compared to non-autonomous
DNA transposons. Although the non-autonomous SINEs have success-
fully amplified in human [17], human SINE/LINE copy number ratio
(~2) is still not comparable to that of MITE/autonomous elements in
plants, which is at least in the order of hundreds [41,44].

3.3. Cross-mobilization and sequence swapping

As stated above, non-autonomous elements may utilize
transposases from distantly related autonomous elements (such as the
Stowaway and Osmar element), and this process is called cross-
mobilization. In another study, the efficacy of the cognate autonomous
element was directly compared with the distant relative. The Ping/
Pong elements in rice can both mobilize mPing which is the deletion de-
rivative of Ping, and Pong is a distant relative which share only 70% se-
quence similarity [9]. Interestingly, mPing seems to be equally or more
active with Pong as the source of transposase than with Ping [64]. It is
unclear why Pong is more effective; however, cross-mobilization rela-
tionship maximizes the opportunity for TEs to persist in the genome if
the cognate autonomous element is lost or non-functional. On the
other hand, if the relevant TE is associated with self-preference, the di-
vergence between autonomous and non-autonomous elements may re-
duce or abolish the activity of the non-autonomous element. To
enhance the partnership with the autonomous element, a non-
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autonomous LTR element in soybean has been continuously
recombining with the LTR sequences from the autonomous elements
in order to maintain its activity [77].

3.4. Target selection

The majority of TEs have target site specificity which means that in-
sertion into the genome does not occur randomly [78]. Target selection
is critical for the success and persistence of TEs. In general, DNA transpo-
sons are located in genic regions especially the 5’ ends of genes [79,80,
81], while LTR retrotransposons are mostly located in intergenic, repet-
itive sequence, or heterochromatic regions [12], with some exceptions.
CACTA elements, as mentioned above, do not demonstrate a strong
preference for genic regions like other DNA transposons [18,32]. Some
LTR elements, like Tos17 element in rice, preferentially target genic re-
gions [82]. If we consider that the impact of insertion is proportional
to the element size, we would expect only small elements to be success-
ful in genic regions. This premise is consistent with the high copy num-
ber of MITEs within or around genes. It also explains why Tos17 never
amplifies to high copy number in natural populations [83] and most of
the low copy number LTR elements in maize are located in genic regions
[57].

3.5. Interaction with other TEs

The genome could be considered as an ecosystem where TEs interact
with genes and other TEs. First, since most TE insertions are deleterious,
the overall transposition frequency has to be controlled at a certain level
to ensure the long-term fitness of the organism. This is in accordance
with the fact that only a very small subset of the TEs in the genome is
currently active and most existing transposases are not the most com-
petent form. Second, if TEs target genic regions or low copy sequences,
they must compete for target sites because low copy number sequences
that could tolerate insertions are limited in a genome. When a low copy
region is occupied by a TE, the relevant site becomes repetitive and no
longer available for elements with the same target preference, which
represents a negative feedback. Third, if TEs target repetitive sequences,
they may insert into other TEs to form nested insertions. This creates a
positive feedback because one insertion provides targets for further in-
sertion. From this point of view, LTR retrotransposons are more compet-
itive than DNA transposons because the former can insert into each
other as well as into DNA TEs. The consequence of such preference is
that LTR elements may abolish the transposition activity of DNA TEs
by inserting into them. Meanwhile, DNA TEs are incapable of inflicting
the same damage towards LTR elements since they rarely insert into
other repetitive sequences.

The interaction between DNA TEs and retrotransposons was
demonstrated in a comparative study using MULEs in maize and rice.
Maize has a much larger genome than rice, but the number of MULEs
in maize is only one third of that in rice. One of the limiting factors is
that many putative autonomous MULEs in maize are targeted by LTR
retrotransposons which interrupt the open reading frame (ORF) of
MULESs [84]. Due to the selective target choice, LTR elements can amplify
indefinitely while the amplification of DNA TEs (those that target genic
regions) would plateau at a certain point as the target sites diminish.
Moreover, the presence of active LTR elements is a threat to DNA TEs
but not vice versa. This may explain why in some plant genomes, the
amount of DNA transposons is negligible. Those include papaya
(Carica papaya, 0.2%), Utricularia gibba (0.4%), tomato (Lycopersicum
esculentum, 0.9%), cucumber (Cucumis sativus, 1.2%), saltwater cress
(Thellungiella parvula, 1.2%), and banana (Musa acuminate, 1.2%) |20,
85,86,87,88,89]. Although in some cases, the low abundance of DNA
transposons may reflect incomplete annotation, the fact that not a sin-
gle plant genome (if it does contain transposons) has such low abun-
dance of retrotransposons suggests that extinction of DNA TEs occurs
more often than that of retrotransposons.

3.6. TE silencing

Due to their mutagenic role, high activity of TEs is always a threat to
the host, and silencing mechanisms have evolved to suppress TE activity
[90,91]. At the center of the silencing mechanism is the generation of
double strand RNAs (dsRNAs) and small interfering RNAs (siRNAs).
The dsRNA could be produced from the transcription of elements with
extended TIRs, the transcription of different copies of an element from
opposite orientations, or bi-directional transcription from a single ele-
ment. Since the chance to have transcripts from different copies in-
creases with copy numbers, high copy number TEs are more likely to
generate dsRNA and be silenced. The dsRNA is then cleaved by members
of the Dicer family of proteins into short 21-30-nucleotide siRNAs that
guide RNA-degrading complexes to a complementary transcript,
which causes the degradation of the relevant RNAs. Alternatively, the
siRNA can feed into a different protein complex and cause chromatin
modification, including DNA methylation, modifications of histone,
and alterations in chromatin packing and condensation [90,92]. Such
modification makes the chromatin inaccessible so that the transcription
of TEs is suppressed.

A comparative genomic analysis indicates that the efficacy of such si-
lencing mechanism determines the degree of amplification of TEs in a
genome-wide fashion [93]. A. lyrata is a relative of A. thaliana and they
share a common ancestor about 10 million years ago [94]. The genome
of A. lyrata is 50% larger than that of A. thaliana, and a significant part of
the increase is attributed to the amplification of TEs [93]. A. lyrata has
two- to three-fold higher copy numbers of every major TE family com-
pared with A. thaliana, indicating little family-specific expansions or re-
ductions since the two species diverged. This suggests a genome-wide
suppression of TE activity in A. thaliana. Consistent with this notion,
TEs in A. lyrata are targeted by a lower fraction of uniquely matching
siRNAs. Since uniquely matching siRNAs are associated with more effec-
tive silencing of TE expression, TEs in A. lyrata are subject to less effec-
tive silencing [93]. The differential amplification of TEs in A. thaliana
and A. lyrata indicates that TE activity is tightly regulated by their host
and the efficacy of regulation varies dramatically among different ge-
nomes. Nevertheless, as discussed in Section 4, a fitness cost might be
associated with the host defense system, and the silencing mechanism
becomes a double edged sword.

3.7. Elimination of TE sequences from the genome

There are a variety of mechanisms that mitigate the genome expan-
sion caused by TE amplification. It is known that unequal recombination
occurs between the two LTRs of an LTR retrotransposon, and this leads
to the formation of solo LTRs. In this case, one LTR and the internal se-
quences between the two LTRs are eliminated. TE sequences may be de-
leted by other mechanisms such as illegitimate recombination, which
removes more DNA sequences than unequal homologous recombina-
tion in Arabidopsis [95]. In rice, it is estimated that 190 Mb of
retrotransposon sequences, accounting for nearly half of the rice ge-
nome, was eliminated in the last 8 million years by various deletion
mechanisms [96]. A subsequent comparison of LTR elements between
japonica (Nipponbare) and indica (93-11) rice cultivars demonstrated
that both local genetic recombination rate and gene density were nega-
tively correlated with the amount of LTR elements, suggesting that high
recombination rate promotes elimination of TE sequences [97].

The presence of various types of deletion processes combined with
relaxed constraint explains why TEs are only recognizable for a few mil-
lion years and why they tend to go extinct upon the loss of transposition
activity. Like the silencing mechanism, the efficiency of sequence elim-
ination varies among different species. Through examination of the ge-
nomes of cotton and its relatives, Hawkins et al. demonstrated that the
rate of DNA loss is significantly higher in the species with smaller ge-
nomes and it is sufficient to reverse the genome expansion caused by
TE amplification [98,99,100,101]. The physical removal of TEs
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minimizes the opportunity for TEs to be reactivated. Taken together, the
abundance of TEs depends on the balance between amplification and
sequence elimination, and it appears that plants with small genomes
are associated with efficient silencing machinery as well as rapid se-
quence loss.

4. The consequence of TE activity

When TEs amplify in a genome, it alters genome structure genetical-
ly and epigenetically. One obvious consequence of TE amplification, es-
pecially that of LTR retrotransposons, is the expansion of genome size
[60,102,103,104]. This has been well established and will no longer be
discussed in this review. Beside the addition of genomic sequences,
TEs may influence gene expression, duplicate normal genes, and be-
come domesticated genes. All of these activities have significant impact
on allelic and phenotypic diversity.

4.1. The influence of TEs on gene expression

4.1.1. Patterns of alteration

In yellow mustard (Sinapis alba), the FATTY ACID ELONGATIONT1
(FAET) gene determines the erucic acid content in seeds, an important
agronomic trait. Erucic acid is an important raw material for many in-
dustrial applications but is undesirable in edible oil [105]. FAET has
four different alleles, designated as E1, E2, E3, and e, with progressively
declining erucic acid content [106]. The E1 allele is the full functional
version of the gene with 53% of erucic acid in seeds [107]. The null func-
tional allele e is caused by an insertion of a PIF/Harbinger element in cod-
ing region which interrupts the gene ORF resulting in almost no erucic
acid in the seeds. The E2 allele contains a Copia type LTR retrotransposon
between the transcription start site and the promoter. This leads to the
reduction of FAET expression and 24% of erucic acid in seeds. E3 has the
exact same sequence as E2; however, its promoter region is methylated,
which results in further reduction of FAET expression and only 1.4%
erucic acid (Fig. 2A). It is clear that the presence of the LTR element is es-
sential, but not sufficient, to cause methylation of the promoter. Thus,
TEs control the erucic acid content in yellow mustard by creating genet-
ic and epigenetic alleles to manipulate the function of FAE1 [107].

In addition to knocking out genes or influencing the expression level,
TEs may modify the structure of gene transcripts. In maize, the brown
midrib1 (bm1) mutant is caused by a Ds insertion in the first intron of
cinnamyl alcohol dehydrogenase 2 (CAD) gene [108]. CAD catalyzes
the conversion of hydroxycinnamyl aldehydes to monolignols, a key
step in lignin biosynthesis. The Ds insertion provides an alternative
splicing site for transcription, which leads to the formation of a prema-
ture stop codon in cad2 mutant mRNA [108] (Fig. 2B). The loss of CAD2
function causes a reduction of total lignin content by 24%, which favors
the utilization of maize as a biofuel crop. In tetraploid sour cherry
(Prunus cerasus), the self-incompatibility is determined by a pair of
linked genes: the stylar S-RNase and pollen S F-box (SFB) genes. The
breakdown of self-incompatibility in one of the sour cherry cultivars is
due to the insertion of a small Helitron element downstream of the
stop codon. The presence of the Helitron element interferes with
polyadenylation so that the majority of the mRNAs are not associated
with a poly(A) tail [109] (Fig. 2C). The lack of polyadenylation leads to
a non-functional allele, making the mutant self-compatible.

TEs may not only influence the genes nearby, but also affect the ex-
pression of genes in trans. In rice, Pack-MULEs are associated with the
generation of small RNAs. If the small RNAs are derived from regions ho-
mologous to the parental genes and are produced at sufficient levels, the
expression of the parental genes is suppressed [58]. Such suppression in
trans is not limited to gene-carrying TEs and their parental genes. In
Arabidopsis, many genes that do not contain a TE are regulated through
partial and fortuitous complementarity to the siRNAs generated from
TEs. Interestingly, the siRNAs generated by a LTR retrotransposon Athila
targets many genes including OLIGOURIDYLATE binding PROTEIN1b

(UBP1b), which suppresses the translation of TE proteins [110,111]
(Fig. 2D). As a result, the siRNAs derived from Athila may suppress the
expression of normal genes but enhance the expression of TEs. Thus
there is a trade-off between defense against TE activity and host gene
expression, and TEs have been utilizing the silencing system for their
survival in the arms race.

4.1.2. The influence of TEs at genome-wide level

The above examples demonstrate how transposons could cause dra-
matic changes in gene expression, which leads to detectable phenotypic
changes. In reality, however, not all transposition events are associated
with a detectable phenotype. On one hand, many TEs do not insert into
genic regions so the chance for them to influence a gene or genes is rel-
atively low. On the other hand, the effect of TE insertions in genic re-
gions could be subtle, especially when the element is very small. In
rice, the 430 bp mPing element is highly active and its copy number
ranges from 1 to 1000 in different rice cultivars [112]. It was estimated
that in certain rice cultivars mPing was increasing its copy number by
~40 copies per plant per generation [112]. Most of these newly ampli-
fied mPing elements insert near genes, and some of them insert into
exons. However, most of the insertions in exons disappear from the sub-
sequent generation [112], either through excision or segregation. Sur-
prisingly, the remainder of the mPing insertions either up-regulates or
has no detectable impact on the expression of nearby genes [81]. It ap-
pears that mPing carries regulatory motifs which can be activated by
stress [81]. The rapid elimination of potential deleterious insertions
and the positive or neutral effect on gene expression enables mPing to
attain high copy numbers in a relatively short period [112].

If a TE, such as mPing, contains a cis-regulatory motif and amplifies to
high copy numbers, it may rewire new genes into the existing transcrip-
tional network, when it inserts at the 5’ end of genes and becomes part
of the regulatory region of the downstream genes. Even the TE is far
away from a gene, it may influence the network by diluting the effect
of the relevant transcription factors. A recent study in Brassica species
demonstrates that TEs may modulate certain transcription networks
by amplification of cis-regulatory sequences. The E2F transcription fac-
tor family plays a critical role in regulation of the cell cycle, DNA replica-
tion, and development [113]. Interestingly, in some of the Brassica
species, up to 85% of E2F binding sites are located inside TEs, with de-
tectable binding by E2F proteins [114]. This suggests that TEs may
have played important roles in the evolution of E2F-related transcrip-
tional networks in Brassica.

In plants, polyploidization is very common. Brassica rapa is a hexa-
ploid, and its genome consists of three subgenomes compared with its
fellow crucifer, Arabidopsis. One of the subgenomes is dominant over
the other two subgenomes. In general, the recessive genomes are
more fractionated with lower level of gene expression. This is because
the recessive genomes harbor more TEs in the promoter regions of
genes resulting in very intense silencing by siRNAs [115]. The attack of
siRNAs on TEs causes suppression of nearby genes, followed by degen-
eration of the subgenomes. Thus, the amount of TEs in the parental ge-
nome, or the accumulation of TE insertions in each subgenome after
polyploidy events, may define which subgenome becomes dominant.

If a subset of TEs impacts the expression of genes, the total genes af-
fected by TEs in a genome should be largely proportional to the total
number of TEs in the genome, or the number of TEs in genic regions.
In A. thaliana, 16% of the genes have a TE insertion within 500 bp of
the genes [116]. This is in contrast to A. lyrata, which has more TEs,
and 24% of the genes harbor a TE within 500 bp. Moreover, TEs that
are targeted by siRNAs are correlated with reduced expression of adja-
cent genes in both A. thaliana and A. lyrata [93]. In maize, 66% of the
genes have a TE insertion within 1 kb to the gene. Up to 25% of the
maize transcriptome is responding to the expression of the Mutator
family [117]. More importantly, TEs influenced up to 20% of the genes
up-regulated in response to abiotic stress, and as many as 1/3 of the
genes that are solely responsive to stress [118]. In most cases, TE
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insertions act predominantly as local enhancers of expression rather
than as novel promoters, which may contribute to heritable variation
for stress response [118]. Taken together, TEs may activate or suppress
the expression of adjacent genes, and a substantial portion of the
genes in a genome are influenced. Such regulation may confer adaptive
advantages for host plants.

4.2. Duplication of non-TE sequences including genes

4.2.1. The scale of gene duplication by plant TEs

The first incident of gene duplication/acquisition by TEs was report-
ed 28 years ago [119], where the Mu1/Mu2 subfamily of Mutator ele-
ments was found to carry a piece of sequence from a host gene, which
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will be referred as parental gene hereafter. Subsequently, a few addi-
tional acquisition events were reported in maize, morning glory
(Ipomoea nil), Arabidopsis, and rice [34,120,121,122,123]. However, it
was unclear whether those acquisition events represented a rare curios-
ity, or whether acquisition of genomic sequence was a general
mechanism.

Now it is clear that all superfamilies of DNA transposons as well as
LTR retrotransposons in plants are capable of duplicating genomic se-
quences including genes [18]. Duplication by non-LTR retrotransposons
(LINEs and SINEs) has not been unambiguously reported; however,
given the fact that L1 element (a LINE element) duplicated 1% of the
human genome, it is likely that they are involved in gene duplication.
Different TEs vary dramatically in their ability of duplicating genomic
sequences. Among plant DNA transposons, three superfamilies are asso-
ciated with gene duplication in large scale. In morning glory, the CACTA
element Tpn1 has 500-1000 members, and most of them carry different
types of parental gene fragments [124]. In rice, there are ~3000 Pack-
MULEs which carry sequences from over 1500 parental genes [38,59],
accounting for 4% of all non-TE genes. Pack-MULEs are also prevalent
in Lotus japonicas and sacred lotus [22,125]. In maize, there are
~30,000 copies of Helitrons and over 1000 intact elements carry gene
fragments [55,56]. Given the fact that transposons are only recognizable
for a few million years, most of the ancient duplication events by TEs
cannot be recovered or revealed. As a result, it is likely that a large por-
tion of plant genes have been duplicated at certain point of the evolu-
tionary history [126].

4.2.2. Mechanism of sequence duplication

Genomic sequence duplication by retrotransposons is likely to occur
during transposition since the duplicated sequences are processed by
the reverse transcription complex. For non-LTR elements such as L1 in
humans, it is known that the transcription of elements is often extended
to flanking sequences during the transcription process, and the flanking
sequences are transposed to new genomic loci together with the ele-
ment [127]. For LTR elements, this process is initiated with the acciden-
tal packaging of genomic mRNAs in the virus-like particles. Subsequent
reverse transcription and integration into the genome result in an inde-
pendent retrogene. If template switching occurs between the LTR ele-
ment and the gene mRNA, the gene fragment could be located inside
the LTR element [128].

The mechanism of sequence duplication by DNA transposons is less
clear. Gene fragments inside DNA elements sometimes contain introns,
so it is likely that the duplication occurs at the DNA level, not RNA or
cDNA levels. Three models have been proposed for the acquisition of ge-
nomic sequences inside Pack-MULEs or other DNA TEs with TIRs. Ac-
cording to the first model, the individual MULE TIR is mobile and
when a pair of TIRs encompasses a gene sequence, the TIRs and the
gene sequence between the TIRs will move as a single unit and form a
Pack-MULE [119]. However, we recently demonstrated that the mobili-
ty of a single TIR was undetectable [63]. The second model considers
that the presence of long TIRs is responsible for sequence acquisition
[129]. If the MULE sequence is in a single strand DNA status, the pres-
ence of the TIR would lead to the formation of a stem loop and a DNA
nick would be created by an endonuclease. At this point, an ectopic se-
quence would be used as a template to repair the nick, resulting in the
introduction of novel sequences into the element [129]. The role of the
long TIR in acquisition is consistent with the fact that TIR MULEs more
frequently duplicate genes than non-TIR MULEs [38]. A third model as-
sumes that sequence acquisition occurs during the gap repair process
after TE excision. The double strand break formed after excision is
often repaired using a sister chromatid or a homologous sequence as
template via a synthesis-dependent strand annealing (SDSA) mecha-
nism [130,131]. If template switching occurs during this process, novel
sequences are introduced to the element [132]. Post-excision
sequence rearrangements caused by abortive gap repair have been
reported with Mutator, Ac/Ds, and Spm elements [133,134,135,136].

In one of the cases, the derivatives of Ac, formed at the donor site
after the excision of Ac, contains short pieces (52 and 96 bp, respec-
tively) of non-TE sequences with unknown origin [135], suggesting
that it is possible for TE to acquire non-TE sequences during gap re-
pair. It is worth mentioning that both 2nd and 3rd models predict se-
quence duplication by a TE without transposition to a new genomic
locus. The 3rd model requires the presence of transposase as well
as the excision of element whereas transposase does not seem to
be essential for the 2nd model.

Although the exact mechanism underlining sequence acquisition
by DNA TEs is not well understood, analysis of existing sequence ac-
quisition provides helpful insights. When a Helitron element harbors
gene fragments from multiple genes, all fragments are located in the
same orientation with respect to the transcription of the parental
genes [137]. Moreover, the gene fragments are also in the same ori-
entation as the Helitron Rep/helicase gene inside the element. This
seems to imply that the duplication process is somehow associated
with the transcription of genes. Subsequently, it was shown that
the biased distribution is likely a combined consequence of preferen-
tial acquisition of gene fragments in the same orientation and selec-
tion against the presence of the “antisense” gene fragments [55]. A
bias for gene orientation was also observed for the Tpnl element
[124]. In contrast, the orientation of gene fragments inside Pack-
MULEs seems to be largely random, although elements carrying
gene fragments with different orientation are less likely to be
expressed, which is probably the result of selection [58]. The differ-
ence in the orientation of acquired fragments demonstrated by
Pack-MULEs and Helitrons suggests that they employ distinct dupli-
cation mechanisms or that selection operates differently on these
two types of elements. Moreover, the selection of parental genes
for Pack-MULEs is not random, and they preferentially duplicate se-
quences from genes with high GC content and wide expression [38].
Since high GC content is often associated with open chromatin struc-
ture [138], it suggests that Pack-MULE duplicate sequences from the
regions that are readily accessible.

In addition to the typical incorporation of genomic sequence into
TEs, TEs may duplicate genomic sequences through alternative transpo-
sition. This phenomenon was elegantly demonstrated with Ac/Ds ele-
ment in maize. When two Ds elements are located in nearby regions
in the same orientation, an atypical transposition using one terminus
from each element causes tandem duplication of flanking sequences
[139]. If the alternative transposition occurs at S phase of the cell
cycle, it may cause re-replication of TEs and their flanking sequences
[140]. The resolution of such duplication/replication is always associat-
ed with significant rearrangement of the loci involved. Unfortunately,
this type of duplication and rearrangement cannot be confidently in-
ferred without generational materials which harbor currently active el-
ements. Therefore, the abundance of sequence duplication by TEs is
significantly underestimated.

4.2.3. Outcome of gene duplication by TEs

Gene duplication can be achieved through a variety of mechanisms
including whole genome duplication (polyploidization), tandem
duplication (unequal crossover), and other types of segmental
duplications. As discussed above, some of the tandem duplications or
segmental duplications could be mediated by TEs through atypical
transposition but it is difficult, if not impossible, to evaluate the frequen-
cy or fraction of such events. Duplicated genes may evolve in three dif-
ferent paths: neofunctionalization (evolution of new functions),
subfunctionalization (each copy conducts part of the original function),
and pseudogenization (one copy degenerates and eventually becomes a
pseudogene) [141]. Compared with other duplication mechanisms, du-
plication through TEs is distinguished by two significant characteristics.
First, in most cases, the duplication only includes gene fragments, not
entire genes. TEs frequently combine different gene fragments together
and form chimeric ORFs, and this may maximize the opportunity for
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evolution of new structure or new functions. In maize, as many as ten
different gene fragments have been found in a single Helitron element
[55]. In rice, 42% of the 1235 retrogenes have recruited new exons
from flanking sequences, leading to the formation of chimeric ORFs
[142]. Likewise, a significant portion of Pack-MULEs contain gene frag-
ments from multiple loci, and they express more frequently than ele-
ments with sequence from only one gene [58]. As such, the presence
of chimeric ORFs inside TEs may lead to de novo gene formation. Second,
due to the mobility of TEs, in most cases, the duplicated copy is physical-
ly unlinked to the parental copy. The combination of the mobility and
shuffling activity enables the duplicated gene to acquire novel expres-
sion patterns.

The tomato SUN locus provides an excellent example of how dupli-
cation of gene through TEs may lead to differential tissue specificity of
genes. The wild ancestor of tomato produces round fruit and the elon-
gated shape emerged during domestication of tomato as a result of arti-
ficial selection. The SUN gene was created by a duplication event
mediated by an LTR retrotransposon called Rider [143], and it changes
fruit shape by increasing cell division in the longitudinal orientation
[144]. The parental gene of SUN is located on chromosome 10 and it is
not expressed in flowers. The Rider element duplicated a fragment con-
taining SUN and integrated the fragment into a locus on chromosome 7.
The SUN acquired a new regulatory region which allowed it to express
in flowers. Hence the individual plants with SUN are associated with
elongated fruits.

Considering that in most cases sequences duplicated by TEs repre-
sent gene fragments, not entire genes, it is likely that the frequency of
pseudogenization of genes duplicated by TEs is higher than that derived
from other gene duplication mechanisms. Therefore it is questionable
how many of those genes retain coding capacity, especially the ones
with only fragments of genes. One way to determine the coding capacity
is to calculate the ratio of non-synonymous (Ka) to synonymous (Ks)
substitution ratio of the duplicated copy and the parental copy. If the
Ka/Ks ratio is significantly smaller than 1, it implies that the duplicated
copy has retained the coding capacity of the parental genes or is under
purifying selection. In maize, a LTR retrotransposon Bs1 carries gene
fragments from three genes, and the gene fragments are fused with
the Bs1 gag domain, forming a chimeric ORF, which is transcribed and
translated [145]. Interestingly, the Ka/Ks value for two of the gene frag-
ments is smaller than 1, indicating the constraint to maintain the pro-
tein sequence of the parental genes. The Ka/Ks value for the third gene
fragment is similar to 1, suggesting that particular fragment is under
neutral drift. In rice, most of the retrogenes are expressed and some
are under purifying selection [142,146]. Among the 3000 Pack-MULEs
in rice, over 20% are transcribed and at least 28 are translated [58].
Moreover, about % of the elements appear to be under purifying se-
lection [58]. Taken together, these studies indicate that although the
majority of genes duplicated by TEs may not evolve into protein
coding genes, a small subset is likely carrying functional coding
sequences.

Besides the formation of protein coding regions, the duplicated gene
fragments may modify the structure of existing genes. Pack-MULEs fre-
quently insert at the 5’ end of genes, and the transcription is often initi-
ated in the internal region of the Pack-MULE and extends to the
adjacent gene. In this case, the internal regions of the Pack-MULEs,
which contain the acquired fragment, serve as the 5’ untranslated re-
gion and/or coding region in the chimeric transcript. Due to the prefer-
ence of Pack-MULEs to duplicate GC-rich sequences, the modified
transcripts are associated with a negative GC gradient, which means a
higher GC content at the 5’ end than that at the 3’ end. The activity of
Pack-MULEs partly contributes to the numerous GC-rich genes and
genes with negative GC gradient in rice [147]. Interestingly, GC-rich
gene fragments are selectively retained over the GC-poor counterparts
inside Pack-MULEs [38]. Since both GC-rich and GC-poor sequences
are duplicated from codon regions, it suggests the bias is beyond
codon capacity.

4.2 4. Distinguishing gene-carrying TEs from non-TE gene sequences

When a TE carries gene fragments, it often shares many features
with normal genes, in addition to the presence of coding sequence.
Pack-MULEs, for example, are located primarily in gene-rich chromo-
somal arms instead of the pericentromeric regions where many other
TEs are enriched. Most Pack-MULEs have low copy numbers, with an av-
erage value of 3 [59]. In addition, a substantial portion of Pack-MULEs
are expressed, with detectable selection constraints on coding capability
[58]. Accordingly, Pack-MULEs resemble genes in terms of chromosom-
al distribution, copy number, selection, and expression. Not surprising-
ly, most (68%) of the 3000 Pack-MULEs were annotated as independent
cellular genes (39%) or part of other genes (29%). Obviously, Pack-
MULEs are indistinguishable from non-TE genes to gene prediction pro-
grams. As a consequence, it remains a great challenge to identify gene-
carrying TEs.

Gene-carrying TEs can be distinguished from normal genes based on
the following features. First, the size of the coding regions inside TEs is
often much smaller than the intact genes. It is relatively rare (but not
impossible) for TEs to carry intact genes. As shown in Fig. 3, a Pack-
MULE on rice chromosome 6 duplicated a gene fragment from an
amine oxidase gene from chromosome 2. The coding region of the pa-
rental gene is 2.5 kb, while the acquired fragment inside the Pack-
MULE is about 700 bp. As a result, if the gene of interest (GOI) is much
smaller than other homologous genes, one of the possibilities is that it
is a duplication event mediated by a TE. Second, alignment of gene frag-
ments in a TE with other homologous genes is usually associated with a
clear, sharp boundary at the breakpoint of duplication. In contrast, the
identity of the alignment between normal gene family members often
degrades gradually, without a clear boundary. This is because other
gene duplication mechanisms often lead to the duplication of entire
genes, and the selection pressure operates differentially at different
parts of the gene, forming an identity gradient.

Third, gene fragments in TEs are often flanked by inverted repeats
(for most DNA transposons) or direct repeats (for LTR retrotransposon).
The presence of TSD flanking the inverted or direct repeat is the unam-
biguous evidence that the entire structure (TIR or LTR plus the gene
fragment in the middle) belongs to a single TE (Fig. 3). Nevertheless,
this evidence is only applicable to elements with relatively long TSDs,
including retrotransposons, hATs, and MULEs. For elements with short
TSDs (CACTA, PIF/Harbinger, and Tc1/Mariner), it is rather common for
two independent elements to have the same TSD sequences. As a conse-
quence, in this case, the TSD flanking a TIR does not mean the TIR be-
longs to a single TE. For elements without TIR or LTR, such as
Helitrons, the gene fragment is still flanked by the element termini.
The termini of the element (for all types of elements) should be much
more repetitive than the gene fragment (Fig. 3). Moreover, if the gene
fragment is indeed inside a TE, the sequences flanking the gene
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Fig. 3. A Pack-MULE and its parental gene in rice. For the parental gene, colored boxes
represent coding regions and grey boxes indicate untranslated regions (UTR).
Transcription start site of the parental gene is shown as an arrow over the 5’ UTR. For
the Pack-MULE, the captured region from its parental gene is connected with dashed
lines. Other sequences inside the Pack-MULE are depicted as white boxes. Terminal
inverted repeat (TIR) is depicted as black triangles. Target site duplication (TSDs) are
depicted as small black arrowheads flanking the TIR, with its sequence shown below.
The lines under the TIR indicate the presence of other homologous TIR sequence in the
genome.
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fragment, which are the putative termini of the element, should be
equally abundant in the genome, and often appear in a pair in the ge-
nome. Finally, for any candidate gene-carrying TE, if the relevant struc-
ture (a pair of termini flanking a gene fragment(s)) has an additional
copy with high identity (>90% at the nucleotide level) and distinct
flanking sequences, it indicates that the relevant structure is likely to
be formed through transposition. Nonetheless, our study in rice Pack-
MULEs indicates that a substantial portion of the Pack-MULEs only
have a single copy [58]. Those elements are identified through the pres-
ence of long TSDs flanking the element and would have been missed if
MULEs had shorter or no TSD. Since we rely on element termini and
TSD to identify gene-carrying TEs, it is conceivable that only a subset
of the very recent TEs can be recovered with confidence. The implication
of this notion is that the number of gene-carrying TEs is significantly
underestimated and many of the “normal genes” or parts of the “normal
genes” may have been derived from ancient gene-carrying TEs.

4.3. Domestication of TEs

In addition to duplicating, rearranging, recombining, and amplifying
gene sequences, TEs contribute to additional coding genes by donating
their own sequences, mostly the coding regions of transposase. The pro-
cess of utilization of TE-derived sequences for cellular functions instead
of transposition is called TE domestication. Since transposases are capa-
ble of recognizing and binding to TE termini, they are virtually DNA
binding proteins, which is the essential feature for transcription factors.
In fact, it was proposed that the DNA binding domain of most plant-
specific transcription factors were derived from TEs [148].

4.3.1. TE domestication events verified through experimental studies

The first and best-characterized examples of TE domestication in
plants are the FART and FHY3 genes in Arabidopsis. Mutations in these
two genes cause detectable phenotypes in response to far-red light.
The FAR1 and FHY3 genes exhibit a high degree of similarity to the
MULE transposase [149], and a subsequent study demonstrated that
each of these genes could act as a bona fide transcription factor [150].
Consistent with this notion, a genome-wide study identified over
1000 direct target genes for FHY3 [151]. The two genes are also involved
in regulation of plant resistance to pathogen through chlorophyll syn-
thesis [152]. The FAR1 and FHY3 genes belong to the FAR1/FRS gene fam-
ily with over ten members in Arabidopsis [153]. Members of the FAR1
subclade are present in multiple plant species, including both monocots
and dicots, suggesting that the domestication event occurred prior to
the monocot-dicot split. Similarly, the MUSTANG (MUG) family of
genes was shown to share extensive homology with MULEs without
being associated with mobility, which is supported by the fact that
they are present at syntenic sites within different plant species [154].
Analysis of mutants in genes of MUG family indicates that they play a
role in reproductive fitness of flowering plants [155]. The abundance
of MULE-related genes is likely due to the presence of the WRKY-
GCM1 domain in the transposase. The WRKY-GCM1 domain belongs
to a widespread eukaryote-specific group of transcription factors, and
MULEs may have been domesticated independently many times over
the course of evolution for the production of transcription factor genes
[156].

The DAYSLEEPER gene in Arabidopsis belongs to the hAT superfamily
and it is essential for plant growth [157]. The proteins encoded by
DAYSLEEPER are capable of binding to a motif present in the upstream
region of the DNA repair gene Ku70 and many other genes in
Arabidopsis, suggesting that DAYSLEEPER is a transcription factor. Like
a transposase, the DAYSLEEPER protein is mainly located in the nucleus
but can also be seen in discrete foci in the cytoplasm [158]. It seems
that DAYSLEEPER retained the overall structure of hAT transposase and
such conservation appears to be essential for its cellular function. Yet
DAYSLEEPER seems to extend its function beyond the nucleus [158].
Moreover, SLEEPER genes (DAYSLEEPER-like genes) possess the three

SLEEPER motifs which are distinguished from hAT transposase [159].
As a result, TE-derived genes may evolve new structure or function dur-
ing domestication. SLEEPER genes are unique in angiosperms and muta-
tion of a rice SLEEPER gene also causes abnormality of growth [159],
suggesting their importance in higher plants.

4.3.2. Identification of domesticated TEs through bioinformatics approaches

The above domestication incidents were identified due to the phe-
notype of the mutants. However, there are hundreds or thousands of
transposase-encoding genes in the genome, and it is unrealistic to
knockout all transposase domains in the genome to test whether they
have cellular functions. This is just as it is impossible to rely on experi-
mental evidence to annotate every single gene in the genome. So the
question is how to distinguish a domesticated TE gene from a regular
TE in silico. Several types of evidence are helpful in this process. First
of all, most domesticated TEs lost mobility, so they should not be flanked
by terminal sequence of TEs such as TIRs or LTRs. Moreover, they should
not be repetitive because they lost the ability to amplify. Second, domes-
ticated TE genes should be expressed (transcribed or translated). Third,
if the domestication event occurred long time ago, the putative genes
should be present in related species and a synteny should be observed
between species. Finally, domesticated TE genes tend to form clades
by themselves [160]. So if an unknown transposase domain groups to-
gether with a known domesticated gene, it is also likely a domesticated
TE gene. However, none of the above evidence is essential or sufficient
to define a domesticated TE gene. For example, the ROSINA gene in
snap dragon plays a role in flower development and binds to the pro-
moter of the MADS-box gene DEFICIENS [161]. Nonetheless, it is located
inside a CACTA element and has multiple copies in the genome [162].
Since ROSINA is similar to proteins of CACTA elements from other
plant species, it largely rules out the possibility that it was a cellular
gene acquired by the TE. As a result, TEs could serve as normal genes
without loss of mobility. In addition, expression of domesticated TE
genes could be too low to detect or only in some specialized tissues;
synteny could be interrupted by rearrangement; a recently domesticat-
ed TE genes may group with other TEs instead of other domesticated TE
genes. As a result, it is difficult to draw conclusion based on a single
piece of evidence, but the presence of multiple lines of evidence certain-
ly increases the confidence of annotation.

To address this issue, a recent study employed an integrative ap-
proach which took all evidence into consideration [163]. Using this ap-
proach, the authors discovered 36 novel domesticated TE genes with
high confidence. Together with the 31 known domesticated TE genes,
there is a total of 67 TE-derived genes in the Arabidopsis genome.
More than three fourths of those genes are from DNA transposons.
Among DNA elements, MULE contributes to most of the domesticated
genes, followed by hAT, PIF/Harbinger, and CACTA elements. However,
if considering the ratio of domesticated genes to the total number of
TEs in the superfamily, hAT has highest domestication rate [163]. As
the systematic approach applies to more plant genomes, it is expected
that many more domesticated TE genes will be discovered.

5. Horizontal transfer and the life cycle of TEs

Given the presence of mechanisms of silencing and sequence elimi-
nation, it is surprising to observe that few plant genomes are void of TEs.
The only known example is the micro alga Micromonas pusillii [164].
Even the minute plant genome of Utricularia gibba contains 3% TEs
with some intact LTR elements [89]. So there must be some mechanisms
to routinely generate new active TEs or new functional transposase. One
mechanism to introduce new TEs is through horizontal transfer, which
allows TEs to move from one genome to another. Evidence for horizon-
tal transposon transfer (HTT) includes phylogenetic incongruence be-
tween the host and TE phylogenies, patchy TE distributions, or a high
similarity between TEs from different species [165].
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HTT is common in animals, and it is often mediated by parasite-host
interactions (reviewed by Schaack et al. [166]). In contrast, there are rel-
atively few HTT events reported from plants. The first unambiguous ev-
idence for HTT event in plants was provided by Diao et al. who showed
that a MULE was transferred between Setaria and rice [167]. Two suc-
cessive studies reported multiple HTT events for LTR retrotransposons
within the genus Oryza [168] and within the Poaceae [169]. In addition,
it was proposed that the tomato Rider LTR element, which was involved
in the formation of the SUN locus (see Section 4.2.3), was a result of HTT
from Arabidopsis to tomato [170]. Recently, Baidouri et al. annotated
LTR retrotransposons in 40 plant genomes and detected 32 HTT events
concerning 26 genomes (65%) [171]. HTT events were detected be-
tween distantly related species such as palm (Phoenix dactylifera) and
grape, tomato and bean (Phaseolus vulgaris), or poplar (Populus
trichocarpa) and peach (Prunus persica) [171]. This was the first system-
atic survey about HTT in plants which was enabled by the availability of
genomic sequences from multiple plants. It suggests that HTT for
LTR retrotransposons is widespread in plants. Compared with
retrotransposons, it is unclear how common HTT is for DNA transposons
in plants. Given the fact that the content of DNA transposons is extreme-
ly low in several plant species (see Section 3.4) and an entire superfam-
ily is missing from some genomes (Section 2), the HTT concerning DNA
transposons may not be as frequent as that for retrotransposons.

In summary, the birth and amplification of TEs is a dynamic process
where TEs co-evolve with the host genome and other TEs. Different
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elements employ distinct strategies for success; some non-
autonomous TEs amplify by partnering with multiple autonomous ele-
ments and others maintain the partnership by continuous sequence ex-
change with their autonomous counterparts. Transposition is not a true
“copying” process. Accompanied with transposition and amplification is
the formation of new subfamilies, including large deletion derivatives,
very small MITEs or TRIMs, and non-autonomous elements containing
host genes or gene fragments (Fig. 4). During amplification, new inser-
tions interact with their adjacent genes or unlinked genes, influence the
gene expression, or become a part of the gene. When a TE reaches a cer-
tain copy number, it triggers the activity of host defense system, and the
element gradually loses transposition activity. Most family members
will be degenerated and eliminated from the genome; however, a sub-
set retains the coding capacity. Some of these elements then become the
source for new active TEs. Others, both autonomous and non-
autonomous TEs, assume cellular functions and likely lose transposition
activity (Fig. 4). After loss of their signature sequences such as TIRs or
LTRs, the cellular genes derived from autonomous TEs remain recogniz-
able due to the similarity with transposase; genes derived from non-
autonomous TEs would be indistinguishable from normal genes. Since
non-autonomous elements are much more abundant than their auton-
omous counterparts, it is likely that many of the “normal” genes were
once non-autonomous TEs. With their ability to amplify, TEs provide
endless possibilities for modification of existing genes and generation
of new genes.
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Fig. 4. Proposed life cycle of a generic DNA transposon. A new active DNA transposon forms through horizontal transfer or swapping of existing elements. The element transposes (Phase I)
and increases its copy number, during which different subfamilies may be formed (e.g., some retain the original sequences; some may experience deletions of partial or entire internal
sequences; some may capture fragments of protein coding genes) (Phase II). The rapid amplification triggers the host surveillance system, which renders them inactive by
epigenetically silencing them, especially the autonomous elements (Phase III). After loss of activity, mutations, degradations, and nested TE insertions occur gradually, resulting in
copies that are indistinguishable from normal genes, various degrees of truncation and degeneration (Phase III, IV). Sequence swapping between defective copies may result in the
generation of a new functional TE, which allows the continuous cycle of birth and death of TEs. Elements are diagrammed as in Fig. 1. Nested insertions are shown as open triangles.
Red lines indicate small mutations. Lightening symbols indicate interruption of coding regions. TEs: transposable elements; MITEs: miniature inverted repeat transposable elements.
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