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Preface

This book offers a framework and functions of various ubiquitous mobile
transposable factors (TEs), or jumping genes, which translocate in diverse
genomic locations inside the cell of a plant. Discovered in maize in the
late 1940s by Barbara McClintock (before the discovery of DNA itself),
TEs have been recognized with mystification since the beginning. The
organismal genomes have chromosomes made of double-stranded DNA
helix, which is the heart of stability and integrity of cells. In spite of the
fact that the DNA repair allows the DNA chemical integrity and provides
protection to the DNA from various mutagens of metabolic and envi-
ronmental nature, the process of meiotic recombination and activity of
transposable elements counteracts molecular guards of genome stability.
The TEs frame the bulk of genomic DNA, often up to 50% of genomes.
Transposition of the TEs may influence the function of genes at or adja-
cent to the TE insertion sites. [dentification and characterization of TEs in
genomes, primordial or recently inserted TEs by using high-tech protocols
and approaches like next-generation sequencing (NGS), retrotransposon
capture sequencing (RC-seq), computational approaches for prediction
and analysis of TEs, annotation of TEs, genome engineering in plants via
transposable elements, transposon tagging and mutagenesis are described
in the chapter contents. In conclusion, this book on TEs also has chapters
that present how TEs can be practiced in biotechnological applications of
vital significance.

Previously known as “junk DNA” but currently JUNK is Just Unex-
plored Novel Knowhow which has contributed to the evolution of structure,
function and regulation of genome in plants, epigenetic regulation, genome
mutation and organismal speciation. The evolutionary significance of TEs
in architecture and development of plants, stress responses, significance in
rice plant, how host genomes regulate the activity of TEs, plant genome
engineering by TEs and their role in plants in the upcoming climate change
are also discussed in various individual chapters which emphasize on the
below mentioned aspects:

1. The book provides up-to-date information on numerous classes of
TEs.



XX

Preface

This book is a systematic interpretation of protocols designed to
characterize TEs and their biotechnological roles.

This unique and comprehensive text is the only book in the market
that focuses exclusively on transposon biology and its role in plant
development, architecture, epigenetic regulation, DNA repair, evolu-
tion and speciation, highlighting their importance in the approaching
epoch of climate change.

This book functions as a valuable resource of facts for college
students, academicians, researchers, and general public on the
applications of the transposons in genome editing and their biology,
classification, structure, function, and evolution in rice model plant.
This book will be valuable to the research centers around the globe
working on the plant transposons that lead to a connecting link
between the researchers to collaborate.
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CHAPTER 1

Introduction, Classification, and
Transposition of Transposable
Elements (TEs)

JYOTHI CHAITANYA PAGADALA', DEEPU PANDITA%, and ANU PANDITA?

IDepartment of Plant Sciences, University of Hyderabad Gachibowli,
Hyderabad, Telangana 500046, India

2Government Department of School Education, Jammu,
Jammu and Kashmir, India

3Vatsalya Clinic, Krishna Nagar, New Delhi, India

‘Corresponding author. E-mail: deepupandita@gmail.com

ABSTRACT

Tremendous improvements in molecular biology, genomics, and genetics
have disclosed researchers to know rigorously about the various features and
roles of transposable elements (TEs) in biology. Acquainted with most of
the plant genome DNA, is composed of TEs. The description of their effect
on the structure and expression of the genome substantially impacts toward
understanding the phenotypic variations and worldwide genome regulation.
Noteworthy findings at the corner level of TEs are mobile DNA sequences
that transport from one chromosome to a new contained by the equivalent
chromosome or into one more nonhomologous chromosome. Notable find-
ings at the crossing point of transposition mechanisms allowed identifying
novel TEs and extending their taxonomic distribution to reveal associations
between TEs and plant genomes. Studying the TEs clears to recognize

Plant Transposable Elements: Biology and Biotechnology, Deepu Pandita, Anu Pandita, (Eds.)
© 2023 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)
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4 Plant Transposable Elements

variations in the gene expression levels between populations and natural
variation patterns used in the genomics programme also paved the way to
understand the fundamental progress in the stress levels of plants during
the post-genomics phase for crop improvement. These fields have provided
new perceptions that discovered the movement of TEs can be well-ordered
epigenetically through their host mechanism. TEs impact the arrangement,
dynamics, and structure of the genomes they occupy. This chapter highlights
the history and classes of TEs predominantly on transposable mechanisms
corresponding to “copy and paste” and “cut and paste”. We begin by
presenting basic structural features, classes, transposition, and significance
of these elements, focusing on aspects that manage their maintenance and
propagation within the genome and throughout plant eukaryotic hierarchy
life cycles.

1.1 INTRODUCTION

Transposable elements (TEs) are “jumping genes,” which can move from one
genome location to another location. Firstly, geneticist Barbara McClintock
recognized these elements in maize over 50 years ago (in 1944) at Cold
Spring Harbor Laboratory in New York. She published an article on her
findings in Genetics in November 1953. The discovery was titled “Induction
of uncertainty at selected loci in Maize.” She was honored with the Noble
Prize in 1983 for her contribution to science by identifying TEs more than
after 30 years of initial findings. She had named these elements as control-
ling elements. Most eukaryotic genomes contain many repetitive sequences.
TEs can move from one chromosome into another, bacterial chromosome to
bacteriophage chromosome or a plasmid in bacteria, and are found in many
plant genomes (Bennetzen, 2000; Tenaillon et al., 2010; Pereira and Ryan,
2019). TEs can proliferate crossways and delete or edit from one genome,
resulting in various mutations. Gene evolution and regulation caused the
phenotypic diversity by simple insertional sequential polymorphism and
polyploidy. Gene knockouts are also responsible for somatic mutations
(Negi et al., 2016). TEs turn into a treasure trove intended for evolutionary
genomics. Many researchers focus on genome evolution, progression, and
adaptation and also consider new approaches to raise the yield of genome
diversity (Le et al., 2007). TEs are the essential factors of plant genome
size. TEs, exclusively retro transposons, establish the prominent part of giant
genomes of plants species. In a broad sense, especially in cereal crops, such
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as maize and sugarcane, an increase in genome size is undoubtedly associ-
ated with the rise in TE content (Paterson et al., 2009; Schnable et al., 2009;
Tomato Genome Consortium, 2012; de Setta et al., 2014). In conifers, the
assemblage of Penelope-like components as a separate group is described by
Gladyshev and Arkhipova (2007).

There are different tools developed in biology. Next-generation
sequencing (NGS) tools reformed biology and provided unique opportuni-
ties to study giant and composite genomes, such as maize or sugarcane. Yet,
NGS is also a trial for bioinformatics algorithms. There are many trends in
biology to classify and categorize transposable components in thousands of
genome sequences, but their applications in TE’s are limited. Presently, new
logarithmic techniques like Machine Learning (ML) or DI and some tradi-
tional methods are established to overcome the difficulties of assembly and
annotation processes of TEs for next-generation genomics. Some significant
elements resemble the length of retrotransposon, LTR length, or ORFs. Also,
motifs use data mining, such as TATA box, AATAAA, TDS, and poly-A
tails, to design specific machine learning programs (Arango-Lopez et al.,
2017). Though trends are developing in TEs, no single tool can be collec-
tively helpful in identifying all TE types in all species worldwide. Hence,
several researchers used diverse practices, techniques, and softwares found
in the literature. Benjak et al. (2008) identified transduplicated improved
cellular sequences, besides certain cellular functions have been domesticated
and perhaps fulfilled besides providing facts about the contribution and
capacity of the mobility of TEs for the genomic variability of grapevine.
Composite antiquity of domestication also progresses in crop improvement
of tomato, categorized by two sequential genetic bottlenecks. This program
can be followed subsequently by recent breeding programs in numerous
introgression trials through wild tomatoes and lineages. In the direction of
replacing an inadequate pool of disease-resistance genes, DNA transposons,
especially MuDR, hAT, and CACTA superfamilies, are useful. Quadrana
(2020) explained that the model of gene expression changes triggered by TE
insertions is expected to be more considerable than that created by SNPs.
An active MITE “mJing” allied with the high-tillering dwarf mutant in rice
recognized by Tang et al. (2019), also identified that the copy number of
mJing intensely differs between Oryza sativa, Oryza rufipogon, and Oryza
glaberrima. These signify their vital role in improving genome progression
and species divergence for amplifying or reducing mJing elements in rice.
Finding the part of genetic functions or alliance with the economic features
will expedite breeding. The transposon reference mutation libraries suitably
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study functional genomics in economic crops like Rice (Oryza sativa)
(Ram et al., 2019) and Corn (Zea mays) (Liang et al., 2019). A collective
amount of superior quality plant genomes has been pronounced by the hasty
improvement in genome sequencing tools. Investigators envisioned that
studying the genetic mechanisms also intended to recognize critical genes
associated with significant economic traits might not acquire genetic data
used in plant breeding. However, genomic resources could become countless
resources for breeding and genetic breeding in conifers. However, more data
are available regarding the whole-genome sequences of several plants. But
the sequences existing in conifers are significantly less in line with their
tremendously bulky genomes, and the association is complex (Mielich et al.,
2018; Zhao et al., 2017).

Recent trends in studying the function and dynamics of TE’s in plant
genome compartments, long-read sequencing can make available to wide-
spread assembled genomes at a low price, which would be essential towards
the understanding of TEs for local adaptation (Gao et al., 2012a, 2012b).
There is a need to focus on private, abundant, or fixed insertions and their
involvement in the arrangement of the expendable genomes. The influence
of the organization of TE insertion in neighboring genes has a perspective of
great assistance to researchers and helps to understand variations in pheno-
types between the accessions of Arabidopsis thaliana species as genes take
structural and functional annotations (Gazzani et al., 2003). Specifically, TE
annotation would designate TFBS and promotors on respectively interleaved
copy to forecast the probable active role of neighboring genes (Quesneville,
2020). The difference in proportions of crossing over across chromosome
4 of Arabidopsis thaliana disclosed affecting the existence regards meiotic
recombination hot spots (Drouaud et al., 2006). TEs have important roles
in human genetic disorders, such as cancer, autoimmune, and neurological
diseases as well (Pandita and Pandita, 2016).

1.2 CLASSIFICATION OF TRANSPOSABLE ELEMENTS

TE are categorized through their potential to modify their sites in the genome
or transposition (Hua-Van et al., 2011; Lisch, 2013). There are present well-
known plant transposable elements conferring to the extensive taxonomy.
Based on relevant transposing units, transposable elements to their coding
regions involved in replicating the features are aligned into two classes
(Chaparro et al., 2015). Broadly, TE are categorized into two groups: (1)
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Class I RNA transposons/Retrotransposons mobilize through a “copy
and paste” method. (2) Class II DNA transposons, transpose by a “cut and
paste” mechanism (Fig. 1.1). TE classification depends on the mode of trans-
position, that is, classical or nonclassical, and the existence or nonexistence
of LTR, and TIR sequences (Gao et al., 2012a, 2012b). Class II transposons
use the cut and paste approach and propagate themselves by transposition as
DNA copies, whereas RNA transposons mobilize themselves not by trans-
position but by making DNA copies of their RNA transcripts or by a copy
and paste method. Class I retro transposons are again subclassified into LTR
and non-LTR retrotransposons. Classical and nonclassical types of transpo-
sons belong to the DNA transposons (class 2) (Gladyshev and Arkhipova,
2007). These two categories of TEs vary among species. The abundance of
LTR-containing retro-transposons occurs in plant genomes (Fedoroff, 2012).
Several studies are available about the classes of transposable elements: DNA
transposons vs. retrotransposons and superfamily as Copia vs. Gypsy level.
These evaluations make available appreciated summaries of TE populations.
And also discovered specific wide-ranging configurations, for instance, DNA
transposons dispose to nearby genes relative to retrotransposons (Neumann
et al., 2019). The Gypsy superfamily comprises more than 12 lineages that
are reliable as long standing just as main divisions of plants (Feschotte and
Pritham, 2005). Broad views about duplications, retrotransposons or Gypsy
components stop leveling up biologically significant differences between TE
lineages (Stritt et al., 2019).

In contrast, class 2 DNA transposons are subclassified into TIR and
non-TIR transposons (Vitte et al., 2014). Supplementary approaches are estab-
lished (RED, TEdna, transposome, REP de novo, LTR Classifier, Inpactor,
etc.). Besides, TE sequences cause the progression of cellular functions and
lead to the development of new proteins (Kidwell and Lisch, 1997; Jangam et
al., 2018). A classic example is probably the perseverance of TE transposase,
a protein involved in couple of transcription factors, such as FHY3 and FAR1
for regulating plant light signaling pathways (Lin et al., 2007).

1.2.1 RETROTRANSPOSONS/COPY AND PASTE TRANSPOSONS

Retrotransposons exist in almost all eukaryotes but not in prokaryotes (Mita
and Boeke, 2016). On the other hand, a straight association is present in
the proportions of the eukaryotic genome and the availability of retrotrans-
posons. However, initially retro-transposons were considered as junk DNA
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(Bonchev, 2016). LTR retrotransposons and non-LTR retrotransposons are
subcategories of retrotransposons (Fig. 1.2). Yeast genome comprises of 3%
of LTR retrotransposons (Muszewska et al., 2011). The human genome has
approximately 37% retrotransposons precisely LINEs and SINEs (Ou et
al., 2018). Lastly, almost 85% of the maize genome is primarily composed
of retrotransposons, specifically LTR retrotransposons (Keidar et al., 2018).
The transposable element length and LTR length are essential to categorize
LTR retrotransposons and anticipated that motifs privileged LTRs preserved
superfamilies transversely by means of HMMs (hidden Markov models)
current neural network (Fischer et al., 2018). Yuan and Wessler (2011) eluci-
dated that class I TEs are considered as retrotransposons, which transpose
through component encrypted mRNA intermediary contrived to commence a
promoter in LTR retrotransposons. Initially, an interior promoter of non-LTR
retrotransposons is reverse-transcribed into DNA and is incorporated some-
where else in the genome (“copy and paste”). Retrotransposons are present
in the majority of plant genomes, mainly Ty1/Copia and Ty3/Gypsy families.
Retrotransposons mainly determine the size of plant genomes, comprising
monocots and dicots (Feschotte and Pritham, 2005). There is a configura-
tion of amplification and variation in Brassicaceae family members about
retrotransposons viz., Tyl/Copia, and Ty3/Gypsy (Fujimoto et al., 2008).
Polymorphic amplifications in Pinus massoniana can be efficiently used to
identify germplasm and genetic relationships. Conferring to the preserva-
tion of the reverse transcriptase sequences of Tyl-copia and Ty-gypsy-type
retrotransposons, IRAP markers were established in Pinus massoniana on
genomic LTR retrotransposon sequences (Cui et al., 2016). Commonly,
the association of retrotransposons and the host genomes has long-lasting
relations. The association varies in retrotransposons from the transposons in
being dynamic and intended for only a short period in any genome. Among
different species, it also relies on horizontal relocations for their long-
standing survival. The significant vertical inheritance of retrotransposons
is marked chiefly in LINEs (Petit et al., 2010). In plants, LTR retrotrans-
posons mainly gather in the pericentromeric regions where small number
of genes are commonly present. The long-standing association between the
retrotransposons and the host genome demands whatever controls their copy
number (Chu et al., 2016). It also raises the question of the positive and
adverse properties of the genome (Belyayev et al., 2010).

The elements and structural features involved in the life cycle of
retrotransposons were subcategorized into four orders. The four categories
are LTR-RT, non-LTR retrotransposons, PLEs, and DIRS (Rahman et al.,
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2013). Still, LTR-RT remains the utmost familiar one, also they can subsi-
dize up and about to a significant part of plant genome size approximately
80%, for instance in wheat, barley and rubber tree (Gao et al., 2012a, 2012b).
There are two superfamilies in plant LTR-RT order, Copia and Gypsy, which
were classified based on the coding domain of internal association (Gao et
al., 2012a, 2012b). Further, Copia and Gypsy superfamilies are subdivided
through phylogenetic analysis into lineages and families depending on
similarities in the coding region of enzymatic domain recognized as reverse
transcriptase (Wiker et al., 2007). And also, Tork lineages fit into the Copia
superfamily. Gypsy superfamily varies in plant genomes, such as Retrofit,
Alesia, Angela, Bianca, Bryco, Lyco, Gymco, Oryco, Osser, SIRE, Tork.
However, Athila, Clamyvir, Galadriel, Selgy, Tcnl, Reina, Tekay, Centro-
meric Retrotransposon, Phygy, and TAT are also present (Llorens et al., 2009;
Llorens et al., 2010). Based on some phylogenetic studies, a chromodomain
Gypsy superfamily is divided into diverse groups. Under the Chromovirus
branch, Galadriel, Reina, Tekay, and CRM lineages were clustered (De
Castro Nunes et al., 2018; Neumann et al., 2019). Tieman et al. (2017) and
Labate and Robertson (2012) investigated the tomato mobilome composi-
tion, that is, TE families with modern deployment motion. Also analyzed
602 tomato accessions designed for short-read whole-genome resequencing.
These families signify that the complete assortment of LTR and non-LTR
retroelements is GYPSY, COPIA, and LINE superfamilies (Sultana et
al., 2017). The variation in the copy number of transposable elements of
Triticum—Aegilops recommends underlying evolutionary and revolutionary
forces result in allopolyploidization (Yaakov et al., 2013).

1.2.2 DNA TRANSPOSONS/CUT AND PASTE TRANSPOSONS

DNA transposons (Class II) transpose by means of DNA that is removed and
reinserted into the host genome through the mechanism of “cut and paste.”
Even if the genomes of blossoming plants have an abundant assemblage
of a couple of TE classes, among Class II TEs, five superfamilies, such as
CACTA, Mutator, PIF/Harbinger, hAT, and Tc1/mariner have been found in
plant genomes (Girgis 2015). The abundant assortment of DNA transposons
can be classified into three main subclasses (Pritham et al., 2007):

1. Classic transposons with the 10 most essential superfamilies. The
cut and paste transposons.
2. Helitrons (Rolling-circle transposons).
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3. Mavericks (Self-replicating transposons).

DNA-mediated transposons highlight their arrangement, extension
dynamics, and genomic effect distinguished from other mobile elements. The
systematic distribution and diversity of all dominant forms of eukaryotic DNA
transposons have Helitrons and Mavericks. These evolutionary forces impact
their conservation and variation in different genomic locations. DNA trans-
posons have unique biological characteristics and provide shape to genome
structural design besides direct to the beginning of genomic improvements in
diverse eukaryotic lines (Feschotte and Pritham, 2005). Benjak et al. (2008)
presented a worldwide and in-depth exploration of the class II transposons,
particularly “cut and paste” transposons existing in the Vitis vinifera L genome.
They characterized 1160 potentially widespread grapevine transposons and
2086 defective copies of transposons. The consequences of the study showed
transduplication and amplified cellular sequences of TE elements. Some have
probably missed their capacity to transpose as a conventional cellular gene
to accomplish cellular functions. The mobility of TEs in grapevine display
the high mutagenic capability and extraordinary genetic variability capacity
to induce grapevine species. Furthermost, class II transposons excise from
the donor site as double-stranded DNA and reinsert somewhere else in the
genome by a process frequently known as “cut and paste” transposition. The
transposition mechanism of Helitrons and Mavericks is yet not known. Class
II components that transpose by diverse tools are Helitrons and associated
elements, which transpose by rolling-circle replication, Mavericks, whose
transposition process is unknown (Feschotte and Pritham, 2005). But in
the prokaryotic family, 1S200/605 of insertion sequences alter as a single-
stranded transposon circle (Guynet et al., 2008; Barabas et al., 2008). Class
II transposons typically comprise terminal inverted repeats (TIRs), which
code a transposase protein that catalyzes its mobilization. In plants, protein
transposase recognizes the TIRs sequences and is also helpful in affecting the
classification of class II TEs into 10 various superfamilies, such as CACTA,
hAT, Merlin, Mutator, P element, PIF, piggyBac, Tc1/Mariner (Feschotte and
Pritham, 2005; Wicker et al., 2007; Feschotte et al., 2005). Velasco et al.
(2007) explored the genomic sequence of the grapevine and found class I1
transposons and their five superfamilies shotgun sequences through BLAST
searches. This sequence was later used by Jaillon et al. (2007) to find the
genome sequence of grapevine that suggests angiosperm phylum ancestral
hexaploidization. They characterized a Tcl-Mariner element grapevine
sequence, and found few sequences with minimal similarity to these elements
do exist, perhaps denoting ancient defective elements. These defective
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elements were identified through BLASTN analyses using representatives
of broad TEs. Relatively, the hAT superfamily is quite old and widespread in
eukaryotic genomes. The hAT is the most ubiquitous superfamily of transpo-
sons in the grapevine and also establishes 1459 hAT-related components in
the grapevine genome. In terms of copy number, hATs are the most pervasive
“cut and paste” transposon family in grapevine. It suggested that hATs can
retain the capacity to transpose (Rubin et al., 2001). CACTA elements are
profusely present as class II elements in Brassica oleracea and Triticum sp.,
and in less number in Arabidopsis (Rubin et al., 2001; Wicker et al., 2001;
Zhang and Wessler, 2004). Grapevine prominently contains elements of
MULE family known as MuDR, Jittery, and Hop. The Mutator superfamily
named Mu present in maize, is a diverse superfamily of class II elements.
Plant species, such as Zea mays, Arabidopsis thaliana, Lotus japonicus,
and Oryza sativa have the high abundance of class II factors (Zhang and
Wessler, 2004; Robertson, 1978; Lisch 2002; Holligan et al., 2006; Juretic
et al., 2005; Turcotte et al., 2001). The Jittery family has been described in
maize (Xu et al., 2004) and Hop elements in legumes (Chalvet et al., 2003).
MULEs show vast variability, particularly in evolutionary dynamics of plant
stress mechanisms. Despite the fact, existence of Jittery elements is in several
plant genomes. Hop-like transposons originated in fungi and legumes. These
elements appeared during the ancient horizontal gene transfer in both the
legumes and fungus (Holligan et al., 2008). Hoen et al. (2006) distinguished
all superfamilies that contain transduplicated cellular gene fragments of Vitis
class II.

Transposons can mobilize and amplify host genome sequences together
with their sequences by transduplication. But most of these apprehended
gene fragments appear like nonfunctional pseudogenes (Hoen et al., 2006).
In specific cases, transduplicated exons give rise to new host proteins
through alternative splicing by incorporating within host transcripts
(Zabala and Vodkin 2007). Transduplicated sequences can undergo tran-
scription even after missing their capacity to code, and they also have
a regulatory function. Yu et al. (2000) have reported that MULEs have
transduplicated gene fragments in Arabidopsis, melon, rice, and Lotus
japonicas (Van Leeuwen et al., 2007). In particular cases, transduplica-
tions are unable to inactivate the transposition of PIF elements shared
by multiple copies. Transduplications are common in all the TEs of all
superfamilies. Cultivated tomato has composite antiquity of domestication
and crop yield improvement capability. And two consequently genetic
bottlenecks can characterize, followed by modern breeding by several
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introgression events. Subsequently, wild tomatoes and relatives replenish
the limited pool of disease-resistance genes. Class Il DNA transposons of
these superfamilies like MuDR, hAT, and CACTA pass by the mechanism
of cut and paste manner. TE insertions mainly persisted for downstream
analysis. Recent studies revealed that most TE insertions were present in a
few tomato accessions only. However, cluster analysis based on the phylo-
genetic relationship between acquisitions previously determined using
SNPs recapitulated 6906 TIPs (Baduel et al., 2019). DNA transposons are
debated in detail in Chapter 2 of this book.

1.3 TRANSPOSITION OF TRANSPOSABLE ELEMENTS

The transposition of composite transposons is sponsored by one or any
one of the two L.S. components located at their ends. Only the ends of
transposons are needed for transposition. These 15 elements can transpose
any DNA sequence between two 1S elements (Hua-Van et al., 2011; Lisch,
2013). The transposition mechanism established in plant transformation
allows hereditarily altering plants without inserting bacterial DNA into
their genomes. An earlier established way employs plant-derived transfer
DNAs as substitutes for Agrobacterium T-DNAs (Rommens et al., 2004).
The available events during the insertion of transposons are as follows:
(1) staggered breaks are produced in the target DNA, (2) the transposon
joint to the distended single-stranded ends, and (3) the leftover gaps are
then occupied, producing the repeats of target DNA at the site of insertion.
Transposition may be (1) conservative, (2) non-replicative, or (3) replica-
tive (Fedoroff, 2000).

In conservative transposition, a transposon moves to a new site so
that a double-strand break is not produced at the old site. The excision of
transposons may be either precise or imprecise. In precise excision, which
is rare, the transposon and a copy of the duplicated sequence are removed.
Then in imprecise excision, a remnant of the transposon is left at the site,
which may prevent the reactivation of the gene into which the transposon
was located earlier. But precise excision always leads to activation of the
affected gene. In non-replicative transposition, the transposon moves out of
one site and becomes inserted at a new location. It leaves a double-strand
break at the old location. The gap may or may not be repaired. A recent copy
of the transposon is produced in replicative transposition, which becomes
inserted at the new site. As an outcome, the original site remains unchanged
(Machida et al., 1997).
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1.4 SIGNIFICANCE OF TRANSPOSABLE ELEMENTS

Transposons play an essential part in genome evolution and species diver-
gence in tobacco, tomato, and other plants (Tang et al., 2019). Fascinating
results were observed by Negi et al. (2016) that several TEs in the plant
genome are precisely triggered and possibly transposed at the time of plants
exposed to biotic and abiotic pressures. This can be achieved by regulating
methylation or transposition themselves, that has been noticed in crops viz.,
tomato, tobacco, and other plants. Further, certain studies recommended the
stimulation of TEs during stress might speed up genome recombination,
which directly reflects on the plant’s environmental adaptation process,
which might impose on the specific long evolutionary history of species
(Miura et al., 2001). TEs can play a potential role in genome evolution, gene
regulation, and epigenetics of the plant through its life cycle (Henaff et al.,
2014). TEs are also practical tools for plant breeding in genetics research.
Due to their pronounced potential, TEs have been used in the breeding
program in conifers. However, less allied findings have been described.
There is a possibility for further studies that construct mutant libraries of
conifers to recognize vital genes related to marked individuals, conferring
to the genotype and phenotype differences in the library. Furthermore,
molecular markers were developed based on TEs aimed at use in molecular
breeding in conifers. Besides, it is essential to remark the substantial genome
sizes plus comparatively long life cycles of conifers. Using TEs in conifer
breeding added more excitement than in annual crop breeding, which needs
additional initial work (Wang et al., 2020).

Mobile components have been recommended to source variation in the
sequence that could allow hosts to progress quickly. In contrast, the extreme
quantities of particular elements in various species for the welfare of the host
genome advise a wanton disregard. Recent studies revealed that the eukary-
otic genomes had progressed with intricate tools, such as epigenetic suppres-
sion by the RNAI silencing pathway (Vitte et al., 2014), several deactivating
alterations to terminate the transcription and amplification events that avoid
transposase production of these elements. Besides genetic association, gene
function, and genome evolution studies, these elements have also been used
to study evolutionary progressions (Hollister and Gaut, 2007). Transposons
promote rearrangements, such as deletions, inversions, and duplicative inver-
sions in host DNA. Some events result from recombination between multiple
transposon copies, while others result from the transposition mechanisms
(Freeling et al., 2008). When a transposon adds a copy of itself at a second
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site near its original location, recombination between the two copies may
occur, generating either deletion or inversion of the host DNA depending
mainly on the orientation of the repeats of 15 elements. If the repetitions are
direct, that is, in the same direction, recombination between two elements
would excise one copy of the element and the host DNA lying between the
two elements in the form of a circle. That left behind a copy of the host DNA
element will result in the deletion of the host DNA. However, most deletions
that arise in the vicinity of transposons probably result from a variation in
the pathway of the transposition event itself (Stuart et al., 2016). In contrast,
recombining a pair of inverted repeats leads only to inversion of the host
DNA located between the two repeats; there is no deletion of the transposon
or the host sequence. Therefore, composite transposons whose 1.S. modules
are inverted become stable components of the genome. Some transposons
promote duplicative inversions in which transposons lie in inverted orienta-
tion on either side of an inverted central region (Stuart et al., 2016). The role
of transposable elements is deliberated extravagantly in different chapters of
this book.

1.5 CONCLUSION

An incredible increase has taken place in improvements in the field of
molecular biology, genomics, and genetics to study the whole genome
levels of plants for crop improvement and disease resistance globally. To
raise production, improvement of high-yielding varieties of plants with
forbearance for biotic and abiotic stress is needed. Stress is a harmful threat
to plant production and yield. Hitherto, there are plenty of practices and tools
existing for crop production and disease resistance. Additionally prereq-
uisite to studying the depiction of transposable elements and their effect
on the structure and expression of the genome contributes to a significant
influence headed on understanding the phenotypic variations corresponding
to genome regulation. Noteworthy outcomes at the crossing point of trans-
position mechanisms attracted researchers to study and identify novel TEs
and extending their taxonomic distribution revealed associations between
TEs and plant genome.

Research on transposable elements provided novel insights that exposed
the movement of TEs can be well-ordered epigenetically through their host
mechanism. These elements influence the arrangement, dynamics, and
structure of the genomes in which TEs transposed. This chapter highpoints
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the history, classes of TEs, transposition mechanisms of “copy and paste,”
and “cut and paste” mainly in plants. We instigate by giving basic structural
features, classes, transposition, and significance of transposons and their
transposition with respect to plants, also concentrating on features that
manage their maintenance and propagation within the genome and all over
plant eukaryotic hierarchy. In conclusion, the acquaintance extended from
side to side study must lead to and established to the researchers, formerly
helpful for further findings in the field of molecular approaches methods for
studying the variations in the gene expression levels between populations and
natural variation patterns used in the genomics program, and also to facilitate
and comprehend the vital progress in the stress levels of plants during the
post-genomics phase and complete the life cycle for crop improvement.
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ABSTRACT

The genomes of most eukaryotes are larger and more complex as compared
with those of prokaryotes which is not inherently surprising, since more
genes are expected in organisms with more complexity. Plant genomes are
unique among living species since they have a wide range of size variation.
Although polyploidization is one of these factors, transposable elements
(TEs) appear to be the most important in not only modifying the host’s
genome size, but also disrupting and generating new functions and regula-
tory networks through interactions with other genes.

These are genetic elements which have the ability to move from one
place to another by means of transposition, thus are called as transposable
elements. Transposable elements constitute a major proportion of the total
plant genomes, so their influence on genome structure and expression is
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quite evident in understanding global genome regulation and phenotype
variation. There are two kinds of transposons depending upon their mecha-
nism of transposition; transposons which migrate by using a “cut and paste”
method, which involves removing a transposon copy from one location in
the genome and re-inserting it in a different one. Because numerous daughter
copies can be formed from a mother copy and inserted across the genome,
transposons have become a significant part of huge genomes. Because of their
prevalence, usefulness, and involvement in genome evolution, transposable
elements have piqued researchers’ curiosity. Transposable elements (TEs)
are essential for their hosts’ ability to respond to environmental stressors. As
diverse as the TEs and host genomes, the processes by which these elements
influence host adaptive capacity are numerous. Overall, transposons are a
promising, but untapped area of research that should be put on the agendas
of evolutionary geneticists, molecular ecologists, conservation biologists,
and plant breeders. In this chapter, a comprehensive review regarding DNA
transposons will be taken into consideration.

2.1 EUKARYOTIC GENOME

Proteins and eukaryotic DNA are inextricably linked throughout the cell. The
combination of DNA and protein is known as chromatin. Euchromatin, which
goes through the typical condensation/decondensation processes during the
cell cycle, and heterochromatin, which is strongly condensed throughout the
cell cycle, including interphase, are the two main chromatin types. Euchro-
matin is transcriptionally active and makes up the majority of chromosomes,
whereas heterochromatin is found at the centromeres and telomeres of all
chromosomes. Heterochromatin can also be found on chromosomes in other
locations, such as the complete latent X chromosome in female mammals.
Heterochromatin lacks transcription, crossing over, and replication that
occurs late in the S phase. Histones are positively charged proteins that come
in five different types: H1, H2A, H2B, H3, and H4. Histones are the most
common proteins in chromatin. All histones include a considerable quantity
of positively charged amino acids lysine and arginine, giving them a net
positive charge. The positive charges on DNA’s phosphates attract the nega-
tive charges on histones, keeping the DNA in contact with them. Nonhistone
chromosomal proteins are also found in a wide variety of forms. In addition
to being condensed throughout the cell cycle, heterochromatin is identified
by lack of transcription, the absence of crossing over, and late replication in
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the S stage. Histones are tiny, positively charged proteins that are classified
as H1, H2A, H2B, H3, or H4. The most frequent proteins in chromatin are
histones.

A large amount of lysine and arginine, both positively charged amino
acids, is found in all histones, giving them a net positive charge. The oppo-
site charges on the phosphates of DNA attract the histones, which keeps the
DNA in touch with the histones. Nonhistone chromosomal proteins are also
found in a variety of forms. The nucleosome is a kind of DNA molecule.
The structure of chromatin is extremely complicated having numerous
levels of organization. The double-helical structure of DNA is the most basic
level. The DNA is coupled with proteins and is heavily folded to generate a
chromosome at a more complex level. When chromatin is extracted from a
cell’s nucleus and examined under electron microscope, it often resembles
the beads on a string. When nuclease is added to this setup, the “string”
connecting the “beads” is broken, leaving individual beads linked to around
200 bp of DNA. When more nuclease is introduced, the enzyme completely
digests the DNA in the area between the strands. When you add more
nuclease, the enzyme consumes entire DNA between the beads, leaving only
a protein core connected to a DNA segment. Experiments like this showed
that chromatin is more than just a jumble of proteins and DNA; it also has
a repeating structure at its core. The nucleosome is the most fundamental
level of chromatin structure, comprised of a protein and DNA repeating
core produced by nuclease enzyme breakdown. The nucleosome is a crucial
component of all living organisms. The nucleosome is a spool-like core
particle made up of two copies of DNA around a histone octamer of eight
proteins (two copies of H2A, H2B, H3, and H4). The nucleosome is a spool-
like core particle made up of two copies of DNA wrapped around an octamer
of eight histone proteins (two copies of H2A, H2B, H3, and H4). Each of these
histone proteins has a flexible “tail” that extends out from the nucleosome
and contains anywhere from 11 to 37 amino acids. The tails of histone have
been positively charged. One nucleosome’s tails may interact with the tails
of nearby nucleosomes, making nucleosome compacting easier. Chromatin
structure changes are essential for gene expression when histone tails are
chemically altered. Despite the fact that H1, the fifth form of histone, is not
a core particle, it is required for nucleosome assembly. H1 attaches to 20-22
bp of DNA where the octamer joins and departs, functioning as a clamp
about the nucleosome octamer to help lock the DNA into place. The chro-
matosome is the next level of chromatin architecture, consisting of the core
particle and its associated H1 histone. Each chromatosome contains around
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167 base pairs of DNA. Linker DNA connects chromosomes and varies in
size depending on the cell type; in most cells, linker DNA is between 30 and
40 bp long. This linker DNA may be coupled to nonhistone chromosomal
proteins, and a few appear to bind directly to the core particle genome

2.2 TYPE OF DNA SEQUENCES IN EUKARYOTES

Unique-sequence DNA, moderately repetitive DNA, and highly repetitive
DNA are all forms of sequences found in eukaryotic DNA. Sequences that
appear only once or a few times throughout the genome are known as unique-
sequence DNA. This DNA contains protein-encoding sequences as well ashuge
amount of DNA with no known function. In most multicellular eukaryotes,
single-copy genes account for about 25-50% of the protein-encoding genes.
Other genes present in distinct sequence DNA are found in many copies
that are similar but not identical, collectively referred to as gene family.
Most gene families are the result of duplication of an earlier existing gene.
Sequences that appear in several copies are referred to as repetitive DNA.
Repetitive DNA is found in abundance in a variety of eukaryotic organ-
isms. For example, repetitive DNA accounts for more than half of the
human genome. Moderately repetitive DNA is a type of repetitive DNA
that typically consists of sequences that are repeated thousands of times and
range in length from 150 to 300 base pairs. Some of these sequences are
required for cell activity. Half of the cell’s moderately repetitive DNA, on
the other hand, has no recognized purpose. There are two sorts of repeti-
tions in moderately repetitive DNA. Tandem repeat sequences emerge one
after the other on the chromosomes and tend to cluster in certain places.

Repeat sequences with interspersions can be found all over the place.
Tandem repeat sequences come one after the other on the chromosomes and
tend to cluster at specific sites. Interspersed repeat sequences can be found all
over the genome. The Alu sequence, a 200-bp sequence found over a million
times and accounting for 11% of the human genome, is an example of an
interspersed repeat. It does not seem to have any cellular function. SINEs are
short repeats, similar to Alu sequences (short interspersed elements). LINEs
are longer interspersed repeats containing tens of thousands of base pairs
(long interspersed elements). LINE1 is a kind of LINE that makes up roughly
17% of the human genome. Transposable repeats make up the majority of
interspersed repeats
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Transposable repeats make up the majority of interspersed repeats. These
small sequences, which are often less than 10 bp long, are found in abun-
dance on the chromosome, where they are repeated in tandem and grouped
in certain places, particularly around centromeres and telomeres. Satellite
DNA is a type of extremely repetitive DNA that separates into a satellite
fraction while centrifuged at high speeds due to differences in the percent-
ages of the four nucleotides. Highly repetitive DNA is rarely translated into
RNA. Although some highly repetitive DNA sequences may play a role
in the operation of centromeres and telomeres, the vast majority of highly
repetitive DNA has no known function. As we now know, gene density
varies significantly between and within chromosomes. Human chromosome
19 has a high gene density, with around 26 genes per million bp. While
as, chromosome 13 has just roughly 6.5 genes per million base pairs. Even
within the same chromosome, gene density varies: some parts of chromo-
some 13’s long arm have as few as 3 genes per million bp, while others have
as many as 30 genes per million bp. The chromosome 13 short arm, which is
entirely made up of heterochromatin, has almost no genes. DNA sequences
that can move are known as TEs. All species’ genomes contain TEs, which
are mobile DNA sequences. Many genomes contain them, accounting for
at least 45% of human DNA, for example. They insert into other genes and
induce mutations and disrupting it, or by causing DNA rearrangements like
chromosome deletions, duplications, and inversions.

2.3 TRANSPOSON FORMS AND SHAPES

Genetic sequences known as transposable elements can hop from one area
of the genome to another. Due to their lengthy evolutionary history and
variation, TEs come in a range of shapes and sizes. Based on their way of
transposition, TEs can be split into two fundamental types, each of which
can be further subdivided into subclasses on the basis of chromosomal inter-
gration mechanism. Class I retrotransposons utilize an RNA intermediate
that is reverse-transcribed into cDNA and integrated into the genome in a
“copy-and-paste” process (Boeke et al, 1985). Long terminal repeat (LTR)
retrotransposons are incorporated using an integrase-like enzyme that
cleaves and exchanges strands. The method of target-primed reverse tran-
scription is used to integrate non-LTR retrotransposons (LINEs and SINEs)
into the chromosome (Luan et al, 1993). Class 2 DNA transposons use a
DNA intermediate to transfer from one site in the genome to another (Rubin
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et al., 1982; Greenblatt et al., 1963). Each of these TE subclasses is further
subdivided into subgroups found in a range of organisms but have a genetic
organization in common. Two important LTR r elements are Tyl/copia and
Ty3/gypsy, located in almost all eukaryotes (Malik et al., 2001). Similarly,
the three superfamilies of DNA transposable elements hAT (hobo-Ac-Tam3),
Tcl/mariner, and MULEs (Mutator-like elements) are found in eukaryotes
(Feschotte et al., 2007). The descendants of a unit ancestral sequence can be
traced back to the most comprehensive defined subgroups. This ancestor can
be thought of as a consensus sequence that represents the entire (sub) family
(Smit, 1999). Ts classification differs from taxonomics categorization in that
it is subject to constant change due to the discovery of completely new TE
types (Arkhipova et al., 2017).

2.4 TEs DISTRIBUTION IN THE GENOME

The genome is home to a multitude of TEs, which multiply and spread
through unique interactions with one another and other cell components
(Venner e al, 2009). TEs have a propensity for inserting themselves into
specific areas or compartments of the genome. Natural selection as well as
genetic drift also have a significant impact in TE distribution (Lynch M,
2007). Selective factors can influence whether certain genetic elements are
deleted or preserved in specific genomic regions (Campos-Sanchez et al.,
2016; Kvikstad and Makova, 2010). TEs make up a large part of the genome,
including a significant amount of species-specific DNA. LTR retrotranspo-
sons, for example, account for 60—70% of the genome in maize, where Barbara
McClintock made her seminal work (McClintock B, 1957). (Springer et al.,
2018; Lazarow et al, 2013; Schnable et al, 2009). Most TE groups are still
transposing, and the process is extremely mutagenic. In the laboratory, more
than half of all recognized phenotypic mutants in D. melanogaster are due to
spontaneous TE insertions ( Eickbush et al., 2002). Mutagenic transposition
activities have also been documented in laboratory mice, with continuous
activity of numerous LTRs accounting for 10-15% of all mutant phenotypes
inherited (Maksakova et al., 2006). Because transposons are more active
when animals are stressed, regardless of their herbal environment (Lanciano
and Mirouze, 2018, Horvath et al., 2017), their contribution to genetic diver-
sity may be overlooked. Because TE insertions do not always give a fitness
benefit to their hosts right away, those that do attain population fixation do
so primarily through genetic drift before being degraded by point mutations
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(Lynch, 2007). As a result of these modifications throughout time, TEs that
can no longer express transposition enzymes and generate novel integration
activities are formed. About 100 active L1 factors are expected to be present
in each genome, with the majority of these being recent insertions that still
segregate in the human population (Beck et al., 2010; Brouha et al., 2003).
Transposition is a fascinating genetic growth mechanism that is slowed over
time by deleting DNA. In eukaryotes, the stability of these two systems is
a major driving force in the evolution of genome size (Schubert and Vu,
2016). A fundamental driving force in genome evolution has been identified
to be the pace at which TEs transpose, which is partly controlled by the host
(Freeling et al., 2015; Bennetzen and Wang, 2014).

TEs must maintain a precise balance between expression and suppres-
sion in order to continue evolving. The expression should be strong enough
to encourage amplification, but not so powerful that it compromises TEs’
ability to increase copy numbers. This type of balance correction explains
why some TEs are naturally ideal for transposition (Matés et al., 2009)
and why others have acquired a self-regulatory system that regulates
their own copy numbers (Saha et al., 2015). Small RNA, chromatin, and
DNA modification mechanisms, as well as the KRAB Zincfinger Protein
sequence of certain repressors, have all been studied recently (Ecco et al.,
2017; Imbeault et al., 2017: Yang et al., 2017; Imbeault and Trono, 2014)
During the early embryo’s development, however, several of these mecha-
nisms should be partially released to the permissible spectrum of guest
gene expression programs. The loss of DNA methylation in the genome,
for example, should restore the imprinted gene in primitive genetic cells
(Miyoshi et al., 2016).

2.5 TEs AS INSERTIONAL MUTAGENS

Humans, like other species, are involved in a variety of actively active TEs
in which the intrinsic stability of expression and repression continues to play
a role (Huang et al., 2012). L1 is an example, as are other mobile factors
relying on L1-mediated proteins for retrotransposition (Burns and Boeke,
2012; Beck et al., 2011). The same mechanisms are accountable for novel
germline insertions that can proliferate to lead genetic illness, since it has
been discovered that approximately 120 TE insertions are associated with
human disease (Hancks and Kazazian., 2014). One out of every 21 births
in Alu (Xing et al., 2009) and one out of every 95 births (Xing et al., 2009)



30 Plant Transposable Elements

results in de novo germline transposition. Somatic cell transposition and
its implications have received little attention in the past because it can be
considered an evolutionary dead-end for transposons with no long-term
ramifications for the host. According to some evidence, TEs may be active in
somatic cells in a variety of species (Kazazian HH, 2011). L1 expression and
transposition were witnessed in diverse human somatic processes, including
stem cells and early embryos (Klawitter et al., 2016; Garcia-Perez et al.,
2007).

Transposon expression in the mammalian brain is also a hot topic, with
L1 transposition being proposed as a way to diversify neuronal popula-
tions (Erwin et al., 2014; Baillie et al., 2011; Muotri et al., 2005). Several
researchers (Schauer et al., 2018; Tang et al., 2017; Scott et al., 2016; Tubio
et al., 2014; Iskow et al., 2010) have also discovered somatic activity in
human cancers, where tumors can accumulate a large number of recent L1
insertions. Somatic activity in human malignancies is due to a small number
of so-called “hot” L1 loci, just as it is for human polymorphisms (Scott et
al., 2016). Individual (Lee et al., 2012), tumor type (Lee et al., 2012), and
time frame in the clonal evolution of the tumor (Rodic et al., 2015; Tubio
et al., 2014) factors, all influence the actions of those copies. Even while
the quite majority seem to be “passenger” mutations, some of these mobile
element insertions impair critical tumor suppressors and oncogenes, forcing
the genesis of most malignancies (Burns KH., 2017). To keep TEs in check,
host cells have developed a variety of strategies. However, because natural
selection pressure declines with age and eventually disappears, TEs can
potentially become more active (Gorbunova et al., 2014).

2.6 TEsIN ACTIVITIES BESIDES TRANSPOSITION

While transposition-related DNA breaking and insertion is a definite cell
damage source, it is not the only route for TEs to affect their hosts. Reac-
tivated transposons are harmful to the host in a multiple ways. To begin
with, transposon locus de-repression, including their own transcription, can
affect host mRNA production and processing in a variety of ways (Elbar-
bary et al., 2016; Daniel et al., 2015). Human cells and a range of animal
organs, such as muscle, brain, and liver, go through replicative senescence
(De Cecco et al., 2013; Van Meter et al., 2014). TEs have had their tran-
scriptional inhibition lifted across the genome. In cancer, de-repression of
the LTR and L1 promoters can lead to oncogene activation (Babaian and
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Mager, 2016). Second, TE encoded proteins can cause genomic instability,
such as LIORF2p’s endonuclease activity (Hedges and Deininger, 2007).
Furthermore, an innate immune response triggered by the buildup of extra-
chromosomal DNA and RNA transcript copies obtained from TEs might
result in autoimmune disorders and sterile inflammation. The role of the
aforementioned processes in diseases is still unknown. Following TE tran-
scription, the encoded proteins are translated, while retroelements undergo
reverse transcription into cDNA substrates appropriate for transposition. The
reverse-transcriptase protein that produced was subsequently used to make
cytosolic DNAs. The reverse-transcriptase protein that results, as well as the
cytosolic nucleic acids: DNA hybrids that follow, can drive inflammatory
pathways.

Due to anomalies in systems that normally inhibit TE processing or
destabilize TE-derived DNA, patients with Aicardi-Gouti¢res syndrome,
for example, have a buildup of TE-derived cytosolic DNA (Crow et al.,
2015; Stetson et al., 2008). Some TEs, such as endogenous retroviruses that
produce Gag, Pol, or Env proteins, do encode functional proteins (Vargiu
et al., 2016). Some TEs code for some functional proteins, including retro-
viruses capable of expressing Gag, Pol, or envelope (Env) proteins (Vargiu
et al., 2016). Multiple sclerosis has been connected to overexpression of
specific Env proteins (Perron et al., 2001). and amytrophic lateral sclerosis
(ALS) (Li et al., 2015).

2.7 TEs MODIFY TRANSCRIPTIONAL NETWORKS

Cis-regulatory networks control the transcription of a diverse genes that
coordinate together to control entire pathways and biological processes.
There is currently accumulating evidence that TEs have provided a plentiful
supply of material for the control of gene expression, confirming Barbara
McClintock’s prediction (McClintock B, 1956). Indeed, TEs have the ability
to spread a large number of promoters, enhancers, and protein binding sites.
Indeed, TEs have the ability to disseminate a vast number of promoters and
enhancers (Bejerano et al., 2006; Chuong et al., 2016; Trizzino et al., 2017;
Thompson et al., 2016), transcription factor binding sites (Sun et al., 2018;
Ito et al., 2017; Sundaram et al., 2014; Kunarso et al., 2010; Wang et al.,
2007), insulator sequences (Schmidt et al., et al., 2012; Lunyak et al., 2007;
Wang et al., 2015), and repressive elements (Lippman et al., 2004; Rebollo
et al.,, 2011). A good example of gene that affects coat color and whose
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expression can be affected by the level of methylation of TE upstream of its
promoter is the coat color of agouti mice. In case of oil palm, the methylation
status of a TE inside a flowering gene controls whether the plants produce
oil-rich fruit (Ong-Abdullah et al., 2015). Because TE families frequently
cover a genome with similar copies, it has long been assumed that they can
use the same cis-regulatory module to “wire” batteries of genes scattered all
through the genome (Davidson and Britten, 1979)

TEs appear to have laid the foundation for the cis-regulatory networks
evolution, including pathways underlying pregnancy (Lynch et al., 2015;
Lynch et al., 2011), stem cell pluripotency (Lu et al., 2014; Wang et al.,
2014; Kunarso et al., 2010), neocortex development (Notwell et al., 2015),
and innate immunity in mammals (Notwell (Makarevitch et al., 2015). TE
sequences, in truth, have all of the characteristics of a “conventional” gene
regulation network (Feschotte C., 2008; Elbarbary et al., 2016). According
to Sun et al., transcription factors bind to them, they integrate numerous
inputs (activation/repression), they respond to both cis and trans signals, and
they can coordinate gene expression (2018). In this setting, TEs are excel-
lent agents for altering biological processes by building new cis-regulatory
circuits and fine-tuning existing networks.
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ABSTRACT

Transposable elements (TEs) are DNA sequences and a well-known class of
repetitive sequences and also known as jumping genes that have a natural
potential to travel from one position to another within a genome. They are
known to involve in various cellular processes and play a role in genetic
research. These are commonly found in prokaryotes and eukaryotes. The
next-generation sequencing platforms are generating big data from model
and non-model organisms. Experimental approaches for identification and
characterization of TEs are expensive and time-consuming. Advances in
computational approaches lead to the development of databases and tools to
identify and characterize TEs in the omics era. This chapter covers the over-
view of TEs, classification, and present about the available computational
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approaches to predict and analyze the role of TEs in biotic and abiotic stress
response.

3.1 INTRODUCTION

A genome can be defined as the entire genetic repository of an organism
(Goldman and Landweber, 2016). Since the introduction of next-generation
sequencing (NGS) technologies, researchers have witnessed a revolution
in DNA sequencing technologies that are widely accepted in the field of
Biology, enabling them to sequence millions of bases in model and non-model
organisms. As a result of NGS, sequencing has become more throughput
and speedy while also reducing costs over time (Fig. 3.1). In plant biology
applications, NGS can be used in various fields, such as genome sequencing
and resequencing (genomics), RNA sequencing (transcriptomics), metabo-
lite sequencing (metagenomics), exon and genome capturing, evolutionary
studies, explore large genebank collections, identification and development
of molecular markers resources (genic and genomic SSR, SNP, transposons),
polyploid genetics, phylogenetic and ecological studies, and also knowing
the mechanisms involved in gene expression and secondary metabolism
(Egan et al., 2012; Unamba et al., 2015; Goldman and Landweber, 2016;
Sharma et al., 2018).

Cost per Raw Megabase of DNA Sequence
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FIGURE 3.1 NGS sequence cost per raw mega base.

Source: Image courtesy: Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI
Genome Sequencing Program (GSP) www.genome.gov/sequencingcostsdata.
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Till June 2021, the following genomes are publicly available at National
Centre for Biotechnology Information (NCBI): Eukaryotes (18792), Prokary-
otes (358326), Viruses (44764), Plasmids (31618), and Organelles (19328).
(Information retrieved on August 20, 2021 from NCBI (https://www.ncbi.
nlm.nih.gov/genome/browse/#!/overview/). In spite of the availability
of this magnitude of data, it remains a challenge to analyze and interpret
it in order to determine its biological significance. In the early 1980s, TE
sequencing began and was mainly analyzed manually. During 1990s, there
was a surge in eukaryotic DNA sequence availability and at the same time,
usage of computers was widely used in biological labs (Janicki et al., 2011).
In most eukaryotes, noncoding sequence regions make up the majority of the
genome. Intergenic DNA, repetitive elements including TEs and introns are
among these sequences (Sahebi et al., 2018).

Transposable elements (TEs) are defined as DNA sequences that are able
to move, or duplicate from one location to another in the genome. Prokaryote
and eukaryotes occupy a large proportion of TEs (Munoz-Lopez and Garcia-
Perez, 2010). The TEs are also known as jumping genes or mobile sequence
or transposons or translocatable elements or insertion elements or parasitic
elements or selfish DNA (Tripathi et al., 2014). Most flowering plants have a
high proportion of TEs in their genomes (Oliver et al., 2013).

3.2 HISTORICAL PROSPECTIVE OF TEs

The activator (4Ac)/dissociator (Ds) transposons in maize were first identi-
fied by Barbara McClintock (McClintock, 1948, 1950). For the first time,
Finnegan 1989 proposed the TEs classification system and notable two
broad classes were characterized based on transposition intermediate: RNA
(class I or retrotransposons) also called “copy and paste” mechanism and
DNA (class II or DNA transposons) also called “cut and paste” mechanism.
In 2007, Wicker et al. proposed a unified and refined classification based on
the mechanisms of transposition, sequence similarities, and structural rela-
tionship. Kapitonov and Jurka (2008) reported a universal hierarchical clas-
sification system similar to Wicker et al. (2007) in eukaryotic transposable
elements. The classification was based on transposition mechanism, sequence
similarities, and structural relationships, and which was made available as
the Repbase database (https://www.girinst.org/repbase/). In 2010, Biemont
provided a context of transposable elements during subsequent times. The
historical milestone of TE is depicted in Figure 3.2 as reported recently by
Makatowski et al. (2019). The classification of eukaryotic TEs was updated
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with the addition of the SVA and Retrogenes super families to the order
SINE (Fig. 3.3).

The increasing interest and impact of NGS on genome or transcrip-
tome sequencing, assembly, functional characterization of transcripts, and
alignment of model and non-model plants had led to developing novel
computational tools (Fig. 3.4). A genome-level TE analysis and annotation
can provide information on TEs evolution and their population dynamics,
changes in genome size and structure, TE regulation by the host (Janicki et
al., 2011).

Bergman and Quesneville (2007) reviewed on post-genomic era to
identify, annotate, discover new TE families and TE copies detection using
computational approaches including de novo, homology-based, structure-
based, and comparative genomic methods. The TEs contribute to the organi-
zation, structure, and evolution of genomes. Further, this has created interest
in sequencing of the whole genome followed by assembly, alignments, and
functional characterization of transcripts. This has paid much attention in
the field of bioinformatics to develop new methods and tools to analyze
such large-scale data in order to decipher its biological relevance (Bergman
and Quesneville, 2007; Makatowski et al., 2019). The sequence length of
TEs ranges from less than 100-bp to more than 20-kb. The transposition of
TEs is largely dependent on the diverse TE-encoded enzymatic machinery.
So far, indentified enzymes are reverse transcriptase, endonuclease,
DDIE/D]-transposase (Tpase), Tyrosine-recombinase, and Rep/Helicasel
(https://www.girinst.org/education/index.html). The technology of genomic
sequencing has enhanced current research advancements and paved the way
for new initiatives. Bioinformatics communities face an increasing challenge
in developing algorithms and implementations that efficiently handle large
sequence data sets (Janicki et al., 2011). Now, a good number of model and
non-model plant genomes have been sequenced and identified the percentage
of TEs classes as shown in Figure 3.5. Among the selected genomes, Medi-
cago truncatula contains the lowest, that is, 18.30 % of TEs, whereas Zea
mays contains 84.20%. These data indicate the abundance and distribution
of TEs across plant genomes.

In the post-genomic era, bioinformatics has undergone significant changes.
The data sets were handled, mined, compared, extracted, clustered, analyzed,
and visualized using novel computational methods, machine learning tech-
niques, and web-based server tools. A global effort is underway to develop
resources for regional hosting, organized and structured access, and to assess
and analyze the ever-growing amounts of data generated each day.
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FIGURE 3.3 Classification of eukaryotic transposable elements as proposed by Wicker et
al. (2007) and updated by Makatowski et al. (2019).

3.3 BIOINFORMATICS APPROACHES FOR IDENTIFICATION OF TEs

High throughput NGS has provided large data on different organisms.
However, the biocuration approach is time-consuming and infeasible for
handling such big data. Hence, the use of Bioinformatics approaches to
analyze and decipher biological functions from big data is gaining impor-
tance. In contrast, manual detection of TE would be time-consuming and
unpractical.

It presents a continuous challenge for TE discovery, which is why many
tools have been developed specifically for TE discovery (Janicki et al., 2011).
It has been necessary for scientists to develop automated methods to discover
and classify the TE types present in sequenced genomes. Since TEs have
computationally observable structure signatures, they are ideal for large-scale
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FIGURE 3.4 General outline of NGS followed by computational approaches to analysis and
classification of TEs in plants ((a) Bergman and Quesneville (2007), (b) Makatowski et al.
(2019), and (c) Janicki et al. (2011)).

bioinformatics approaches with varying degrees of success at detecting TE
types. Computer programming languages like Perl and Python as well as
modules, such as Bioperl and Biopython aided the progress of bioinformatics,
which included computational analyses of TEs (Janicki et al., 2011).

Lerat (2009) reviewed comprehensively presented programs/methods/
approaches Library based, Signature based, de novo, self-comparison,
k-mer, and spaced seed, Pipelines of programs, Classification programs and
Programs intended to detect particular repeats other than TEs in genomes. TE
sequences are often discovered, retrieved, compared, aligned, and phyloge-
netically analyzed computationally. BLAST, ClustalW, PHYLIP, and PAUP
are commonly used bioinformatics tools. Janicki et al. (2011) presented about
the flow to TE discovery, classification, masking and annotation, analysis,
visualization, and databases. In 2015, Biscotti et al., reported that de novo,
homology-based, structure-based, and comparative genomic methods are
used to identify and functionally characterize the TEs using genomics data.
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FIGURE 3.5 Selected model and non-model plant genome size and TE classes contents.

Source: The figure was created using the data presented by Oliver et al. (2013).

Makatowski et al. (2019) in their paper, discussed about TE analyses
methods and tools and presented two scenarios.

1. Already available species genomic or transcriptome sequences
with the transposon repertoire, previously characterized genome, or
earlier studies on TEs.

2. Dealing with a totally unknown genome or a genome with little
information on TEs.

Presented on De Novo Approaches, Determination in NGS Data, Popula-
tion-Level Analyses, Comparative Genomics of TE Insertions, Classification
of Transposable Elements, Pipelines, and Meta-analyses.

In addition to low selection pressure, TEs evolve quickly and exist in
rapidly evolving environments, and because of this fact, it is more diffi-
cult to identify, characterize, and annotate TEs. To identify and annotate
TEs in plant genomes, four categories of methods have been developed:
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de novo, structure-based, comparative genomics, and homology-based
(Orozco -Arias et al., 2019). Plant-based TE databases are depicted in
Table 3.1.

TABLE 3.1 Plant Specific Transposable Elements Databases.

Crop/plants Database References/ PMID

Rice RIiTE Copettiet al. (2015)
Brassica spp BrassicaTED Murukarthick et al. (2014)
Soybean SoyTEdb Du et al. (2010)

Mulberry MnTEdb Ma et al. (2015)

Plants and fungi TREP Wicker et al. (2002)
Plants P- MITE Chen et al. (2014)

Plants MASIVEdb Bousios et al. (2012)
Dioecious plants DPTEdb Lietal. (2016)

Computational tools that are specialized in the analysis and character-
ization of TE are available. The bioinformatics community has developed
multiple bioinformatics tools, and many of them can identify specific classes
of TEs (Table 3.2).

TABLE 3.2 Selected Tools for Transposable Elements Identification and Analyses.

Software/Tools Approach References
Identification of TEs

FORRepeats Homology-based Lefebvre et al. (2003)
LTR_MINER Structure-based Pereira (2004)

LTR retriever Structure-based Ou and Jiang (2017)
LTRType Homology-based Zeng et al. (2017)
PILER Structure-based De novo Edgar and Myers (2005)
Classification and analysis

Inpactor Structure-based, Homology-based ~ Orozco-arias et al. (2018)
LTRClassifier Structure-based Monat et al. (2016)

3.4 ROLE OF TRANSPOSABLE ELEMENTS IN PLANT STRESS
RESPONSE

Plants are sessile organisms and need to constantly adapt themselves
to changing environmental conditions by reprogramming their genome
and transcriptome (Song et al., 2021). Our understanding of plant stress
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biology and global food production could be improved through advances
in bioinformatics, plant genomics, and data science (Shameer et al., 2019).
TEs are one such modulator which can alter the expression of a gene in
order to bring about desired responses (Fig. 3.6). Upon exposure to stress,
certain regulatory sequences known as stress-responsive elements (SREs)
present in these TEs get activated leading to enhanced TE activity known as
“transpositional burst.” These TEs then participate in genomic reprogram-
ming which helps organisms cope with challenging situations (Bucher et
al., 2012; McClintock 1984; Negi et al., 2016).

But how do these TEs modulate stress response? It is known that TEs
greatly enhance resistance to stressors in plants (Mao et al., 2015). They do it
essentially by getting inserted into different regions of the neighboring protein-
coding genes either by cut-paste or copy-paste mechanisms from their original
location. These regional insertions can either activate or deactivate adjacent
genes bringing about changes in overall transcriptional response of the host
plant to various biotic and abiotic stress conditions (Negi et al., 2016). For
example, insertion of a retrotransposon known as Tcs1 in the promoter region
of Ruby gene activates it under cold conditions for producing anthocyanin
pigment, responsible for the deep red color of pulp in blood red oranges (Butelli
et al., 2012). Contrary to this, insertion of a LTR retrotransposon into powdery
mildew (PW) susceptible gene CsaMLOS8-induced loss-of-function mutation
and led to increased hypocotyl-mediated resistance in cucumber (Berg et al.,
2015). Retrotransposons are also known to be activated in rice plants upon
iron stress condition. These retrotransposons shared similar Cis-Regulatory-
Elements (CREs) with promoter of overexpressed rice genes suggesting its
crucial role in rice iron stress tolerance (Finatto et al., 2015). Similarly, the
insertion of a novel miniature inverted-repeat transposable elements (MITE)
TE known as miniature ping (mPing) in the promoter of adjacent genes
activated it only under cold stresses as compared with normal conditions in
rice. Hence, such TEs can also be used as a “genetic tool” to manipulate gene
expression for a given condition (Yasuda et al., 2013). A recent WGAS study
showed the insertion of an 82 bases long MITE in the promoter region of a
NAC-transcription factor (TF)—ZmNACI111 suppressed its expression using
RNA-directed DNA methylation and lead to increased susceptibility of maize
plants to drought stress (Mao et al., 2015). Similarly, insertion of MITE in
the 3’ UTR sequence of TaHSP16.9-3A gene in wheat resulted in increased
tolerance to heat stress (Li et al., 2014). ONSEN is a retrotransposon which is
expressed in the Col ecotype of Arabidopsis thaliana under heat stress condi-
tions (Ito et al., 2011). A number of heat shock proteins (HSPs) bind to its
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promoter region bringing about stress-induced activation of ONSEN (Lim et
al., 2006; Cavrak et al., 2014). Epigenetic changes like DNA-methylation can
also activate TEs. For example, demethylation of TEs in promoter sequence of
certain defense genes conferred resistance in Arabidopsis to fungus Fusarium
oxysporum (Le et al., 2014). Recently, it was also found that stress-induced TE
families undergo “preferential cluttering”, that is, certain families of TEs are
more likely to stay near a set of genes as compared with others. For example,
20 out of 576 TE families preferentially cluttered only near the upregulated
genes, whereas three families were found to be preferentially cluttered only
around down-regulated genes in maize under different abiotic stress (Makare-
vitch et al., 2015).

It is now proven that TEs can no longer be considered as “JUNK.” Their
role in shaping the transcriptional landscape of plants to various stressors is
indispensable. TEs constitute a large portion of the nuclear genome of major
crops, such as rice (2040%) and maize (85%) (Li et al., 2017; Schnable
et al., 2009). The cross-talk between TEs and stress response is complex,
multifaceted, and is yet to be fully explored (Negi et al., 2016). Studies
dealing with TEs in plant stress response have surfaced recently. With the
advent of state-of-the-art technologies like RNA-Seq, it is now possible to
easily capture and establish a link between a large number of TEs with both
coding and noncoding genes (Wang et al., 2017). The field of TE role in
plant stress response is still in its nascency and requires further investigation.
However, the clue that they are major role players in plant stress seem to be
well established (Table 3.3).

TABLE 3.3 Abiotic and Biotic Stress-Responsive Transposable Elements Found in Plants.

Abiotic stress

TE Stress Plant References

ONSEN Prolonged heat stress Arabidopsis thaliana  Pecinka et al. (2010)
ONSEN Heat stress Arabidopsis thaliana ~ Matsunaga et al. (2012)
ATCopegl Salt stress, cytokine Arabidopsis thaliana  Duan et al. (2008)
CLCoyl Wounding and salt stress ~ Citrus lemon Felice et al. 2009)
mPing Cold stress Oryza sativa Yasuda et al. (2013)
mPing Gamma radiation Oryza sativa Nakazaki et al. (2003)
Remel UV light Cucumis melo Ramallo et al. (2008)
TLC1 High salt Lycopersicon chilense Tapia et al. (2005)
BAREI1 Adaptation to moisture  Hordeum vulgare Kalendar et al. (2000)

HRET1 Wounding Hibiscus syriacus Jeung et al. (2005)
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TABLE 3.3 (Continued)

Biotic stress

TE Stress Plant References

AtGP1 Bacterial flagellin Arabidopsis thaliana  Yu et al. (2013)
Queenti Fungal elicitor Nicotiana tabacum Anca et al. (2014)
Morgane Fungal infection Triticum aestivum Sabot et al. (2006)
Tos17 Bacterial blight Oryza sativa Sha et al. (2005)

Erika Fusarium graminearum  Triticum aestivum Ansari et al. (2007)
Athila Geminivirus Arabidopsis thaliana ~ Buchmann et al. (2009)

3.5 CONCLUSION

Since advances in NGS keep on increasing and producing large amounts of
data and advances in computational research are putting more efforts into
developing tools to analyze and store such data. An increased interest and
improvement in computational tools specialized in TE analyses resulted
from genome-level analysis of TE. Innovative tools and technologies
enable biologists to explore new research avenues that may provide novel,
fascinating insights into the biology of mobile elements. TEs that respond
to stress could be used in molecular breeding. The availability of such a
large number of TE sequences facilitates research on TEs in many areas,
addressing both fundamental and applied questions.
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ABSTRACT

Transposable elements (TEs) is a mobile genetic material made up of repeti-
tive DNA sequences considered as the main drives for genome evolution
in most of the plants. Unraveling of multifaceted activities of TEs is the
major breakthrough for the rise in functional genomics and other large-scale
omics analyses. In general, the plant genomes are significantly dynamic,
mainly due to the nature, types, and behavior of TEs. The class and forms
of TEs and their pattern of movement in a plant genome, association with
unique chromosome features and rearrangements in the genome and intrinsic
equilibrium between expression and repression were major and fundamental
aspects to study the effect of TEs on genome evaluation. Even a minimal
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quantity of the heredity material (DNA) is enough for detecting the TEs with
high copy number and to create specific primers for transposition experi-
ments by which active TEs from different plant species could be isolated
and make possible for TEs to continue to co-evolve with their hosts. The
new technologies and methods are emerging in plant genomics and bioinfor-
matics. There are various genome annotation methods available, however,
because of their large copy number and the complicated structures induced
by the insertions of new TE sequences into old TE sequences, identification
of TEs is rather difficult. At present, there are some computational tools
available for transposome annotation from family identification to repetitive
TE copies in the plant genome. Based on the technique involved in the iden-
tification of TE sequences, the annotation methods were categorized into
four groups viz., de novo, structure-based, homology-based, and compara-
tive genomics. In this chapter, we tried to make an attempt to elucidate the
available TE detection methodologies, identification of class and type or
form of TEs, computational tools or combination of tools and developing
models by machine learning techniques to identify TE sequence copies in the
whole genome more precisely.

4.1 INTRODUCTION

Transposons/transposable elements (TEs) share a major portion of abundant
non-genic component of plant genomes. Barbara McClintock identified the
genes those prone to mobility during late 1940s, later called them as “trans-
posable elements” and added to the existing concepts of genome structure
and functions (McClintock, 1950). It took nearly a decade to explore and
understand the importance of transposons and its applications. The identi-
fication of mobility nature of transposons leads to discovery of “selfish” or
“parasitic DNA” hypothesis. The hypothesis cleared the suspense of ability
to self-reproduce and to induce mutations in many of sequences within the
genome organization. Although these self-replicated genome sequences
have no role in the plant cells, these were maintained due to replication’s
capacity to disseminate copies inside and across genomes (Orgel and Crick,
1980; Doolittle and Sapienza, 1980). In such a manner, spreading copies
themselves (“selfishness™) stabilize and occasionally enhance their own
viability at the disbursement of the gene of host plants (Werren, 2011; Burt
and Trivers, 2006). Apart from the selfish and deleterious nature of TEs,
there are several proven theories that strengthen the involvement of TEs, and
their activities may occasionally gain a fitness benefit to their plant hosts.
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Although the TEs are behaving selfishly, the majority of scientists are
able to recognize their significant role in maintaining the genome integrity,
diversification as well as evolution of the genetic makeup catalogue of
plants. It was made possible by the advanced genomic technologies like
next-generation sequencing (NGS) and other high-dimensional machine
learning approaches.

In order to gain a better knowledge of genome functions and the role
of TEs in the evolution of plant genome organization, a highly reliable and
precise annotation of these elements is very crucial. Transposon origin,
biogenesis, regulatory mechanisms, and functions in genomic integrity,
gene architecture, and gene expression control require complete and
precise annotation. Till date, several bioinformatics software packages
have been released to address the annotations in TE, but these vary in few
important aspects, such as speed of the analyses, precision, and reliability.
The tools have limitations and miss appropriate annotations of transposons
in plant genomes (Sreeskandarajan et al., 2014; Ye et al., 2014, 2016).
The chapter primly focused on the significance of TEs as the enhancers
of plant genome dynamics and evolution, and to further disseminate the
research issue on the annotations of TEs contributed toward the evolution
of plant genome biology. The first half of the chapter concentrated on basic
information about TEs, types of TEs, and annotations that modify genome
structure, while the second half focused on bioinformatics-based tools and
algorithms that can make automatic predictions and judgments to discover
TE annotations.

4.1.1 STRUCTURE AND TYPES OF TES

Transposable elements are nothing but the nucleotide sequences which
were mobile throughout the genome (mostly within) through the mecha-
nism of transposition. The major portion of plant genome is consisting of
repetitive sequences including tandem, inverted, and interspersed repeats.
TEs are a common subject of research among repeated elements because
numerous evidences suggest that they were engaged with the epigenetic
components as they provide flexibility to plants in response to the altering
environments (Gao etal., 2016; Rey etal., 2016). They generated mutations
by moving within the genome and noticeably increase the number of their
replicas with the ability of replication. TEs are self-mobilizing elements
that had a significant influence on plant evolution at various periods of
evolutionary decline (Smit, 1999; Lander et al., 2001; Jurka et al., 2007;
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Huang et al., 2012; Bourque et al., 2018). Barbara McClintock first discov-
ered TEs in the maize plant genome, describing them as “mutable genes” or
“unstable genes,” and the discovery enabled her to receive the Nobel Prize
(McClintock, 1950). TEs are commonly known as “jumping genes.” The
lengths of TE may vary from 10 nucleotides to thousand nucleotides. TEs
are usually non-mutagenic, but as genomics progresses, their ability to get
mutated is becoming more apparent through some processes viz., genetic
and epigenetic. TEs play a key role in the corresponding processes, such
as gene regulatory networks, phenotypic modification, and the creation of
adaptive genetic variants (Wei and Cao, 2016). The TEs transformation
into a newer genes or promoter region is in accordance with their function
as an “engines of plant genome evolution” (Galindo-Gonzalez et al., 2017;
Vicient and Casacuberta, 2017).

TEs were categorized in hierarchical manner (depicted in Fig. 4.1) based
on its position and nature (Wicker, 2007). According to replicative processes
and coding regions entangled in element replication, there are two primary
groups of TEs, Class I and Class II (Fig. 4.1) and both of them comprise
the majority of TEs discovered in plant genomes based on the way of their
mobilization. Both of these classes replicate via RNA and DNA intermedi-
ates. Based on structural topographies and life cycle, Class I retrotransposons
elements are subdivided into short interspersed nuclear element (SINEs),
long interspersed nuclear element (LINEs) and long terminal repeats (LTRs),
whereas, Class II DNA transposons are subdivided into terminal inverted
repeats elements (TIR), Helitron, Crypton, and Maverik. TIR transpose
through a “cut-and-paste” mechanism (Feschotte and Pritham, 2007), while
other elements of class I1, that is, Crypton, Helitron, and Maverik usage show
replicative mechanisms (Grabundzija et al., 2018; Thomas and Pritham,
2015; Kapitonov and Jurka, 2001). This categorization approach had been
applied successfully in numerous plant species (Wicker et al, 2007; Llorens
etal., 2011; Domingues et al., 2012; Xu et al., 2017; Beule et al., 2015; Ming
et al.,, 2016). Among the retrotransposons, LTR is the most common and
abundant (Grandbastien, 2015; Gao et al., 2012), and these may contribute
above 80% in plant genomes, as in barley and wheat genome (Rahman et
al., 2013).

Annotation or genome annotation, a process of identifying the func-
tional elements on a genome’s sequence can be processed further. It is
a necessary task to track the sequences of unknown function in DNA
sequencing. It is an in silico approach that comprises of explaining the
function of a predicted gene. The technique of genome annotation is led
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FIGURE 4.1 Classification of transposable elements.

by genome assembly using either a de novo technique or a reference
genome-based method. Broadly, the genome annotation is divided into
three categories, such as nucleotide, protein, and process-level annotation.
Annotation at the nucleotide level aids in determining the physical position
of DNA sequences along with its component positions viz., genes, RNAs
and transposons, whereas the second step is to figure out what genes might
do. The third aims to detect the different genes interactions and an efficient
functional annotation assembling through the identifying the pathways
involved (Pablo et al., 2018).

4.2 WHY ANNOTATION OF TES IS DIFFICULT?

The DNA sequences of TEs are extremely diverse within each class and
they evolve rapidly (Bourque et al., 2018; Wicker, 2007; Arkhipova,
2017). Each transposon class has distinct sequences with distinct charac-
teristics. Furthermore, TEs were detected in a wide range of abundances
and activity levels, as well as levels of sequence degradation (Hua-Van et
al., 2005; Smit, 2012). Once the TEs are inserted into plant genomes, each
region is open to mutations and rearrangements, which include deletions,
insertions, and truncations. Therefore, annotation of TEs is challenging
and time-consuming practice due to its diverse natures and sequences
repeats which are extremely diverse across the plant genomes (Bourque
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et al., 2018; Huang et al., 2012). The precise identification of TEs is an
essential for its annotation (Yandell and Ence, 2012). With the advance-
ment and development of whole-genome sequencing, the biological effect
of TEs has gradually increased. The momentum of genome annotation
can be accelerated by annotating the TEs. Comprehensive and precise
annotation of transposons is necessary for complete understanding of its
origin, biogenesis, regulatory mechanisms, and functional roles in the
genome.

Identification of TEs is an epic task to annotate TEs in a plant genome
for the researchers. The creation of a well-defined reference database
with the required TE sequences is important in annotation. The family
is the most basic level of TE categorization, which assigns TEs based
on a consensus sequence from the original progenitor (Wicker, 2007).
A multiple alignment of genomic copies, known as seeds, may be used
to recreate this consensus sequence. Furthermore, multiple alignments
of genomic copies can be employed to create a family-specific hidden
Markov model (HMM). Many algorithms use consensus TE sequences and
HMMs to annotation of TEs. Databases like Repbase (Bao et al., 2015)
and Dfam (Wheeler et al., 2013) are usually used to store consensus TE
sequences. Seed alignments and precise sequence generation models are
essential for regeneration of evolutionary history of TEs. Years of manual
curation had gone into creating the high-quality consensus libraries
(Stitzer et al., 2019; Hubley et al., 2016; Lerat et al., 2003). Improvements
in the genome-sequencing era will open up the possibility of producing
thousands more at a rapid rate (Koepfli et al., 2015; Lewin et al., 2018).
With the improvement of next-generation sequencing (NGS) technolo-
gies, the quality of genome assemblies, particularly in the case of TEs, is
improving (Chang and Larracuente, 2019). This advancement is a need for
the development of algorithm in the form of software that can correctly
recognize the diverse panel of TEs present in plant genome sequences and
furthermore annotate them.

4.3 METHODS OF ANNOTATIONS ON TEs

The attention toward developing new methodologies for computational
analyses of TEs was gradually enhancing as the evident of TEs on genome
sequencing, assembly, alignment, and annotations in many studies, as well
as their contribution in genome organization and its evolution. The three
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important methods viz., de novo, homology-based, and structure-based
methods are available for TE identification and their annotation (Han and
Wessler, 2004; Bergman and Quesneville, 2007).

4.3.1 DE NOVO METHODS

De novo methods can be used to discover new TEs by using the inherent
nature of repetition of hidden mobile DNA sequences in the genome. These
methods are carried out without the involvement of any prior knowledge of
the structure or similarity of TEs in sequences with known TEs. Although
these de novo approaches are capable of detecting both novel and known
TEs in the genome, detection results generally contain a combination of
TEs and non-TE repetitions, that necessitate further categorization and fine
filtering. These techniques are often highly reliant on both the sequencing
and assembly processes as they rely on the quality of sequence data that
has been assembled. However, the recently developed new methods that
attempted to bypass these complexities through the usage of sequencing
reads. The most standard technique in the de novo approaches is to detect
similarly matched sequences at various positions in a self-genome followed
by clustering the pairings to generate repeat families. Several processes,
such as tandem repeats, satellites, and segmental duplication, as well as TE
sequences generate repeats which can be recognized by de novo methods, as
these are not specific to TEs. The primary problems in de novo techniques
are sorting TEs among many repetition classes and identifying the unique
TE families.

The fragmented nature of TEs, interspersion of the TEs into other repeat
classes, and resolving closely related TE families are the probable complexi-
ties for the difficulty in the annotations of TEs. Large insertions or deletions
interrupt the nested and partial matches among fragmented repeat instances.
Formation of degenerated copies of the genome and aggregation of nested
repeats into “meta-families” with distinct repeat families restricts the accu-
rate annotation of TEs in these methods.

Basically, many of the de novo TE methods use classical computational
approaches to identify repeat instances in the plant genome, such as pairwise
similarity searches. Reputer, RepeatMatch, and RepeatFinder has been used
earlier for detecting the exact repeats. Fewer, quicker techniques based on
k-mer methods, such as BLAST to anchor pairwise similarity searches, were
available. Multiple alignments of all the repeat copies in a cluster (RECON
software; Bao and Eddy, 2002) and obtaining complete copies of the repeats



66 Plant Transposable Elements

by identifying families from pairs of repeats are the next steps in de novo TE
detection. This phase involved finding the longest TE sequences in a cluster
and creating a filter based on their presence. The outstanding example of this
technique is the GROUPER program from the BLASTER suite (Quesneville
et al., 2003, 2005).

4.3.2 STRUCTURE-BASED METHODS

These techniques look for specified structural sequences in the plant
genomes of existing TEs. They can locate specific forms of TEs, however,
they have an issue with low copy members and/or non-TE repetitions in
their detection outputs, which leads to more TEs being detected. These
methods differ from de novo repeat finding strategies in that they detect
specific TE model architecture rather than just offering the transposition
results.

Several structure-based techniques have recently been used to identify
LTR retrotransposons by looking for common structural characteristics in
this subclass of TE, such as primer-binding sites (PBSs), LTRs, target site
duplications (TSDs), and polypurine tracts (PPTs). The tool LTR STRUC
used alignment and locating local repetitions within a user-specified
length using a heuristic seed-and-extend approach. The major limita-
tions of this method are (1) this method detects only the TEs within the
same contig and (2) this method is unable to detect the incomplete LTR
elements like most of the other newly developed methods for discovering
TE. Later, SMaRTFinder platform for efficient searches of structured
sets of motifs in DNA was developed by Morgante et al. (2005). This
enables for motifs to be edited and motifs to be removed from the overall
compound pattern at a user-specified level. This technique detected the
mutation that happened as a result of allowing variants on the structured
motif.

4.3.3 HOMOLOGY-BASED METHODS

The most popular methods for identifying homology with known TE
protein-coding sequences in order to discover new TE families are the
homology-based methods. The researchers were able to capture genuine
TEs and proceed to classify novel TEs, even the ones that only exist in a
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single copy in the plant genome. They examined the sequence similarities
using tools, such as BLAST (Altschul et al., 1990), RepeatMasker (Smit
et al., 2013), and HUMMER3 (Eddy, 2011) among putative and known
TEs to find TEs hidden in plant genomes. They are capable of identifying
authentic TEs in plant genomes, even if they just have a single copy.
However, they are unable to detect novel TEs, and their detection findings
frequently include sequences that do not contain a full-length copy or the
whole structure of well-defined TEs. Homology-based protein sequence
techniques outperform de novo approaches in terms of capturing a high
number of TE sequences.

Protein homology-based techniques offer a particular advantage over
de novo repeat finding approaches in that they take advantage of existing
information obtained from a large number of previously known TE
sequences. These techniques have certain drawbacks, such as bias in favor
of identifying already identified families and significant protein homology-
based TEs. These techniques are inapplicable to a few TE classes which
are completely made up of noncoding sequences, such as SINEs (short
inverted repeat transposable elements) and MITEs (miniature inverted
repeat transposable elements). Methods for identifying TEs are frequently
applied to fully assembled genomic sequences, however, preliminary
genome resources, such as BAC sequences have also been discovered
(Mao et al., 2000).

The software HMMER (Durbin et al., 1999) is an alternative to these
techniques that predicts open-read frames (ORFs) from the PFAM data-
base using profile hidden Markov models (HMMs) (Bateman et al., 2002;
Berezikov et al., 2000; Rho et al., 2007). In general, these detection tech-
niques need more research into structural features in order to get a complete
reference sequence. Caspi and Pachter (2006) proposed a novel approach
for identifying new TE families and occurrences that does not rely on
structural or homology characteristics. These studies focus on the fact that
transposition results in massive insertions, which may be seen in various
sequence alignments. This technique identifies insertion regions (IRs) in
orthologous genome sequences whenever multiple alignments are broken
by a substantial insertion in one or more organisms.

Since 1994, a variety of computational techniques for detecting TE have
been introduced. Several of these tools are discussed in detail in this chapter.
A slightly modified form of the categorization of computational techniques
for finding TE is included in Table 4.1.
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TABLE 4.1 Classification of Computational Methods for Locating TEs.

S.No. Methods Classification criteria
1 Library-based A library-based program looks for duplicates of known repeats
methods that are already in a database and determines a sequence for them
RepBase, most comprehensive database, which can be noted as a
stock of manually annotated repeats
2 Learning- Is based on the idea that the nucleotide sequences of TEs are
based methods different from the rest of the genome
Machine learning techniques are used to create models that
differentiate TE from the rest of the genome in the development
of tools based on these approaches
3 Signature- A signature-based technique examines a set of distinct features of
based methods each TE class
A poly-A tail, target site duplication, long terminal repeats,
terminal inverted repeats, and/or a hairpin loop are some of
distinct features
4 Comparative ~ Methods based on comparative genomics take use of TE’s
genomics- species-specific features
based methods When two genomes from closely related plant species are
examined, TE should be present in one but lacking in the other
5 De novo It is a new technique based on the repeating nature of TE.
methods The majority of de novo techniques depend on either self-
comparison or k-mer counts
6 Consensus This approach is made up of a number of different tools.
methods

A pipeline of library-based approaches, learning-based tech-
niques, and de novo approaches make up computational tools

4.4 DATABASES FOR ANNOTATIONS OF TEs

Databases are the repository of different types of TEs present in plant
kingdom. There are many types of databases ranging from general databases
having information about all the classes of TEs to database having specific
class of TEs information. More specific, there are also some databases repre-
senting specific plant TEs. Here, we are focusing on two important general
databases, RepBase and Dfam, while remaining other specific databases are
covering in next section of this chapter.

RepBase (Bao et al., 2015) is a useful resource for TEs and other forms of
repeats in eukaryotic genomes. For practically all eukaryotic genome sequence
studies, it serves as a well-curated reference database. It has been used to
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compare the performance of TEs in terms of annotation to various curated
databases. Currently, the Genetic Information Research Institute (GIRI) main-
tains it, and its official website is at http://www.girinst.org. RepBase now has
over 38,000 sequences from various families and subfamilies of eukaryotic
genomes. Abou 70% of them are full consensus sequences that have never
been published before, and 30% are sample sequences derived from specific
loci, 90% of families or subfamilies are derived from 134 species, with the
remaining 10% made up of repeats from another 700 species. The process
of identifying TEs and reconstructing family consensus sequences takes a
long time. Furthermore, identifying TEs is a difficult process that changes
depending on genome size. Several scholars have identified tools to annotate
TE, including RECON, RepeatScout, PILER, RepeatModeler, REPCLASS,
REPET, and PASTEC. These tools use RepBase background to annotate TEs
in plant genome.

Dfam (Wheeler et al., 2013) is a set of multiple sequence alignments, each
comprising a set of representative species in a given transposable element
family. Its primary goal is to enhance the homology-based annotation step
through hidden Markov models (profile HMMSs). This allowed for better
discovery of distant homologs of recognized families. Sensitivity is even
more important in this technique since copies of earlier TEs with an accumu-
lation of mutations might be exceedingly difficult to identify. Profile HMMs
(Krogh, 1998; Durbin et al., 1998) are machine learning techniques and
complex probabilistic models that capture information of position-specific
conservation. The Dfam website (https://dfam.org) provides information on
each family as well as genome annotations for a set of core genomes. Dfam
maintained data of 347 species with 6915 curated families and 273,655 total
families. During November 2020, Dfam released its new version 3.3 with a
lot of upgradations, a significant step in the expansion of database.

TE discovery and annotation methods that detect TE repeat instances can
be used based on low sensitivity (Bao and Eddy, 2002; Quesneville et al.,
2005). The TE identification process is critical for completely annotating TE
occurrence in plant genomes. TE detection begins with the assembly of de
novo or a reference set of TE sequences detected using the process outlined
above, and is continued by the resolution of the consensus sequence, catego-
rization of the TE subfamilies, and some manual curation. The growing
importance of TEs in plant genomic sequences has resulted in the develop-
ment of a plethora of sophisticated tools and methodologies for TE detection
and annotation in TEs. Some of the computational tools and algorithm were
briefly explained hereunder:
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4.5 GENERAL REPEAT ANNOTATORS

A significant percentage of plant genomes contain repetitive sequences.
These sequences play a major role in evolution (McClintock, 1984; Orgel
and Crick, 1980; Doolittle and Sapienza, 1980). There are three types of
repetitive sequences: (1) local repeats, which comprise simple sequence
repeats and tandem repeats, (2) families of scattered repeats, which include
predominantly transposable elements, and (3) segmental duplications. With
the growing number of plant genome sequencing efforts, identifying repeat
families in plant genomes is becoming increasingly important. Annotation
of repetitive sequences is difficult, because it is covering a large portion of
genome and causes confusion during large-scale gene annotation.

RECON (Bao and Eddy, 2002)—an automized process for identifying the
de novo repeats and the classification of its sequences basing on the multiple
sequence alignment information as it is relatively easy. The RECON algo-
rithm is a set of C programs, and Perl scripts are available at http://www.
genetics. wustl.edu/eddy/recon including a demo and more related materials.
The RECON algorithm had become the dominant tool in the past decades
for de novo identification of repeat family in sequenced plant genomes. But,
its main disadvantages include difficulty in defining element boundaries and
computation for large genome size.

RepeatScout (Price et al., 2005) is a k-mer method for detecting repeating
sequences. This technique creates a set of repeat families by selecting high
frequency/k-mers as seeds and extending each seed to a significantly greater
consensus sequence, which is then aligned with its locations in the plant
genome. The algorithm can be easily downloaded from website, http://www.
cse.ucsd.edu/groups/bioinformatics/software.html. RECON is slower than
RepeatScout. As a result, RepeatScout is ideally suited for plant genomes.

RepeatModeler (Hubley and Smit, 2008): It is a repeat detection and
classification algorithm that assists in the refinement of TE boundaries, its
classification, and building of nonredundant TE libraries. RepeatModeler,
on the other hand, is unable to generate an entire, no redundant library of
full-length consensus sequences. RepeatModeler was unable to find a single
contiguous consensus sequence for a specific TE family. Flynn et al. (2020)
propose RepeatModeler2, a convenient update of this program to resolve
this problem. This open-source package is available at https://github.com/
Dfam-consortium/RepeatModeler. It is a multithreaded program that uses
the NCBI BLAST engine.
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Red (Girgis, 2015) is a C++ program capable of rapid detection of repeti-
tive sequences. This software is not dependent on other programs and is
easily available at http://toolsmith.ens.utulsa.edu. The input file comprises
repetitive sequences. Both assembled and unassembled sequences can be
handled by Red. This program uses a hidden Markov model (HMM) to scan
the whole plant genome for repetitions. Red searches the genome for k-mers
that appear at least three times. The detected repeated areas and probable
nonrepetitive sections are utilized to train an HMM, which searches the
whole genome for repeats. The HMM is trained using supervised learning,
which eliminates the need for manually annotated data. Across each genome,
the labeling and training operations are carried out automatically. It is the
first repetition detection algorithm that can label its own training data and
train itself on each genome independently (Girgis, 2015).

Generic Repeat Finder (GRF) (Shi and Liang, 2019) is an open-source C++
program that can detect multiple types of repeats including terminal direct
repeats, terminal inverted repeats, and interspersed repeats. GRF is freely
available at Github. The GRF method is based on quick, comprehensive
numerical calculations in combination with optimized dynamic program-
ming methodologies (Shi and Liang, 2019).

4.6 LTR RETROTRANSPOSONS

LTR retrotransposons are Class I TEs that is signalized by long terminal
repeats (LTRs) ranging from 100 bp to 25 kb in size directly next to the
internal coding site. They replicated via reverse transcription mechanism and
deployed to other parts of the plant genome using freshly generated cDNA. It
accounted for roughly 75% of the maize genome (Baucom et al., 2009). LTR
retrotransposons are divided into three types: Tyl-copia-like, Ty3-gypsy-
like, and BEL-Pao-like (Kumar and Bennetzen, 1999; Neumann et al., 2019).
The first two types are found in plant, animal, fungus, and protista genomes,
whereas the third is found solely in animal genomes (Copeland et al., 2005;
Wicker et al., 2007).

For detecting the LTR retrotransposons, alignment of known elements in
a database of the desired plant genome is generally used which helps in the
identification of the elements in the database correctly, but they cannot find
items that are not associated with or are not in the database. On the other
side of the coin, some common structural features (signals) present in these
elements, such as polypurine tract (PPT), long terminal repeats (LTRs), target


http://www.toolsmith.ens.utulsa.edu

72 Plant Transposable Elements

site repeats (TSRs), primer-binding sites (PBSs), and TG-CA box, as well as
reverse transcriptase (RT), RNaseH (RH), and Integrase (IN) sites. These
findings enabled the discovery of LTR components. However, this technique
for detecting LTR retrotransposons are currently relatively limited. LTR
STRUC, LTR FINDER, and LTR par are a few examples. The traditional
approach of locating LTR retrotransposons basing on the comparison of
input nucleotide sequences to existing reverse transcriptases has three major
inherent disadvantages:

1. biased search for reverse transcriptases sequences,

2. it overlooks LTR retrotransposon elements that lack a reverse tran-
scriptase, and

3. identifying putative sequences is time-consuming. Although many
bioinformatics methods have been developed for de novo LTR iden-
tification from plant genome sequences, for comparative research on
automated and standardized software tool for both LTR identifica-
tion and annotation would be beneficial and desirable.

LTR_STRUC (McCarthy and McDonald, 2003) is an earliest data-mining
platform to detect the LTR retrotransposons. It is a Windows-based visual
C++ program that detects and analyzes LTR retrotransposons within the
genome databases automatically for structural feature of these elements
having biological interest. LTR STRUC’s search algorithm consists of
four primary steps: (1) locating an initial pair of matches; (2) alignment of
genomic areas near to the first matches; (3) detection of putative LTR end
sequences; and (4) identification of exact end points. The following informa-
tion is included in the analytic output file: Source contig’s name; Score for the
most recent hit; Its position; element lengths, LTR lengths, Contig lengths,
and ORF lengths; TSRs, complete transposon nucleotide sequences; PPT,
dinucleotide terminating the LTRs; LTRs, PBS, the transposon’s orientation
inside the contig; All ORF sequences, intra-element percent identification of
LTRs, and alignment of putative LTR.

LTR par (Kalyanaraman and Aluru, 2006) may be executed in either serial
or multiprocessor mode. LTR par is more accurate and faster than LTR
STRUC, while LTR STRUC is more specific than LTR par. The program
supports a strong parameter set that includes structural limitations as well as
quality controls. Furthermore, LTR par offers greater versatility by giving
the user more control. The presence/absence of TSRs and TG...CA motifs
can be weighted by the user, and the software can output its predictions at
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varying confidence levels based on the user’s weights. If a user is looking for
LTR retro elements in a newly sequenced genome, they can experiment with
different weights and scoring parameter values and see how the predictions
vary before settling on an appropriate set of parameters. On genomes where
the two LTRs of each retrotransposon are expected to be highly conserved,
the algorithm provides a de novo full-length LTR retrotransposon predic-
tion. Other structural characteristics typical of an LTR retrotransposon can
be added specificity to the software in its current state: Special-purpose
sequences, such as PPT, PBS, gag, pol, and env are commonly found in the
genomic area between two LTR sequences, and recognizing these patterns is
critical for establishing the biological identification of each prediction.

LTR_FINDER (Xu and Wang, 2007) LTR FINDER uses common struc-
tural patterns in DNA sequences to accurately predict the sites and orga-
nization of full-length LTR retrotransposons. This technology is the first
web server for detecting LTR retrotransposons and is capable of scanning
large-scale sequences quickly. Through a multirefinement process, LTR
FINDER uses quick algorithms to create reliable LTRs and anticipate accu-
rate element boundaries. It also detects essential enzyme domains, which
improve the accuracy of autonomous element predictions. LTR FINDER
is a free tool available at http:/tlife.fudan.edu.cn/ltr finder/. However,
LTR _FINDER allows only one-CPU for all jobs, limiting the scalability of
this program. To overcome this limitation, Ou and Jiang, 2019 developed
“LTR_FINDER parallel.pl,” which will chop the genome into small pieces
to run LTR_FINDER in parallel.

LTR harvest (Ellinghaus et al., 2008) is another popular platform for de
novo LTR detection. It comes with precompiled binary code makes it user-
friendly. LTR harvest employs a different set of methods and characteristics
than LTR par to construct the same LTR model. It enables the user to include
biological variables, such as LTR length and distance, TSD length, and
motifs into big data sets quickly and with customizable parameter settings.
LTR harvest can deal with whole-genome shotgun (WGS) sequencing data,
which is typically in the form of many unordered contigs, because it takes
sequences in several FASTA formats. It is an open-source software available
at http://www.zbh.uni-hamburg.de/ LTR harvest.

MGEScan3 (Lee et al., 2016) is a Galaxy-based program that combines
MGEScan LTR (Rho et al., 2010) and MGEScan-non-LTR (Rho and Tang,
2008) available at http://mgescan.readthedocs.org. Thus, it detects non-LTR
retrotransposons along with both LTRs. MGEScan-long terminal repeats and
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MGEScan-non-LTR have been effectively employed in eukaryotic genome
sequences to identify LTRs and non-LTR retrotransposons. These tools, on
the other hand, do not have user-friendly interfaces and are not well suited for
data visualization in general data formats. MGEScan is a user-friendly solu-
tion that integrates these two applications with a Galaxy workflow system
that is accelerated on compute clusters using MPI and Python threading.
Researchers can use MGEScan and Galaxy to find transposable elements
through a graphical user interface with ready-to-use procedures. In public
genome browsers, MGEScan also visualizes the custom annotation tracks
for mobile genetic elements. MGEScan can be used in four different ways:
as a command-line tool, a Galaxy Toolshed, a Galaxy-based web server, and
an Amazon cloud virtual cluster.

LtrDetector (Valencia and Girgis, 2019) is a recently developed tool for
de novo LTR annotation https://github.com/TulsaBioinformatics Toolsmith/
LtrDetector. LtrDetector employs a revolutionary technology based on
k-mer distributions that enables it to get high-quality results with relatively
simple methods. It is simple to set up and utilize. It is not species-specific,
and it works well on genomes of various sizes and repetition content using
its default values. It operates efficiently on a standard personal computer and
is automatically prepared for parallel processing. It offers a visualization
tool for k-mer scores to make manual review of the highlighted items easier.
These properties make LtrDetector an appealing tool for future long terminal
repeat retrotransposons annotation studies.

LTR retriever (Ou and Jiang, 2018) is an open-source software, easily
available from GitHub at https://github.com/oushujun/LTR retriever. It is a
command-line Perl software having multithreading ability that can retrieve
LTR-RT candidates from LTR finder, LTR harvest, and MGEScan-LTR to
construct high-quality with compact LTR libraries for plant genome annota-
tions or its exploration. LTR retriever accepts FASTA-formatted input plant
genomic sequences file. This software can manage both fragmented and
gapped regions of genome, which is useful for annotating draft genomes of
selected plants. LTR retriever has been specially design for plant genomes,
but can vary for other species. This tool generates an output file that contains
a library of high-quality, comprehensive yet nonredundant LTR exemplars
that are being used to detect using RepeatMasker software. A redundant
library also becomes available for additional research. A summary table
with LTR-RT coordinates, TSDs, length, motifs, insertion time, and LTR
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superfamilies is also generated. The application also outputs in gff3 format,
which is useful for further examination.

GREF (Shi and Liang, 2019) detects terminal direct repeats (TDR), which
provides a slightly modified version of LTR FINDER to find LTR retrotrans-
posons. The algorithm called generic repeat finder (GRF) is already explained
in generic repeat annotators section.

4.7 NON-LTR (SINE AND LINE)

Long interspersed nuclear elements (LINEs) and short interspersed nuclear
elements (SINEs) belong to a class of non-retrotransposons (SINEs) whose
retrotransposition is dependent on proteins encoded by a partner LINE
(Dewannieux et al., 2003; Kajikawa and Okada, 2002; Boeke, 1997; Weiner
et al., 1986; Singer, 1982). SINEs are nonautonomous retroelements that
have a composite structure and can even be up to 500 nucleotides long. Like
LINEs, they are frequently terminated at the 3’ end by a poly (A) stretch,
or simple sequence motifs and flanked by TSDs (Sun et al., 2007; Okada,
1991a, 1991b; Weiner et al., 1986; Galli et al., 1981). The majority of
SINEs are obtained from tRNAs. Thus, they are transcribed from degraded
internal promoters by RNA polymerase III. LINEs, on the other hand, are
self-contained, but SINEs are noncoding and depends on the reverse tran-
scriptional machinery of LINEs. SINE retrotransposition necessitates active
LINEs and the LINE reverse transcriptase’s sequence-dependent recognition
of the SINE 3’ terminus.

SINEs are made up of two or more modules, often the head, body, and
tail. The cellular RNA generated by pol III forms the 5'-terminal head. In
reverse transcription, SINEs containing such a region imitate LINE RNA
(Okada, 1997). The body’s origin is either unknown or descended from a
companion LINE. The 3'-terminal tail is a variable-length simple sequence
repeats usually degenerate. Furthermore, two SINEs can unite to form
a dimeric SINE, resulting in the formation of a new SINE family. Simple
SINEs are those that simply have the head and tail, whereas complex SINEs
are those that are dimeric, trimeric, and so on. Ohshima and Okada (2005),
Kramerov and Vassetzky (2011) investigated various characteristics of SINE
structure, biology, and evolution. SINEs are mobile genetic components
that infiltrate higher eukaryotes’ genomes (exceeding 10 percent of some
genomes). Despite the fact that they may be damaging to the cell, SINEs are
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an important component of genetic diversity, including regulatory elements
for gene expression, alternative splice sites, polyadenylation signals, and
sometimes even functioning RNA genes (Makalowski, 2000; Belancio et al.,
2008; Okada et al., 2010; Kramerov and Vassetzky, 2011).

SINEBase (Vassetzky and Kramerov, 2013) is a database (http://sines.eimb.
ru) of SINEs. Its website may be used in two ways: (i) to browse the database
of SINE families and (ii) to utilize specially built tools to analyze possible
SINE sequences. Its purpose is to be a resource for scientists working on
transposable elements and biologists exploring nucleic acid sequences. Indi-
vidual SINE sequences access to identify SINE families and/or analyzed using
SINEBase’s toolset, which may be thought of as a compendium of SINEs.

SINE-Finder (Wenke et al., 2011) is a Python program designed to identify
tRNA-derived SINEs. There is no installation required for this program and
parameter settings are straightforward. However, only the forward strand of
the input sequences could be searched without errors, which requires manu-
ally generating and providing the reverse complement strand for the complete
search. SINE-Finder only identifies tRNA-type SINE while unable to iden-
tify rest of the SINE-type’s, that is, 7SLRNA and SSRNA. The SINE-Finder
tool can be obtained from http://tudresden.de/die tu dresden/fakultacten/
fakultaet mathematik und naturwissenschaften/fachrichtung biologie/
botanik/zellmolbiopflanzen.

MGEScan3 (Lee et al., 2016) is a Galaxy-based program used to detect
de novo non-LTR retrotransposons. The details of MGEScan3 are already
mentioned in LTR section.

SINE_Scan (Mao and Wang, 2017) is a Perl program representing the latest
development of de novo SINE identification methods which is based on
SINE-Finder. SINE_Scan can identify all three known types of SINEs, which
are tRNA, 7SLRNA, and 5SRNA. SINE Scan allows the users to start their
analyses from different steps and generates multisequence alignment (MSA)
files for each candidate for manual curation. Its code is available freely at
http://github.com/maohlzj/SINE_Scan.

4.8 TIR/MITE

MITEs (miniature inverted repeat transposable elements) belong to the
subcategory of DNA transposable elements which share similar characteris-
tics of DNA transposons. MITE, like retrotransposons, has short conserved
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terminal inverted repeats (TIRs) but high copy numbers in plant genomes
(Fattash et al., 2013; Wessler et al., 1995). As shown in Figure 4.2, a typical
MITE consists of an internal sequence and a TIR pair of 10 nucleotide
sequences. The inner sequence is flanked by the TIR pair, and the entire
MITE is then surrounded by a TSD of length 2—10 nucleotides. MITEs can
be anywhere between 50 and 800 nucleotides long. Because MITEs do not
encode proteins and have no coding potential for transposition, they are
nonautonomous TEs. They do, however, frequently appear in genic regions’
introns or at gene ends in intergenic sections (Lu et al., 2012; Wright et al.,
2003).
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FIGURE 4.2 Structure of miniature inverted repeat transposable element.

MITEs are found in abundance in the genomes of eukaryotic organisms,
including plants. Their movement in plant genomes can alter gene architec-
ture and functions. Stowaway, an MITE discovered in potatoes, was reported
to produce phenotypic diversity in tuber skin color by inserting the flavonoid
3’, 5'-hydroxylase gene into the first exon (Momose et al., 2010). MITEs
contribute to genomic diversity, emergence of new gene and variants of
mRNA transcripts in rice, according to a genome-wide MITE investigation
(OKki et al., 2008). Genes far from MITEs were discovered to have greater
expression than those of adjacent or including MITEs in Oryza sativa (Lu
et al., 2012). They are known to have a dynamic role in genome evolution
of Brassica according to a comparative investigation of MITEs in Brassica
oleracea, B. rapa, and Arabidopsis thaliana (Sampath et al., 2014).
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Detection of MITE encounters three major challenges genome-wide,
in general: (1) quick, comprehensive, and precise identification of putative
MITE sequences in plant genomes; (2) filtration of false-positives from
presumed MITE candidates; and (3) efficient categorization of analogous
MITE sequences into separate MITE families. MITE discovery on a genome-
wide scale can assist in understanding their origins, mode of transposition,
and regulatory functions in plant genome organization and gene structure,
expression, and regulation (Oki et al., 2008, Jiang et al., 2004; Yaakov et al.,
2013). Several computational approaches for detecting MITEs in plant DNA
sequences have been developed on the basis of clearly defined structures of
MITEs and sequence similarity among distinct MITE homologs.

P-MITE (Chen et al., 2014) is a database of plant miniature inverted trans-
posable elements (MITEs) that comprise 3527 MITE families derived from
41 plant species and is designed to have the information of all these species.
The P-MITE database download links were broken (http://pmite.hzau.edu.
cn/download/), but it may help to investigate the origin and replication of
MITEs, its derived short RNAs, and its functions in plant gene and genome
evolution.

IRF (Warburton et al., 2004) is a multiplatform software designed to identify
inverted repeat elements. It has five required parameters and 19 optional
parameters. Some of the IRF parameters are quite technical for inexperi-
enced users, such as matching/mismatching scores, indel penalty, and match/
indel probabilities. The output of IRF software is a .dat file, with coordinates
and other information, therefore, users need to take one more step to obtain
the FASTA file from the IRF output.

MITE-Hunter is a Perl program developed by Han and Wessler (2010) and
its installation requires formatdb, blastall, mdust, and muscle as prereq-
uisites. The software blastall and formatdb are outdated, and have been
replaced by the software package BLAST+. MITE-Hunter contains 17
parameter options, some of which are redundant. One of the best features
for MITE-Hunter is that this software can take checkpoints. The S param-
eter allows the user to start the program from a specific step. Therefore, if
there is anything wrong in the running process, users do not need to begin
with starting. MITE-Hunter creates hundreds of intermediate files, some
of which are rather huge, in the same folder. Users may have difficulty
obtaining the final output and organizing files in the target folder as a result
of this.
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TIRvish is a program module in the Genome Tools (Gremme et al., 2013)
package. The binary version of this package makes it free of installation.
The result of TIRvish is a GFF file with coordinates for the complete candi-
date element, the TIR regions of the element, and the TSDs of the element.
TIRvish was the easiest and fastest TIR/MITE program we tested. However,
the element boundaries defined by TIRvish are frequently shifted = 1-2 bp,
which can have major impacts on downstream analyses.

detectMITE is an open-source MATLAB program created by Ye et al., 2016
for de novo detection of MITEs. Its installation requires a third-party soft-
ware CD-HIT (Fu et al., 2012) and the result/output is a FASTA file which
includes the coordinates, TIR length, and TSD length.

GREF (Shi and Liang, 2019) is an open-source C++ software on Github.
GREF can find multiple types of repeats including terminal inverted repeats
(TIRs) and MITEs. GRF requires the CD-HIT software (Fu et al., 2012) for
clustering of repeat candidates. Customers can select the length of TIR/TSD
as well as the candidates’ minimum and maximum lengths.

miteFinderlIl (Hu et al., 2018) is an open-source C++ software on Github.
The miteFinderll does not have as many parameter options as others.
miteFinderll has limited instructions in the README file and refers most
questions to the publication.

MITE-Tracker (Crescente et al., 2018) is a Python3 package, which needs
search (Rognes et al., 2016) for the clustering process. MITE-tracker param-
eters include the minimum and the maximum length of MITE elements, as
well as the minimum and the maximum length of TSD. Various false-positive
sequences with the terminal inverted repeat structure were found in the raw
MITE-Tracker candidates that may not be suitable for TE annotation. The
number of clustered MITE candidates is comparable to other programs.

MUSTV2 (Ge et al., 2017) is a Perl program that requires BLAST, BLAT
(Kent, 2002) and several Perl packages such as Bioperl (Stajich et al., 2002).
The output result file of MUSTV2 is a .txt file with MITE information, such
as ID, length, strand, cluster, TSD, coordinates, TIR, and scores. Users need
to further process the output .txt file to get the FASTA file of candidate
MITE:.

TIR-Learner (Su et al., 2019) is a Python3 program that uses machine
learning algorithms to facilitate identification and classification of TIR
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elements. TIR-Learner was originally designed for maize TIR element
annotations using IRF (Warburton et al., 2004) as the TIR structure search
engine.

4.9 HELITRON

Helitrons are only DNA transposons that do not duplicate target sites during
transposition because of their asymmetric structure. The majority of Canon-
ical Helitrons begin with a 5" T (C/T) and conclude with the nucleotides
CTRR (most commonly CTAG, though variations have been seen), but they
lack terminal inverted repeats. A hairpin at 11 bp from the 3’ end of a palin-
dromic sequence of 16-20 nt is also prevalent. In general, they bind to an
AT host dinucleotide and integrates. Although, the nonautonomous Helitrons
have most of the similar structural features including termini as autonomous
Helitrons, but they do are not able to synthesize the same comprehensive
range of proteins as autonomous Helitrons (Fig. 4.3). The rolling-circle
(RC) replication initiator (Rep) and DNA helicase (Hel) domains, which are
encoded a protein of 10003000 amino acids (Rep/Hel) expressed by all
autonomous Helitron elements, are the key enzymatic markers of Helitrons.
Helitrons in plants genome are also adjacent to an open reading frame that is
similar to single-stranded DNA-binding proteins known as Replicon Protein
A (RPA). RPA in Helitrons is approximately 150-500 AA long and is tran-
scribed by multiple exons.

@@ @ A

Autonomous plant Helitron

5 A Al
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Predicted open reading frame @ Helicase

A Stem loop @ REP

aﬁPEA;/r Replication protein A

FIGURE 4.3 Structure of plant helitron
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Helitrons are eukaryotic transposons that have a distinctive rolling-circle
shape and the capacity to acquire gene sequences, making them evolu-
tionarily significance. These are mostly found in angiosperms, where they
regularly accumulate and occasionally express one or more gene segments.
Unlike other DNA transposons, these are not finish in inverted repetitions
or cause target site duplications, making them extremely difficult to detect.
They are thought to make up less than 2% of sequenced genomes.

e Helitron’s basic characteristics include

= At the 5’ and 3’ termini, there are conserved TC and CTAG
sequences, respectively.

» Palindromes (“hairpin loops” of 16 to 20 bps) Upstream of the
3’ terminus, 10—15 bp.

» The 5’ and 3’ termini of flanking A and T host genome nucleo-
tides, respectively.

Helitron Finder—developed by Du C. et al., in 2008 is the first Helitron
computational searching tool which helps in analyzing the Helitron present
in maize. The FASTA-formatted DNA sequences work as input for this
which helps in identifying the hairpin loop patterns. It is mostly based on
conserved sequences at the termini of most Helitrons (5'-TC and CTAG-
3") and a conserved 16- to 20-bp palindromic structure located 10—15 bp
upstream of the 3’ terminus.

HelSearch (Yang and Bennetzen, 2009) is a Perl program that relies on blast,
all of which were extremely slow. It is basically identical to HelitronFinder
in recognizing the 3’ end of Helitrons. Both HelitronFinder and HelSearch
will search for the hairpin structure as well as the CTRR 3’ terminus except
for some minor variations. The distinction is that HelSearch users must
manually search for the 5’ end of Helitrons, whereas HelitronFinder can
automatically find the 5’ end.

HelitronScanner (Xiong et al., 2014) is a Java program that utilizes the
local combinational variable (LCV) algorithm to identify sequence patterns
that are associated with Helitron transposons. The algorithm runs on both the
positive and negative strands of the input genome and generates candidates
with prediction scores that can be used to assess the prediction’s credibility.
HelitronScanner uses conserved nucleotides at potentially varying sites to
minimize the divergence of Helitron termini between species. Helitron-
Scanner has so far detected 64,654 Helitrons from a diverse set of plant
genomes in a fully automated manner.
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4.10 CONCLUSION

Identification of TEs in a plant genome is mostly dependent on the detection
of repeat families existing in that target plant genome, followed by annota-
tion that is either homology-based or structure-based, with tools employed
to seek all detectable members of those families. The majority of the existing
TEs of plant genomes are well described in terms of their proteins and the
particular termini they encode. Despite the fact that many sequences are
well recognized and much repeated, the precise extent of categorization
is unknown. There are several TE databases available that characterize a
wide range of TEs in plants. The comprehensive TE annotation generated by
combination of the results from two or more separate modules would give
more precise results. Multiple criteria were carried out to detect which copy
among the overlapping repeats should be deleted. In addition, population-
based and genome-wide analyses have the possibility to shed light on the
function of TEs in plant adaptation, speciation, and evolution. Understanding
the development of TEs in plant genomes requires a complete knowledge of
TE activity and behavior functional and comparative genomic investigations
focused on TE dynamics and interactions in the plant genome, assisted by
machine learning and high-throughput bioinformatics techniques, in light of
new findings and tools provided.
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ABSTRACT

Vastly repetitive DNA or RNA sequences of genome and mobile elements
abound in eukaryotic genomes. With the discovery of transposable
elements or jumping gene by B. Mc-Clintock in the 1950s, a new era
started. Retrotransposons are a type of mobile genetic elements; this
mobile element is first transcribed into an RNA molecule, then after its
through to the mechanism of reverse transcription it will convert into
the DNA. In eukaryotic genomes such as corn, retrotransposons amplify
themselves quickly to become abundant through reverse transcription.
Retrotransposons are categorized into LTRs and non-LTRs; this is
divided on the basis of the existence of long terminal repeats (LTRs).
Retrotransposon capture sequencing (RC-Seq) is a high-throughput
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sequencing tool for decoding the sequence of gene/s or finding out the
relative position or distance between the genes, analyzing, comparing
retrotransposon insertions sequences by using the bioinformatics tools.
When genomic DNA is fractionated, retrotransposon-binding sites on
DNA combine with transposon-binding sites on a microarray. Novel
retrotransposition events can be discovered by the information provided
by deep sequencing that would be carried out by comparing the query
sequence with the already present reference genomic sequence. RC-seq
detects the known polymorphic insertions present in an individual, which
also identify rare or private germline insertions. Nonreproductive tissue
insertions of mobile DNA could be investigated by using RC-seq. It is a
useful tool for comparing the similarities or differences between healthy
and diseased cells or tissue; this could be done by RC-Seq. Transpos-
able elements are commonly used in structural and functional genomics,
as well as in developmental biology. Polymorphism in transposable
elements and insertions of somatic mobile genetic elements would affect
an individual’s phenotype depending on their genomic positions and
functional implications. RC-seq is mainly used to understand the role of
various diseases, evolution of species, etc.

5.1 INTRODUCTION

Barbara McClintock discovered the jumping DNA elements in the maize
genome in the year 1944 (McClintock, 1950). These DNA element
phenomena are known by various names such as mutation-causing elements,
unstable genes, mutation-causing segments, and “position-effect.” Most
of research and genetic instability on mobile element have been done in
Drosophila melanogaster.

These mobile elements are essential contributors to crop species’
genetic diversity and variation. Transposable elements (TEs) are the most
repetitive sequences and found mostly in eukaryotic genomes (Muszewska
et al., 2011). They have the ability to transfer across the genomes, cause
mutations, and, of course, multiply their copies; resultant copy number
variation is also arisen (Arango-Lopez et al., 2017). They are generally
categorized based on the coding regions that are involved in the replica-
tion of the element (Chaparro et al., 2015). Retrotransposons of the class I
type (Fig. 5.1) move through RNA molecules whereas those of the class II
type move through DNA molecules (Wicker et al., 2007). Because of the
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movement of transposable elements in the genome of plant, they account
maximum part of plant genome. Long Terminal Repeat retrotransposons
(LTR-RT), non-LTR retrotransposons (non-LTR-RT), Penelope-like
elements (PLEs), and Dictyostelium repetitive sequence (DIRS) are the
four orders of retrotransposons based on structural properties and the part’s
life cycle. According to current understanding, all these mobile elements
occupy the maximum portion of eukaryotic genome and are having an
important contribution in the regulation and control of the gene/s (Dashti
and Masoudi-Nejad, 2010). Long Terminal Repeat retrotransposons are
the important mobile elements in the plant genome and these increase
their copy number by the production of RNA molecule through the copy-
and-paste mechanism (Schulman, 2013; Li et al., 2018). For example,
they make up 40-75% of the genomes in maize and sugarcane (Negi et
al., 2016). LTR-RTs are also recognized for possessing a wide variety of
structures, functions, and positions within genomes.

FIGURE 5.1 Classification of transposable elements.

5.2 RETROTRANSPOSONS STRUCTURE

The first publication of RC-seq was released in 2011 by Gao et al.
(2012). According to Wicker’s classification four types of retrotranspo-
sons are Long Terminal Repeat retrotransposons (LTR-RT), non-LTR
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retrotransposons (non-LTR-RT), Penelope-like elements (PLEs), and
Dictyostelium repetitive sequence (DIRS), but some are exception such as
long interspersed elements and short interspersed elements that are under
the non-LTR retrotransposons (Casacuberta et al., 2013). There are great
significant differences in the retrotransposon’s structure and their compo-
sition, regulatory sequences, and number of enzyme domains (Kejnovsky
etal., 2015).

h—‘i:r-ii-‘.

_

FIGURE 5.2 LTR retrotransposon structure.

5.2.1 LTR RETROTRANSPOSON

According to Grandbastien (2015), Zhang and Gao (2017) reported that the
structural structure of LTR-RTs is identical to that of retroviruses, with the
exception of the env gene. Size variation for the LTR-RTs ranges from 4
kb to more than 31-23 kb (Mascagni, 2017; Cossu, 2012). Long terminal
repeats (LTRs) that are noncoding homologous DNA sequence are present
and it is a key feature. One or more ORF (open reading frame) is present and
this is used by the host for the transcription and it is coded to gag and pol
(polyprotein), separated by stop codon. Major structural protein, packaging,
or retrotransposons is done by the gag genes. Piednoél et al. (2013), Usai et
al. (2017), and Paz et al. (2017) reported that various enzymes are helpful
in the replication cycle, for example, aspartic proteinase (AP), reverse tran-
scriptase (RT), RNase H, and integrase (INT) enzymes and all these enzymes
are encoded by the Pol gene.

5.2.2 NON-LTR RETROTRANSPOSON

The LTRs are absent from non-LTR retrotransposons, which are transcribed
from an internal promoter.
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FIGURE 5.3 Steps of RC-seq procedure. (4) Extraction of genomic DNA. (B) Library
preparation. (C) Hybridization and extraction of the hybridized DNA fragments, which are
contained in the boundaries of transposable elements, for that they used the biotin-LNA
probe and Dynabeads Streptavidin (D). After the pull down of the captured, sequencing will
take place using an Illumina platform. (£) Fresh insertion is the subject of bioinformatics
investigation.

5.3 PROCEDURE

Retrotransposon activity can be measured using the RC-seq procedure,
which can help determine where it is involved in a tissue or cell. To find
the expression retrotransposon in the tissue that will be used as a therapy,
extract the genomic DNA and compare it to the DNA of the control tissue
for detecting the unannoted polymorphic insertion in the treatment tissue. To
begin with, we must sonicate the genomic DNA of treatment tissue, and then
use this sheared tissue to prepare an illumine sequencing library (Fig. 5.3)
After that, we would hybridize with a biotin labeled locked nucleic acid probe
that targets the 5'-3' retrotransposon consensus sequences, then streptavidin
associate with the probe and pull it down with the junction between the
retrotransposon and flanking genomic DNA. On a high-throughput platform,
the post-hybridization library is amplified and sequenced, producing a set of
sequencing reads enriched for retrotransposon genome junctions. Using a
bioinformatics software, the amplified data is analyzed with the help of the
previously defined annotated sequence data. In silico, we can generate inser-
tion data sequence information from individual data to classify previously
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annotated data. Instead of sequence or polymorphic insertions knowledge,
we will screen the organism for any previously unidentified polymorphic
insertions. The remaining retrotransposon of genome junction’s sequences
identify putative somatic insertions specific to the tissue under study. RC-seq
is a high-throughput method for mapping genes for a phenotype as well as
for analyzing any annotated or unannotated retrotransposon insertions found
in an organism (Baillie et al., 2011).

For the retrotransposon analysis, we first extracted the genomic DNA,
then segmented it into small DNA fractions, and hybridized the probe with
the DNA library containing the retrotransposon binding sites on a micro-
array, followed by deep sequencing on an illumine sequencer, and finally it
will provide precise information after the alignments, It is possible that new
retrotransposition sequence knowledge will be discovered in genomic DNA
(Upton et al., 2015).

5.4 METHOD OF RC-SEQ

We will study that unannotated polymorphic insertion sequence which is not
identified earlier in both donner and recipient parent, and it is very important
to compare the sequence of control tissue from the same donner. Figure 5.3
depicts the RC-Seq flow diagram and the subsequent steps that explain the
RC-Seq approach are as follows.

Step 5.4.1: Genomic DNA extraction

Step 5.4.2: DNA shearing—Here sonication is carried out separately for
each sample and whole amount of DNA is not used for sonication but some
amount of DNA is remained for the PCR validation reactions. The sonicated
sample can be preserved at —20/—80°C for storage for the longer duration
and for the short duration it is done at 4°C.

Step 5.4.3: Library preparation—With the help of a thermocycler we can
prepare the library.

Step 5.4.4: Agarose gel size selection-separation of fragmented, DNA bands
are purified and you can do scoring of DNA bands on the next day and for
that you have to store it at 4°C.

Step 5.4.5: Hybridization—Pool the same volume of treatment DNA (DNA
in this case) and monitor treatment DNA libraries in the same tube in a 1:1
molecular mass ratio, using both 5’ end and 3’ end captures, to produce 1 g
of amplified DNA. You can use less DNA (up to 100 ng), but the ratios for
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the different libraries should stay the same. Add the capture, the pooled DNA
libraries, and the Universal Blocking Oligo to a new tube.

Step 5.4.6: Capture recovery and amplification—Pass each 5’ and 3’
capture hybridization reaction to each tube with Dynabeads streptavidin
while keeping the tubes in the thermocycler block. Start the thermocyclers
for amplification after closing the thermocycler lid and incubating for a few
seconds.

Step 5.4.7: Sequencing—Illumina Instruments Sample Sheet with Illumina
Experiment Manager programme for the Sample Sheet, use “FASTQ Only.”

Step 5.4.8: Bioinformatics Analysis—End-to-end Two fastq files will
have been developed by Illumina sequencing; these are files produced for
every read. Before you begin analyzing these details, it is suggested that you
develop a file name nomenclature that is consistent across projects, including
the date of sequencing, the project identifier, and a sample identifier.

Step 5.4.9: PCR validation—This step is mostly hooked on the experience
of scientist. It requires both ends of insertion fragment and new copy of
mobile element. For confirmation, a simple PCR amplification within each
insertion’s missing junction could be conducted.

For the replication of the junction sequence, it is necessary to “recreate”

the arrangement of the absent junction, which can be accomplished by
integrating the annotated DNA sequences following the genomic segment
of the established junction with the conserved genomic sequence of the

L1 end unlike the one found in the junction. To do so, primers must be
designed to anneal within the mobile elements sequence as well as the
genomic area required to contain the missing junction.

5.5 MERITS

» It will help to detect the new retrotransposition events.
*  We can analyze a particular transposon-binding site.

* A high-throughput approach.

*  The rate of PCR validation is calculated to be 98.5%.

5.6 DEMERITS

* According to Xing et al. (2013) PCR experiments with different
primers are needed for different types of mobile element insertions
(MEIs).
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*  Hybridization errors might be leads in the sequencing of unneces-
sary DNA fragments.

*  Due to PCR biases, GC-rich models may be underestimated.

* Sequence uncertainty and identification of a transposition event may
be caused by similar transposition-binding sites.

5.7 CONCLUSION

Retrotransposons do not increase the genetic variation and species diversity
although they increase the size of genome. In a short evolutionary time,
it increases the copy number variation, mutation and alters the genomic
configuration, so we could say it is a gold mining house for variation.
Because of high-throughput sequencing in less time we can identify the
polymorphic sequences, and also study the comparative genomics analysis,
transcriptomic analysis, function genomics, epigenomics, metabolomics, etc.
In future retrotransposons capture sequencing will be used to study the plant
improvement, linkage mapping, phylogeny, gene transfer, and to identify the
function of gene, genetic diversity, etc.

5.8 DEFINITIONS

*  The method of defining the positions of genes and all of the coding
regions in a genome, as well as deciding what those genes do, is
known as DNA annotation or genome annotation.

» Using a gene transfer method, cloned genes are inserted into an
organism’s egg or sperm cell to perpetuate a desirable trait in its
descendants, such as pest tolerance in a crop plant.
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ABSTRACT

Transposons are DNA sequences that can change position to different
chromosomal locations in the plant genome. They can frequently copy
themselves according to this process, so they are also known as mobile
genetic elements. With the advances made in large-scale DNA sequencing,
transposons constitute a significant proportion of the genetic material of
many eukaryotes. In this respect, they comprise about 45% of the human
genome itself and, in the case of grasses, a proportion within the range of
50-80% of genetic material. Transposable elements (TEs) often produce
mutations, as well as chromosomal rearrangements, with the potential
to modify the cell identity itself. They can also regulate other genes and
modify the size of the genome, among other functions. Transposons can
be used as a convenient way of generating other lines from existing ones,
which is achieved by remobilizing the inserted element toward a different
location from that occupied by the original insert. When transposons
change from their original position, a state of deletion or loss of bases
occurs. If the TE is inserted into a gene (a condition that would result in
the disruption of the gene itself), the function of the gene is repositioned. In
another scenario, high additions of nucleotides occur that produce a mutant
phenotype derived from greater dysfunctionality of the gene. This condition
arises from the insertion of the mobile genetic element when its position is
modified (disrupting the given gene). Superior plants are organisms that are
distinguished by an elevated level of flexibility in terms of their growth and
development, as well as their capacity to adapt quickly and continuously to
environmental changes, especially during their postembryonic development.
TEs can generate new phenotypes through exaptation. From an evolutionary
point of view, exaptation is the subversion of a series of naturally selected
adaptive characteristics to achieve a new function. Sequences of TEs can
be directly exapted by specific phenotypic functions in plants, and there are
some examples that, although rare, play a critical role in plant growth and
development. Therefore, this chapter discusses the main TEs, regulatory
genes, and transcription factors involved in plant and flower development,
as well as reproductive fitness, and metabolism.

6.1 INTRODUCTION

Transposable genetic elements (TGEs) were discovered in maize plants
by Barbara McClintock in 1951. TGEs are DNA fragments that can be
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inserted into new chromosomal sites, generally making copies multiples of
themselves in the plant bioprocess (Feschotte et al., 2002). The first TGE
was associated with the site of chromosome breakage in maize and was,
therefore, named Dissociation (Ds). This element is only able to move
or cause chromosome breakage events in the presence of another genetic
locus, called Activator (Ac), which can also promote its own transposition
(Feschotte et al., 2002). Transposons are DNA fragments that can jump
from one region of DNA to another in vivo. A good example is the Ac
element, which creates an 8 base pair duplication at the integration site and
can precisely cleave itself from one part of the genome and integrate into
another, taking into account a distal position. The discovery of this phenom-
enon prompted the possibility of using transposons as gene transfer vectors.
TGEs typically have poor target site selectivity and, therefore, can insert
into variable sites within DNA (Alberts et al., 2002). During transposition,
a specific enzyme known as a transposase, which is typically encoded by
the TGE, acts on specific DNA sequences at each end of the TGE, first
detaching it from the insertion site and subsequently inserting the TGE into
anew site. Sequence similarity between the ends of the TGE and its insertion
site is not required (Alberts et al., 2002). Insertion of transposable elements
(TEs) is another tool that has been used to generate mutations. Although
Arabidopsis thaliana has endogenous transposons (Miura et al., 2004),
systems using heterologous transposons from maize, Ac/Ds (Activator/
Dissociation) (Bancroft et al., 1992) and En/I (Enhancer/Inhibitor), also
known as Spm-dSpm (Suppressor-mutator) (Aarts et al., 1995), prove to be
more useful. TEs are a unique—and the most abundant—type of repetitive
DNA. Owing to their diversity, ubiquity, and mobilization capacity, TEs
have actively participated in the evolution of genomes, by shaping them and
providing them with significant plasticity. Nonallelic relationships occur
when more than one gene contributes to the expression of a phenotype.
Most of the characteristics that constitute the phenotype of an organism are
the result of interactions among several different genes. These interactions
can occur at different levels, thus distinguishing the phenomena of epistasis
and pleiotropy from TGEs. Barbara McClintock defended the idea that
transposons function an active role in the evolution of plant genomes. She
described transposons as highly controlling elements, capable of modifying
gene expression patterns during development, by inserting themselves near
any locus, as well as by remodeling genomes in response to stress, thus
favoring the appearance of new variants with greater biological efficiency,
that could adapt to or overcome these unfavorable conditions more easily
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(McClintock, 1987, 1984). In contrast to this functional view of TEs, other
authors have developed the selfish DNA hypothesis, which describes TEs
as parasitic sequences that have accumulated throughout evolution, owing
to their ability to replicate autonomously, without benefiting the host
genome (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). Recently,
however, evidence has shown that, although not all TEs exert beneficial
functions for the genomes in which they are hosted—since transposition is
a fundamentally mutagenic phenomenon—several are essential to ensure
proper cellular functioning. Therefore, they play a principal role in gene
and plant genome evolution. Therefore, this chapter discusses the main TEs,
regulatory genes, and transcription factors implicated in plant and flower
development, as well as reproductive fitness, and metabolism.

6.2 FLORAL VARIEGATION AND ITS RELATIONSHIP WITH TGEs

Variegation is a phenotypic phenomenon generated by the unstable expres-
sion of anthocyanins, which results in the generation of cyanic spots,
sectors, or bangs on cornflower or pale backgrounds. Variegation in flower
colors is the subject of studies in various plant species, including “Dragon’s
Mouth” (Antirrhinum majus), whose variegation was first described by
Darwin and other scientists in the ninth century; however, only in 1980
was it established that the movement of TGEs was associated with this
phenomenon (Kidwell, 2005). Variegation is a characteristic analyzed in
natural populations and, in some cases, is originated by TGEs (Liu et al.,
2001; Lonning and Saudler, 2002).

Some types of variegation are caused by viral infections and mericlinal
or periclinal chimerism, but the most interesting form is caused by the
movement of TGEs (Itoh et al., 2001). Mutation can cause the repression
of gene expression associated with the anthocyanin biosynthetic pathways,
disrupting pathway activation and resulting in the production of cyanin
flowers. For example, in the carnation variety Kaly, the flowers are white
due to the accumulation of a flavanone glycoside caused by a deficiency in
the flavone 3-hydroxylase gene transcripts (Yoshida et al., 2004).

In yellow carnation flowers with fringe and white sectors, the CHI (Chal-
cone isomerase) and DFR (Dihydroflavonol reductase) genes are disrupted
by a TGE called dTdicl, resulting in the generation of a variegated flower
phenotype in these plants (Itoh et al., 2002). The insertion and excision
of TGEs within genes involved in the anthocyanin synthetic pathway can



Transposable Elements and Plant Development 105

produce phenotypes, such as mosaics or variegations, whose pattern depends
on the frequency and timing of TGE excision (Liu et al., 2001).

Variegations that involve genes associated with the synthetic pathways
of floral pigments include those found in the “Dragon’s mouth” (4. majus)
plants, in which insertions of the TGEs Tuml, Tam2, and Tam3, within the
CHS (Chalcone synthetase) and DFR (Dyhidroflavonol reductase) genes,
generate different color sectors within the flower petals, due to the separation
of the element (Coen and Carpenter, 1986).

Another model involving a regulatory gene is the variegated petunia line
(W138), which contains a TGE in the An/ gene, which encodes a transcrip-
tion factor that regulates anthocyanin biosynthesis (Quattrocchio et al.,
1993).

In Ipomoea purpurea (morning glory), TGE insertions have been identi-
fied that originated phenotypic changes, including those responsible for
many flower color variants (Yoshishige et al., 1994). A TGE from the Ac/
Ds group (Tip100) was inserted into an intron of the gene encoding the CHS
enzyme, and the flowers produced by this mutant are white with pigmented
sectors in the corolla (Durbin et al., 2001).

Another example can be found in [pomoea nil (Japanese morning glory),
in which the TGE Tpnl, which belongs to the En/Spm group, was isolated
from plants with variegated flowers. In these plants, the TGE was found to
interrupt the DFR gene, which is involved in the anthocyanin biosynthetic
pathway. Similarly, in “Don Diego de Dia” (/. purpurea) plants, the elements
Tip100 and Tip201, which belong to the Ac/DsyTpn 1 family, and the elements
Tpn2, Tpn3, and Tpn4 of the En/Spm family, which affect anthocyanin
biosynthesis, have been identified (Yoshishige et al., 1994; Shigeru et al.,
1999).

The insertion of TGEs generally results in the generation of new alleles
that are associated with modifications in gene expression or timing, which
can result in phenotypic effects (Durbin et al., 2001).

The analysis of various mutant phenotypes induced by the insertion or
excision of class Il TGEs in plant genes has revealed a variety of methods
through which these elements can regulate gene expression (Feschotte
et al., 2002), including insertions associated with previous transposition
events (typically a few extra base pairs) that are retained in the target
when the element is transposed, nonautonomous TGEs that function as
introns, and TGEs that are inserted into promoters or other regulatory
sequences, which can alter tissue-specific expression patterns (Feschotte
et al., 2002).
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6.3 FLOWER STAINING AND TGEs

Discovery of the presence of TGEs in anthocyanin regulation or biosynthesis
genes has aroused great interest in their potential biotechnological use in
the generation of new floral genotypes (Liu et al., 2001; To and Wang,
2006). The effect of TGEs on flower coloration has been studied in several
species, including Nicotiana tabacum, Ipomea sp., and Petunia sp. (Liu et
al., 2001; Lida et al., 2004; Van Houwelingen et al., 1998). TGEs are used
in biotechnological breeding techniques such as insertional mutagenesis and
transposon tagging (Babiychuk et al., 1997; Chuck et al., 1993). Recently,
the dTdicl element has been used as a plant breeding tool through tagging
(Patent Abstracts of Japan, 2007). TGEs are classified in two ways, according
to the degree of self-sufficiency (autonomous and nonautonomous) and
the transposition mechanism (Class I or Class II) (Galun, 2003). Class II
elements, or DNA elements, are subdivided into families that include the
hAT superfamily, which includes the dTdicl element (Ac/Ds superfamily,
group II) (Itoh et al., 2002), the Activator (Ac) in maize, and Tam3 in Snap-
dragon (Itoh et al., 2002; Galun, 2003; Huang et al., 2009).

In arecent study of the carnation cultivar “Rhapsody,” variegation of petal
color characterized by randomly patterned red bangs on a white background
was observed, which is believed to have been caused by a reversal of DFR
(dihydro-flavonol reductase) gene activity following excision of EGTdTdic1
(Itoh et al., 2002). Similarly, in yellow carnation flowers with fringe and
white sectors, the CHI (chalcone isomerase) and DFR genes also showed
dTdicl activity associated with variegation patterns in the petals (Yoshida
et al., 2004; Itoh et al., 2002). The main pigments involved in floral color-
ation are carotenoids (tetraterpenoids, red, orange, and yellow pigments),
bioflavonoids (yellow polyphenolic pigment), and betalains (yellow and red
pigment of indoles), although other pigments such as phenylphenalenones,
quinochalcones, and chlorophylls, are also involved in petal pigmentation
(Davies, 2009).

Anthocyanins type secondary metabolites are the basis for almost all blue,
purple, scarlet, orange, red, and pink coloration in flowers petals (Davies,
2009), and in carnations they are responsible for red colors. In carnations,
chalcones are associated with yellow flower coloration. In carnation flowers
with yellow petals, chalcone 2'-O-glucoside has been identified as the main
flavonoid, a pigment also known as isosalipurposide (narigenin-chalcon-2'-
glucoside) (Ogata et al., 2004; Yoshida et al., 2004; Itoh et al., 2002). For this
chalcone to accumulate, plants must be incomplete in chalcone isomerase
enzyme activity (Gatt et al., 1998).
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6.4 INTERSPECIFIC HYBRIDIZATION AND GENOMIC SHOCK

One of the most interesting consequences of hybridization is the activation
of “genomic shock,” which results in the mobilization of TGE elements,
such as transposons and retrotransposons. The massive activation of TGEs
was observed in hybrids between Helianthus species (Ungerer et al., 2000).
The extensive activation of TGEs accompanied by epigenetic instabilities
has been described during intergeneric crosses in rice (Wang et al., 2009).
The mechanisms that activate TGEs are not known; however, hybridization
may result in the removal or remodeling of epigenetic markers in promoter
regions, causing the massive mobilization of TGEs. Michalak (2009) states
that the activation of TGEs is closely linked to epigenetic and small RNA
regulation. Most of the repetitive elements identified in moderately repeti-
tive eukaryotic DNA consist of TGEs.

In general, transposon activity is unfavorable, and both DNA methylation
and small RNAs may have developed as mechanisms to control and repress
these elements. Hybridization induces a series of genetic and epigenetic
changes to the genome, some of which are mediated by TEs (Chase et al.,
2010). These changes result in the generation of epigenetic variations, which
are metastable (eventually reversible) and are potentially influenced by the
environment; this type of heritable epigenetic variation is understood to have
relevant implications for the evolution of natural populations.

Phenotypic novelties, such as (a) changes in the flowering time, (b) altera-
tions in floral structures (flower symmetry, flower color, or floral aberrations),
or (c) decreases in pollen fertility, can result in the reproductive isolation of
hybrids relative to the parent species; if the hybrid plant possesses sufficient
fertility, it could establish itself as a new species. However, how natural
selection acts on these types of epialleles, which can potentially respond to
environmental changes to reverse specific phenotypes, remains unclear.

6.5 IN VITRO SOMACLONAL VARIATION AND TGE

Somaclonal variation results from random genetic or epigenetic events that
occur during the in vitro tissue culture technique, modifying the phenotype
of regenerated plants and/or tissues. Although such variation in phenotypic
traits can, in some cases, produce undesirable outcomes, in others, it consti-
tutes a practical method for generating variability in the gene pool of most
plant species.
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The detection of TGEs in maize in vitro tissue cultures techniques suggests
a possible relationship between somaclonal variation and these TGEs (Lee
and Phillips, 1988). TGEs, particularly retrotransposons, are ubiquitous
within plant genomes; they can represent 50% of a plant’s genomic sequence,
or up to 90% in species with very high DNA content but a similar number of
genes (Kumar and Bennetzen, 1999; Heslop-Harrison et al., 1997).

In situ hybridization information on metaphase chromosomes and
prophase nuclei have manifested that the sequence of retrotransposons such
as Tyl-copy 19 is scattered throughout the euchromatin, either randomly or
nonrandomly, depending on the plant species and the type of TGEs under
study (Heslop-Harrison et al., 1997). However, several of these TGEs are
present in very low numbers or are absent in certain regions (e.g., ribosomal
DNA localizations interstitial, terminal heterochromatic regions, and centro-
meres) (Kumar and Bennetzen, 1999).

Similar to TGEs, retrotransposons generate mutations by inserting
themselves into or in the vicinity of genes. These mutations are relatively
stable as they are transposed for the replication, retaining the sequence at
the insertion site. They can cause gene inactivation, alter gene expression
patterns, or modify the structure of the proteins they encode (Kumar and
Bennetzen, 1999). Genomes that carry TEs should be expected to be more
unstable in in vitro culture compared to those with none, or those with fewer
elements (Karp, 1995).

There is sufficient evidence to indicate that a significant percentage of
mutations in plants manipulated in vitro occurs due to the induced participa-
tion of retrotransposons during the plant cell and tissue culture technique
(Kumar and Bennetzen, 1999). However, Kubis et al. (2003) used PCR to
clone fragments of retroelements of the gypsy and LINE groups, as well as of
the En/Spm transposons, from the oil palm genome and found no difference
in the genomic organization of the different classes of TGEs between palm
trees grown from seeds (parental) and those regenerated by tissue culture
that showed abnormal morphology and floral abortion.

6.6 TRANSGENIC PLANTS AND TGEs

Transposition refers to the modification of position of certain base pairs in
the DNA sequence, or, from a genetic point of view, to the translocation
of a chromosome region to another position within the same chromosome.
Transposons can produce copies of themselves in any part of the genome or
other genomes (if they are present in the same cell).
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The movement of a transposon results in “transposition,” a process used
in genetics and genetic engineering to move genes, especially in bacteria
and, to some extent, in plants. Many transposons carry genes with utility, as
well as “selfish” DNA fragments that propagate themselves throughout the
genome.

The mechanism by which transposons move is reminiscent of the way
retroviruses reproduce, in that the transposon is transcribed into RNA that is
retrocopied into the genome as DNA. Because of this similarity, transposons
and retroviruses are often grouped under the heading “retrotransposons.”

In plants, gene transfer methods can be classified into direct and indirect
systems. Direct transformation systems include direct DNA uptake by proto-
plasts, electroporation, microinjections, and by using microprojectiles (i.e.,
bioballistic technology) (Klein et al., 1987 and 1988; From et al., 1985).
Indirect systems utilize vectors (e.g., Agrobacterium tumefaciens), viruses,
bacteria, fungi, and mobile genetic elements or transposons (Klee et al.,
1987).

Studies on the mobilization of the Tntl retrotransposon from N. tabacum
or Tos17 from Oryza sativa indicate that plant retrotransposons also appear
to insert into transcriptionally active areas (Miyao et al., 2003; Grandbastien
et al., 2005). Moreover, plant TEs can exhibit insertion specificity, although
this process is relatively less rigorous than that observed in yeast. For
example, class II transposons appear to insert (and be retained) in genetically
active, unmethylated (presumably euchromatic) regions (Bennetzen, 2000).

Maize (Zea Mays) DNA TGEs, such as the Ac/Ds, Mul, or Spm elements,
typically transpose into transcriptionally active regions. Although elements
that have few copies in a genome can be inserted into transcriptionally active
regions to facilitate their transcription and transposition, they eventually
accumulate in heterochromatic regions.

There appears to be a clear association between retrotransposons and
the inactive and methylated chromatin (presumably heterochromatic
DNA), which occupies centromeres, pericentromeric regions, telomeres,
or knobs of heterochromatin located in the chromosome arms of many
plants (Bennetzen, 2000). This is exemplified in the O. sativa or A. thaliana
genomes, where retrotransposons mainly occupy the centromeric regions (4.
thaliana Genome Initiative, 2000; Goff et al., 2002). Typically, transposons
tend to insert next to or within the sequence of other TGEs, in regions rich
in such elements (San Miguel et al. 1996; Hua-Van et al., 2005). Retroele-
ments are presumed to transpose into heterochromatic or gene-poor regions
to minimize the effects of their replicative transposition.
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6.7 STRESS AND TGEs

It has been shown that biotic and abiotic stresses influence activation of TEs
in plants, particularly in wheat (Hirochika, 1995; Mansour, 2007). This is
of particular relevance given that wheat chromosome 6A is located close to
the telomeric zone, a region characterized by being very rich in transposons
(Devos et al. 2005). Additionally, it is known that plants can perceive stress
during the vegetative state and memorize it through epigenetic mechanisms.
Thus, environmentally induced epigenetic changes can be passed on to
progeny (Mirouze and Paszkowski, 2011).

The formation of alternative epigenetic states not only induces the origin
of new epialleles, but also promotes the mobility of DNA transposons and
retrotransposons, which are abundant in plant genomes (Mirouze and Pasz-
kowski, 2011).

6.8 TGEs IN ARABIDOPSIS

The length of the genetic map of 4. thaliana is about 600 cM, each of
which is equivalent to about 210 kb. Prior to sequencing, it had been esti-
mated that the nuclear genome of A. thaliana should contain 10% highly
repetitive sequences (4000-6000 copies) and another 10% moderately
repetitive ones (10-1000 copies, mostly tandem repeats of ribosomal RNA
genes) (Meyerowitz, 1994). The remaining 80% would include virtually
all protein-producing genes. Based on these indirect estimates, it has
been assumed that the A. thaliana genome is almost devoid of repetitive
elements and that those that exist are generally very distant from each other
(Pruitt and Meyerowitz, 1986). Whole genome sequencing confirms the
scarcity of repetitive DNA in this species, since only 10% (Bevan et al.,
2001) of its sequence is related to transposons and only 1% of its sequence
corresponds to retrotransposons of the copy-like family (Terol et al., 2001).
Most of these repetitive elements, mainly microsatellites, retroelements,
and transposons, are very poorly represented in the euchromatin and are
accumulated in the pericentromeric areas (4. thaliana Genome Initiative,
2000). In the human genome, on the other hand, these types of elements
account for 45% of the sequence IHGSC (International Human Genome
Sequencing Consortium, 2001). In A. thaliana, the predominant histone
methylation at lysine 9 consisted of monomethylated (H3K9mel) and
demethylated (H3K9me?2) forms (located in regions of repeated sequences)
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and transposons (regions associated with heterochromatin) (Lippman et
al., 2004; Johnson, 2004). It was also shown that H3K9 methylation and
its interaction with DNA methylation are essential for the maintenance of
transcriptional silencing and genome stability (Vaillant et al., 2007). Like-
wise, trimethylation of lysine 27 (H3K27me3) has been shown to repress
embryogenesis and meristem formation in the calluses of various plants
(Ikeuchi et al., 2013). It has furthermore been described how Polycomb-
type proteins, through their methyltransferase activity, maintain the repres-
sion of certain genes in embryo development and in the endosperm of 4.
thaliana (Kohler et al., 2003). Figure 6.1 shows the main TGEs and their
roles in development in 4. thaliana.

6.9 TGEs IN A. MAJUS

Some lines have been produced in a laboratory setting from 4. majus culti-
vars, and there also exists a great collection of mutants, most of which are
on an isogenic genetic background of A. majus: Sippe 50. In particular, there
is a collection of A. majus mutants that have been selected for their high
transposon activity. In some cases, these selected lines have been utilized to
isolate genes via transposon tagging (Hudson et al., 2008; Noda et al., 1994;
Bradley et al., 1993; Stubbe, 1966).

MITESs (miniature inverted-repeat TEs) are present in low copy numbers
in all 4. majus species and have been termed IDLE due to relatively low
activity. MITE-type transposons have often been found in areas of the
genome with high gene content, in contrast to the many transposon families
that are major elements of heterochromatin. This phenomenon was also
observed in A. majus, in which the insertions of IDLEs were interspersed in
coding areas but absent from centromeres or telomeres (Schwarz-Sommer et
al., 2010; Cartolano et al., 2007).

An interesting line of study that has been developed in peaches uses
A. tumefaciens strains known as “shooty mutants.” These are unarmed
strains with a mutation consisting of a disruption with the tn5 transposon
(in a gene involved in auxin synthesis) but an intact ipt gene (involved in
cytokinin synthesis). Infection with a “shooty mutant” strain causes the
target plant to develop a series of tumors from which transgenic shoots
differentiate. This type of transformation produces plants with increased
endogenous cytokinin synthesis, resulting in a more branched phenotype
with shorter internodes.
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6.10 TGEs IN WHEAT

Hexaploid wheat is one of the largest plant genomes, containing a total of
15,966 Mb (megabases), which is 8 times larger than that of Zea mays and 40
times larger than that of O. sativa (Arumuganathan and Earle, 1991). Given
the great complexity of this genome, the complete sequencing of wheat is not
yet public. It is estimated that each wheat genome contains between 40,000
and 50,000 genes, although its complexity lies in the fact that more than 80%
of its DNA consists of repeated sequences, mainly TGEs and retrotranspo-
sons (Devos et al., 2005; Wanjugi et al., 2009; Safar et al., 2010).

Deletion line mapping reveals that the genes are not reparted homoge-
neously in the chromosomes, but are located mainly in the telomeric areas
(Qi et al., 2004). Despite having chromosomes in triplicate, their genes
are specific to each chromosome and are not repeated in three copies. For
example, genes for resistance to pests such as fungi (rusts, mildews) and
insects (Russian aphid, green aphid, wheat fly) are assumed to be present in
only one of the homologous groups (Gill et al., 2004).

Consequently, the assumption that each gene is represented in at least
three copies loses accuracy due to permanent recombination between
chromosomes and the presence/absence of retrotransposons, processes that
together are responsible for the decrease in synteny between genomes and
the high complexity of wheat gene mapping based on cloning techniques
(Qi et al., 2004; Akhunov et al., 2003). Figure 6.2 shows the main TGEs and
their roles in development of Triticum turgidum and Triticum aestivum.

6.11 TGEs IN MAIZE

In maize (Zea mays), Mutator and Spm transposon insertions modify the
expression of the al gene, which encodes dehydroflavonol reductase, an
enzyme involved in the formation of the pigments phlobaphene red and
anthocyanin purple. Additionally, it is indistinctly regulated by the transcrip-
tion factors C1 and P of the MYB family, which affect the coloration of Zea
mays (Chuck, 2008). Figure 6.3 shows the main TGEs and their roles in
development in Zea mays.

6.12 HORIZONTAL TRANSFER AND TGEs

The new gene pool is no longer that rigid set that can only transform
mutations and recombinations and, to a small extent, gene flow. Mobile or
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TGEs constitute a large fraction of the DNA of plant species, sometimes
comprising the majority (Gaut et al., 2001). Although most mutations that
generate these transpositions are neutral or deleterious, they can provide
an important avenue for increasing genetic variation among members of
a population and even produce competitive advantages. For example, the
small mobile elements known colloquially as Tourist and Stowaway are
associated with hundreds of genes in angiosperms and may have played
a role in the plant evolution of dicots and monocots (Rudall and Buzgo,
2002).

Horizontal intracellular gene transfer from the chloroplasts and mitochon-
dria of cells to the nuclei has become increasingly common throughout the
evolutionary history of angiosperms, particularly over the last few million
years (Palmer et al., 2000).

Given their abundance in plants, one might assume that transposons and
other mobile elements would create cluttered plant genomes. However, more
than a decade of work involving Solanaceae family, grasses, Brassica napus,
and A. thaliana shows a surprisingly conservative gene order (Fedoroff,
2001). Research concerning horizontal transfer in plants suggests that angio-
sperm evolution has very often gone the way of genomic growth (Palmer
and Delwiche, 1998, Palmer et al., 2000). For example, the accumulation
of retrotransposon packages at the intergenic level is a principal factor in
explaining the size differences between the maize genome and the genomes
of closely related species (Singh and Krimbas, 2000).

6.13 EVOLUTION AND ZEA MAYS

Transposons are widely distributed in both prokaryotes and eukaryotes,
and are observed to have significantly modified the course of evolution by
incorporating genetic variations or by generating chromosomal instability
(Kazazian, 2004).

When TEs move, they often show little sequence selectivity at the inser-
tion site. As a result, transposons can insert themselves into genes, completely
disrupting gene function, or into regulatory sequences, where they can lead
to modifications in the way a gene is expressed (Watson et al., 2014).

Although in nature most transposons are silenced, many of them have
evolutionary roles of great importance through altering gene function by
insertion, inducing rearrangements in the chromosome, or inserting novel
genes or gene regulatory sequences (Feschotte and Pritham, 2007). Some
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notable examples are the transfer of genes that confer antimicrobial resis-
tance in bacteria (Bennett, 2009), phenotypic alterations in fish (Koga et al.,
2006), and mutations in plants (Wicker et al., 2016).

6.14 CONCLUSION

Transposons (or TEs) are DNA sequences that can change position to new
chromosomal locations in the genome. They can frequently copy them-
selves according to this process, so they are also known as mobile genetic
elements. With the advances made in large-scale DNA sequencing, trans-
posons constitute a significant proportion of the genetic material of many
eukaryotes. In this respect, they comprise about 45% of the human genome
itself and, in the case of grasses, a proportion within the range of 50-80%
of genetic material. TEs often produce mutations, as well as chromosomal
rearrangements, with the potential to modify the cell identity itself. They can
also regulate other genes and modify the size of the genome, among other
functions. Transposons can be used as a convenient way of generating other
lines from existing ones, which is achieved by remobilizing the inserted
element toward a different location from that occupied by the original insert.
When transposons change from their original position, a state of deletion
or loss of bases occurs. If the TE is inserted into a gene (a condition that
would result in the disruption of the gene itself) the function of the gene
is repositioned. In another scenario, high additions of nucleotides occur
that produce a mutant phenotype derived from greater dysfunctionality
of the gene. This condition arises from the insertion of the mobile genetic
element when its position is modified (disrupting the given gene). Superior
plants are organisms that are characterized by a high level of flexibility in
terms of their growth and development, as well as their capacity to adapt
quickly and continuously to environmental changes, especially during their
postembryonic development. TEs can generate new phenotypes through
exaptation. The exaptation is the subversion of a series of naturally selected
adaptive characteristics to achieve a new function. Sequences of TEs can
be directly exapted by specific phenotypic functions in plants, and there are
some examples that, although rare, play a critical role in plant growth and
development.
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ABSTRACT

Repetitive DNA sequences that form a large portion of higher eukaryotic
genome and can change positions within the genome are known as transpo-
sons. The movement of these genetically mobile elements occurs through
cut and paste mechanism and is guided by enzymes. Transposable elements
are considered as DNA transfer vehicles as they are capable of introducing a
new sequence of DNA into the genome of an organism. Moreover, their utili-
zation in the development of transgenic lines and in process of insertional
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mutagenesis has been observed in certain plants and animals as they can
move independently of the host system and hence act as an important tool to
develop mutants. In addition, the study of the evolution process in particular
species requires the knowledge at both phenotypic and molecular level so to
properly understand genetic diversity and gene flow at species level. Trans-
posable elements are capable of affecting genome evolution by promoting
recombination and transferring genes to new locations. Coevolution of
transposons together with plant genome had led to overcome unfavorable
environmental conditions or process of hybridization and polyploidy. This
chapter deals with the role of transposons in evolution and species diversity.

7.1 INTRODUCTION

Transposable elements (TEs) have the ability to move and cause mutation
within the host genome. Such mutations which can arise at unusually high
frequencies are insertion, excision, and chromosomal rearrangements. Hence,
the expression of genes present within or adjacent to the TE can be altered. In
particular biological systems, the mobility of TEs has been well elucidated
in activator and dissociation (Ac/Ds) elements of maize (Shepherd et al.,
1988) and P-M dysgenic hybrid in Drosophila melanogaster (Finnegan,
1992). Further, spontaneous mutations caused by TE insertions have been
reported in Drosophila while many are observed in the humans (Kazazian et
al., 1988), yeast (Lambert et al., 1988), and mice (Gridley et al., 1987) also.
Previous studies on TEs display that the rigor of the mutational effects is
influenced by the structure of the inserted sequence and location of the TE
inserted within the gene. The insertion of TE near or at the gene of interest
can possibly increase the intensity of the mutant phenotype (Engels, 1989).
Therefore, extreme phenotypes or nulls can be obtained in the coding region
during insertional mutagenesis (Chia et al., 1986).

7.2 SIGNATURE TAGGED TRANSPOSON MUTAGENESIS

It is the negative selection technique given by David Holden (1995), used
to determine genes, that are essential under a given condition. In this tech-
nique, all mutants are created by random transposon insertion and subjected
to further tested for their survival in laboratory media. Therefore, mutants
formed by this technique contain a molecular “tag” sequence that uniquely
defines it. Further, tags used in the experimental studies can be searched
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through computational analysis. Later, this inserted tagged TE is used to find
and locate the gene it has disrupted. As a result of this insertion, protein
structure and function will be adversely affected. Transposon tagging is a
specialized application of mutagenesis where a gene can be inactivated by
the insertion of the transposon into the gene sequence itself. Transposon
tagging was primarily reported by Bingham et al. (1981) in Drosophila
melongastor. In this study, a gene from the cDNA of white-eyed mutant was
used by using a probe homologous to Copia element. Later, this technique
was applied to plants (Walbot, 1992) and mice (Friedrich and Soriano, 1991).
Mutagenesis by using this strategy involves three genetic procedures: (1)
first step includes the incorporation of the transposon into a specific DNA,
(2) screening of altered phenotype having the desired trait that depicts that
alteration in DNA sequence which was caused due to a specific TE insertion,
(3) and hence identifying and cloning of specific sequence (Ivics and Izsvak,
2010).

This recent approach holds advantages over traditional mutagenesis.
Primarily, mutations induced by using the processes of irradiation or chemi-
cals are difficult to generate, whereas mutations induced by tagging of TE
are generally utilized for gene cloning purposes. Secondly, it is possible to
clone a gene without having its prior information regarding gene of interest.
This specific advantage is essential for genes controlling developmental
processes at different stages (Friedli and Trono, 2015). Tagging of TE has
shown to be a very effective technology yet, it has some complications. TEs
can induce mutations in multiple ways, but when they are present in a greater
amount in genome, it often leads to unstable mutations. Thus, it is difficult
to deduce which portion of the DNA segment in the genome of an individual
is mutagenized with transposons (Dupuy et al., 2009). Some examples of
different transposon systems causing mutagenesis are discussed below.

7.2.1 SLEEPING BEAUTY MUTAGENESIS

This system uses nonviral vectors for incorporating a gene cassette into
a vertebrate genome. It follows a cut and paste mechanism, to achieve
sustained expression of the transgene, transposing of gene cassette into the
organism’s genome (Aronovich et al., 2011) is required. Further modifica-
tions can be made by altering the transposon sequences and the transposase
enzymes used for the study. Various determining elements for the success of
sleeping beauty mutagenesis are shown in Figure 7.1. This system contains
a cassette of genes to be expressed along with its own transposase enzyme.
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Here, the transposon itself is flanked by the sequences known as inverted/
direct repeats (IR/DR), repeated twice in a straight fashion, whereas the
internal region forms the sequence to be transposed and can also comprise
the transposase gene. The transposition process involves the following steps:
(1) primary substrates binding to the IRs, (2) resulting in the formation of
a synaptic complex (SCF) followed by (3) excision from the donor DNA
thereby generating 3’ overhangs. (4) The excised elements are then insert
into TA dinucleotide as target site for reintegration (Sakai et al., 1995).
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FIGURE 7.1 Elements of sleeping beauty transposon system (SBTS).

Some of the applications of the SB system include routine cell culture
techniques for creating gene knockdowns and transgenic cell lines (Miskey
et al., 2005). Also, the plasmid-based system can be integrated with
conventional nonviral delivery techniques. Although, a sustained expres-
sion of transgenes holds a great challenge for big-scale biotechnological
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applications. For such an instance, it represents a highly suitable transgene
expression vector having the ability to encourage an effective genomic inte-
gration in different mammalian cell types. Transposon systems, including
SB and piggyBac are appropriate candidates for producing clonal cell lines
for huge-scale (industrial) production of recombinant proteins in Chinese
Hamster Ovary (CHO) cells (Balasubramanian et al., 2016). Further, the
expression of the gene cassette can be altered by combining the SB cassette
with other molecular engineering tools (Grabundzija et al., 2013). In addi-
tion, pharmacokinetic and pharmacodynamics characterization of different
synthetic analogs of vitamin D, was done using an SB system developed
from a protein-based sensor system (Staunstrup et al., 2011).

7.2.2 TRANSPOSON TN5

This system is comprised of a bacterial composite transposon where the genes
are bordered by two similar insertion repeats, namely, ISSOR and IS50L
belonging to the right and left flanking regions of the transposon system
accordingly (Reznikoff, 1993). The IS50R is responsible for the coding of
two different types of proteins, namely, inh and Tnp. Inh protein odes for
an inhibitor of transposase and lacks the 55 NH,-terminus of amino acids,
whereas Tnp encodes for an enzyme transposase. This system begins with Tnp
binding to the outside and inside ends of OE and IE (IS50) sequence. Once,
this sequence is cut out of the chromosome the two terminals are combined
through the process of oligomerization of the DNA sequence. Therefore,
after insertion of 9-base pair 5'ends into the targeted sequence, along with
the transposon, its incorporated genes are introduced into the desired loca-
tion and perform duplication on different sides of the transposon. Expression
of the genes will be achieved by placing the transposon under the control
of a host promoter. Besides genes of interest, incorporated genes usually
include, a marker gene to find the transformants, a eukaryotic promoter, and
terminator sequence, and 3’ UTR region to differentiate the genes from a
polycistronic DNA region (Wilson et al., 2007). For example, the genes that
are linked with virulence during Mycobacterium tuberculosis infection were
recognized through the process mediated by transposonal mutagenesis-using
gene knockout technique. A plasmid, pCG1/3 having kanamycin resistance
genes along with IS1096 insertion sequence was engineered to constitute a
80-base pair variable tag. Transformed cells were later selected for resistant
cells from the colonies plated on kanamycin-containing medium. Further,
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colonies were screened for candidate virulence genes having mutations. The
attenuated phenotypes with mutations were mapped by amplifying adjoining
regions to the IS1096 sequences and a comparison was made with the
published Mycobacterium tuberculosis genome (Camacho et al.,1999).

7.3 APPLICATIONS

Many plant and animal breeders and other geneticists dream to clone quanti-
tative trait loci (QTLs). There is a possibility to clone QTLs in some species
that include Drosophila, maize, and mice through transposon tagging in the
regions where TE is available. Therefore, loci influencing a quantitative
trait can be detected by measuring the alterations in the mean attribute value
of an inbred line into which a transposon has been introduced (Soller and
Beckmann, 1990). The location of the introduced sequences along with the
QTL can be mapped accurately such that these transposons can easily tag
the QTL. Also, the practicality of this strategy has been verified in Fruitfly
(Mackay et al., 1992).

Tagging of the transposon is a crucial technique in the field of “reverse
genetics,” that is, by elucidating a gene’s function even after it has been
cloned. A deletion caused by transposons from a particular location may lead
to an altered phenotype, which may reveal the function of the gene. There-
fore, screening of natural or TE-mutagenized population can be done by a
particular PCR method. This can be achieved by using two oligonucleotide
primers, where one sequence should be synthesized from the cloned gene
of interest and the other should be homologous to the terminal sequence
of the transposon. For example, a gene expressed in the compound eye
during P-elements insertions in Drosophila can be detected by using this
technique (Ballinger and Benzer, 1989). In addition, TEs can be considered
to reconstruct phylogenies by means of presence and absence analyses. Iden-
tification of transgenes can be performed through the PCR technique on the
organism’s genome using a transposon-specific primer and an open reading
frame-specific primer (Hamer et al., 2001).

Sleeping beauty has the potential to generate induced pluripotent stem
cells. This can be achieved by reprogramming somatic cells to produce patient/
disease-specific pluripotent stem cells that will genetically modify, expand,
and can differentiate into multiple cell types for gene therapy applications. A
study by Okita et al. (2007) showed the generation of pluripotent stem cells
(iPSCs) by using retroviral and lentiviral vector systems. However, efforts
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have been made to generate iPS cells by means of nonviral approaches such
as transposon-based systems (Muenthaisong et al., 2012). The SB system is
convenient and economical and hence has been used for the production of
iPSCs in different organisms and models (Fatima et al., 2016; Talluri et al.,
2015). Its reprograming efficiency is quite similar when compared to viral
vectors (Grabundzija et al., 2013).

7.4 ROLES OF TRANSPOSONS IN GENOME EVOLUTION

Genome evolution is being driven by many processes that involve breakage
and rejoining of different chromosomes, segmental and gene duplication
events, shuffling of functional domains in the coding region followed by
gene conversion. It is reported that non-LTR retrotransposon over a history
of some 500—-600 million years is known to carry a reverse transcriptase
(RT) that is quite similar to the RT of the mobile group II introns that occur
in mitochondrial and chloroplast genomes of fungi and plants (Havecker et
al., 2004; Lambowitz and Zimmerly, 2011). Although, there is no significant
information regarding the evolutionary function of transposons in plants but
in the case of mammals, there have been significant evidences that prove
these genetic mobile elements are the source of genome variation. There are
a number of ways by which TEs can bring changes in genes and genomes.

7.4.1 ALTERED PATTERN OF INHERITANCE

Various chromosome rearrangements that include translocations, inversions,
and deletions can be encouraged by events involving mobile elements. These
events can also lead to recombination between Copia elements distributed
around the genome. In Saccharomyces cerevisiae, the occurrence of yeast
transposable element (Ty) was reported during inversion, deletions, dupli-
cations, and translocation events. Probably, these changes were observed
during the recombination events between pre-existing elements. The
chromosome organization is dependent on location and orientation of the
transposons involved in the process (Mieczkowski et al., 2006). There are
few cases where rearrangements can directly result from the activity of TEs.
For example, transposition of P elements in Drosophila results from crossing
males of a P strain containing complete elements with females of a strain
that does not contain an M stain during P-M hybrid dysgenesis (Khurana et
al., 2011).
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A study conducted by Martienssen (1998) on several strains of A. thai-
lana reported the molecular basis of epigenetic inheritance and its interaction
with different regulatory networks such as DNA methylation, RNA interfer-
ence, and histone modification. While converging on a particular group of
transposons with mutations interfering in the above processes, they found
that some mutations affected all the elements while other mutations affected
only a subset. The results revealed the varied quality of responses, as some
mutations were lost while others were inherited in the next generation.

7.4.2 DIFFERENTIAL GENE EXPRESSION

Chromosome rearrangements can result in differential expression of indi-
vidual genes. It can lead to small alterations in the expression of a gene
as its coding region is falls under the influence of the regulatory sequence
of the other gene. For example, a Antp 73b mutation in D. melanogaster
has resulted in transformation of antennae into leg structure. This muta-
tion involves inversion that breaks antennapedia complex, thereby fusing
the whole exon with the promoter of the other gene (Frischer et al., 1986).
Studies in the past have reported the role of TE-mediated epigenetic effects
on gene expression. A study by author Slotkin et al. (2009) reported that
differences in the expression of epigenetic modifiers involved in downstream
targets are responsible for decrease in the expression of genes in 4. thaliana
that correlates with activation and methylation of TEs. In addition, some
observations made by McClintock depicted that transposons have the ability
to influence nearby gene expression in maize following a heritable fashion,
and hence called as controlling elements (McClintock, 1951, 1956). Further,
studies in Drosophila of Hoppel that belongs to the member of the P-element
indicate that these mechanisms are not only limited to plants but are also
present in animals. These studies revealed that DNA transposons are mobile
characters for local heterochromatin formation as a byproduct of their repeti-
tive nature (Haynes et al., 2006; Slotkin and Martienssen, 2007). Some other
sequences known as boundary or insulator elements are also derived from
repeats and are associated with siRNAs, such transposons participate in tran-
scriptional activity. These events are inheritable and stable in nature but may
lead to dynamic changes in response to genetic stress and environment cues
leading to interspecific hybridization or polyploidization (Kashkush et al.,
2003; Noor and Chang, 2006). It can trigger amplification and movement of
TEs causing epigenetic reshuffling and structural changes in the genome. It
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also offers a chance to favor natural selection to establish new chromosomal
domains and regulatory circuits (McClintock, 1984).

7.4.3 AMPLIFICATION OF DNA SEQUENCES

TEs have the capability to amplify DNA sequences within a genome during
replicative transposition events, or throughout duplication events that took
place during recombination between elements. In this process, the recombi-
nation takes place between copies of transposons that reside in the similar
order at distinct locations on a chromosome and cleave the intervening DNA
when it appears as an interchromatid. During interchromatid recombination,
intervening DNA gets deleted from one strand and duplicates on other.
For example, in eukaryotes short-interspersed sequences and processed
pseudogenes are usually amplified by transposition events. TE is generally
bordered by site-specific duplications that contain A-rich nucleotide strands
at the 3'terminal sequence and thereby revealing insertion at a new specific
location after reverse transcription of RNA. mRNAs act as an intermediates
for pseudogenes since they do not contain introns.

7.4.4 VARIATIONS IN GENE SEQUENCE

TEs that perform excision often result in sequence alterations within the
set of genes that can hold an evolutionarily advantage. Usually, when the
number of nucleotides is inserted or deleted from the insertion site must
be in multiples of three and the original insertion was in an exon that will
lead to allele coding for the different gene product. Like other TEs, DNA
transposons have properties that differ from those of retrotransposons that
influence the possibility of their involvement in these mechanisms. The most
probable outcome of transposon insertion can lead to disruption of the exon
hindering the production of the viable gene product. Many transposons that
exhibit cut-and-paste mechanism display a preference for insertion into or
within the surrounding of genes and this property makes it powerful gene
tagging tool that can be routinely used by geneticists (Mufloz-Lopez and
Garcia-Pérez, 2010). Previous studies on P elements of Drosophila (Spra-
dling et al., 1995), mutator elements in maize (Dietrich et al., 2002), and the
Tc3 element in nematodes (Rizzon et al., 2003) has depicted a bias insertion
into genic neighborhoods.
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A breakthrough study on Miniature inverted-repeat transposable elements
(MITE) explosion in rice has demonstrated a pattern of insertion, which
was primarily because of targeting rather than the result of natural selection
(Feschotte and Pritham, 2007). MITES are usually present in high copy-
number in genomic regions and gene-rich environments of both plants and
animals (Feng, 2003). Allelic diversity in the natural population can result
from genic proximity of DNA transposon. Insertional mutations are caused
by DNA transposons that result in spontaneous excisions and unstable revers-
ible phenotypes (Wessler, 1988). DNA transposon excision sites influence
the nature of variations by introducing random fillers, small deletions, and
inversions. The excision/insertion property of DNA transposon plays a major
role in modifying gene and altering promotor sequences that result in allelic
diversity, hence its absence during these processes would prove difficult to
illustrate (Lin and Waldman, 2001).

Speciation is a natural process that involves the occurrence of new species
which is distinct from the existing species and is reproductively isolated
(Coyne and Orr, 2004). The focused area of speciation is to understand the
mechanism of reproductive isolation between species (Abbott et al., 2013;
De Loof, 2015). Various methodologies have been applied in identifying
barriers that are responsible for causing reproductive isolation between
different species having a common origin (Coyne and Orr, 2004; Harrison,
2012), evolution forces (Seehausen et al., 2014), and the rate of speciation
(Wang et al., 2015). Despite of all these problems, progress in the area of
identifying gene loci that are related to reproductive isolation and evolu-
tionary forces that drive it has been explored. It is still unclear what kind of
mutations leads to reproductive isolation and the mechanism governing it.

There are two ways to detect reproductive isolation. In the first method,
different crosses are made and genetic maps are prepared to find out loci
related to reproductive isolation, such studies help in determining genetic
changes that are useful in maintenance of species identity and molecular
alterations that were formerly involved in process of speciation. This method
is generally utilized when closely related species are studied at different
stages of development (Widmer et al., 2009).

Another technique to study the reproductive isolation generally involves
detection of changes or mutation occurring at molecular level and its associa-
tion in relation to isolation for different genotypes. If changes at molecular
level are responsible for creating obstruction to gene flow, then it may be
considered as a possible reason for origin of new species or its persistence for
collapse of gene flow. An example of this approach includes chromosomal
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inversions that are commonly linked with a decrease in recombination
frequency and are associated with gene combinations that help in creation
of reproductive isolation between different species (Noor et al., 2001; Hoft-
mann and Rieseberg, 2008). However, this method has not been applied to a
greater extent to study the importance of mechanisms bringing out reproduc-
tive isolation at the molecular level. The present chapter provides an insight
into TEs that are considered as important agents responsible for reproductive
isolation along with their contribution in different crops to study the evolu-
tionary relationships.

TEs are considered as mobile DNA elements (sequences) that are able to
move within the genome by mechanism of copy and paste. TEs constitute
approximately 80% of total nuclear DNA in plants, 3-20% in case of fungus,
and 3-52% in metazoans (Bennetzen and Wang, 2014). TEs are classified
based on the mechanism they utilize for transpose. In Class I type of trans-
posons, RNA act as intermediate in order to replicate themselves within a
nuclear genome, while in another type, that is Class II elements, there is
no involvement of RNA intermediate and they move through cut-and-paste
method, furthermore their replication and movement occur directly via
by DNA to DNA. Different classes of TEs are given in. Evidently, the
most important class of TEs differs between taxa (Kidwell 2002; Lockton
and Gaut, 2010) and species, and their activity, position, and frequency in
genome vary at different levels of population. TEs were first discovered in
maize crop by Barbara McClintock in the year 1950 (McClintock, 1950),
where they were responsible for causing somatic mutations influencing
phenotypic and genotypic expression which greatly depend upon the time
of transposition and its insertion site on chromosomes. The position of TE
is responsible for altering gene expression, which may have deleterious
effects on gene expression (Woodhouse et al., 2006; Feschotte et al., 2009).
Transposons normally occur in all higher organisms (Voytas et al., 1992;
Aziz et al., 2010) and it has a negative impact on plant and animal health
furthermore disrupt important gene function, hence TEs are also referred to
as selfish DNA. Generally, functional gene interruption is not considered as
primary consequence of transposons as they migrate throughout the genome
of an organism. TEs are responsible for changes occurring in the regulatory
region of DNA, expansion in genome, and help in creation of chromosomal
mutants through the inversions process. Moreover, transposons generate
changes in the genome at a rapid rate (Kapusta et al., 2013; Flutre et al.,
2011) under abiotic stress conditions—a hypothesis proposed by McClintock
(McClintock, 1950). These alterations caused in the genome act as a source
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for the creation genotypic and phenotypic novelty upon which selection
pressure can act (Hollister and Gaut, 2009). Due to its efficacy in creation of
mutation within DNA sequences when required, some hypotheses suggest
that transposons are present in entire genomes through the process of multi-
level selection (Brunet and Doolittle, 2015).

Thus, TEs are an integral element of eukaryotic genomes that play a
crucial role in rates of speciation and divergence. TEs have been reported
as a major cause of RI between germplasm (Kidwell et al., 1977). However,
the functional importance of TEs at a molecular level for generation of new
species remains unclear and unexplored. The basic ideology behind the
involvement of transposons in the creation of new species has shown signifi-
cant importance (Hurst and Schilthuizen, 1998). RI which is caused by the
process of intragenomic conflict seems to occur naturally in the environment
but is supposed to be rare and not well studied. Preferential selection during
meiosis, endosymbionts, and maternal inheritance is considered as an impor-
tant source of RI (Coyne and Orr, 2004), and various different theories have
been applied to examine the functional significance of these factors in the
speciation process (Ginzburg et al., 1984). Yet, the purpose of TEs in process
of initiation and maintenance of the speciation needs extensive studies. In
this chapter, we highlight the functional importance of TEs as an important
factor for the origin and maintenance of species, with a focus on other impor-
tant events like mutation and evolution. The chapter also provides an insight
on to how the mutations caused by TEs will cause mutations and invariably
lead to evolution and speciation. Further, the role of TEs in the creation of
reproductive barriers and genotypic variation has also been discussed.

7.5 SPECIATION: RAPID OR GRADUAL PROCESS?

The important question in evolutionary studies generally arises whether
process of speciation is expeditious or occurs at a slow rate. Darwin, in his
theory of evolution and speciation, describes that speciation occurs gradu-
ally at a very slow rate on a time scale due to mutations that are heritable and
involves the organism that is geographically separated and eventually lead
to entirely different organisms that are reproductively separated from the
main species. The function of transposons in creating heritable changes that
are better known as mutation leads genetic alterations in the genomes is well
known. This chapter deals with genetic alteration in relation to speciation
phenomena. Another method of speciation occurs rapidly which includes
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breeding procedures like polyploidization and hybridization in plants.
Approximately 35% of phanerograms evolved by the process of polyploidy
(Wood et al., 2009). Furthermore, research conducted on hybrids and poly-
ploidy, which are comparable to developing species, has proven that TE act
as precise detectors of genomic shock that are generated due to divergent
genome blending. Unrevealing TE in hybrids genotypes or polyploids may
be considered parallel to hybrid dysgenesis, contributing to a decrease in
hybrid vigor, and prevention of gene-flow across closely linked but divergent
species (Feschotte and Pritham, 2007). In similar cases, transposons switch
functions from being the supporter of the speciation process and maintainer
of species integrity. This chapter deals with importance of transposons in
gradual and rapid methods of speciation in relation with mutation and evolu-
tion. Finally, here it is discussed how mutation due to transposons causes
evolution and how the origin of new species occurs due to genomic shock
and other factors.

7.5.1 PROCESS OF SPECIATION BY DNA CUT-AND-PASTE MECHANISM

DNA cut & paste sequences usually create mutations having a profound
effect which include point mutations & indels in the genome, or they are
responsible for causing chromosomal aberration which includes inversions
& translocations. The discovery of McClintock on functional aspects of TEs
including chromosomal breakage, and recombination (McClintock, 1946;
1948) is a significant illustration of how transposons can generate rapid
genetic evolution that can cause genomic isolation and further responsible
for the speciation process. McClintock’s chromosomal breakage of double-
Ds sequences emerged out to have a distinctive structure, constituting fa-Ds
sequences ingrained within other Ds sequences (Jiang and Wessler, 2001).
While these are not considered as typical sequences, such double-Ds elements
are not found commonly, due to their ability to move to a nearby location on
chromosomes (Dooner and Belachew, 1989). TEs generally cut out without
generating any rearrangement in chromosome, producing a DNA double-
strand break that is repaired by the process of nonhomologous-end-joining,
leaving behind some footmark (Rinehart et al., 1997). This footmark can
lead to slow changes in karyotype of chromosomes. Such minute mutation
that accumulates over time can greatly affect chromosomal recombination
process, which can eventually lead to reproductive polymorphism. Indeed,
DNA point mutations eventually decrease the rate of meiotic homologous



138 Plant Transposable Elements

crossing over in the genomic variable site of chromosome (Emmanuel et al.,
2006).

As it was reported in the case Oryza australiensis transposons prolifera-
tion in centromeric and noncentromeric portion of chromosomes causes a
doubling of genome size during the process of speciation (Piegu et al., 2006).
In cotton, TE proliferation varies among distinct species, showing mobili-
zation of transposons at the time or after speciation help in generation of
divergent genomes (Hawkins et al., 2006). Despite of wide morphological
divergence of chromosomes during speciation process still gene order is
preserved with the passage of time. Retro sequences proliferation occurred
within a species as derived from intervarietal discrepancy of Zea mays (Wang
and Dooner, 2006) and Oryza sativa (Huang et al., 2008).

7.6 TRANSPOSABLE ELEMENTS AND REPRODUCTIVE ISOLATION

Characteristics involved in the maintenance of species isolation can be
grouped in accordance with its occurrence in the reproductive phases.
Premating obstructions that are involved in reproductive isolation include
behavioral attributes that decrease the mating ability between two individuals
will mate and include habitat isolation and mating choice. Prezygotic factors
are required in interactions between different gametes and further, involve
pollen-egg cell incompatibility (self-incompatibility and male sterility).
Lastly, postzygotic hindrance effect occurs after fertilization process and
involves in reduced fitness of hybrids resulted from crossing (Coyne and Orr,
2004; Orr and Presgraves, 2000). The prezygotic and postzygotic studies in
relation with reproductive isolation process have been extensively utilized at
varying level and their connection with transposons was reported in some of
the studies. The following book chapter deals with process and mechanism
how TEs are responsible for affecting a trait that is significantly involved in
reproductive isolation, therefore emphasizing the process of speciation due
to mutation and evolution.

7.7 FUTURE DIRECTIONS

Transposon technology falls in a promising arena and its application is
emerging in the field of gene therapy. Transposon insertion sequencing
facilitates the knowledge of evolution and its understanding in different
magnitudes of cancer development, its progression, response to therapy and
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genetic interactions, etc., in the future (Fig. 7.2). Transposon mutagenesis
will be used to reflect deviations in the population by including alterations in
mouse models. It will facilitate precise and suitable therapy to be delivered to
the patients suffering from chronic disease like cancer and obesity. Moreover,
transposon mutagenesis related studies can support to propose of changes in
cancer therapy by discovering different resistance mechanisms to targeted
therapies and novel ideas for improved drug design. In addition, transposon
screens can be used to detect metastasis-specific drivers and tumor types in
providing further treatment choices for patients with high-risk of disease.
Later, future screens can be proposed to study the effects of aging on tumor
development. Initial reports on the application of sleeping beauty transposon
system for gene therapeutic purposes are now available and published in
public domain. Two major areas for the initial point of research in the near
future include improvement and optimization of SB for an efficient and safe
gene transfer. The latter is developing a better understanding of molecular
interactions between the transposon and the cell. Further, it also has a broad
scope in plant systems like development of T-DNA insertion line as studied
in the case of Arabidopsis thaliana (model organism) and many other model
plants. In future, T-DNA insertion lines could be possible utilized to know
the function of genes in already sequenced crops. Recently, it is used to study
phylogeny of various angiosperm plants, which is important for a taxonomic
point of view.

To access the
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Trasposon Insertion Sequencing (TIS) Objectives association studies
3: Fragmentation, adapter ligation and PCR (phenotype ¢ genotype

© metabolism €
4: Sequencing and mapping )

To discor tive mutations

FIGURE 7.2  Steps and objectives of transposon insertion sequencing (TIS).
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ABSTRACT

Genomes include many repeated sequences, a significant count of them are
transposable elements (TEs). They have multiple activities: genome size
restructuring, chromosome rearrangement, gene mutation induction, and
gene activities altered by the insertion near or within the promoter, intronic,
or enhanced regions. Mobilization of TEs is generally triggered when an
organism is exposed to stress, including both biotic and abiotic stress,
polyploid conditions, and interspecific hybridizations. TEs were considered
genomic parasites, but this is also suggested that they may also play a valu-
able role in developing various biological processes. Consequently, a pattern
of punctuated balance is generated by the evolutionary tug of war between
host genomes and epigenetically mediated TEs. In eukaryotic cells, superla-
tive epigenetic mechanisms have developed to silence the expression of TEs
and their mobility. TEs are the backbone of epigenetic phenomena at the
single gene level and across more significant chromosomal regions due to
their ability to recruit silencing machinery. The combination of TE mobiliza-
tion and the epigenetic landscape changes could lead to quick adaptation of
phenotypes in response to global environmental changes. In this chapter,
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epigenetic control of TEs as a source of phenotypically selectable variations
will be discussed, along with their linkages to defense responses.

8.1 INTRODUCTION

DNA sequences that can modify their position within a genome can be
transposed elements (TEs). Liang et al. (2021) and McClintock (1950) found
transposable elements (TEs) through an analysis of maize (corn) genetic
stability. According to him, a DNA segment jumped into the genes which
code pigmented kernels, and thus, deactivated pigmented kernels were
the cause of the light-colored kernels. These moving genes are known as
transposons or TEs. These parasites in most organisms’ genomes can boost
their genome number, expanding, and evolving the genome. For example,
TEs account for almost 50% of the human genome and > 80% of the maize
genome (Bourque et al., 2018; Hermant and Torres-Padilla, 2021).

8.2 STRUCTURE OF TRANSPOSABLE ELEMENTS

Transposons are stretches of DNA with repeated segments of DNA at both
ends. A transposon is made up of a central sequence with transpositions
of genes and specific other genes. The short-repeated DNA segments are
flanked on both sides. The repeated segments can be repeated directly or
inverted, which helps in the identification of transposons. The number of
nucleotides repeats is uneven. The insertion method at the target site is 5 or
7 and 9 nucleotides (Pray, 2008) (Fig. 8.1).

8.3 TYPES OF TRANSPOSONS

TEs were classified into the following types based on their transposition
methods:

Class 1 retrotransposon.

Class 2 DNA transposon.

8.3.1 CLASS 1 RETROTRANSPOSON

Class I elements are mobilized as intermediate RNA, also known as
retrotransposons. All retrotransposons, commonly referred to as copying
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Transposable element DNA TRANSPOSABLE ELEMENT
_ MECHANISM OF MOBILIZATION
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FIGURE 8.1 Mechanism of transposable elements mobilization. (1) Transposase enzyme
specifically binds to donor DNA element. (2) Transposase enzyme helps in the cleavage
of transposable elements, (3) origin site of DNA join end-to-end and repair itself, (4)
DNA-transposase complex recognized the target DNA and integrated into target DNA. (5)
Transposon fully integrated in the target DNA site.
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and pasting elements, generate new copies by transcribing them in the
genome. Two transposase subunits are used for the cut-and-paste transpo-
sition. Each subunit binds at the two ends of the transposon in the specific
sequences. The subunits of the protein of transposase are then combined
and lead to transposon excision. This excised “transposon—transposase
complex” is then incorporated into the destination site. The transposon
is thus cut from one place and then pasted on another by a transposase
protein-mediated mechanism. Examples of transposon cut and paste are IS
elements, P elements in maize, Drosophila hobo elements, etc. Two main
retrotransposons are long terminal repeat (LTR) and non-LTR character-
ized by 100-300 bp of the repeated direct terminal presence or lack. LTR
components are from 100 bp to 10 Kb in size and are similar to the retro-
viruses, including endogenous retroviruses (ERVs). LTR encodes proteins
with the name of the elements. LTR-retrotransposons replicate and mobilize
the Gag gene-encoded viral particle via tRNA-printed template switching
(Platt et al., 2018).

The non-LTR elements consist of long and short interspersed elements
LINEs and SINEs, respectively. The presence of multiple tails, generally
poly-a, and the lack of LTRs can be recognized in Line and SINE. The LINEs
are 4 to 7 kb and codify the enzyme machine required to move one to three
proteins. A nuclear chaperone protein (ORF1) is one of the most common
2-ORF mammalian lines and reverse transcriptase. Recently in L1 elements,
a third significantly shorter protein (ORF0) was described, but its role is not
known (Denli et al., 2015). The SINE can be between 150 and 500 bp and
lack the necessary machinery to mobilize itself, that is, nonself-sufficient.
Most SINE mammals come from a 5" head combination that comes from
a pseudogenic ribosomal or tRNA with a 3 head specific to the line. The
SINE region, like the LINE, is employed for mobilization by the enzymatic
machinery of LINEs. In contrast to LINEs, the de novo origin of SINEs in
mammals is relative.

8.3.2 CLASS I TRANSPOSONS

The “DNA transposons” of Class II TEs have been identified as translating
via intermediate DNA. They are transposed to an additional locus in the
genome, which means the excision of the element. This pathway is often
referred to as “conservative” because it is known as the original element
itself as “cut-and-paste.” Theory shows that this conservatory transposition
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is a less powerful tool to invade a genome but that any duplication occurs
to increase the transposon population in the particular genome and its
transposition during the replication of chromosomes. Class II TEs are not
only cut-and-paste TEs (subclass 1); some are DNA TEs that use a replicate
transposing mechanism to remove only one DNA strand (subclass 2). Class
Il is divided into four orders. The TIR sequence includes nine superfamilies,
including the sequence of prokaryote insertions (IS630-Tc1 - mariner, hAT,
Mutator, Merlin, Transib, P, PiggyBac, PIF-Harbinger, and CACTA) with all
of the TIR areas on each end. The orders of Crypton, Helitron, and Maverick
comprise only one superfamily (Jurka et al., 2011).

Class I elements are found in most eukaryotic lines and seldom prokary-
otic, and prokaryotic and eukaryotic class Il elements are readily available. It
indicates that both progenitors were probably present in the common ancestor
of all eukaryotes. Apart from ubiquities of TEs in vertebrates, differential
amplification, genetic drift, and recombination in isolated populations can
lead to dragging genomic TE landscapes between close-related taxa (Jurka
et al., 2011; Staunstrup et al., 2012) (Fig. 8.2).

Class I: Copy and Paste Class II: Cut and Paste

ERYV and LTR retrotransposons Non-LTR retrotransposons DNA transposons
Transcription lTra.uscripu'on
mRNA mRNA .
NANNANNY Excision

Reverse

transcription
Target-primed

_ dsDNA reverse _

transcription

Integration 1Im.egracion

A

Tgerona —HIE-E— — HE.- —

FIGURE 8.2 Transposable elements classes. Transposable elements are divided into two
classes on basis of the replication mechanism. (a) Class 1 copy and paste and gives rise to two
identical copies; one in the donor site and one in the target site. Class 1 further comprises of
two classes LTR retrotransposon and non-LTR retrotransposons. Donor DNA is transcribed
into mRNA and then through reverse transcription dsDNA formed which is then integrated
into target DNA, (b) Class 2 cut and paste and translocates the TE element in the target site
leaving a free TE donor site.
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8.4 TEs AS GENOMIC PARASITES

Parasites are not only found in the kingdoms of plants and animals; they also
belong to us. Our genome contains innumerable short portions of DNA that
spread at the expense of your genome. These transposons are therefore also
attributed to DNA parasites. When transposons are present, genetic data are
transported from one genome location to another. This process occurs when
germ cells develop, especially when the early embryo has strong divisions.
At all times, the DNA sequence is redesigned with some severe implications.
A transposon may be located in a gene segment containing information on
metabolism-critical protein. The gene cannot be properly read.

An example of this is the APC gene. It encodes the protein to prevent
cancer development. Colon cancers can occur if they are disturbed by the
addition of a transposon. The proteins must be read, transferred to RNA,
and translated into new proteins to the DNA’s information. Transposons
need to be replicated and inserted into the genome by different proteins,
as well. The structure of the two essential parasite DNA sneakers, LINE-1
and Alu retrotransposon are two ubiquitous in the human genome (Oliver
and Greene, 2009). The LINE-1 segment consists of about 6000 pairs of
DNA baseline—about as long as a medium gene. The LINE-1 genome is
comprised of around 500,000 copies and pieces. The LINE-1 element is only
17% of the genome. It is possible to produce more than half of our genome
from TEs. The proportion of transposons may be even higher in other organ-
isms. For instance, transposons can be traced in maize plants to up to 85% of
the entire genome. For example, the transpositions can only be transmitted
due to cancer if they do not kill the individual. “With every transposition, a
person or his descendants are not necessarily fatal. The part of the genome in
the LINE-1 copy is dependent on.” In addition, many mutations have been
disabled over time. Of the 500,000 LINE-1 sections, only approximately 100
are active and parasitic in the human genome. The rest is no longer working.

The ALU retrotransposons are hypocritical and distributed across the
genome since they are over 1 million and represent about 10% of the genome
and a step closer to parasites. They are parasites by hiding and replication
of the LINE-1 equipment. It may replicate the LINE-1 itself. In contrast, for
its purposes, Alu needs and uses LINE-1 proteins. Transposons, therefore,
relate only to their spread and appear to contribute nothing to the organism’s
subservience. The body is just a way to an end. However, transposons can
nonetheless profit following a closer examination. When transpose copies
are inserted into the genome, DNA is converted to promote and flexibly
preserve the genome. The body can adapt more quickly if environmental
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changes are significant due to climate change or natural disasters. Trans-
posons have since been shown in plants, especially if plants are stressed,
for example, during hot spelling. Many transposons are dangerous, but new
characteristics are sometimes vital to the organism’s survival. Evolution is
long assumed to be based on exchanging individual genetic code letters,
referred to as point mutations. Many of his colleagues (Oliver and Greene,
2009) think that transposons are a significant factor in reshaping the genome
and creating new variations.

8.5 MULTIPLE ACTIVITIES OF TRANSPOSABLE ELEMENTS

Different activities related to gene function involve TEs. Transposons can
modify genome structural and functional characteristics by changing their
genome position. The mutation causes TEs through insertion, deletion, etc.
Transposons contribute positively to evolution which has a significant effect
on the change in the genetic organisms. They are also helpful in gene cloning
as cloning vectors. As a vector for introducing transgenes to Drosophila, P
elements are commonly used. During genome mapping, transposons may
also be used as genetic markers. Transposon-mediated gene marking is
performed to search for and isolate a given gene.

In addition to interrupting genes or disrupting their regulation, TEs can
also lead to further rearrangements in the genome. There can be homologous
recombination between two almost identical sequences. The two copies must
have potential substrates for recombination when transposition makes other
copying of a TE. Recombination results depend on the direction between the
two TEs. Combining two transposable aspects with the same chromosome
orientation can lead to deletion while the product is a reversal if they are in
opposite directions.

8.6 GENOME SIZE RESTRUCTURING AND CHROMOSOME
REARRANGEMENT

C-value is a quantitative measure to define the genome size. A whole chro-
mosome supplement shows the DNA contents of the organism; hence 1C
represents the amount of DNA in a monoploid genome that is not replicated.
The parameter is specific to a specific species and is highly chosen during
development (Lee and Kim, 2014; Canapa et al., 2015). The prokaryotic
genome sizes are smaller than the eukaryotic ones, while the lower eukaryotic
generations are smaller than the high eukaryotic genomes. The C values are
usually well correlated with the complexities of cells and organism genomes;
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the prokaryotic genome size is smaller than that of eukaryotic genomes,
while the smaller the eukaryotic genome size is smaller the higher genome.
However, large genome sizes are often among closely related species, and
C values are inferior to organism complexity and suggest the paradox of C
values. Large genomes can come from one or more amplification mecha-
nisms from small genomes. However, the rate of DNA loss in small genomes
is greater than that of TE amp for DNA gains, as demonstrated in cotton and
its families (Canapa et al., 2015).

Possible change in the genome dimension can be considered the plausible
mechanism for entire genome duplication (WGD). WGD (polyploidization)
is not the only means to modify the gene content, increasing the genome size
in a single generation. In the Eleocharis, for instance, the rapid increase in the
number of copies in some families of translatable elements for such species
is attributed to considerable variations in genome size. The linear relation-
ship between genome size and genome content of TEs has been numerously
reported. Class I retrotransposons appear to influence the semiconservative
conversion of copy significantly and paste to genome size. The TE content
for the low genome A. thaliana is roughly 15%, with only 4% retroposons.

On the other hand, large genome species have high TE content, a large
proportion of Class 1 TE. For example, about 85% of Zea mays contain TE
(1C=2.3 pg), 8.6% of which are Class 1 and Class 2, respectively.

Transposition is a robust genome expansion mechanism countered over
time by the deletion of DNA. The balance of both processes is a crucial driver
for the development of the eukaryotic genome. In several studies on plant
and animal genomic development, the effect and extent of this genomic shuf-
fling and cycling content were demonstrated. As inserting and deleting TEs
are often inaccurate, these processes can indirectly influence host sequences.
These cases frequently lead to large volumes of host duplication and revi-
sion, including genes and regulative sequences. For example, a single DNA
transposon group captured and rehabilitated ~1000 gene fragments in the
rice genome (MULEs). The transposition rate of TEs, partially controlled
by the host, was an essential driver of the genome (Biscotti et al., 2019).
After losing their mobility and reordering as a byproduct of transposition,
TE can endorse genome structural changes. In particular, recombination
variations may result in large-scale deletions between very similar areas,
spread through related TEs at distant genomic positions. Besides, TEs offer
microchemistry areas that can be switched to another source of structural
variants while repairing replication errors. These structural variations, not
based on transposition, have substantially contributed to the evolution of the
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genome. Those processes can also make it more difficult to identify active
conversion elements in population studies that determine functional aspects
by detecting nonreference insertions.

The TEs are also contributing to specialized chromosome properties. An
inspiring example is Drosophila, which has a LINE-similar form in retrotrans-
posons and keeps the telomeres as a substitute for the telomerase enzyme
lost during the development of Dipterists. This domestication was carried
out, so a chromosome linearization caused the “end problem” reconstruction
of what could have happened much earlier in Eucarian development. The
reverse transcriptase part of telomerase was believed to originate from an old
retrolental lineage. Structural roles also apply to the central sequences and
the domesticated transposase genes (McCullers and Steiniger, 2017). First,
Barbara McClintock showed that transposable maize elements might induce
significant Chromosome reordering, including duplications, deletions, rever-
sals, and translocations. In recent years, researchers have made considerable
progress in clarifying how transposons can cause the genome to reorder.
Rearrangements shall be made when the terminals of different elements are
used for the TE system Ac/Ds. The resulting alternative translation reaction
directly generates several rearrangements. Depending on the transposon’s
location and direction, insert the size and type of the rearrangements
produced. A single locus containing a few alternative conversion-competent
elements can create virtually unlimited rearrangements of the genome. With
a fundamental understanding of the mechanisms involved, scientists begin to
use both natural and in vitro generated chromosome structure-manipulating
configurations of TEs (Zhang et al., 2012).

8.7 GENE MUTATION INDUCTION

Although some TE levels may foster adjustment, over TE may be a factor
in the reciprocal decline. The mutual collapse results in positive retrograde
in populations more susceptible to the aggregation by drift for further lethal
mutations, causing reduced fitness and population size. The meltdown is
not easy to see because it leads to a feed-forward extinction. The mammoth
genome of Wrangel Island represents the best example of a mammalian
mutational meltdown. This genome shows an increase in gene deletion, early
stop codon, and minimizes heterozygotic activity compared to other large
genomes in these groups. In addition, in the Mammoth on Wrangel Island,
excess retrogenes are available. The retrogenes being a significant byproduct
of LINE, their existence immediately before the extinction of the mammoth
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population at Wrangle Island 15 indicated a retrotransposon breakdown.
The final explosion of TE activity could have resulted in a mutation of the
mammoth population of Wrangel Island and the formation of retrogenes.
Interestingly, this explosion in TE activity is anticipated under the epidemio-
logical hypothesis (Rogers and Slatkin, 2017).

8.8 TEs CAN BE DAMAGING WITHOUT TRANSPOSITION

TEs are known most for their mobility, that is, their capacity to transpose into
new sites. Although the breakdown and insertion of DNA associated with
translation is an apparent cause of cell damage, it is not the only or perhaps
the most frequent mechanism that could harm your host. The host damages
the reactivated transposon in several ways. First, transposon loci can interfere
with the transcription or processing via countless mRNA host mechanisms,
including their transcript (Elbarbary et al., 2016; Daniel et al., 2015b). The
transcriptional genome-wide repression of TEs in human cell reproduction
has been documented (De Cecco et al., 2013) and various mouse tissues
like brain, liver, and muscle (De Cecco et al., 2013; Van Meter et al., 2014).
Promotors LTR and L1 may cause activation of oncogenic cancer (Babaian
and Mager, 2016). Second, TE-encoded proteins can lead to genomic insta-
bility and DNA breakdowns as L1 ORF2p endonuclease activity (Hedges
and Deininger, 2007). Third, RNA transcript accumulation and copying of
extrachromosomal DNA derived by TE can cause an innate immune response
that causes autoimmune and sterile inflammation. The activation of interferon
response is currently well documented as an endogenous retroviral transcript
and can increase the identification and assault of cancer cells via immuno-
therapy (Chiappinelli et al., 2015). All the mechanisms mentioned above
must still make a relative contribution to organism pathologies.

The next step is to translate the coded proteins and reverse transcription in
cDNA substrates for translation-suitable retroelements after the transcription
and sometimes splintering TEs. The Cytosolic DNA and RNA resulting in the
use of the TE-encoded transcriptase protein, DNA hybrids may alert inflam-
matory tracts. For example, patients with TE-accumulated, cytosensitive DNA
in Aicardi-Goutiéres due to pathway mutations usually block TeD or degrade
TE-based DNA (Kassiotis and Stoye, 2016). While not all TE-encodes
functional protein, some can make Pol, Gag, or Envelope proteins, including
several endogenous retroviruses (Env) (Roulois et al., 2015). Cytotoxicity
may be associated with overexpression of the Env-protein, with the multi-
sclerosis (Crow and Manel, 2015) and amyotrophic lateral sclerosis of two
or more neurodegenerative diseases. The smallest group of human accessory
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proteins, HERV (HML-2), may play a role in some cancers, although there is
no evidence to support this (Vargiu et al., 2016).

8.9 WHEN IS TE MOBILIZATION DONE?

TEs have been considered important drivers of species development due
to their ability to move and induce mutations in the genome. Despite their
mutational properties, the successful invasion of TEs into genomes is an
apparent paradox. In some cases, these elements can also be highly regulated
in transposition rates, which have sometimes been associated with environ-
mental conditions changes. TE transformation is generally handled firmly to a
low value. Factors that are susceptible to transpositions in natural populations
are contributing to the continuity of TE. As causative agents of TE mobiliza-
tion in various organisms, various factors were suggested: biotic and abiotic
stresses, cross-species and intraspecific crosses, and population factors. TEs
have also been active under stress, which often proves an adaptive function
for TEs to address stress (Negi et al., 2016). TE activation would increase the
rate of mutation that results in natural selection variability. In addition, TEs
can spread response elements across the genome to help reprogram strain
gene networks when stress is activated, as it is known that some TEs contain
regulatory strain response sequences. However, in terms of the stress response,
this view of TEs has been challenged. It was suggested that experiments on
the regulation of TEs are not always vital. The arguments were also made
that before assigning these organism-level functions, the unique biological
characteristics of TEs should be taken into account (Rey et al., 2016).

8.9.1 TRANSPOSABLE ELEMENTS AND STRESS RESPONSE

Are the TEs under stress conditions always empowered? Recent literature
reveals that certain stress-expressed TEs are activated (Ryan et al., 2016;
Hummel et al., 2017). The molecular mechanism that causes TEs to stress
has been detected in several studies. The longevity regulating protein Sirtuin
(SIRT6), for example, silences the nuclear element (LINE)-1s long inter-
spersed under ordinary conditions. SIRT6 links KRAB-Associated Protein
(KAP)1 nuclear corepressor protein with the Promotor LINE-1 element and
mono-ADP. Ribosylates lead to compacted chromatin and silent LINE-1.
The SIRT6 has moved to DNA damage sites so that LINE-1s do not become
heterochromatic and therefore transcribed (Ryan et al., 2016). Indirectly, it
causes LINE-1 elements to be activated. It has proved possible to suppress
TE in stress conditions after initial activation (Shpyleva et al., 2018; Huang
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et al., 2017). For example, acute stress in the rat hippocampus has demon-
strated a tissue-specific increase of H3K9me3 (Lapp and Hunter, 2016). It is
associated with a rapid (1 hour after stress) deletion from the TE family [ERV
intracisternal-A (IAP), L1 RN, and B2 RN SINE] of the first stress-induced
activation. Based on these data, specific TEs targeted by the H3K9me3
response aim to reduce potential genomic instability caused by TE families’
activation. UV radiation is a stressor that can accelerate the expression of Hsp
genes during embryonic stages in human skin and fish tissues (Vehnidinen
et al., 2012). UVC further encouraged the transposition of the Tcl/mariner
fungus superfamily Aspergillus oryzae and its removal (Ogasawara et al.,
2009). Radiation from UVC damages the primary UVC cell chromophores
DNA molecules. The absorption spot is known as the photoproducts for
DNA; cyclobutane pyrimidine dimers are the most frequent. These spots
change the metabolic processes of DNA, as both the replication and transcrip-
tion machines have a physical block (Costa et al., 2003). Consequently, a
cell cycle arrest is observed in phase G1 because the cells cannot progress to
phase S and, therefore, lead to cell death (Ortolan and Menck, 2013).

Stress may also induce both TE activation and repression according to
context. The TE response to heat stress in 10 different ecotypes has been
analyzed (Lapp and Hunter, 2016). The majority (56-80%) of TEs in
seven ecotypes showed higher stress expression than nonstress conditions.
However, most TEs (63—79%) in the other three ecotypes have shown a lower
level of stress expression than in nonstate conditions. Lastly, TE repression
was also reported under stress (Barah et al., 2013; Trivedi et al., 2014). One
study analyzed the effects of Ty3 transposition in cerevisiae cell cultures
by inducing cellular stress responses. The galactose was added to the cell
culture to induce Ty3 expression. While Ty3 was transferred by 30°C into a
galactose-treated crop, the authors found that no transposition was detected in
both stress conditions (Menees and Sandmeyer, 1996). The second example
of TE silence was also reported in response to stress (Trivedi et al., 2014). The
effect of human neuronal cells was tested in a study. The central opioid for
chronic and acute human pain is morphine. While the mechanism is uncer-
tain, oxidative stress can be driven by opioids. Although short-term morphine
therapy did not affect global DNA methylation, the authors showed that
hypermethylation and LINE-1 expression are reduced. However, after long-
term morphine treatment, LINE-1 elements recover to the levels measured
in cells that receive morphine (Menees and Sandmeyer, 1996). In general,
cumulative data do not demonstrate a uniform topic with studies showing TE
activation, removal, and stress repression in TE regulation.
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Insertion of TE often involves the upregulation of the neighboring genes in
stressful conditions (Hummel et al., 2017; Zovoilis et al., 2016; Forestan et al.,
2016; Bouttier et al., 2016). The mouse genome recently identified a complex
of'the KAP1, which binds to the ERYV, as a heat shock protein chaperone (HSP)
(Hummel et al., 2017). The EAR binding is used to control the regulatory
effect of these ERVs in the nearby gene expression when ERVs are located in
genetic regulatory areas. In conditions of stress, the function of the complex
HSP90-KAPI results in neighboring genes. While TE activation is frequently
connected with upregulation of the surrounding genes, it sometimes results
in the activation and repression of gene expression. An example has shown
how the noncoding gene activation and mouse repression from the B2 SINE
retrotransposons are molecularly molecular (Zovoilis et al., 2016). B2 RNA
links to 50 no translated areas of the stress-efficient genes and intronic regions,
reducing the rate of poly-1I advance in nonstressed conditions. The expression
of B2 is extremely inductive, and the EZH2 protein is recruited in stress genes
where B2 RNA is split and allows for more elongation of transcription.

8.10 TRANSPOSABLE ELEMENTS AND EPIGENETIC REGULATION

TEs have often been regarded as a silence of TEs through histone modifica-
tion and methylation, As the dispersion of TEs evolves along with ways to
mitigate expression (Berrens et al., 2017). TEs are also an excellent compo-
nent of epigenetic marks that may affect genetic expression, leading to the
thought that TE can epigenetically alter a particular locus. Epigenetic gene
expression regulation remains a complex, unresolved problem in the mobility
and distribution of TE as a cause. Evolution favored active intragenic TEs to
be placed in the angiogenesis direction, which resulted in developing a trap
mechanism that would stop the genome from invading waves that demeth-
ylate. To silence the TEs, such overlap and antibiotic transcripts go through
a dicer, and Argonaute 2 (AGO?2) regulated endo-siRNA pathway, leading to
a surge of repressive histone markers when global demethylation activates
them. The molecular way to connect repression with the rise of histone
repression has still to be verified (Berrens et al., 2017). Recent research on
the preimplantation of naive murine embryonic stem cells has shown that
a heterochromatin complex of the zinc finger-protein-associated proteins
with DNA-methylation marks in the loci center has a vital role in 10-11
translocations (TET) (Coluccio et al., 2018). It was found that two KRAB/
ZFP families adapted TE targets to differentiated tissue using histone-based
pathways that do not need to affect loci DNA methylation (Ecco et al., 2017).
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The study shows that the interactions between TE and their KRAB-ZFP
controllers affect the expression of the following gene. The interaction is
rather explicit in humans’ neural progenitor cells, where primate-specific
ERVs were shown to serve as a docking platform for the protein of core-
pressors, KAP1 (TRIM28). KAP1 binds and suppresses ERV and regulates
the expression of the adjacent genes, which are vital to brain development
(Brattas et al., 2017). The transcriptional regulators of the human silencing
hub (HUCH) and the CW-like Zinfinger 2 (MORC?2), which promotes
deposition of histone H3K9MES3, are an additional example of TEs’ adjacent
gene regulation in the transcriptional permissive euchromatic area. The
specific L1 effects associated with MORC2/HUSH may extend to nearby
genes, decrease mRNA expression, and likely affect POL II elongation rate
(RNA Polymerase II) (Liu et al., 2018). In various inbred mouse strains
for specific types of TEs, chromatin source variation has been identified
(particularly younger LINE). TEs can control specific tissue genes, leading
to downstream phenotypical population diversity (Du et al., 2016). TEs can
also actively restructure the organization of chromatin that can long regulate
gene expression. Overall, approximately 10% of TE families were enriched
through different tissues inactive genomic regions. The most enhanced chro-
matin classes are DNA transposons and SINE, while ERV and L1 LTRs are
the expanding classes of epigenetic markings for repressed compounds of
H3K9me3 (Trizzino et al., 2018).

8.11 COMBINATION OF TEs MOBILIZATION AND EPIGENETIC
LANDSCAPE CHANGES LEAD TO ADAPTION OF PHENOTYPES IN
RESPONSE TO CLIMATE CHANGE

The epigenetic components (ECs) contain a network of molecules that can
adjust phenotypes according to the requirement, like during development.
It can also pass to the next generation without any change in the original
DNA sequence (Richards et al., 2012). The ECs connect the genotype and
phenotype with the environment and help maintain the response of a living
organism according to the changing environmental conditions (Mirouze and
Paszkowski, 2011). The activity of TEs can change by the environment,
and they create a mutation in regulatory sequences and response to the
environment (Oliver and Greene, 2009). ECs and TEs are interconnected
and respond to the changing conditions of the environment by influencing
the genotype or phenotype (Fedoroff, 2012). The changes in TEs activities
have been reported in plants, fungi, and animals. For example, when the
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fungus was exposed to UV-light and cold stress, the transposon OPHIO2
was activated (Bouvet et al., 2008). The heat stress in Drosophila activates
the TEs as well (Jardim et al., 2015). The ECs are also sensitive to drought,
heat, and pollutants. For example, the exposure of traffic carbon particles to
the human genome has activated DNA methylation (Kim et al., 2015). The
changing climatic conditions also affect the genome of wild populations.

8.12 PHENOTYPIC CONSEQUENCES OF TE AND EPIGENETIC
ACTIVITIES

TEs affect the phenotype by the formation of new proteins and changes in
the existing proteins. The phenotypic changes due to climate change have
been studied on pests. The research shows that pests have adapted them-
selves according to the agricultural chemicals used to destroy the pests.
For example, in Drosophila, the retrotransposon has been inserted into the
upstream region of the insecticide-resistant gene Cyp6gl, increasing the
upregulation of this gene in tissues and creating resistance to insecticide
(Rostant et al., 2012). When environmental stress activates the TEs, then
they modify the expression of the gene by changing themselves. In maize and
rice plants, temperature, salinity, and UV-light exposure started the TEs that
created insertions and induced response by regulating genes according to the
stress (Makarevitch et al., 2015). The epigenetic response to the environment
occurs on demand. When there is a need to respond to climate change, ECs
modify the expression of DNA sequences present in somatic cells during
development (Feil and Fraga, 2012). The drug resistance produces after
several doses of drugs taken is the phenomenon of epigenetic changes. The
changes in histone occur to create resistance against drugs. The changes
made by DNA methylation can cause heritable changes in the phenotype.
The response of toxins present in the environment was tested on the rats.
The toxic alters the DNA methylation pattern that was heritable as well. The
alteration was associated with male infertility in rats, and this was observed
in the next four generations of rats (Anway et al., 2005).

8.12.1 TRANSPOSABLE ELEMENTS IN BIOLOGICAL PROCESSES

Barbara McClintock’s career included the discovery and description of TEs, a
type of moving genetic factor found in abundance in the genomes of eukary-
otic species. Her results were following the famous selfish DNA hypothesis
at the time, which suggested that TEs could be thought of as “genomic
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hitchhikers” or molecular parasites that play zero function in genome evolu-
tion and offer no adaptive benefit to the host. While being ahead of her time,
Barbara McClintock proposed that TEs would affect genome evolution. It
is remarkable how many times this has been proven to be valid since then.
The emergence of evolutionary—developmental biology (evo—devo), rapid
developments in DNA sequencing technology, and the consequent rise in
comparative genomics have all contributed to these discoveries. The modern
understanding of TEs is that they can serve as evolutionary agents by
extending, reorganizing, and diversifying their host’s genetic catalog. TEs
benefit as insightful markers to evaluate natural- and stress-induced genetic
diversity and improve marker-assisted selection in plant breeding programs
due to their high copy number, chromosome coverage, and dynamic arrange-
ment pattern closely related species. Both DNA transposons and retrotrans-
posons may be used to produce markers, with the latter being far more
effective. Retrotransposons have been discovered to be the most abundant
kind of TE in eukaryotes, accounting for up to 90% of plant genomes. They
account for more than half of the maize and cereal genomes and 14% of the
Arabidopsis genome. Furthermore, conserved domains at both ends (LTR)
can be used to design PCR primers conveniently.

There are some examples of TE exaptation in the kingdom Plantae as
well. FHY3 and FAR3 are transcription factors in Arabidopsis that attach
to promoter areas and trigger multiple genes associated with far-red light
and circadian clock signaling. They are linked to the MuDR family of trans-
posases. Recent research in Arabidopsis showed that injecting the COPIAR7
transposon into the plant disease resistance gene RPP7 increases the host’s
resistance to a pathogenic organism from a broad group of fungus-like para-
sites that cause a variety of plant diseases. The Rim2 gene involved in fungal
infection protection appears to have been derived directly from a CACTA
DNA TE. A copier-like LTR factor selection as a promoter defunctional-
ized the rice blast disease-resistant gene named Pit. There are tiny details
on the direct function of TEs in species domestication operations. The TE
Hopscotch gene is introduced within the regulatory locus of the maize
domestication gene teosinte branchedl (tbl), which improves its expres-
sion and bestows enhanced apical superiority in maize over its progenitor
teosinte. The injection of a CACTA-like transposon into the promoter of
the photoperiod-sensitive gene ZmCCT will inhibit its expression, allowing
maize to extend to long-day temperate regions. The Mustang and Sleeper
gene families have sequences extracted from expected transposases from
Mutator-like and hAT DNA elements in flowering plants. Mustang genes are
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only found in angiosperms, and they encode putative transcriptional regula-
tors involved in growth, flower formation, and reproduction.

8.12.2 TES AND REGULATION

Regulation of gene expression may also involve TEs that affect mRNA
stability by senseless mediated decay and microRNA activities, circular
RNA, and possibly long noncoding RNAs. The Alu sequences of the SINE
subclass are frequently integrated into premature mRNAs, regularly in 3"
UTRs or introns (Daniel et al., 2015a; Gong and Maquat, 2011). The Alu
elements of mRNA can play a part in the deterioration through the staffing
process (SMD). StAUT1 can be binding sites of a 3”’-UTR SMD target and the
Alu element in a cytoplasmic and polyadenylated IncRNA. It was notified.
The STAU protein and activate SMD via the mRNA expression profile are
available at these sites. The 3-UTR SINEs can controlmRNA levels in various
species (including humans) by directing the SMD to show the particular
importance of the gene expression profile convergence with lineage-specific
SINEs (Lucas et al., 2018). Transposable sequences of elements in RNA
transcripts may also be used to regulate mRNA profusion and alternating
splicing. TEs insertion within introns is predicted by dispersing elements
and considered as exons during transcription in exonization. TEs comprise
several donors and receptors splice locations that can help to replace splice.
Many of the RNA (RBP) binding proteins can thus interact with composi-
tion preferences on sites that transport them to some regions of TE, such
as Human Antigen R (HuR) or Fusion Proteins (FUS), preferably binding
with purine-rich motifs (Lucas et al., 2018). The depletion of TE sites in the
diverse RBPs shows that those sites have a similar effect on the abundance of
the transcript and division as in nonrepetitive genetic fields. The RBP binding
may vary depending on the family TE in certain specific cases. It was also
pointed out. For instance, the RBP HuR provides transcript stability without
being attached to an Alu in the U-rich region (Kelley et al., 2014). Stable,
structural domains can also be developed, resulting in new biological func-
tions for the Alu RNAs. Kim et al. (2016) and Kralovicova et al. (2016) noted
that intronic transposition elements are very similar to a reiterated familial
of repeat medium frequencies MERS51A. It might affect gene expression,
model insertion levels of several NSEs (nonsense-mediated exons), RNA
deterioration commuters, pseudo-exons derived from the cryptic splice site
stimulation to counteract aluminum-mediated NSE activation.
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8.12.3 TES AND MRNA

Circular RNAs are also a class of small RNAs involved in TE regulation,
small noncoding RNAs with gene regulatory purposes (circRNas). New
studies of mammalian diseases have shown that flanked areas of circRNA
can mediate circRNA through reverse complementary transposons (Jeck,
2013; Zhang and Wang, 2014). In humans, in different circRNAs, there are
numerous Alu combinations derived by one gene locus in human interfaces
that show the competitive role of combinations in creating alternative
circulation (Chen and Yang, 2015). An additional maize study shows that
sequenced circRNAs are significantly enriched by the LINE1 elements in
flanking circRNA regions (Chen et al., 2018), and the other reverse pairs
are LLERCPs. Interestingly, the buildup of circRNAs will vary with an
increasing LLERCP transcription and a decline in linear transcription.
(Jung et al., 2019) explained how TEs could have different effects of long-
noncoded cis-natural antisense expressions of another class of RNAs. First
of all, NATs may be transcribed from TEs by other promoters. TEs, which
complement the exon of a protein-coding gene, are also exonerated. It is also
possible to do this exoneration. NATs may also mediate the dissolution of
meaning transcripts via dsRNA formations, contributing to RNA interfer-
ence, or ADAR pathways.

8.12.4 TES AND PROTEIN TRANSLATION

Retrotransposons have evolved with genes, been inserted in different posi-
tions across genetic organisms, and have caused many effects. The transpo-
sition of the 5-UTR or 3’-UTR elements of the mRNA influences protein
expression for many genes in many aspects. Kitano et al. (2018) disclosed
that the upstream open reading framework also includes translations of many
genes (WORF). Families like LINEs and SINEs can be prominent retrotrans-
posons to prevent and encourage a translation into eukaryotic mRNAs of
downstream canon RFOs. Kitano et al. (2018) showed that approximately
10% of the UORFs for humans are generated and controlled by 5-UTR
in mRNAs and use the human database RefSeq mRNA. Although past
studies have shown that retrotransposons are translational regulators, DNA
transposons still have a clear role in influencing protein host translation.
DNA transposons subfamily, commonly distributable into plant and animal
genomes, is the miniature TEs of invert (MITEs). The situation of the
3'-UTRs of rice mRNAs has been reported to be regulated by translational
suppression mechanisms.
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An example of this is the Ghd2 gene, which regulates essential agricul-
tural characteristically traits in the rice CCT (CO) CO-LIKE and TIMING
OF CABI family, for example, heading date, plant height, and grain number.
[CO] The mechanism underlying the translational MITE GHD 2 repression
results in the 3a (OsDCL3a) route that allows the processing of MITE tran-
scripts for short mRNA without poly-A tail. The blocking of translation by
mRNA and the repression of mRNA by MITEs remains a mystery. TEs can
participate in developing new mRNA isoform splinting alternatives in the
gene coding area (Shen et al., 2017). The development of new genes can
be viewed as an intermediate step. The splice isoform codes for both genes
include the mammal thymopoietin (TMPO) and ZFP 451, both of which
relate to the first ORF in a DIRS 1 intermediate retrotransposon splices
containing the domains of the 2alpha amine-associable polypeptide. Splice
isoform codes in both genes (LAP2alpha). Both mRNAs make the protein
that is produced with a new isoform of a noncanonical protein. The crucial
role of the cell was particularly coopted with the LAP2alpha-specific TMPO
isoform (LAP2a) (Abascal et al., 2015).

The evolutionary introduction of TEs into gene code regions in a mecha-
nism called domestication was also produced. The association of active cyto-
skeleton with protein (Arc) shows that it comes from the ty3/gypsy vertebrae
lines, a well-known example of retrotransposon domestication (Volft, 2009).
Arc is an early cellular gene that is especially important for memory and
learning, and at a synaptic intersection is the mRNA. Arc mRNA, which is
interesting, is similar to viral RNA since Arc has an internal ribosomal input
site that allows cap-independent translation. In the subdomains of Arc, the
protein structure is identical to the capsid domain of the Gag protein virus
(Pastuzyn et al., 2018). Structure of the protein in the subdomains of arc.
These results suggest that Gag contains elements that mediate intercellular
communication in the developmentally reconstructed nervous system.

8.13 DEFENSE RESPONSE AGAINST TRANSPOSON
8.13.1 PROTECTION AGAINST TES

Since TEs may affect the integrity of genomes, disrupt gene function, and
induce conditions of disease, the genome has developed some half-redundant
defense mechanisms to decrease TE. The mechanisms are found in silencing
transcriptions to transcription editing. Below are the three mechanisms for
mammalian genome defense and how they influenced mammalian genome
development.
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8.13.2 TRANSPOSABLE ELEMENT AND DNA METHYLATION

It maintains CHG methylation mainly by plant-specific chromomethylase
protein 3 (CMT3), while CHH is retained by methyltransferase reconfigured
domains2 (DRM2). CMT3 is introduced to chromatin through its chromodo-
main through its interactions with methylated histone H3 tails. In vitro experi-
ments have therefore demonstrated that the CMT3 chromodomain connects
directly with H3 tails or trimethylated. In the RNA-directed process of DNA
methylation, 24-nucleotide small, interfering RNAs are used to address DNA
in the ornithological process of mammalian DNMT3 methyltransferases. In
addition, SWI2/SNF2 chromatin-remodeling element, DNA methylationl
(DDM1), corresponds to all sequence contexts, although its exact molecular
action mechanism is unknown. Class 2 TE testing in maize presented the first
evidence of the DNA-methylphenation function in the regulatory part of TE
approximately four decades since B. McClintock detected TEs. According
to molecular studies, the methylation of its DNA was due to inhibition of the
components of activator (Ac), suppressor-mutator (Spm), and mutator (Mu).
Transposable sequences of the Spm and Ac elements promoters are hypo-
methylated in the active state, resulting in active transcription. Similarly, the
transcriptional silence of MuDR’s independent Mu-family feature is linked
to DNA methylation. Later experiments in Arabidopsis showed that many
TE groups were hypomethylated and reconfigured with transcription in a
ddm1-induced hypomethylation history.

In addition, it has been found that two DNA transposons, the AtMul
MULE and CACTA elements, are transposed into ddm1. The characterization
of a floral phenotype induced by ddm1 has recently revealed that ddm1 has
the mobilization of DN A and ATGP3 gypsum-retrotransposons. Moreover,
by hybridizing wild and ddm1 lines on an extremely densely tilling array,
the authors could detect and transpose change in copy numbers and thus
change many DNA transposon families and retroelements in mutant history.
Mutations in LSH1 mouse orthology DDM1 also cause TE hypomethylation
and transcriptional reactivation. CHG and CHH methylation are abundant
concerning CG methylation, consistent with the favorable interaction with
H3K9me2, and successful RADM pathway.

Consequently, all three kinds of methylation may co-operate or lead to
some extent to TE silencing. For example, transcribed and mobilized in
the history of hypomethylated mutants CG and non-CG of ddm 1, ATGP3
elements are still transcriptional to single mutants metl and cmt3. Therefore,
in Metl and Ddm1 mutants such as TEs, loci that lack DNA methylation
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and epigenetic silencing remain active, and hypomethylation for many
generations after mutation is removed. Metl mutations or ddm1 mutations
have hypomethylated DNA in specific genomic regions with epigenetic
recombinant inbred lines (epiRILs). CACTA hypomethylation triggers a
conversion of these epigenetic allele hypomethylated CACTA (‘epialleles)
into ddm1-derived epiRILs, as expected. Since CACTA elements are not
transposed into a parental mutant context, metl-derived epiRILs should
remain stagnant. The mobilization of CACTA by scientists was unexpected
in almost 30% of the met1-derived epiRILs. CACTA transposition was likely
caused in some epiRIL organisms after many generations of self-pollination.
Despite a lack of direct research, CACTA mobilization can be inferred by
the descent of metl-derived elements hypomethylated at GC sides and the
removal, including non-GC methylation or H3K9me2 adjacent repressive
epigenetic markings. Of course, the non-CG methylating patterns and the H
3K9me?2 patterns are likely to change and be unstable hereditary, as met1-
induced CG methylation is lost.

It is found that EVD retroelements transpose following the inbreeding
of certain CACTA identical metl-derived epiRILs. However, the two types
of elements were not reconfigured in the same row and emphasized that
different epigenetic mechanisms selectively regulated TEs. Scientists have
found this selectivity to investigate ddm1-derived epiRILs. It was shown that
a subset of TEs, demethylated in ddm1, is related gradually and robust over
several generations after being inserted into the wildlife environment. The
trend toward demethylation coincides with the preservation of CHH meth-
ylation in removable TEs, which seems separate from DDMI1. On the other
hand, CHH methylation is highly dependent on DDM1 in nonremethylatable
TEs. Consequently, CHH methylation is sustained by different pathways at
different TEs.

8.13.3 KRAB/KAP1 HISTONE MODIFICATION

However, retrotransposons in premature embryos are silenced by DNA
methylation and histone alteration while the discoverer of the mechanism
has still been unidentified. The KRAB-ZFPs specifically bind DNA
utilizing the C-terminal of ZFP in early embryo retrotransposons. KRAB-
ZFPs are now accepted for recruiting protein from KRAB (KAP1s). It can
be binding to a single complex of epigenetic regulations, including histone
methyltransferases (ESET, HP 1s, nucleosome reproducing, DNMT3A, and
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DNMT3B methylated by DNA) (Ecco et al., 2017). The removal of KAP1
from premature mouse embryos causes ERV retrotransposition (Rowe et
al., 2010) (Fig. 8.3).

(a) Repressive Histone Modification (d) siRNA Directed DNA Methylation in Plants
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FIGURE 8.3 Mechanisms for silencing the activity of TE. TEs are displayed as DNA strands
in red and blue. Blue circles are historical representations. Repressive histone changes are
shown as green flags and orange flags are represented by DNA methylation. (a) Repressive
histone modifications result in the inactivation of TE. (b) The energy of the ATP hydrolysis is
used in ATP chromatin remodeling and to change the nucleosome structure and thus silence
the TEs. (c) DNA methylation results in TE silencing. (d) DNA methylation of siRNA-
directed in plants. PolIV produces transcripts that are transcribed to dSRNAs by RDR2. These
dsRNAs are then divided by DCL3 into 24-nucleotide siRNAs. These siRNAs can be linked
to and interact with AGO4. Finally, DRM2 methylates TEs. (e) Drosophila germline pathway
for piRNA. A primary piRNA transcript (short red line) is produced from the piRNA (red
and blue DNA) cluster and is converted to the 2435-nucleotide piRNAs in the Drosophila
germline. These AUB-attached piRNAs are for TE additional mRNA (blue line). A secondary
piRNA (short blue line) can be associated with the AGO 3 when cleavage is released from
this mRNA. It can then be directly divided into piRNAs and then guided to TE mRNA, to
the complementary sequence of the initial piRNA precursor. (f) TE transcripts are dSRNAs
that are cleaved by a dicer-family protein into siRNAs. These siRNAs are complementary
to SiRNA sequence with a protein of the Argonaute family (RISC). AGO, Argonaute; AUB,
Aubergine; DCL3, dicer-like 3; DRM2, domains rearranged methyltransferase 2; piRNA,
PIWI-interacting RNA.
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8.13.4 SEQUENCE EDITING WITH APOBEC

The cytidine deaminases from the APOBEC family work with reverse
transcriptase (Friedli and Trono, 2015). The enzymes mediate cytosine
defamation in uracil, and cDNA TE levels are either directly destroyed or
weakened. APOBECs have been replaced by genetic duplication in early
vertebrates. There are only placental mammals with at least two subfamilies
APOBECs (APOBEC3 and APOBEC 1) and APOBEC3. The APOBEC3G
virus without the Vif gene and murine leukemia virus was first noticed with
viral HIV ¢cDNA. ERVs are structurally similar to these retroviruses, and
APOBECs edit them. A POBECs did not impact non-LTR returns, as the
APOBEC3G is limited to the cytoplasm, and the reverse transcription of
non-LTR is found in the core. However, several LTR and non-LTR feedback
were subsequently discovered and inhibited in many ways (Friedli and
Trono, 2015; Richardson et al., 2014).

8.14 EFFECTS OF TRANSPOSABLE ELEMENTS
8.14.1 TRANSPOSABLE ELEMENTS AND SOMATIC DISEASES

The expression of TE was considered limited to the germline, but new
studies have shown that TE expression is extensive in somatic tissue. If
deadly insertions occur, somatic stem-cell insertion is more resistant and
more closely connected with aging, neuropathy, and cancer. There are over
100 diseases associated with inserted TE, including various forms of cancer
(Hancks and Kazazian, 2016). Cancer TE can occur with the alteration of
tumor suppressors or proto-oncogenes. In each case, one ally in a TE must
usually be disrupted by deprivation of function on each other allele before
the tumorigenesis occurs, for example, tumor-based TE. For example,
colorectal cancer is caused by the insertion of the L1 element within the
APC suppressor gene (Scott et al., 2016). Splicing of Ks env gene (rec and
np9 variants) bind to and suppresses the c-Myc oncogene transcriptional
repressor, promyelocytic Zinc finger-protein. Various forms of leukemia are
associated with fluctuations in genome structure, including chromosome
translocations, recombination, and Alu inserts duplication.

The levels of TE expression in neural tissues are unexpected. In three
individuals, only 2200 somatic TE insertions, many of them located inside
or near genes that coded protein, were identified. It was estimated that 1 of
each 300 neuronal genomes had innovative L1 intakes that could produce
thousands of new TE inserted into the typical brain of the mammalian. These
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and other remarks suggest a certain degree of TE expression is required to
develop normal neuronal cells, but other cells can be damaged (Evrony et al.,
2016; Reilly et al., 2013). As TEs are inserted in open euchromatin sites, the
neural genes can be inserted close or possibly inserted into them. Environ-
mental stimuli of light, heavy metal, flavor, or even physical exercises might
boost L1 elements expression over the high levels of the neural tissues. L1
is a fundamental reason for expression (deHaro et al., 2014). The acquisition
of TE in stress-related genes such as alcohol or post-traumatic stress disorder
has thus increased (Reilly et al., 2013). Alu elements were 16 times in human
beings in mitochondria TOMMA40 and resulted in significant conformational
alterations and shortened proteins that were less efficient (Larsen et al.,
2017). A mitochondrial malfunction within neural cells is likely to lead to
amplified oxidative stress and consequent inflammation, leading to lower
neural and disease functioning in imitate feedback loops.

8.14.2 MOBILE ELEMENTS AND NEURODEGENERATIVE DISORDERS

Endogenous retroelements are being more studied since several neurological
disorders have been observed and involved. Such as all three structural genes
Gag, Pol, env of HERV-K showed an increased expression of sporadic ALS
compared with healthy controls (Li et al., 2015). ALS is neurosubstantial
disease-causing damage to neurons. Several pieces of research have recog-
nized the RT activity of serum retroviral in ALS sufferers (Andrews et al.,
2000; Steele et al., 2005). Higher expression of HERV K-Env, a powerful
immune-pathogenic protein in survivor patients in ALS patients’ cortical and
spinal neurons after postmortem of the brain. There is no known trigger of
HERV-K expression in adult neurons; however, the activation of HERV-K
genes showed that motor mouse neurons had decreased dendritic length,
ramification, and complexity (Li et al., 2015).

In most sporadic ALS cases, abnormalities are also observed in DNA-
binding protein43 (TDP-43). TDP-43 is a nuclear dimeric protein in the
heterogeneous family of ribonucleoprotein (hnRNP) (Hergesheimer et al.,
2019). The CNS broadly classifies its function as a regulator of pre- and
post-transcriptional events because it links with a UG-rich motif in single-
stranded RNA/DNA (Hergesheimer et al., 2019; Kuo et al., 2009). Immune
precipitation linking (CLIP) and chromatin (ChIP) data indicate that TDP-43
binds widely to human brain tissue and the LTR HERV-K sequence (Li et
al.,2012; Li et al., 2015). A study by Krug et al. (2017) investigated whether
Drosophila functional abnormal expression of TDP-43 was found and
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whether there is a more profound depression of retrospective components.
hTDP-43 expressions were revealed to induce widespread retreat expression
of Drosophila and neuronal glia. Glial expression of dicer-2/Argonaute? is
significantly reduced, while the DNA damage is caused by apoptosis. In a
new study, the results of TDP-43 molecular changes are presented for the
analysis of diseased neuronal tissue nuclei in patients with frontotemporal
ALS degeneration FTd-ALS. Liuetal. (2019) use FACS to divide the diseased
neurons and ATAC sequence to access the chromatin. The damage of the
TDP-43 is linked with the chromatin decondensation around the elements of
LINE-1. While it is uncertain if the loss of protein from TDP-43 is directly
responsible for the decondensation of LINE-1 elements, certain specifica-
tions or preferences in LINE-1 element decondensation over other repetitive
DNA appear. The verdicts together in human and vertebrate models indicate
that the unregulated expression of retroelements has little effect on ALS,
while no evidence is available that it is the main cause of the syndrome. In
ALS clinical trials, potential RTi therapy is also in progress (Alfahad and
Nath, 2013; Douville et al., 2011).

8.14.3 AGING

LINE-1 repressive mechanisms are not efficient enough during the aging
process. The Line-1 increase in senescent cells was shown in a recent study
(De Cecco et al., 2019). Line-1 cDNA accumulation leads to the expres-
sion of the (SASP) secret-associated senescence of phenotype. In several
tissues with age-related inflammations, IFN (type I interferon) has a typical
response. In liver and adipose tissue of 26-month-old mice, expression of
LINE-1 mRNA is substantially increased compared to mice of 5 months. In
the RT-qPCR evaluation for IFN-I and SASP-responsible genes, the same
trend was observed. Reverse transcriptase inhibitors’ utilization is contrary
to this reaction (RTi). The IFN response and inflammation in this mouse are
reduced. Even so, RT is shown that some people believe to be a nonspecific
anti-inflammatory element (Fowler et al., 2014). The impact of LINE-1
activities was also tested with mono-ADP-ribosylate/deacetylase in the defi-
cient mice SIRIT6 (Silent Mating Type Information Regel 2 Homolog 6).
Mice SIRT6 KO is severely aged for 35 days (Simon et al., 2019). SIRT6 Ko
Mice have high LINE-1 levels because of the repressive role of SIRT6 in the
ribosylation KAP 1 (Van Meter et al., 2014; Mostoslavsky et al., 2006). The
concentration of LINE-1 cytoplasmic DNA was increased without SIRT6,
which triggered the IFN response to cGAS (cyclic GMP-AMP synthase).
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Treating lamivudine and stavudine with RTi-inhibitors improves mice’s life
and enhances body mass, mobility, and compatibility (Simon et al., 2019).
These results also suggest that LINE-1 is an age-related disease pathologist.
Although further studies are required on new L1 cytoplasm copies, this new
information encourages the possible therapeutic use of RT in various ages.

8.14.4 TES AND INFLAMMATION

Although the immune system thoroughly studies its contribution to viral
protection through innate immunity, the role of TEs in immune responses
free from viral infections is little known. It protects the virus by coordinating
innate and adaptive immune reactions against infections. If the viral DNA
is reached in the cytoplasm, it activates the cGAS-STING mechanism and
causes inflammation. The response of interferons by virus cells might be
mechanistically connected to the retro deregulation of production (Macia et
al., 2017). Research shows that neuroinflammation in endogenous retroele-
ments has a critical role to play. Many autoimmune diseases are at the root
of innate endogenous nucleic acid detection (Volkman and Stetson, 2014).
How do retroelements work if an incendiary reaction is occurring but no
virus infection? How do pathophysiological pathways lead, in particular, to
pathological characteristics of disease?

Endogenous retroelements are becoming increasingly attractive as they
contribute to a range of inflammatory and neurodegenerative diseases.
Retrotransposon intermediates in conditions such as STM and Aicardi-Gout-
iéres have been associated as major inflammatory factors (AGS) (Thomas
et al., 2017; Treger et al., 2019). In addition, several studies now link older
people, TEs, and inflammation.
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ABSTRACT

Besides polyploidization, transposable elements (TEs) contribute majorly to
plant evolution as they serve to be a source for coding new regulatory genetic
sequences and thereby causing changes in size of the genome. These changes
largely involve epigenetic restructuring. Together with polyploidization
events (hybridization between relatively divergent genomes), whole-genome
duplication results in drastic reorganizations in the genome; thus, TEs are
acknowledged as the pre-eminent participant in the plant evolution. Plant
genomes and TEs evolve simultaneously and their coexistence has led to
controlled governance of TEs activity, and growing evidence suggests their
relationship is mutual. Distinct mechanisms are provided by polyploid
systems to check TE activities and also affect the process of evolution by
genome reorganization induced by TE and hence help to combat various
biotic or environmental stresses and different genomic conditions like allo-
polyploidization and hybridization conditions. In shorter run, TE insertion
onto the different gene locations might induce variations in gene regula-
tion, and also might increase the pace of gene mutation as well in a shorter
run. Because of interelement recombination, TE burst-induced genome
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restructuring occurs. These include larger loss of a genome region and rear-
rangement of chromosomes and therefore causing the reduction of genome
size, as well as the number of chromosomes as being part of diploidization
process.

9.1 INTRODUCTION

Nearly about 50 years ago, Waring and Britten used reassociation studies
and described that the genome of most of eukaryote carry a larger amount
of repetitive nucleotide fragments, major portion of the repetitive sequence
originate in TEs (Consortium, 1998; Stein et al., 2003). The portion of
these often repeating sequences varies accordingly, for instance, about 12%
and 50% in nematodes and in mammals, respectively, and much higher in
plants, that is, 80% (Waterston et al., 2002). TEs significantly influence the
organization of the genome and evolution due to their large numbers. Much
advancement has been achieved in the knowledge regarding the role of TEs
but the real mystery behind the role of TEs in host genome is still unsolved.
TEs are also responsible for a variety of challenges to the organism genome
community regarding their detection aspects, classification, genomic
assembly, annotation, comparison, and genome mapping. Here, this chapter
contributes to add some content regarding TE heterogeneity and evolution,
and the extensive techniques related to their analysis are also discussed
(Lander et al., 2001).

Discrete fragments of DNA that can migrate in new locations within the
genome of the hosts are termed as transposable elements (TEs). Transposons
and jumping genes are the alternate terms that are employed for these DNA
fragments. Apparently, these mobile elements are prevalent in almost every
eukaryotic organism and constitute a large portion of the genome. In humans,
they occupy 45% of the total genes. At first, Barbara McClintock acknowl-
edged the concept of jumping genes while working on Zea mays (maize).
TEs are nonautonomous in nature, that is, they cannot shift themselves and
get introduced into a different region in the genome of the host organism.
They require a set of enzymes that would facilitate their movement. While
relocating it, they make their duplicate copies as they carry their own origin
of replication (SanMiguel et al., 1998; Carlos et al., 2017). In 1944, Barbara
McClinckton conducted an experiment in maize that contributed to the
discovery of TEs and named them as controlling elements because of their
characteristics to control the phenotypic traits (SanMiguel et al., 1998).
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But her discovery remains unappreciated for several years. In this spare
time, a new discovery blew the mind, that is, the same of insertion sequences
(IS) in bacteria was discovered around the 1970s by Szybalski and colleagues
(Kalendar et al., 2000). That was a time when McClintock discovery came to
light in which it was mentioned that “Genetic Elements” are present in almost
all higher organisms and can easily rearrange themselves from one locus to the
other within a genome. It was expected that they might resemble the present
study related to IS insertions. Then in 1983, McClinktock was appreciated
by the Nobel Prize for the discovery of these mobile elements. Subsequently,
Szybalski rediscovered TEs and Susumu Ohno named them as junk DNA
(Jordan et al., 1968) because these fragments are not involved in any for any of
protein synthesis. Few researchers observed evolutionary changes in TEs in the
early 1990s (Lerman et al., 2005). Jumping genes have an active involvement
in the process of evolution to regulate a gene and researchers have now started
to explore more in this direction (Moran et al., 1999; Sayah et al., 2004).

In his intriguing critique on macroevolution, gene silencing and TEs, a
significant participant has been overlooked by John McDonald that has an
active role in the genome advancement of both plants and animals together
with TEs, that is, polyploidy. The upheaved expansions in the number of
genes corresponding to milestone transformative occasions have regularly
come about because of the entire duplication of genomes. Two rounds of
polyploidization were seen for the evolution from invertebrates to vertebrates
(Elliot and Gregory, 2015). Also, it is found that about 70% of angiosperms
show polyploidy in the history. It is seen that diploid genomes are at more risk
of insertional mutagenesis than those which have polyploid genomes. As they
contain copies and generally kept up with the harmful results of transposition.
Transposable components favor to duplicate and remain in polyploid genomes
since, additional duplicates make up for modifications in articulation caused
through TE insertions (Chalopin et al., 2015). Concerning quality silencing
in the event, it is accepted that TEs are the essential focus in reference to
the epigenetic alterations, for example, methylation. As polyploid genomes
accommodate a large number of TEs, they are exceptionally more methylated
than genomes of diploid organisms. Surely, an unpleasant connection exists;
methylation is prevalent in vertebrates and genomes of plants that contain a
considerable amount of TEs, though partial methylation is common in few
invertebrates and Arabidopsis thaliana (which is a diploid plant and has little
quantity of TEs) (Fujino et al., 2010; Grandbastien et al., 2005).

Obviously, factors affecting polyploidy, for example, the inclusion site
inclinations of various TEs can likewise pose an impact on appropriation
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and plenitude of TEs in genomes. A component that especially incorporates
to duplicate itself, for example, 7dd-1, in the sludge form Dictyostelium
discoideum (Thomas et al., 2020), might actually achieve a large number
of duplicate copies in a genome of diploid organisms. Epigenetic silencing
framework results in expansions in gene number prior protective epigen-
etic changes, directed against TEs or infections. These perceptions propose
that qualities whose suppression is associated with modulation contain TE
remainders or even complete TE in their promoters. Considering another
aspect, epigenetic silencing induced by these mobile components can be
suggested for development if genetically transmitted silencing occurs
meiotically (Benoit et al., 2012). We are just barely starting to compre-
hend the various ways by which TEs could collaborate in cis- and in trans-
relationships for initiating quality silencing and epigenetic modifications.
In plants and maybe in different living beings, non-Mendelian legacy can
result from this cooperation in light of the fact that interfacing alleles or
loci display adjusted articulation in the wake of isolating in descendants.
At times, epigenetic silencing initiated by unfamiliar arrangements can
endure and affect aggregates for some sexual generations and in this way
be vague from hereditary transformations. In rundown, the hereditary and
epigenetic outcomes of interpretation in polyploids are a significant part
of the imaginative force credited to redundancy (Petrov et al., 1996; Wang
et al., 2014).

Polyploidy, being a repetitive cycle in nearly all organic entities could
be considered a system for significant speciation (Wood et al., 2009). It is
evident in plants, furthermore, regularly happens in a few taxa (Mable et al.,
2011). Specifically, in angiosperms, the entire genome is seen to undergo at
least one round of duplication (Jiao et al., 2011) and therefore plant genomes
have extensive hereditary repetitions. Traditionally, two basic types of poly-
ploids have been perceived, addressing extreme examples of a continuum.
Autopolyploids are seen in individuals who contain two complimentary
copies of the ancestral species and are described by polysomic inheritance
that is dominating in nature (Parisod et al., 2010b). Variations in allopoly-
ploid chromosomes come about because of the convergence of disparate
genome (i.e., homologous in nature; AABB) and for the most part show
disomic legacy (Leitch and Leitch, 2008). The distinction between homolo-
gous genomes and homologous genomes is not really obvious, and also it
shows continuity among autopolyploidy as well as allopolyploidy. Hence, it
is crucial to understand that the transformative production of every normal
polyploid includes hybridization between differently related genomes.



Transposable Elements and Polyploidy in Plants 183

9.2 CATEGORIZATION OF TRANSPOSABLE ELEMENTS

Finnegan (1989) proposed TEs classification system and categorized it into
two classes, namely; RNA or retrotransposons (class I transposons) and
DNA transposons (class II transposons). The mechanism of transposition is
commonly termed as “copy and paste” as well as “cut and paste.” Basis of
TE hierarchical classification structural characteristics along with the mode
of replication (Wicker et al., 2007). Eukaryotic TEs belong to class II in
accordance with the hierarchical classification.

9.2.1 MOBILE ELEMENTS (CLASS Il OR DNA TRANSPOSONS) OF TES

Unlike subclass I, TE subclass II is not concerned with the production of
RNA intermediates and is composed of two orders. Ordinarily, DNA TEs
replicate with double-strand cleavage but those constituting subclass II follow
different mechanisms. Rolling-circle mechanism is employed in helitron
replication, where insertion does not result in duplication (Kapitonov and
Jurka, 2001). Tyrosine recombinase along with some other related proteins
like DNA polymerase Bare integrated to encode TEs. Firstly, helitrons were
discovered in fungi, plants, and mammals (Hood, 2005; Pritham et al., 2007).
Excluding plants, mavericks are the largest group of TEs that are present in
many eukaryotic lineages (Pritham et al., 2007). Out of several TE types in
the genome of plants, the long terminal repeat retrotransposons (LTRs) and
miniature inverted transposable elements (MITEs) are more bountiful TEs
(Casacuberta and Santiago, 2003).

The larger shape and size of LTR retrotransposons make them more
commonly sequenced among the plant genomes, including 2.5% in Utricu-
laria gibba (humped or floating bladderwort) (Ibarra-Laclette et al., 2013),
whereas Fritillaria species contain up to 90% of the same (Ambrozova
et al., 2011) and few other examples are shown in Table 9.1. Along with
polyploidization, TEs enhancement is viewed as the principal mechanism in
expansion of the plant genome and its development (Wendel et al., 2016).
In reality, as examined beneath, polyploidizations as well as TE amplifica-
tion are not totally free systems. Actually, these two phenomena incredibly
impact each other, building up their capability resulting in plant genome
advancement. TEs play a major role in the evolution of plant genes. Genome
is not just essential for prolonged plant advancement, but also is of vital
significance for late yield taming and breeding (Olsen and Wendel, 2013).



TABLE 9.1 Comparative Study on Changes in Gene Expression Associated with the Percent Transposable Elements in Few Plant Species.

Common  Scientific name Chromosome Genomic Percentof  Auto/ Type of transposon  Functional effect References
name number and size transposon  allo
ploidy level
Barley Hordeumvulgare 7Chr, diploid 5100 Mb 80% LTR retrotransposons ~ Specifically target promoters ~ Wicker et al., (2017)
and downstream regions and
also associated with decreased
methylation levels
Rice Oryza sativa 48Chr, 385 Mb - Auto  Diverse Associated with methylation ~ Lietal., (2014)
tetraploid and change in Si RNA
Maize Zea mays 10Chr 219823 Mb  85% Allo  Diverse Regulation of transcription Vicient et al., (2010)
Bread Triticumaestivum 42Chr, 14439 Mb 90% Allo  Diverse, LTR Increased siRNA density for Salentijn et al.,
Wheat allohexaploid retrotransposons TEs Genomic, centromere (2009); Li et al.,
rearrangements after (2014); Liet al.,
polyploidizationevents. (2013)
Differential amplification in
the subgenomes.
Rape Brassica napus 38Chr, 848.3 Mb 56.8-582% Allo  Diverse Known for dominant expres-  Yin et al. (2020);
allopolyploid sion among subgenomes. Song et al., (2020)
Coffee Coffea Arabica 44Chr, 109445Mb - Allo  LTR transposons Distinctive insertions in Hernandez et al.
allotetraploid subgenomes (2017) Sanglard et
al., (2018)
Cotton Gossypiumhirsutum 52Chr, 2296.55Mb  67.2% Allo  LTR retrotransposon  Deletions in the TE genome Wang et al., (2016)
allotetraploid fractions
Gossypiumraimondii ~ 13Chr, diploid ~ 761.565Mb  57% Allo  LTR retrotransposon  — Wang et al., (2016)
Gossypiumarboreum  52Cr, 1778.42Mb  68.5% Allo  LTR retrotransposon, Most of maternal origin Wang et al., (2016);
allotetraploid sequence loss Grover et al., (2007)
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TABLE 9.1 (Continued)

Common  Scientific name Chromosome  Genomic Percentof  Auto/ Type of transposon  Functional effect References
name number and size transposon  allo
ploidy level
Thale Arabidopsis thaliana ~ 10Cr, diploid 119.709 Mb  14% Auto  En-Spm-like Activation and initiation of Madlung et al.
cress transposon transcription, remodeling of (2005); Macetal.,
CG methylation as well as (2019)
epigenetic modifications.
Tobacco  Nicotianatabacum 438Chr, 373423 Mb - Allo  Diverse Parental origin sequence loss ~ Renny-Byfield et al.,
allotetraploid (2011)
Sunflower  Helianthus annuus 17Chr, diploid ~ 3010.05Mb  More than Allo  LTR-retrotransposons Shaping the chromatin Giordani et al.,
81% in 25% and DNA landscape of the (2014)
genome sunflower genome.
Sorghum  Sorghum bicolor 20Chr, Diploid ~ 687.75Mb - Allo  Diverse - Hodnett et al., (2019)
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Later in the chapter, we discuss about the connections among TEs dynamics
and polyploidization, as well as the functional role of TEs in the develop-
ment of plant genomes (wild and domestic breeding).

9.3 EXPANSION OF LTR RETRO-TRANSPOSONS AND
CONTRACTION OF PLANT GENOMES

Albeit all plant genomes possess a significant part of TEs, and LTR retrotrans-
posons are most bountiful. The pervasiveness of specific families among
species also among assortments of similar species is highly variable. Copy
numbers have been expanded by various TE families in one heredity as seen
in various cases. A solitary kind of LTR retrotransposon clarifies the greater
portion of the Capsicum annuum (Shimla mirch) genome extension, and a
solitary Ty3/vagabond like retrotransposon, Monster, comprises approxi-
mately 38% of Hungarian vetch genome (Neumann, 2006). At times, capacity
enhancement of a family is pooled by a various plant species that are related;
however, it is noticed that a TE family in one animal group might possess
a high copy number, whereas a low duplicate number might be present in a
nearby family member (Hawkins et al., 2009). Also, significant contrasts are
seen among various similar species. As, for example, 1450 copies of Grande
LTRs are seen in innate line B73 of maize, whereas “Palomero Toluque~no”
contains 3500 copies of the same.

Though, the existence of a solitary or a couple of exceptionally dull
TE families in a genome is regular; genomes with a few TE families with
comparative copy numbers have additionally been noticed. The genomes
of conferring mostly contain repetitive sequences in which LTRs occupy
a considerable quantity (Wegrzyn et al., 2014). These LTR retrotransposon
studies regarding the limit with respect to TEs recommend that both compo-
nents and the genomes direct TE to strike that specific genome considering
its limit of multiplication. Few of its components have the capability to
escape their regulation from the controlling system of genome, whereas
few genomes are more tolerant and permissive toward TE multiplication.
TE activity is tightly controlled by the epigenetic mechanisms (Bennetzen
and Wang, 2014). The tolerance of certain genomes to TEs can be due to
lower silencing effectiveness. Also, climatic change and a momentary
drop in silencing are one of the reasons responsible for TEs multiplication
blasts (Willing et al., 2015). The limit of certain TEs to neutralize genome
silencing accounts for characteristic actions of specific TE. For sure, it is
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seen that plant retrotransposons can escape from silencing by interacting
with silencing factors. Also, the transcription of TEs, their amplification
and transposition can get reactivated under specific conditions, like DNA
methylation or genome rearrangement (Ito et al., 2014).

For instance, the initiation of the expression of some TEs is found in the
pollen vegetative nurse cell which surrounds the sperm cells by triggering
the formation of small interfering RNAs (siRNAs) to maintain the epigenetic
silencing of TEs in the coming generations. Likewise, a few TEs are acti-
vated under various stress situations. It has been seen that the biotic (living)
and abiotic (nonliving) stresses can activate the transcription of tobacco
retrotransposon (7ntl), as reported by Grandbastien and co-workers. Many
stresses have been reported that cause activation TEs such as rice miniature
inverted-repeat transposable elements (MITE) mPing under cold and salt
stress, A. thaliana retrotransposon ONSEN under heat stress, and in vitro
culture initiated the activation of Oryza sativa (rice) and maize TEs. TE
promoters suggest a transcriptional proposes mechanism, with the presence
of stress-associated transcription factor-binding sites (TFBSs); however, a
reduction in silencing related to stress could likewise represent the broad
relationship of stress and reactivation of TEs (Tittel-Elmer et al., 2010). The
activation of TEs during stress may cause an increase in the mutation related
to TEs and some of that may bring versatile changes to the stressful condi-
tions, as reported for the ONSEN retrotransposon in Arabidopsis. Changes
like interspecific crosses and polyploidization in the genome have been seen
to cause worldwide epigenetic changes and activation of TEs transcription;
therefore, considered as “genome stresses” (Yaakov and Kashkush, 2012).

9.4 TRANSPOSONS AND MALDEVELOPMENT IN PLANTS

TEs are considered the most dynamic portion of the plant genome (Tenaillon
et al., 2010). The divergence in taxa causes different arrangements of TEs,
which reduces recombination and result in incompatibilities of chromo-
somes during hybridization (He et al., 2009; Abbott et al., 2013). This type
of dynamic arrangement of TEs may lead to different copies in the diverging
genomes which may later conflict during genome merging because such
hybrid genomes fail in their regulatory activities. The small interfering
RNA (siRNA) controls the TE activities as the inserted homologous copies
are targeted and silenced by DNA methylation (Bourehis et al., 2010). The
siRNA and TEs are matched in somatic cells that ensure genome stability and
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appropriate suppression (Martienssen, 2010). At the time of gametogenesis,
the TEs get reactivated and increase siRNAs in the neighboring cells and
assure to maintain repression of copies along the generation. It is evident
that siRNA in the cytoplasm could fail in repressing all copies after the
genomes with diverge TEs are merged ( Parisod et al., 2012). In endosperm,
such conflicts might even be more evident because maternal and paternal
genomes are merged together.

The activated TEs, when the divergent genomes are merged undergo rapid
transposition which may result in the failure of endosperm development and
mutations in the zygote, which is called hybrid dysgenesis. Accordingly, as
the divergent genomes are merged, polyploidy induces reconstruction in the
genome more specifically affecting the TEs (Parisod et al., 2010b). Despite
all the advancements made in the recent years (reviewed in Parisod and
Senerchia, 2012), there is much more that could be elucidated about TEs.

9.5 RELATIONSHIP BETWEEN TRANSPOSONS AND POLYPLOIDY
DYNAMICS IN PLANTS

Some plant genes are carried from transcriptional elements in a process
known as exaptation, and TEs are additionally added to the advancement of
promoters, introns, and exons. Genes can be modified and also diversified by
the mechanism involving transcriptional elements (Contreras et al., 2015).
Insertional inactivation is the phenomenon for the coding or regulation of the
gene. However, it is seen that the insertion of TEs in a gene can create more
unobtrusive transformations, for example, alterations in the encoded protein
arrangement or modification in their expressions (Huang et al., 2015). TEs
have their own promoters and/or potentially enhancers, empowering the
regulatory components. TEs can intensify and rearrange TFBSs, making new
administrative organizations or overhauling new genes into the currently
present genes (He’ naff et al., 2014). Components regulating transcription
serve genomes to be more transcriptionally flexible and, thus, is valuable for
quick variation to evolving conditions.

TEs transposition burst and their results can be seen in several genera-
tions to generations. Indeed, even without a new transposition process, it is
expected to be more continuous. Because of their greater abundance, they
might neutralize genome development and might also bring about gene
loss, changes in the gene (various types of mutation), and genome restruc-
turing. TEs play a significant role in restoring harmony after the genome is
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duplicated. It has been reported that allopolyploidization instigates a TEs
transcription in various allopolyploid and diploid parental plants (Kashkush
et al., 2003). In a study of engineered polyploids of Arabidopsis and other
species like A. thaliana, an increment in the RNA level of three En-Spm-like
components and a Ty-1copia-like retrotransposon was identified (Madlung et
al., 2005). Also, high transcriptional activity of Wis2-1 are trotransposon was
seen in freshly combined wheat amphidiploid and its other diploid members,
and higher expression of Tip100 was observed in allopolyploid espresso,
Coffea arabica, in comparison with the other members like C. eugenioides
and C. canephora (Lopes et al., 2013).

Copy numbers of TEs are generally greater in diploid species and are
more or less related. Tntl retrotransposons in Nicotiana tabacum (tobacco)
allotetraploid and Au SINE in Triticum aestivum, that is, wheat polyploids
are present. After polyploidization, some of the TEs play a vital role in prolif-
eration, for examples, Tekay families multiply after Orobanche gracilis and
the Stowaway-like Bugs translate subsequent allopolyploidization events in
species of wheat and Brassica (Yaakov and Kashkush, 2012). Additionally,
in Helianthus species, hybridization of the three diploids resulted in atro-
cious TE derepression.

However, polyploidization should not generally be joined by an expan-
sion in TEs. For example, there was no increase in the copy number of
Au SINE in allopolyploid wheat lines (Ben-David et al., 2013), Spartina
anglica and Brassica napus allotetraploids. Likewise, the variations are seen
in the activation of various TE families inside a genome. For example, in
Aegilops allotetraploid, some gypsy-like retrotransposons multiply while
other remains inactive. Nonetheless, the impact on a specific family of TE
may depend upon the parental species, as seen for the Sabine retrotransposon
which multiplies specifically in polyploids of wheat and is hugely wiped out
in others (Senerchia et al., 2014). It appears that the mechanism of polyploidi-
zation is different among TE families and genomes. Furthermore, unique TE
families can be regulated differently within a solitary genome, depending on
the type of TEs, their respective copy number, promoter arrangements, and
chromosome limitation.

Likewise, then again, various genomes vary in their TEs control produc-
tivity due, among others, in contrast to siRNA and methylation status. An
expanding measure of information shows that polyploidization may trigger
epigenetic changes like alteration of TEs during DNA methylation (Zhang et
al., 2015). DNA methylated TEs were seen in autotetraploid rice accompanied
by variations of 24 nucleotide in siRNA. It has been seen that the allopolyploids
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may get their TE methylation site after demethylation (Zhang et al., 2015). The
methylation, either hyper- or hypo-methylation, depends upon the TE family
and is found reproducible. Although retrotransposons show hypomethylation
of most parts in the newly formed allopolyploids and hypermethylation of class
II DNA components studied in rice and wheat (Yaakov et al., 2011; Zhang
et al., 2015). Polyploidization depends upon the different processes (auto- or
allo-polyploidization) and the genome and may influence some groups of TEs
that more inclined to activation. Likewise, the casual determination in poly-
ploids may consider higher maintenance of TE inclusions which will add up to
an expansion in TE copy number because of the increment of gene duplicates.

Events in duplication of whole-genome leading to polyploidy are typical
subjects in plant advancement. Polyploidy is outstretched in almost all
plants, except for gymnosperms. Whether regular or trained, it is perceived
as a significant speciation process (Soltis et al., 2015; Shimizu-Inatsugi et
al., 2017). Polyploidizations significantly affect genomes. For better under-
standing, refer to Figure 9.1. Few potential outcomes of polyploidy include
heterosis, regenerative isolation, heterosis, gene redundancy, mating frame-
work rearrangements, modification in cell engineering, issues in cell cycle,
quality administrative changes, etc. (Soltis et al., 2015). Duplication genes
might be abolished, held, or kept up, frequently obtaining new capacities.
Thus, polyploids regularly show various disparities, and their diploid ances-
tors may add their utility for farming. Polyploidization is oftentimes joined
by an increment in TEs content (Adams and Wendel, 2005). This can be the
consequence of an actuated explosion of interpretation. Nonetheless, then
again, quality duplication permits genomes to adapt to a higher TEs action,
as the limit of mutagenicity for TE is supported by the duplication of funda-
mental qualities. The increment in TE additions might modify gene capacities
and does not affect inactivation of duplicated genes (Gaeta et al., 2007).

9.6 ORIGEN OF NATURAL PATHWAYS OF POLYPLOIDS

9.6.1 MERGING OF COMPLETE GAMETES IN CONTRAST TO SOMATIC
DOUBLING

In plants, new polyploid genealogies originate by fusion of unreduced gametes
or through uncontrolled multiplication of chromosomes in substantial cells
(Ramsey et al., 1998). The pathways including unrestricted multiplication of
chromosome sets do not appear to be continuous in nature. Mitotic nondis-
junction is possible in plants in its the life cycle that supports multiplication
of chromosomes unrestrictedly and may give rise to mixoploid living beings
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probably at the root of meristematic cells, which is polyploid in nature that
eventually form another polyploid organic entity [e.g., Primula kewensis
(Kew primrose)] (Grant, 1981; Christoph et al., 2017). Little is understood
about the consistency of uncontrolled chromosome multiplying.

Nowadays, synthetic polyploidy is utilized for somatic doubling that
closely resembles and imitates the traditional ones. Delivering unreduced
gametes (e.g., diplogametes) at the rate much higher than accepted brings
about polyploidy. Different processes responsible to generate unreduced
gametes have been distinguished in a variety of plant taxa. Diplogametes
production is exceptional among species and is assessed to be 0.56% in
nonhybrid flowering plants. Diplogametes seem to be more regular under
natural stresses (biotic and abiotic), like ice, injury, herbivore, water, or
supplement lack (Nogler, 1984; Bicknell et al., 2003). Discernibly, mixtures
between disparate genomes display near about 50-overlay expansion to form
unreduced gamete as distinguished from nonhybrid frameworks (Zhang et
al., 2015). Furthermore, the formation of diplogametes has all the earmarks
of being heritable and represented by genes (Zhang et al., 2015). The
formation of unreduced gamete starts to be disentangled; however, much
remaining parts have to be perceived. Due to the production of unreduced
gamete at a higher pace, their association probably upholds the initiation of
both allo- and auto-polyploids under regular conditions.
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9.6.2 UNILATERAL VERSUS BILATERAL POLYPLOIDIZATION OF
UNREDUCED GAMETES

The probability of meeting two unreduced gametes is quite low in a
single-step process. The development of tetraploids has been expected to
be uncertain, including triploid intermediates (triploid stage supporting
one-sided polyploidization) (Harlan et al., 1975). Triploid individuals can
be obtained conveniently using an experimental setup whereas in nature,
they are observed at a lower frequency (Ramsey et al., 1998). The fusion
of unreduced gamete with the reduced one results in triploid formation. It
can be carried out by selfing or crossing with different triploids or even
with diploid progenitors. Gametes’ ploidy level that is attained by triploids,
fitness, and rate of formation of triploids defines the development of tetra-
ploids (Husband, 2004). Triploid seeds abort early due to a phenomenon
known as “triploid block and hence triploidy is identified to be fatal. The
endosperm cannot develop in polyploids properly as they lack balanced set
of chromosomes (Ramsey et al., 1998; Husband, 2004).

Various models are designed to produce of triploid seeds based on the
relative level of seed tissues, in spite of triploid block. In 1999, failure
in the endosperm development was detected by Soltis and Soltis in both
interploidy hybrids as well as homoploid hybrids. This might be because of
different imprinted genes of polycomb group. Failure of endosperm in trip-
loids results from uneven interactions between targets of polycomb groups
and their global transcriptional repressors. The unbalanced interaction in
turn originates from parental v/s maternal dosage ratios and/or paternal
divergence. However, there are cases where few fertile viable triploids have
been reported unexpectedly. Ramsey and Schemske (1998) reported 31.9%
mean pollen fertility in triploid angiosperms.

Comparatively large number of euploid viable gametes (where n = x, 2x,
and 3x) are produced by triploids without considering their origin, be it allo-
or auto-polyploid. Therefore, they strongly affect the development of poly-
ploids (Husband, 2004). Tetraploids can perhaps be formed either through
bilateral polyploidization specifically, direct fusion of two diplogametes
or through homoploid hybrids without involving any triploid intermediate.
Diplogametes production is higher in hybrid systems (i.e., 27%) as compared
to nonhybrid systems (i.e., 5.6%) (Ramsey et al., 1998). Homoploid hybrids
are expected to withstand polyploidization. When polyploidization occurs
bilaterally, hybrids can be directly subjected to polyploidy regardless of their
origin (Ramsey et al., 1998; Husband, 2004).
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In the case of individuals that are self-fertilizing, plants with larger
amount of diplogametes might promote bilateral polyploidization (Bretag-
nolle et al., 1995). In 1998, Ramsey and Schemske in 1998 analyzed that rate
of production of polyploids by either bilateral polyploidization or unilateral
polyploidization is almost similar. Though, they did not examine the preva-
lence and rate of occurrence of somatic doubling arising spontaneously. In
accordance to their concluding remark, “thorough analysis of the mecha-
nisms, pathways, and rate of formation of polyploids in nature” continue to
be relevant.

9.6.3 PATHWAYS AND ORIGINS FOR VARIABLE POLYPLOID
PRODUCTION

Different sources of polyploid species are right now considered as the
standard rather than the exclusion (Soltis et al., 1999). It has appeared
for a couple of allopolyploids and autopolyploids (Parisod and Besnard,
2007), neglecting special case exceptions, for instance, Arabidopsis suecica
(Swedish thale-cress) or Draba ladina. Conspicuously, different origins
(multiple) may happen over restricted topographical distributions.

Various elements of polyploids may incorporate innately. Morphologically
isolated individuals might achieve critical phenotypic and genetic changes
similarly as atomic or nucleo-cytoplasmic associations at the polyploid
level (Soltis et al., 1999; Mable, 2003). Adding to the complexity, various
divergent pathways might have resulted to independent polyploid ancestries,
leading to combination products among various genomes. Individuals of
polyploidy linages formed autonomously might hybridize (Modliszewski
and Willis, 2012). But apparently, the hypothesis is not been experimented
yet. Correspondingly, polyploid taxon history might be more complicated
than typically expected.

9.7 GENE REGULATION OF TRANSPOSABLE ELEMENT IN
POLYPLOIDS

The expression of nearby gene can be reduced by epigenetic silencing of
transposable components thus TE silencing related to polyploidization
induces modifications in the expression of genes. After polyploidization,
gene arranged in the nearby region of reactivated TEs could then be influ-
enced by different TEs and therefore, their transcriptional activity is altered
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and chromatin is rearranged. Also, reactivated TEs are capable to reduplicate
themselves. These changes in TE induce transcriptional modifications in the
neighboring genes. As seen in wheat polyploids, decreased control in TEs
silencing following polyploidization, restores the genome in functionally
working order (Kashkush et al., 2003). Oddly, replicated characteristics
confirmed in allopolyploid progenies typically show disparities with their
parental origin. This phenomenon is called genome strength. This can be
seen in morphological traits that are differentially controlled (Feldman et al.,
2012). It is seen that genome strength is greater in former polyploids than in
newly engineered individuals, depicting that it requires a few generations to
establish. Moreover, the oldest allopolyploids exhibit genome predominance,
whereas autopolyploids do not exhibit the same (Woodhouse et al., 2014).

Various processes are intended for masking intergenomic gene move-
ment, including alterations in chromatin and the characteristic masking of
genes in neighboring TEs regions (Feldman et al., 2012). The gene suppres-
sion cycle in regions adjoining TEs in a polyploid genome is initiated by
methylation and is higher in one of the two parental genomes. Cytoplasmic
TE-controlling factors (e.g., siRNAs) are contributed by female parent and,
therefore, TEs of maternal genome are subjected to higher suppression in
the early stages of polyploidy (Zhang et al., 2015). A possibility of having
diverse suppression efficiency of TE possessed by two parental genomes
also exists. It is probable that if either of the genomes is comprised of more
prominent TE content and also if genes are in close vicinity with the trans-
posons, it behaves as latent subgenome in the allotetraploid (Garsmeur et
al., 2014). In Brassica rapa, transposon-inferred 24 nucleotide RNAs focus
on the upstream region of genes specially situated in the latent subgenome.
This gave rise to the theory that the genome, whether paternal or maternal,
having minimal TE substance might turn into the prevailing polyploidy
genome (Woodhouse et al., 2014). Whatever the underlying explanation is,
this distinction starts a course of cycles depending on the way that a gene that
is less translated is a gene that can be changed or adjusted more effectively
without phenotypic results. The impacts will be significant as the disparity
among the parental species increases (Cheng et al., 2016).

9.8 TE CONTROL THROUGH SILENCING

Large numbers of sequences existing in plant genomes are remainders of
transposons exposing the presence of effective transposon inactivating appa-
ratus. Among the various mechanisms in eukaryotic genomes to diminish the
mobility of transposons and therefore ensuring to regulate their mutagenic
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behavior, silencing is universal as well as a powerful process (Vance et al.,
2002). Silencing mechanism was first time performed in transgenically
modified plants but nowadays, silencing-related phenomena is found in a
wide spectrum of organisms. Post-transcriptional gene silencing (TGS),
involving mechanism of sequence-specific RNA degradation, has a vital role
in plants providing immunity against antiviral diseases. On the other hand,
TGS is a promoter inactivation system required to counteract TE transcrip-
tion (Vaucheret et al., 2001). It is responsible for suppression of promotors
found within the repeated sequences. Various variables affect the recognition
of TGS, yet the existence of several copies of the target sequence overall
enhances gene silencing. Over the recent couple of years, examples of TE
silencing initiated by high copy number is notified. For instance, the activity
of a LINE retrotransposon of Drosophila is restricted as various duplicates
of the transgene are introduced in the region close to the element (Jensen
et al., 1999). Increasing the copy number of Tfol retrotransposon found
in tobacco seems to get silenced in Arabidopsis following a few cycles of
retrotransposition (Hirochika et al., 2000). Additionally, existence of short
interfering RNA (siRNA), that is, an intermediatory element of silencing,
assists genome silencing machinery in reducing these components. Silenced
promoters are tolerably protected from DNase I as they are hypermethylated,
proposing the DNA structures, and heterochromatin regions are rearranged
in terms of methylation (Vaucheret and Fagard, 2001).

It seems that transformations influence diverse chromatin rebuilding
factors which in turn reactivate silenced transposons (Miura et al., 2001;
Wright and Voytas, 2002). As discussed earlier, tobacco Ttol retrotrans-
poson is inactivated in Arabidopsis, it is linked with its hypermethylation
and it could be reverted back around the nonmethylated sites (Hirochika et
al., 2000). This implies that the rate of hypermethylation speed up the ineffi-
ciency of silenced components. In yeast, it is observed that the high turnover
of Ty1 retrotransposons is the result of recombination among LTRs, as well
as the support of few elements of dynamic components (Jordan et al., 1999).

In plants, retrotransposons reverse transcriptase gene showed phyloge-
netic analysis in which refined selection of species with few copy numbers
of Ty1-copia components is established, indicating higher turn-over of lower
copy number of retrotransposons (Navarro-Quezada et al., 2002). Plants
additionally carry retrotransposon families in high copy numbers which are
largely inert. Also, plant genomes can uphold massive variations in their
genome regardless of significant outcomes. The specific type of TEs called
nonautonomous transposons contains unique sequences that code for the
protein required for translation. TE-encoding components in reference to
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MITE:s are present in not many duplicates, while the translating and multi-
plying unit, that is, the actual MITE attain high copy number.

The mechanism of silencing coordinated with the MITE cannot be inac-
tivated by TGS as it is unable to get transcribed and it is not intended to
silence the transposase-encoding components that are low in copy number.
MITE coordinated TGS affects the transposase release because transposase-
encoding component carry the terminal sequences to its reversal derivative,
that is, the MITE. It is suggested that MITE is activated by transposases
encoded by related components (Feschotte et al., 2002b). Despite the
fact that MITEs cannot be inactivated by TGS; silencing-related cycles
like methylation could affect its capacity. Holomethylated Ac/Ds compo-
nents are incapable to interact with Ac transposase while hemimethylated
components bind the transposase with high affinity and translate effectively.
The relationship between replication of DNA and Ac/Ds translation could
be well explained by the tendency of Ac transposase to prefer DNA that
is hemimethylated. It is enticing to guess that a comparative replication-
dependent translation could assist MITEs for attaining the very high copy
number they manifest in eukaryotic genomes. Short junk components called
terminal-repeat retrotransposons in miniature (TRIMs) have additionally
been depicted (Witte et al., 2001), though, immediate connection to an
autonomous component has not been found at this point.

Furthermore, the TRIMs and retrotransposons themselves can achieve
extremely high copy numbers. Dynamic retrotransposons accordingly
avoid silencing by different mechanisms. Individual components situated at
specified areas within a chromosome might be less susceptible to silencing
and therefore they could increase their number. LTR-retrotransposons can
efficiently circumvent silencing because of their high sequence variability.
Curiously, inconsistency in sequences in tobacco 7nt/ retrotransposon
is not homogeneously dispersed; promoter, being the target of the TGS
components (Vernhettes et al., 1998). It appears to be troublesome that the
sequence inconstancy showed by retrotransposons is sufficient to bypass the
effect of incredibly effective TGS mechanisms, which is capable to inacti-
vate and distinguish short repeated sequences as short stretch of sequence
as 90 nt. Not many retrotransposons in plants keep up their capacity to
translate and are dynamic under stress (biotic or abiotic) conditions only
(Grandbastien, 1998). Various illustrations can explain this relationship of
stress environment with transposon mobility, yet genomic silencing systems
are unregulated under these circumstances and therefore permitting TEs to
transiently sidestep the genomic control. Strangely, it has been shown in
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Zea mays (maize) that reduction in pressure can be caused methylation and
consequently, retrotransposon-related arrangements are initiated (Steward et
al., 2002).

9.9 CONCLUSION AND FUTURE PERSPECTIVES

Equilibrium between production and eradication system contribute to
various TEs ratios ranging from 25% to 90% in a specific plant genome.
The expanding of information on whole-genome sequences for diverse plant
species highlights the significance of TEs in the advancement of domestic
as well as wild plants. In plant genomes, TEs directly pose an impact on
genes as they offer new sequences, and consequently coding and regulation
are affected; indirectly causing epigenetic changes in the chromatin near
genes. TEs and plant polyploidy play significant roles in the development
of plant genes. Although, they cannot be considered as autonomous sources
of variation because polyploidy promotes TE activity and TE explains the
variability related to polyploidy. Moreover, polyploidization leads to diploid
genomes. The degree of contribution added by TEs to diploidization has
more to explore. Yet, a favorable model to explore the different variables
regulating TEs could be polyploid speciation; hence the knowledge regarding
the activity of TEs could serve to deepen the understanding related to the
elements of polyploid genomes.
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ABSTRACT

Transposable elements (TEs) are mobile genetic components or DNA
segments present in both prokaryotes and eukaryotes that are capable of
altering their position within the genome. TEs occupy a large proportion of
genomes in plants and it is of clear significance for understanding genome
regulation and phenotypic variations to consider their impact on the struc-
ture of the genome and the expression of genes when mobilized. TEs have
important functions in chromosome structural organization, gene regulation,
genetic polymorphism, dynamic shifts, and mutations. This can range from
simple insertional polymorphisms to complex rearrangements with profound
effects on gene evolution, dosage, and regulation, resulting in gene knock-
outs. While TEs are considered essentially parasitic to the host and their
behavior at the level of the individual organism is often deleterious, they can
provide valuable genetic diversity as a basis for natural- or human-driven
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selection at the population level. Plant architect is the arrangement of each
part and relies on growth processes that are significantly driven by internal
and external factors. While environmental conditions and various biotic
and abiotic circumstances constitute the external factors, gene regulation is
the key internal factor that directs growth patterns. TEs, being capable of
reprogramming gene expressions, are well known for altering plant genome,
eventually leading to changes in plant phenotype. Hence, the use of TEs is
widely recommended to bring about desired transposon-mediated diversity
in plants. The following chapter discusses genetic diversities brought about
by TEs and their effects on the plant’s architect.

10.1 INTRODUCTION

Some genetic elements located in the main chromosomes have been shown
to migrate from one position to another in previous studies. These are mobile
elements that occur naturally in large quantities. These genetic elements are
mentioned by several titles like controlling elements, jumping genes, mobile
genes, mobile genetic elements, and transposons. “Transposable elements”
(TEs) may change locations on the same chromosome or to various chromo-
somes altogether The mutations TEs induce to inactivate genes at insertion
sites, have been used to classify TEs genetically through model organisms
such as Escherichia coli, corn, yeast, and Drosophila (Bennetzen and
Wang, 2014; Gregory et al., 2007; Wicker et al. 2007). As per the genome
sequencing data from different organisms, like bacteria, plants, and animals,
TEs can be found in nearly all organisms. Eukaryotic TEs are categorized
as class I and class II: in the class I elements, the DNA component of the
genome is transcribed into an RNA copy, and hence they are also mentioned
as “RNA elements.” The RNA copy is then changed to DNA and intruded
at a new desired location in the genome of the host. Class I elements are
also known as “retroelements” since their mobilization (called retrotrans-
position) is determined based on the inverted coding of the genome from
RNA to DNA (Kapitonov and Jurka, 2008; Wicker et al., 2007). The host
genome may incorporate the immense quantity of class I elements. A single
class I element can transcribe a large number of RNAs, each of which can
potentially lead to intrusion of a new DNA sequence in the host’s genome,
allowing for such high copy numbers. Class I element insertions into the
genome are, therefore, basically irreversible since the RNA copy acts as
a transposition intermediate. In other words, they cannot be deleted at the
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donor site. Despite this, they are also referred to as “mobile” since they are
capable of adding their transcripts at the desired location on the DNA. Class
II elements, on the other hand, are called “DNA elements” because they
move from one part of the genome to another. “Class II elements,” unlike
class I elements, may be removed from the donor site, hence ensuring that if
injection into a gene causes a mutation, the original mutation can be reversed
by excision of the component. The first TEs discovered genetically in maize
were Class II elements, which were extracted from kernel pigmentation,
resulting in unusual spotted kernels (McClintock, 1950). Surprisingly, the
prevalent class of TEs may differ significantly among taxa and organisms, as
can their genomic frequency, position, and effectiveness, also throughout the
population (Lockton and Gaut, 2010; Bennett et al., 2004). TEs are found all
over nature (Aziz et al., 2010), and their influence on their hosts is generally
regarded as negative. They are often regarded as selfish elements. However,
since TEs transpose in the genome, gene disruption is not the only effect
they have. By addition of “inversions,” TEs often are responsible for altered
regulation, expansions of the genome, and the generation of novel variants
of the chromosome. Scientists have utilized TE’s ability of intruding at new
sites on the genome in their study. TEs engineered in the test tube are useful
tools for genetic mapping, producing mutations, copying genes, and even
creating transgenic species in both prokaryotes and eukaryotes. Let us take
a look at some of the assessments that contributed to our current knowledge
of TEs.

10.2 DISCOVERY OF PLANT TRANSPOSABLE ELEMENTS

“Barbara McClintock” identified TEs in maize as genetic agents respon-
sible for mutant kernel pigmentation changes more than half a century
ago (McClintock, 1950). The 1983 Nobel Prize was awarded to her for the
discovery and subsequent characterization of the genetic properties of TEs in
the genomes of E. coli, Caenorhabditis elegans, Drosophila melanogaster,
Saccharomyces cerevisiae, and humans (Berg and Howe, 1989).

10.2.1 BARBARA MC CLINTOCK’S EXPERIMENTS

While researching the colored kernels of maize in the 1940s, she made
an amazing discovery. McClintock looked at the chromosome breakdown



208 Plant Transposable Elements

in maize, which has 10 chromosomes. Chromosome breakage happens at
random and only once in a lifetime for every organism. However, McClintock
discovered that in one maize strain and at one location, chromosome 9 had
broken quite frequently (locus). She discovered that the existence of two
genetic factors caused the chromosome to break at this location. At the site
of the split, she discovered a factor she called Ds (Dissociation). To “trigger”
chromosome 9 breakage at the Ds locus, another unrelated genetic factor
was needed. So, McClintock termed the second factor as “Ac¢” (which stands
for “Activator”) (McClintock, 1950; Fedoroff, 1984).

The hint of Ac and Ds being mobile in nature was highlighted when
mapping of Ac became challenging. It was traced to a single spot in some
plants and multiple spots in others from the same line. As if the mapping
was not interesting enough, the original strain, with prevalent breaks in
chromosome 9, might have developed odd kernels with vastly different
phenotypes. The results were colorless kernel with pigmented spots. In
Figure 10.1, the phenotype of the chromosome-breaking strain is compared
to one of these derivative strains. When the chromosome splits at or close
Ds in the chromosome-breaking strain, “wild-type alleles” of the C, Sh,
and Wx genes are lost, for example, as depicted in Figure 10.1, a single
cell split caused a large section of mutant tissue to divide mitotically (c,
sh, wx). Breaking may occur repeatedly on a single kernel, but all three
genes are lost in each tissue field. Each new derivative, on the other hand,
affected only one gene’s expression. Figure 10.1 shows a derivative that
only had an effect on the C gene’s expression. Pigmented spots appeared on
the colorless kernel’s context in this scenario. Even when the expressions of
C gene were modified in unusual ways, expression of Sh and Wx genes was
consistent. Elucidation of these observations was considered as the location
shifts of Ds from near the centromere to a C gene near the telomeric end.
Ds directed some unique alterations in the C gene’s expression at the new
location. Here, an example of dysfunctional phenotype is exhibited by a
spotted kernel. According to McClintock, such dysfunctional phenotypes
are caused by the motility of Ds from the C gene. Pigmented spots appeared
on the colorless kernel’s context in this scenario. Unusual alterations in the
expression of C gene were recorded, though the expression of Si and Wx
genes was unaltered. To clarify the new derivatives, McClintock believed Ds
had shifted from a centromere neighboring position to a C gene closer to the
telomeric end. At the new position, Ds has led to oddly altered expression
of'the C gene. According to McClintock, such dysfunctional phenotypes are
caused by the mobility or transposition of Ds from the C gene.
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FIGURE 10.1 (a) Chromosome fragment lost due to breakage of Ds locus and resulted
colorless kernels because of recessive alleles. (b) Insertion of Ds into C gene and production
of colorless kernels. Replacement of Ac at the location of Ds in C gene, producing spotted

phenotype.
Source: Modified from McClintock 1954.



210 Plant Transposable Elements

As an example, Figure 10.2 depicts interactions of the genes Ds, Ac,
and C (McClintock, 1950). Ds is a DNA fragment that is inserted into
the coding region of the C gene to render it inactive [the allele is known
as “c-mutable (Ds)” or “c-m(Ds)”]. The line with ¢c-m(Ds) and without
Ac showed colorless kernels since Ds was perplexed within the C gene.
Spotted kernels are also recorded in strains with c-m(DS) since the Ds
may get activated by Ac in a few cells, allowing it to expel from the C
gene (also referred as “excision” or “transpose”). Other strains [dubbed
c-m (A4c)] have been discovered with the Ac element incorporated at the
C gene. The ¢-m (Ds) allele is unstable only in the case of presence of Ac
in the genome, whereas the c-m (Ac) allele is always unstable. In addition,
McClintock discovered that on rare occasions, an Ac-type allele could be
transformed to a Ds-type allele. Such transformations were recorded when
the Ac element got intruded on the Ds element (Feschotte et al., 2002a,
2002b; Yu et al., 2011).

C gene (wild type) | B — Pigmented Kernels

Ds

c¢-m(Ds) (no Ac) B B = Colorless Kemels
c-m(Ds)

+
Ac

L —
Ds
c-m(Ac) Esm i B — Spotted Kemels

AcJ
FIGURE 10.2 Example of 4c and Ds genes that act on the C gene, capable of controlling
pigmentation.

Source: Modified from McClintock 1954.

To put it another way, Ds is almost definitely a mutated and incomplete
variant of Ac. Many structures, such as “Ac/Ds,” were discovered by
McClintock and other researchers who worked on maize plant (Du et al.,
2011). In 1938, Marcus Rhoades discovered a pathway termed as “Dotted”
(Df) and another pathway, that is, suppressor/mutator (Spm) discovered by
Peterson in 1953 and McClintock in 1954, who called it “Enhancer/Inhibitor”
(En/In), have been documented. Also, elements from bacteria, plants, and
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animals have been isolated with the same genetic behavior. Based on their
common genetic behavior, geneticists suggested a new classification for all
of the elements. Ac and a few other elements alike common genetic char-
acters are now referred to as autonomous elements since they do not need
the help of other elements to move. Ds and elements with similar genetic
properties, on the other hand, are nonautonomous elements. These elements
are distinguished as part of families, which contains the autonomous compo-
nents and the nonautonomous elements. “Nonautonomous elements” cannot
move, until an “autonomous element” from a similar family is available at
any other location on the genome.

10.3 CLASSIFICATION OF TRANSPOSABLE ELEMENTS

In 1989, Finnegan and team introduced the classification pattern for TEs,
with the help of which different variants of TEs could be characterized as
per their mechanism of movement. These were the “DNA transposons”
(also referred to as “type Il elements”) and the “retrotransposons” (also
termed as type Il elements). Generally, the transposons are DNA-based
TEs that can relocate from one site to another location on the parent’s
genome. Retrotransposons are TEs that are initially converted to RNAs,
which are later reverse-transcribed as DNA (Fig. 10.3). Within each type,
TEs are also subdivided as orders, superfamilies, and families depending
on the replication strategy and the way they conserve sequences (Kapi-
tonov and Jurka, 2008; Wicker et al., 2007) (Fig. 10.4). Families of both
the “retrotransposons” and “transposons” comprise of autonomous and
nonautonomous components. Transposons with autonomous elements
have everything they need, including a functional gene for an active
transposase enzyme and a terminal inverted repeat (TIR), to promote their
own transposition. Nonautonomous transposons, on the other hand, only
have inverted repeats at the ends and do not encode a transposase. As a
result, autonomous transposons encode transposase, which is needed for
transposition. Transposition is a major source of genome variation and
transformation because it can induce mutation. An actively working gene
can also be turned into an inactive gene when a transposon is added into
the gene’s coding region. Transcription and translation termination signals
can be found in transposable components, preventing other genes from
expressing downstream of the insertion site. The one-way mutational effect
is referred to as polar mutations.
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FIGURE 10.3 Class I and Class II TEs in plants. Class I TEs, though permanent after
insertion, have a mobile characteristic because RNA is reversed into DNA and added at
different sites in the genome. Class II TEs have a different mechanism for changing locations,
that is, the DNA is removed from the current location and inserted at a new one.

Source: Modified/redrawn from Lisch, 2013.

10.3.1 CLASSIELEMENTS

The “Class II elements” are also termed as “retrotransposons.” They are the
most common form of a retroelement in plants, and they transpose using a
“copy-and-paste” process where the RNA polymerase Il enzyme transcribes
mRNA, reverse-transcribed to a “cDNA,” followed by insertion at a novel
location at the genome with the help of enzyme “integrase.” According to the
whole genome sequences of many plant species, retrotransposons compose
a slightly higher proportion of higher-plant genomes. For example, TEs
account for about 84% of the genome of barley (Hordeum vulgare), with
retrotransposons accounting for 76% (Mayer et al., 2012). Furthermore,
retrotransposons comprise to more than 75% of the maize genome, whereas
8.6% genome contains DNA transposons (Schnable et al., 2009). The most
popular retrotransposons are “long terminal repeats (LTR) retrotranspo-
sons,” “DIRS-like elements,” “Penelope-like elements,” long interspersed
elements (LINEs), and short interspersed elements (SINEs), all of which
have different integration mechanisms. “Non-LTR” retrotransposons are
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FIGURE 10.4 Classification and structures of plant transposable elements.
Source: Modified from Wicker et al. 2007

divided into “LINEs” and “short interspersed nuclear elements” (SINEs),
while LTR retrotransposons are bifurcated as “Tyl-copia” and “Ty3-gypsy”
groups (SINEs). The LTR retrotransposons are differentiated on the basis of
the availability of LTRs differing in length from fewer to various thousand
base pairs. The gag genes are well known for coding the “capsid protein”
which is necessary for the whole enzymatic mechanism of reverse transcrip-
tion, as well as insertion inside the host’s genome, “reverse transcriptase,”
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ribonuclease H and integrase enzymes (coded by po/ gene) (Hughes, 2015).
Several proteins are deciphered by Tyl-copia and Ty3-gypsy (genes gag
and pol), which are complexed as a “polyprotein” prior to cleavage as func-
tioning peptides by protease (which is element-encoded). The packaging
of retrotransposon RNA requires structural proteins which are deciphered
by the gag gene and the required enzymes for life cycle of retrotransposon
are decoded from the po/ gene. The sequence in where these enzymes get
deciphered (in the pol gene) varies amongst the Tyl-copia and Ty2-gypsy
elements. The integrase is located prior to reverse transcriptase and RNAseH
in the Tyl-copia elements, which is established downstream protease
encoding sequence, whereas, among the Ty3-gypsy elements, it is found at
the end of the pol gene. Although some LTR retrotransposons have traces of
an env gene, their ability to insert is limited to the genome from which they
came. LTR retrotransposons, for example, are target-specific genomic sites
for reinsertion, usually around chromosomes, with potentially important
functional consequences for the host gene (Kazazian, 2004). LTR retrotrans-
posons have been discovered in various large genomes, for example, corn,
wheat, and barley comprise thousands of LTR retrotransposon families. In
spite of such huge diverseness, few families like Angela (wheat, BARE21
(barley), Opie (maize), and Retrosort6 (sorghum) constitute for the majority
of DNA repetitions in these varied genomes (Peterson et al., 2002; Wicker et
al., 2001; Vicient et al., 1999; SanMiguel et al., 1998).

The DIRS order groups structurally distinct transposons that lack dupli-
cation of the desired target site and have YR gene that codes for tyrosine
recombinase, in spite of the gene INT, which codes for integrase (TSDs).
These genes have some inverted repeats as their termini, which are also
mentioned as “split direct repeats.” Such properties point to another method
for integration, then the other class I mobile components. DIRS were origi-
nally identified during the initial years of the 1980s, in the genome of the
slime mold Dictyostelium discoideum (Zuker and Lodish, 1981), and they
can now be found in all major phylogenetic lineages, including vertebrates
(Goodwin and Poulter, 2001). They have been discovered to be widespread
in hydrothermal vent species (Piednoel and Bonnivard, 2009).

In comparison to LTR retrotransposons, plant LINEs such as Tall in
Arabidopsis thaliana and Cin4 in maize tend to be uncommon. The binding
sites and activities for enzymes like endonucleases, reverse transciptases, and
the nucleic acids are requisite for the retroposition of LINE (Martin, 2010).
LINEs are a component of almost all the eukaryotes’ genomes, including
plants, advising that they appeared early in evolution (Moran and Gilbert,
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2002). The length of LINE elements ranges from 4 to 9 kbp, though most
LINEs contained in the genome are of small size since they are 5-truncated.
Cin-4 has been documented as the first LINE in plants to be revealed as an
insertion in the maize 41 gene’s 3'-untranslated region (Schwarz-Sommer et
al., 1987a, 1987b). The presence of LINEs is reported as a huge variety of
organisms throughout the kingdom of plants, including monocots and dicots,
which are established on the basis of the conserved regions of the gene that
codes for the enzyme reverse transcriptase (Schmidt, 1999). Except in the
case of the del2 family in Lilium species, LINEs in plants are documented
from fewer (100) to average (up to 1000) transcripts (Leeton and Smyth,
1993). Del2 is noteworthy for its high abundance (>2.5%105 copies in Lilium
speciosum, accounting for almost 4% of the complete genome) also, not just
abundant, mostly are full-size, unlike LINEs. In rice plants, these LINEs
are also introduced as the “Karma Element” and the “LIb Element” from
sweet potatoes (Yamashita and Tahara, 2006; Komatsu et al., 2003). The
evolution of SINEs is believed to be from the genes of RNA, such as 7SL
and tRNA genes (Kramerov and Vassetzky, 2011a, 2011b; Wicker et al.,
2007). By definition, they are small, with a length of up to 1000 base pairs.
They are called nonautonomous components since they do not have their
own retrotranslation machinery and are usually enabled by the L1 machinery
(Kajikawa and Okada, 2002). In the plant kingdom, SINEs are the most
usual nonautonomous retroelements. In case of the Waxy gene of rice plants,
the very first SINE in plants, that is, the “p-SINE” was discovered (Umeda
etal., 1991).

10.3.2 CLASS Il ELEMENTS

Class II elements can be passed around the genome using a conventional cut-
and-paste method where the donor sequence is removed, and later reinserted
at a novel location in the genome. The total amount of DNA strands cleaved
in the process of transposition divide DNA transposons into two subclasses
(Wicker et al., 2007). The classification of traditional “cut and paste” trans-
posons are based on the TIRs and group I. The TIRs require transposase
enzymes, which are capable of binding to the inverted repeats and facilitates
motility, which generally is not a reoccurring procedure, until the gap created
via excision is restored by the sister chromatid. As soon a transposon is
intruded into a new site, it leaves small gaps that are repaired by the host
enzymes, allowing the sequence to replicate at the desired site. Length-wise,
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the size of these TSDs varies depending on the transposon. Tcl/Mariner,
Mutator, and CACTA, among others, are TIR order superfamilies (Gao et
al., 2012). A nonautonomous group of elements that is heterogeneous, small,
and nonautonomous. TIRs (Bureau and Wessler, 1994) are MITEs that have
thousands of copies in certain genomes, such as Stowaway in the genome of
rice (Feschotte et al., 2003) and tourist in most bamboo genomes (Zhou et
al., 2016). Two orders of TEs in subclass II do not form RNA intermediates
like those in subclass 1. Opposite to the regular DNA transposons, they are
not subject to the cleavage of double-strands. The mechanism of “rolling-
circle” is employed by Helitrons and their addition has not been reported to
cause any duplications at the target sites (Gozukirmizi et al., 2016; Lisch,
2013; Wicker et al., 2007). Tyrosine recombinase and a few other proteins
are also encoded by these genes. Helitrons were found in plants first, but they
have since been discovered in fungi and mammals (Pritham and Feschotte,
2007; Hood, 2005). With the exception of plants, “mavericks” are known
as huge transposons located in a number of eukaryotic lineages (Pritham et
al., 2007). They encode proteins such as the integrase and DNA polymerase
B, among others. Their life cycle steps include deletion of a single strand,
followed by extrachromosomal replication, and finally the reintegration at
a fresh site (Kapitonov and Jurka, 2006). The activator (Ac) of maize is a
prototype transposable factor from the superfamily of hAT transposon, which
has members in plants, fungi, and animals. Ac encodes a single transposase
protein that mobilizes the autonomous Ac and nonautonomous dissociation
(Ds) components. Ac/Ds transposons are known to be active in several
species of plants, and they are the most widely employed TEs in plants to
achieve tagging of genes and for functional genomics (Lazarow et al., 2013).
The structure of MITEs appears like that of faulty class II transposons when
the coding strength is not available, but the TIRs are present. The MITEs
can be strongly replicated because of the higher copy number of each MITE
subfamily, preserving the sequences, and conservation of size, even when a
limited amount of primogenitor is available (which refers to be a function of
class I elements), and hence, the MITEs were uncategorized for a longer time
period. MITEs being a form of “defective” class II transposons have been
recently discovered by the reporting of connection among the MITE family
with a possible autonomous element. A MITE-family-linked transposase-
encoding factor has been discovered in Arabidopsis (Feschotte and Mouches,
2000). From that time, various elements that encode transposons, coreferen-
tial to the majority of MITEs families, were identified among plants and
various other organisms, leading to the hypothesis of MITEs being a form of
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“defective class II” entity mobilized with transposases that are deciphered by
some related autonomous elements, via transposases which are deciphered
from related autonomous elements (Feschotte et al., 2002a, 2002b; Feschotte
and Wessler, 2002; Turcotte and Bureau, 2002). The mechanism that ampli-
fies these elements, on the other hand, is unknown.

10.4 EFFECT OF TRANSPOSABLE ELEMENTS ON PLANT
ARCHITECT

The insertion and expression of TEs in the host plant can bring about both
beneficial and harmful effects on the plant’s architect. Several such examples
are discussed in the following examples:

The addition of TEs leads to TE-mediated insertional mutations which
do not just alter the plant’s genome but also bring about various phenotypic
changes and hence variance in the plant’s architecture. Examples include
changes in the color of the seed’s coat and that of the flowers of Ipomoea
purpurea, altered coloration of the coats of Brassica rapa’s seeds, differ-
ences in the hull and internode color in rice, variations in the skin color of
the grape, altered skin color of potato tuber skin, purple colored cauliflower,
soybean with the unusual coloration of the flowers and differently colored
coats of the seeds, distinguishable changes in tomato fruits, variant petal
colors in Antirrhinum plant, etc. (Wei and Cao, 2016; Uchiyama et al.,
2013; Hong et al., 2012; Li et al., 2012; Chiu et al., 2010; Momose et al.,
2010; Xiao et al., 2008; Park et al., 2007; Zabala and Vodkin, 2007; Zabala
and Vodkin, 2005; Kobayashi et al., 2004; Clegg and Durbin, 2000). Ghd?2
genes act as the suppressor of the timings of the rice plant’s flower. But,
overexpression of gene Ghd2 not only delays the flowering time, it also
leads to bigger size of the panicle, more spikelets, and better yield of the
grains, just like the phenotypes of the Ghd7 overexpression transgenic rice
(Shen et al., 2017). Earlier research has documented that the “CCT domain-
containing genes” are capable of regulating various biological mechanisms,
like the control over growth, reception and overall development related of
the plants, responsive to the environmental changes (Xue et al., 2008; Yan et
al., 2004; Kaczorowski and Quail, 2003; Strayer et al., 2000). Among known
plants’ developmental relaxation of TE silencing (referred to as “DRTS”),
the DRTS observed in the shoots of rice by Tamakia et al. (2015) was found
to be ample. Many of the registered TEs (4379 out of 7549) were noted
to be decrypted at the shoot apex of rice, as well as the majority among
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them were the “retrotransposons.” Most of the reproductive shoot apexes
were transcriptionally operational, though ~5% were silenced (Tamakia et
al., 2015). Mirouze and Paszkowski (2011) reported that the TEs in spite
of being generally silent can be widely expressed exclusively in organs at
particular stages of development. Due to the regulation “post-transcription,”
majority of the TEs do not transpose, though the amount of TEs expressed is
very huge. Although the possibility of TEs being transposed to new sites is
limited, addition of recently activated retrotransposons provides possibility
for a bigger genome size of a species, for example, Oryza australiensis’s
genome size has been doubled by increasing the number of retrotranspo-
sons (Piegu et al., 2006). A general consideration is that the explosion of
transposition is a result of biotic and/or abiotic stress factors because living
being which is able to evolve genetically in the conditions of stress have
higher chances of survival and reproduction (Wessler, 1996). The amplifica-
tion and proliferation of the TEs can also be brought about by the process
of “hybridization” and Gossypium being known for hybridization activity
on regular basis and flow of genes at interspecific levels can be employed
for explicating the eruption of LTR retrotransposon activities in Gossy-
pium (Hawkins et al., 2008; Ungerer et al., 2006; Cronn et al., 2003; Liu
and Wendel, 2000). In addition to their significant role as a controller and
influencer of the genome size, the TEs present in plants are crucial for the
“global genome architecture.” TE insertions in rice and maize have been
documented to direct the evolution of the chromosome’s centromeric regions
which are well known to be very significant in the process of cell’s division
(Gao et al., 2015; Sharma et al., 2013; Wolfgruber et al., 2009). Researchers
have documented their findings about the capturing and amplification of
active genes in the genome of maize and rice, due to mobile Helitrons and
MULE-elements (also known as PackMULEs) (Jameson et al., 2008; Jiang
et al., 2004). TEs are also considered as essential factor in the domestica-
tion of cereals. Plants of wheat and sorghum were the first studied to report
that the TE-induced mutations may impart aluminum resistance in plants.
There are reports suggesting that when plants are exposed to toxic aluminum
concentrations, some regions of the TEs show higher activities, and the TEs
are also observed in the transcribed portions of a few genes that are asso-
ciated with aluminum resistance (Guo et al., 2017; Mattiello et al., 2010).
Hundreds of genes are credited for evolution and adaptations in sunflower
plants, providing a wide range for TEs to intrude and express. Along with
bringing about developmental changes in flower development, various TEs
have been documented to affect several processes during plant domestication
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(Baute et al., 2015; Mandel et al., 2014; Mandel et al., 2013; Chapman and
Burke, 2012; Blackman et al., 2011). Sunflower plants have HaCYC2d and
HaCYC2c genes, whose major role is the control, regulation, and evolution
of radiated inflorescence and zygomorphism of ray flowers (Tahtiharju et al.,
2012; Chapman et al., 2008). But, on insertion of partial CACTA transposons
or retrotransposons, these ray flowers get transmuted from zygomorphs to
actinomorphs, hence acquiring similarity to the flowers of disk, a phenotypic
characteristic of the tubular ray flower (turf) and the mutants “tubular-rayed
(tub)” (Chapman et al., 2012; Fambrini et al., 2011). Roccaro et al. (2005)
isolated and identified ROSINA (RSI), which is a DNA-binding factor from
Antirrhinum majus genome, capable of binding to CArG-box at the promoter
of the MADS-box gene DEFICIENS (DEF). RSI, known to be aggregated in
the genome of 4. majus, was found to be capable of binding exclusively to
peculiar promoter region at DEF gene, influencing the development of petal
and stamen (Roccaro et al., 2005). Consecutive studies evidenced RS/ as a
component of the CACTA TE and were coreferential to epigenetic mecha-
nisms for the regulation of genes which consorted the command for flower
development (Roccaro et al., 2007). Changes in the tier of expression have
been reported to produce aberrant petals, unchanged with the functioning of
DEF, generally expressed following initiation of floral meristem following
sepal primordia. Subsequent stages of growth and development exhibit lower
levels of transcripts of DEF in the bases of sepals. Studies have confirmed
early detection of DEF in the growing carpels, at the fourth whorl; and the
mutants of def recorded homeotic alterations of petals to sepals in the second
whorl and stamens to carpels in the third whorl (Schwarz-Sommer et al.,
1992; Jack et al., 1992; Sommer et al., 1990). Insertion of TEs has been
reported to result in null mutations of anthocyanin biosynthesis genes, for
example, MY B-transcription factor, coded by Y gene in sorghum ortholog of
maize pl, is essential for red-colored grain pericarp. The DNA transposon
Csl (from the CACTA family), when intruded in the second intron of Y,
leads to the production of differently colored sorghum grain pericarps. Niu et
al. (2019) designed a study on Capsella rubella certified TEs as an essential
factor for genetic variations, resulting in altered parent genome and variant
phenotypes. They reported that the insertion of TEs on the FLOWERING
LOCUS C (FLC) yielded plants with altered flowering timings.

The following section discusses architectural modifications in plants
brought about by the insertions of TEs in the host genome, based on the
regulatory mechanisms involved.
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10.4.1 INSERTIONAL MUTAGENESIS

The TEs in maize plant may be active or inactive at several steps of the plant’s
life, and the inactive TEs become incapable of transposing, and suppressing/
enhancing the mutants produced by their addition. Martienssen et al. (1990)
reported that the Acf106 mutant’s phenotypic characters were repressed in
mutants without Mu activity, that is, the homozygous hcf106 seedlings were
dark green colored and found to be feasible for insertion of TEs from the
Robertson’s Mutator family (modified at terminal IRs). Their research team
considered this characteristic to precede clonal leaf sectors with altered Mu
elements, highlighting progression of epigenetic transposition including Mu
DNA, on the aging of meristem. The host plants morphology is affected by
insertion of TEs because they are also known to be “long-distance enhancers”
which govern the decryption of genes, for example, it has been reported in
maize, regulated “Hopscotch,” an LTR retrotransposon (Studer et al., 2011).
It is placed at a location 60 kb upstream the gene for domestication (zb/, that
is, teosinte branchedl) which works like a “long-distance enhancer,” known
for heightening the transcription of b1 in Zea mays. This gene tb1 deciphers
a member of the TCP family which suppresses the growth of branches and
is significant for plant’s apical dominance (Cubas et al., 1999; Doebley et
al., 1995). Heightened deciphering of gene tb/ leads to enhanced dominance
of apical and suppression of branching in the maize plants, when compared
with the wild-type teosinte, which is known to have various branches of long
size. Hence, the long-distance enhancer in TEs arbitrates the architecture of
branches in the maize plants (Studer et al., 2011).

10.4.2 DOMESTICATED TRANSPOSASE GENES

Sunlight is known as the major element for plant’s development and growth,
whereas the photoreceptor phytochrome A (phyA) acts as intermediate for
different far-red light-induced responses. Lin et al. (2007) demonstrated
that enactment of the FHY3 and FARI genes activate transcription of FHY1
and FHL genes and regulates phyA signaling. Genes FHYI and FHL are
necessary for nuclear accumulation induced by light and light responses;
whereas the genes FHY3 and FARI have separate domains for the binding
and transcription activation, exclusive for the Mutator-like transposases,
and the phyA signaling negatively affects the regulation of the expression
of FHY3 and FARI. Their study suggested that the genes FHY3 and FARI
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symbolize transcription factors that were chosen out of an ancient “mutator-
like transposase” which regulates homeostasis of phyA-signaling. Signifi-
cant demotions in development and reproduction, like smaller size of the
plant, delay in flowering process, altered growth of flowers, and diminished
fertility, were recorded due to mutations in Arabidopsis MUSTANG genes
(Joly-Lopez et al., 2012; Cowan et al., 2005). The BONSAI gene is located
upstream to LINE element in plant Arabidopsis Col (Columbia), though it is
absent n Cvieco-type plants. In the case of the mutants “ddm1” (decrease in
DNA methylationl), desuppression of LINE element leads to the production
of antisense transcripts and the 24-nt small RNAs in Col plants, which lead
to spread of DNA methylation, silencing BONSAI and dwarf plants (Saze
et al., 2008; Saze and Kakutani, 2007). TEs have been known to influence
some key factors in plants, namely, growth, development, and reproduc-
tion. Among the various changes brought about by TEs, there are examples
of fitness benefits in flowering plants, induced by “Mustang and Sleeper
genes,” which include sequences derived of transposases from “Mutator-like
DNA-TEs” as well as “hAT DNA-TEs” (Joly-Lopez et al., 2012; Knip et al.,
2012; Cowan et al., 2005; Bundock and Hooykaas, 2005). Expression of
Mustang genes at the angiosperm linage and code for putative transcriptional
regulators, known for playing significant character for the plant’s growth,
development of flowers, and reproduction. These have been essential as a
fitness point of view since the expression of Mustang gene in plants produce
defected development of floral organs, fertility, and the timing for reproduc-
tion (Joly-Lopez et al., 2012). Sleepers genes have also been documented for
such alterations (Knip et al., 2012; Bundock and Hooykaas, 2005). Mustang
and Sleeper genes are supposed play significant roles in the “phyletic differ-
entiation” of the angiosperms, as well as supposedly essential evolutionary
potential due to “TE-Thrust” (Oliver et al., 2013). TEs are virile factors in
evolution and adaptation because they get replicated in the genome and bring
about major editions for transforming the host’s parent genes into novel
genes, essential for exaptation. Such TEs are known as exapted transposable
elements (ETEs). Joly-Lopez et al. (2016) designed their study to understand
ETE diversification by unveiling the phenotypic context and pattern of ETE
at different timings. Their study concluded that the ETEs MUG and FHY3
plants were paraphyletic and they proposed that such pattern exhibited their
occurrence in various exaptation events. Angiosperm evolution resulted in
such ETE variegation and exaptations. They also discovered evidences of
various novel ETE families.
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10.4.3 EPIGENETIC REGULATION

Tsugane et al. (2006) reported a mutable virscent allele (pyl-v) produced
due to interrupting a significant gene for chloroplast proteases (OsCIpP5),
by inserting a nonautonomous DNA transposon of 607-bp, “nonautonomous
DNA-based active rice transposon one (nDartl),” from the superfamily
hAT. This transformation can be stimulated via a crossing with a host of
autonomous element, aDart, and can be braced by sequestration of aDart.
They also discovered a new dwarf allele “thi-m,” which was mutable on
addition of “nDartl.” Some major phenotypic changes documented in the
autotetraploid rice as compared with the diploid parent are: a prominent
feature in rice plants’ architecture is “tillering” and the TEs comprise more
than 35% of rice plant’s genome and repeatedly occupy the euchromatic
regions (Tan et al., 2016; Wei et al., 2014; Zemach et al., 2010; International
Rice Genome Sequencing Project, 2005). Chances of gene expression and
hence of a supple development by “RdDm” at TEs have been reported to be
heightened, and also, OsDCL3a’s knocking-down results in 24-nt siRNAs.
OsDRM?2’s knock-down is essential for most of the CHH methylation in rice,
resulting in major defects in development, like dwarfism and small-sized
panicle (Tan et al., 2016; Wei et al., 2014). The leaf angles of the OsDCL3a
knockdown lines are enlarged, though the osdrm2 mutants are reported as
sterile (Tan et al., 2016; Wei et al., 2014). The OsNRPD1a and OsNRPD1b
genes present in rice code for Pol IV holoenzyme’s biggest subunits. Muta-
tions in these genes lead to a reduction in 24-nt siRNAs and DNA methyla-
tion, particularly CHH methylation. A noticeable change in the phenotype
is high tillering, which is imparted by lowered methylation of CHH at
MITEs in the promoter region of OsMIR156d and OsMIR156] suppresses
OsMIR156d and OsMIR156j expression. High-tillering phenotype is also the
result of a decrease in “CHH methylation” of the MITE downstream of D14.
The explanation for suppression of rice tillering by RdADM directs the deci-
phering of essential genes OsMIR156d/j and D14. Though the RdADM acts on
two MITEs in the promoters of OsMIR156d/j, repressing their expression, it
acts on the MITE downstream to D14, activating the expression of D14. In
spite of being negatively affected by RdDM, both of the signaling pathways
result in lower tillers, which is a significant property of ideal plant architec-
ture (Xu et al., 2020). “Epigenetic silencing” of DWARF1 (Epi-dI) in rice
plants results in “metastable dwarf” phenotype, while on the contrary Epi-df
is a benefit of FERTILIZATION INDEPENDENT ENDOSPERM 1 (FIE1)
epiallele, that causes pleiotropic defects (Zhang et al., 2012; Miura et al.,
2009). Epialleles are believed to be widespread and are of essential values
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for agricultural traits in rice plants. Hence, the observations prove “24-nt
siRNA associated MITEs,” as well as several other TEs are responsible for
altering the deciphering of neighboring genes as well as the control of other
plant characteristics in rice, which are of huge significance from agricultural
point of view. Future upgrading of epignenomics and phenomics will make
it easier to analyze the epigenetic phase alterations brought about by TEs
are elected for agriculturally important characters, especially the crop plants
(Wei et al., 2014). Autotetraploid rice plant lines were formulated by Zhang
et al. (2015a, 2015b) with its diploid donor, Oryza sativa ssp. indica cv.
Aijiaonante, which can both pollinate individually, for more than 48 genera-
tions. The transcriptomes of these new plants were compared, along with the
equivalence analysis of “siRNAomes” and base-pair resolution methylomes.
They recorded widespread diversions in the methylation of TEs, in the auto-
tetraploid rice, by reporting predominant hypermethylation of class II DNA
transposons at “CHG” and “CHH.” Even though the pattern of methylation
of genes has been identical among diploid and autotetraploid rice, TEs
(in particular the class II TEs) show essential hypermethylation variations
in autotetraploid rice. Noticeable variations in the morphological traits,
for example, bigger leaf size, lower fertility, decreased branching, lower
spikelet count, and bigger grain size, were discovered in the autotetraploid
rice. Whereas, since it merely considered a subset of methylation-sensitive
amplified polymorphism, similarity was noticed in the locations of DNA
methylation in diploids and autotetraploids in Paspalum sp. and watermelon
(Wang et al., 2009; Martelotto et al., 2007).

10.5 CONCLUSION

TEs are well known for their potential of integrating in the host genome
and getting expressed with the parent genome, leading to some unpredict-
able changes in the genotype and phenotype, which can be both harmful
and beneficial for the host. Nowadays, these mischievous elements are very
well employed by researchers to bring about desired, magnificent modi-
fications in the host organisms, and resulting in wonderful final products.
A wide range of TEs and their beneficial effects on plants have been well
studied and documented. Targeted insertion of the competent TEs in host
genome enables the fulfillment of craved necessities, making it possible to
get desired architectural changes in the plant and plant’s yields. Betterment
of the current technologies and discoveries of more efficient methods will
enable desired mutations, higher productivity, and longevity in plant species.
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ABSTRACT

Transposable elements (TEs) are repetitive deoxyribonucleic acids (DNA)
sequences with an ability to change its position within the genome. These
TEs make up substantial share ranging from 20% to 85% of plant genome.
They are highly mutagenic and most of them are largely transcriptionally
and transpositionally inactive under natural conditions. Environmental stress
causes epigenetic de-repression of TEs, which influence on their transcription
level resulting in increasing transpositional activity. Plant host genomes have
evolved various TE suppression mechanisms, which operate before and after
transcription. Transcriptional silencing is achieved through methylation of
DNA bases, modifications of histone proteins, and alterations in nucleosome
positions. DNA methylation depends largely on RNA-directed DNA meth-
ylation (RdADM) pathway. These methylated TEs are preferentially targeted
by host genome to recruit the RNA polymerases (PollV and Pol V) through
RdDM for silencing and maintain the methylation marks during DNA repli-
cation and cell division. Further, chromatin modifications for suppressing
TE transcription cause alteration of histone tails, enhancement of histone
methylation especially of nucleosome associated with TEs and modulation
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of chromatin packing and condensation. TEs that dodge the silencing or
other newly formed transposon in the genome are selected by the RNA-
dependent RNA Polymerase 6-RNA directed DNA methylation process that
catalyze post-transcriptional degradation of mRNAs of transposon elements.
TEs repetitive sequences can also form RNA hairpin structures and later
processed by miRNA biogenesis pathways. Long noncoding RNAs found in
plant genome predominately arose from TEs, which suggest that transposons
play part in plant evolution by co-opting RNA route.

11.1 INTRODUCTION

Transposable elements (TEs) occupy substantial portion of plant genomes
hence, determine size of genome, and heavily influence plant evolution.
Angiosperm has variable size of genomes and is heavily associated with
TEs content. Self-amplifying TEs are major contributor to the expansion of
the plant genome (Naville et al., 2019; Lisch, 2013). TE content varies with
size of plant genome. The plants like Arabidopsis thaliana or Brachypodium
distachyon having small genome size consisted of 20-30% TEs of the total
deoxyribonucleic acids (DNA) content whereas larger genomes have propor-
tionately higher TE-derived DNA. Barley and Maize have more than 85%
TE-derived DNA (Schnable et al., 2009). The advancement of sequencing
has significantly contributed in understanding role of TEs in plant genome
evolution and gene regulation. TEs action may amplify or assemble many
genes in genome and can also modify individual gene structure and its
regulation (Bennetzen, 2000). However, there are instances where these
self-propagating elements cause genomic instability through chromosome
breakage, illegitimate recombination, and genome rearrangement (Kim,
2017). Therefore, it is essential to control the TEs activity to evade its inter-
ference on the genome structure, regulatory and developmental processes
of an organism. Plants control transposon expression and mobility through
transposition repression, which involves mechanisms like DNA meth-
ylation, covalent modifications of histones, histone variants incorporation,
chromatin-remodeling, and RNAi using small RNAs (Quesneville, 2020).
The most common transposon defense system constitutes small noncoding
RNAs, which are accountable for causing silencing and prevents mobility of
these of TEs. These small ncRNAs are one of the major factors that cause
epigenetic modifications involving methylation of DNA and culminates
into silencing which is heritable (Lisch, 2013; Deniz et al., 2019). DNA
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methylation is followed by silencing of TEs at transcriptional level and relies
heavily on RNA-directed DNA methylation (RdADM) pathway. Addition of
DNA methylation is trailed by maintenance phase to retain TEs in quiescence
phase (Roessler et al., 2018). Another epigenetic regulation of TEs is through
histone modification and its interaction with DNA methylation further assure
the stringent control on the activity of the TE (Bannister and Kouzarides,
2011). Histone methylation and deacetylation functions as epigenetic twists
generally associated with transcriptionally inactive chromatin and control
TEs transcription (Zhang, 2018). Post-transcriptional silencing act as alter-
native mechanism and initiates its action under situations of transcriptional
silencing failure under environmental stresses or developmental relaxation
of TE silencing (Bousios and Gaut, 2016). Besides small interfering RNA
(siRNAs), a variety of long noncoding RNAs (IncRNAs) are synthesized
from plant TEs and these IncRNAs play role to epigenetically modify the
gene expression by modulating histones and chromatin structural organiza-
tions (Ariel and Manavella, 2021).

11.2 DNA METHYLATION AND DEMETHYLATION

Methylated DNA is among the major TEs repressor limiting their geno-
toxic potential (Zhou et al., 2020). Regulation through DNA methylation
restricts transposon activation, their propagation, and survival within the
host genome. Using this mechanism, host is able to access the regulatory
sequences encoded by the TE (Chuong et al., 2017). However, it happens that
DNA methylation marks spreads to the gene in euchromatin region. Thus,
to avoid the blocking of the important DNA sequences upon methylation,
demethylation plays a significant role. DNA glycosylases and DNA cytosine
deaminases are involved in DNA demethylation, which can excise bases and
establish genomic mismatches respectively along with other DNA repair
factors (Kohli and Zhang, 2013). Transposons and other repetitive DNA
elements are the preferential targets of the DNA methylation. It commonly
occurs at cytosine bases and classified as the symmetric methylation (meth-
ylation on both DNA strands) of CG and CHG sequence (where H=A, T, or
C) and the asymmetric methylation (methylation on only one DNA strand) of
CHH. Genome-wide ~24%, 6.7%, and 1.7% of DNA methylation levels are
observed for CG, CHG, and CHH contexts, respectively (Law and Jacobsen,
2010). At each successive generation, asymmetric DNA methylation is
regained by the mechanism involving small interfering RNAs (siRNAs) (Jin
etal., 2011).
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11.2.1 TRANSPOSON DNA METHYLATION THROUGH RNA
DIRECTED DNA METHYLATION (RDDM)

RdDM is a method through which methylation of specific DNA takes place
using noncoding RNA molecules. RADM mechanism is well characterized
in A. thaliana (Erdmann and Picard, 2020). It was first revealed in tobacco
where infectious RNA viroids homologous to plant genomic sequences
were found to become cytosine methylated. Consequently, it was shown
that double-stranded RNA (dsRNA) generates siRNAs, which cause dense
homologous DNA cytosine methylation in all related sequences (Wassen-
egger et al., 1994; Mette et al., 2000). In the plant, RADM initiation process
was first observed in Arabidopsis FWA gene expression analysis and FWA
gene was found to be imprinted and expressed only in seeds (Chan, 2004;
Lippman et al., 2004). RdADM mainly influence the short TEs methylation
as revealed by RADM mutant analysis (Herr et al., 2005), which was further
confirmed by genome-wide DNA methylation analysis and small RNA
surveys (Tran et al., 2005; Lee et al., 2012).

RdDM starts with RNA transcribed by RNA POLYMERASE IV (POL
IV). The ssRNA is processed into channeled synthesis of dSRNA precur-
sors for siRNA biogenesis by RNA-DEPENDENT RNA POLYMERASE
2 (RDRP2 or RDR?2), which is coupled with POL IV (Haag et al., 2012).
The dsRNA is fragmented into 24nt siRNAs by dicer-like protein 3 (DCL3).
The siRNAs are carried by Argonaute (AGO) AGO4 and AGO6 family
proteins, which recognizes homologous nascent nuclear transcripts produced
by POLV. This recognition leads interaction of AGO4 with Domains Rear-
ranged Methyl Transferases (DRM2), which catalyzes to cytosine methyla-
tion of the DNA (Gao et al., 2010). Along with sequence-specific pairing,
protein interactions between AGO4 and the NRPE1 (largest subunit of POL
V) and RDM3 (POLV-associated putative transcription elongation factor)
are also important for RADM (Bies-Etheve et al., 2009; He et al., 2009).
ncRNAs transcribed by POL V remains on the chromatin with the help of
RRP6-LIKE 1 (RRP6LI) protein (to act as scaffold RNA). The stabilization
of the pairing between siRNA and scaffold RNA is mediated by INVOLVED
IN DE NOVO 2 (IDN2)-IDN2 PARALOGUE (IDP) system. This complex
further binds RNA to interact with SWI/SNF chromatin remodeling complex
composed of SUBUNIT SW13B and participates in POL V mediated tran-
scriptional silencing by changing nucleosome positioning (Zhang et al.,
2012; Ausin et al., 2012; Zhu et al., 2013). There are other pathways for
DNA methylation along with RdADM pathway. At transcriptionally active
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transposons and trans-acting siRNA genes, POLII enzyme synthesize aber-
rant transcript, which is changed into dsSRNA by RDR6 and further cleaved by
dicer-like nucleases (DCL2 and DCL4) into 21 and 22nt small RNA (sRNA)
molecules. These sSRNAs are loaded into AGO4 and AGOG6, which identify
homologous nascent nuclear transcripts and this detection leads to encoding
DNA methylation by DRM (Erdmann and Picard, 2020). The elements of
RdADM machinery and their functions are mentioned in Table 11.1.

11.2.2 MAINTENANCE OF DNA METHYLATION

RdDM maintains short transposons asymmetric (CHH) methylation, the
long transposons edges methylation (Stroud et al., 2014) and targets TE
dispersed at euchromatic territory (Cokus et al., 2008; Zemach et al., 2013).
In the maize genome, active genes from the main genome are frequently
fragmented by RdDM mediated CHH methylation Islands. Absence of
which often enables transcription in nearby transposons suggesting the role
of RdADM in prohibiting reactivation of silenced transposon by active genes
in the vicinity. (Li et al., 2015). In sugar beets, asymmetric methylation
using RdDM is involved in silencing DNA transposons than retrotranspo-
sons (Zakrzewski et al., 2017). RADM is showed negative correlation with
GC content and mostly histone modifications present in heterochromatic
region including H3K9me2 and H3K27mel (Cokus et al., 2008; Zemach et
al., 2013). This was confirmed in another study where induction of RdADM
was observed during the extensive decondensation of pericentromeric
heterochromatin of male gametophytes vegetative cell nuclei (Schoft et al.,
2009). RdADM mediated DNA methylation maintenance through RNA polV
require the SUVH2 and SUVHY9, which is SU (VAR)3-9 homologs for the
occupancy on the chromatin. SRA domain of these proteins predominantly
bind to CHG and CG context-dependent methylated DNA. SET domain
of these proteins lack the catalytic activity essential for the methylation
of the histone H3 at K9 position. The transcripts produced by RNA polV
ultimately leads to methylation through RADM with the help of the DDRI
complex (Malagnac, 2002; Kuhlmann et al., 2012; Law, 2010; Johnson et
al., 2014).

DNA replication generates semimethylated symmetrical CG
dinucleotides. These sites are recognized by VARIANT INMETHYLATION
proteins (VIM) and appoint DNA METHYLTRANSFERASE 1 (METI) to
cytosine-guanine (CG) methylation of daughter strand (Law and Jacobsen,



TABLE 11.1 Factors Essential for RNA-Directed DNA Methylation (RADM).

Factors involved in RA(DM Factor types Function
RNA polymerase NRPDI1 and the Pol IV Pol IV attaches to heterochromatic regions and synthesis precursors
complex of the sSRNAs, which play role in canonical RNA-directed DNA

RNA-dependent RNA polymerase

Dicer like proteins
(Endoribonuclease)

Argonaute protein

RNA methylase
Proteins bind to Methyl-DNA
DNA methyltransferase

Proteins bind to DNA and chromatin

NRPE1 and the Pol V complex
RDR2
RDR6

DCL1

DCL2
DCL3

DCL4
AGO1
AGO4
AGO6

AGO9

HEN1

SUVH2, SUVH9
DRM1

DRM2
SHH1/DTF1

methylation

DNA methylation of target loci

It forms a complex with Pol IV and a component of canonical RADM.

Converts sSRNAs to dsRNAs and processed into 21-22 nucleotides
RNAs by dicer proteins DCL2 & DCL4. Involved in PTGS and
noncanonical RNA-directed DNA methylation

miRNA and sRNA production

sRNA production

SRNA production

sRNA production

sRNA production and involved in PTGS pathway

Function in canonical pathway of RNA-directed DNA methylation

Functions in RNA-directed DNA methylation (either canonical or
noncanonical)

Specialized AGO express in germline to silence TEs
sRNA production

Methylation of DNA in target loci

DNA methylation of target sites

DNA methylation of target sites

Synthesis of SRNA
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TABLE 11.1 (Continued)

Factors involved in RADM Factor types

Function

Putative chromatin remodelers CLSY1, CLSY2

CLSY3, CLSY4

Putative chromatin remodeling DDR complex (RDM1, DMS3,
complex DRD1)

Transcription factor SPTSL/RDM3/KTF1

Histone deacetylase HDA6

dsRNA-binding protein IDN2-IDP complex

GHKL ATPases MORCI1, MORC6

GW repeat- and PHD finger- NERD

containing protein

Chromatin remodeling complex SWI/SNF complex

Regulate SRNAs derived by Pol IV action, which are located in
chromosome arms.

Regulate Pol IV-derived sSRNAs, which are located in the
pericentromere.

DNA methylation of target loci

Methylation of DNA in target loci

Synthesis of SRNA

Methylation of DNA in target loci

Methylation of DNA in target loci

sRNA synthesis, DNA methylation of target sites

SWI/SNF complex influences the accessibility of chromatin and
simplify the access of DNA methyltransferase (DRM2) to DNA and
thereby promote RNA-directed DNA methylation

Source: Information sourced Erdmann and Picard (2020).
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2010). Methylation by MET1 is highly efficient and can methylate replicating
CG semiconservatively on its own. Whereas, DNA methyltransferase
chromomethylase 3 (CMT3) catalyzed the maintenance of CHG methylation.
Chromo domains of CMT3 recognize and bind to H3K9me2 and its bromo-
adjacent homology domain methylate cytosine in the CHG context (where
H is any nucleotide but not G) thereby suggesting the self-regulatory
reinforced feedback silencing mechanism (Du et al., 2012; Matzke et al.,
2014). DNA sequence methylated at CHH is maintained by both RdDM
through DRM?2 and chromomethyltransferase 2 and CMT?2 dependent DNA
methylation process (Li et al., 2020). CMT2 methylates mostly the TEs at
the heterochromatic region rich in histone H1 with the help of chromatin
remodeler DDM1 that make chromatin accessible to the CMT2. The snf2
family member DDMI1 remodel the chromatin and alter the nucleosome
composition and placement thereby modulating the access of the DNA to
different proteins (Jeddeloh et al.,1999; Zemach, 2013; Halibart-Puzio et
al., 2015).

11.2.3 MECHANISMS OF DEMETHYLATION IN PLANTS

Numerous short TEs or TE-derived DNA sequences prevail in gene rich
euchromatic regions, which are methylated by RdADM (Tran et al., 2005;
Stroud et al., 2014). Demethylation of DNA is counteracting RADM and
prevent neighboring genes from methylation. DNA demethylation targets
TE sequences positioned at the 5’ regions of biotic or abiotic responsive
genes and activate those genes (Le et al., 2014). During DNA replication,
DNA demethylation can occur passively when DNA is not methylated in
daughter strand; however, DNA demethylases family (DNA glycosylase) is
involved in active DNA demethylation. These DNA glycosylase enzymes
cleave 5-methylcytosine from the target DNA sequence creating a gap
in the DNA strand. Further base excision repair system fills the gap with
unmethylated cytosine (Zhu et al., 2009). Demeter (DME), REPRESSOR
OF SILENCING 1 (ROS1)/demeter-likel (DMLI), DML2, and DML3
are the demethylases studied in A. thaliana (Penterman et al., 2007).
DNA demethylases work irrespective of the sequence context. Only DME
is primarily synthesized in the gametic cells, whereas rest other enzymes
are synthesized in all vegetative cells. In vegetative tissues, ROS! is the
main 5-meC DNA glycosylase and ROS1 usually targetes the transposons,
which is present near the protein-coding genes. Hypermethylation has been
observed from TE edges to neighboring sequences in ROS1 mutants, which
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indicate that transcriptional inactivation of genes which present nearby the
TE, is being protected by DNA demethylation by ROS! (Gong et al., 2002;
Zhu et al., 2007). ROS1 activity also reactivates the TEs expression, which
performs regulatory functions during vegetative development for instance
leaf epidermal cells pattern (Yamamuro et al., 2014). ROS1 targeted region
of the genome is marked by acetylated H2K18 and depletion of H3K27me
and H3K9me2. ROS1 performs the demethylation of the DNA preventing
transcriptional gene silencing (TGS) thereby maintaining the active state of
the transgene and TE sequences (Zhang, 2018).

11.2.4 ALTERATION IN TRANSPOSON METHYLATION STATUS

DNA methylation patterns also change due to plant hybridization as
suggested by Liu et al. (2004). Remarkable changes in methylated cytosine
profile and transcription of genes and TE were observed in two stable rice
lines with introgression from Zizanialatifolia wild rice (Liu et al., 2004).
Over a long period of interaction between transposons with their host plant,
transposons have developed strategies to evade epigenetic silencing. Some
transposon genes may play a dynamic role by reversing DNA methylation
and prohibiting their own transcriptional silencing For example, in maize
MuDR element reverse the methylation of nonautonomous Mu elements,
which is otherwise consistently methylated (Lisch et al., 1995; Benito and
Walbot, 1997). A similar effect on methylated Spm elements has also been
observed due to Spm transposase and it involves active demethylation of the
methylated Spm (Cui et al., 2002).

11.3 ROLE OF HISTONE MODIFICATIONS IN TE SILENCING

Plant genomic DNA remained packed around the histone octamer called as
nucleosomes. Histone protein tail at their N-terminal region is loaded with
lysine residue contributes to different histone modifications. These modifica-
tions are used as identification marks for the particular region of the genome and
transferred over generations as epigenetic memory marks. TEs rich region of
the genome are kept under control by tightly packed DNA with histone proteins
called as heterochromatin (Wood et al., 2013). Depending upon the expres-
sion status of the particular DNA sequence the chromatin is categorized as
euchromatin, facultative euchromatin, and heterochromatin (Trojer and Danny
Reinberg, 2007). Active and inactive sequences are marked with different
chemical modifications to both DNA and histones. Combined modifications in
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DNA and histone depict the status and the position of the corresponding DNA
in the chromatin, which largely determines whether TE will be transcriptionally
active or inactive. Heterochromatization represses the expression of the TE by
preventing the entry of the RNA polymerases and other DNA binding transcrip-
tion factors to the DNA. Epigenetic marks of the chromatin help histone reader
and writers to access the DNA sequence for necessary changes such as DNA
methylation or demethylation (Cui et al., 2013).

11.3.1 HISTONE MARKS ASSOCIATED WITH THE
TRANSCRIPTIONAL SILENCING OF TE

Differential combinations of the histone marks have been found to be asso-
ciated with the particular state of the expression of the genomic segment
(Bernatavichute et al., 2008; Roudier et al., 2011). Intronic heterochromatin
repeats are characterized by the H3K9me?2 and H3K4me3 and identified by
EDM2 (ENHANCED DOWNY MILDEW 2) with composite homeodomain
(PHD) (Zhang, 2018; Pontvianne et al., 2010). H3K4me3 is associated
with transcriptional activeness of the chromatin whereas the genes that are
present in the actively transcribed region and need to be repressed for the
developmental purposes are marked by H3K27me3 (Li et al., 2020). The
modification of the H3K27me3 is largely responsible for silencing of the
genes, which were majorly coding the different transcription factors (Lafos
et al., 2011). H3K4 di and trimethylation are observed in case of the active
genes. The monomethylated H3K4 is rich in the gene body and scarce in the
boundary regions of the gene whereas di and trimethylated H3K4 is found
to be present at the upstream region of the gene. The upstream region of
the promoter is significantly modified by H3K4 methylation (Roudier et al.,
2011; Pontvianne et al., 2010; Feng and Jacobsen, 2011). In higher plants
like Arabidopsis, the major heterochromatin mark is the dimethylation of
the H3K9. It is also observed specifically in regions rich in TEs and the
repetitive DNA elements from the euchromatin where DNA is prominently
methylated at CHG sequence context (Feng and Jacobsen, 2011; Underwood
etal., 2017).

11.3.2 HISTONE MODIFICATIONS IN TE SILENCING

Like methylation, histones are also modified by acetylation, ubiquitination,
etc. Local composition of the histone variants in the chromatin changes
depending upon the type of the chromatin and gene expression status. The
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process involves the modulation of the chromatin architecture by modifying
histones according to the active or inactive state of the chromatin.

11.3.2.1 HISTONE H1

Histone H1 is an essential component of the chromatin organization of the
eukaryotic genome including plants and animals. Histone H1 is associated
with DNA methylation as it is found to be abundantly present in the hetero-
chromatic regions than euchromatic regions. Methylated TEs show special
enrichment of the histone H1.1 and H1.2 variants (Rutowicz et al., 2015).
Loss of histone H1 has been recently shown to cause global reorganization of
the nucleosomes, dispersion of the heterochromatin, and activation of the H1
bound genes but it could weakly activate the TEs alone. However, loss of H1
histone with MET1 mutation showed strong activation of the TEs suggesting
the requirement of both the components for effective TEs silencing (Choi
et al., 2020). It is evident from in vitro analysis that H1 was preferentially
inhibiting the transcription initiation process. H1 is required by DDM1 for
the access to the inaccessible heterochromatin in order to stably maintain
the methylation in the heterochromatic DNA in cooperation with the RADM
pathway (Zemach et al., 2013).

11.3.2.2 HISTONE H2

Variant of histone H2A, that is, H2A.Z is negatively related with the DNA
methylation and it protects the DNA from methylation in the actively tran-
scribed genes bodies. Exclusion of H2A.Z can influence chromatin structure
and maintain gene silencing. Deposition of the histone H2A.Z and H3.3
at 5" and 3’ ends of the transcriptionally active genes, respectively, defines
the boundary of the euchromatin in Arabidopsis. Likewise independent of
H3K9me2 or DNA methylation, the histone H2A.W variant specifically
located to heterochromatin in cooperation with DNA methylation silence
the TEs through independent pathways. The chromatin remodeling complex
SWR1-C is required for the deposition of the H2A.Z to chromatin (Zilberman
et al., 2008; Yelagandula et al., 2014; Zambrano et al., 2018). Histone H2B
deubiquitination by SUP32 shows the importance of histone modification
that relates heterochromatic histone modifications with DNA methylation
(Sridhar et al., 2007).
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11.3.3 HISTONE DEMETHYLATION AND DEACETYLATION

To prevent the establishment of the H3K9me2 mark of heterochromatization,
histone demethylases are also work. /BM1 of the family JHDM?2 contains
the domain jmjC having the activity of the histone demethylation. /IBM1 is
found to impair the DNA methylation by demethylating the H3K9 in CHG
sequence context and IDM1 in CG context. One more jmjC protein JM.J14
acts downstream of the RADM component RDR2 and AGO4 that demeth-
ylate histone H3K4me3marks and leads to consequent DNA methylation. TE
activation is suppressed by H3K4 demethylase proteins JMJI14, LDLI1, and
LDL2, which remove the mark of genic chromatin. There is an involvement
of the chaperons in the process of the DNA demethylation (He et al., 2011;
Zhang, 2018; Roudier et al., 2011).

Mutation of HDA6 (a histone deacetylase that acts upon histone H4)
results in loss of TGS at some RADM targets indicating a function ofHDA6
in RADM. Its mutant causes reduced methylation of the symmetrical
genomic regions suggesting its role in the maintenance indicating the role of
histone deacetylation by HDA6in symmetric DNA methylation at particular
chromatin regions while suppressing asymmetric DNA methylation (Liu et
al., 2012).

11.3.4 INTERPLAY BETWEEN HISTONE MODIFICATIONS AND
TRANSCRIPTIONAL SILENCING

Histone methyltransferases KRYPTONITE (KYP)/SUVH4 and SUVH6
performs methylation of H3K9. The SRA domain of the SUVH4 binds the
methylated cytosine owing to the requirement of the methylated DNA for
histone methylation by SUVH4/KYP. After binding SET domains performs
the dimethylation of histone at H3K9 (Johnson et al., 2007; Zhang, 2018).
Dimethylation of the H3K9 acts as identification mark for the binding of the
multiple DNA methylation enzymes.

TEs were transcriptionally and transpositionally activated in the hypo-
methylated condition as a result of decreased DNA methylation in DDM]
mutant (Hirochika et al., 2000). DDM1 acts through rearrangement of the
nucleosome structure utilizing the ATP and walking over the DNA. The
behavior of the DDMI with RdADM and sequence preference is largely
unknown. Short TEs residing in the vicinity of the genes from the euchro-
matin are silenced by the DNA methylation carried out by the DNA methyl
transferase DRM?2 through RADM pathway of silencing (Matzke et al., 2014).
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11.4 POST-TRANSCRIPTIONAL REGULATION OF TES

TEs activity is restrained by host plant both before and after transcrip-
tion. When RdDM pathway involving 24nt siRNAs and homology-based
silencing failed to silence TEs then post-transcriptional silencing pathway
to silence the active TEs has to be initiated by RNAi. Post-transcriptional
silencing chiefly involves RNAI that identifies and causes degradation of
mRNAs of transposon elements, which is produced through action of RNA
polymerase II. The components essential for causing degradation of TE
mRNAs are RNA-dependent RNA POL VI that predominantly converts
a sSRNA to dsRNA and two dicer proteins namely DCL2 and DCL4 that
assists in cleavage of dsRNAs to produce 21-22 nucleotide siRNAs and
AGOI1 protein, which guides siRNAs to mRNAs for degradation (Fultz et
al., 2015).

11.4.1 RNAI PATHWAY AND RECOGNITION OF TES MRNA
TRANSCRIPTS

The commencement of post-transcriptional silencing demands on recognition
of Pol II-derived TE mRNAs. Processing of ssSRNA into dsSRNA by RNA-
dependent RNA pol VI facilitates the identification of mRNA of actively
transcribing TEs (Matzke et al., 2014). As TEs are epigenetically activated,
TE mRNA transcripts are favored to be targeted by miRNAs (protein
DCL1-dependent) bound by Argonautel protein. Successful breaking of
TE mRNA attracts RNA-dependent RNA pol VI and protein DCL4, which
produce 2 1nucleotide long epigenetically-activated siRNAs from transposon
open reading frames. However, in a post-transcriptional silencing that are
loaded onto AGO1 protein and deters engagement of RNA-dependent RNA
polymerase 2 (RDR2) and RdADM (Creasey et al., 2014). The miRNAs
are exhaustively involved in the cleavage of mRNA and the specificity to
pick TEs mRNA over genic mRNAs still remain enigmatic. The miRNA
can target mRNAs of selective transposon element families in Arabidopsis
and resulted into silencing and this indicates that other mechanisms must be
involved in nonhomology-based silencing. Hairpin-derived small RNAs also
involved in TE mRNA recognition for example; rearrangement of inverted
repeats in a TE known as MU Killer known to initiate RNA interference and
followed by other MuDR members silencing (Slotkin et al., 2005). Du-noyer
et al. (2010) also reported direct formation of siRNAs from hairpins and
found no role of dsSRNA, RNA-dependent RNA polymerase 6, and dicer-
like proteins in Arabidopsis. The hairpin structures are converted to hpRNA
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by DCL proteins that results into RDR VI generation of dsRNA either as
primers or through their loading onto an AGO protein and further initiates
the RNAIi cycle. On the other hand, the hairpin structure could result into
RDRVI synthesis independent of the hpRNAs (Devert et al., 2015). These
hypothesized models imply that palindromic sequences might be pivotal
indicators for the TE suppression. These explanations indicate the pathway
of formation of the hairpin structures from palindromic sequences in Sire
virus mRNA involved in silencing. The small RNAs (hpRNAs) are gener-
ated from the hairpin structures with the help of dicer-like proteins and the
hpRNAs further facilitate RNA-dependent RNA pol VI (RDR6) synthesis of
dsRNA either. These studies showed that palindromic regions may be key
indicators for the commencement of transposon element silencing.

11.4.2 SWITCHING BETWEEN RDDM AND RNAI

The post-transcriptional regulation involving 21-22nt siRNAs can degrade
large number of TE mRNAs and also initiate pretranscriptional TE silencing
(Nuthikattu et al., 2013; McCue et al., 2015). Thus, it can be inferred that
the 21-22nt siRNAs serve twin purpose through their involvement in post-
transcriptional silencing and beginning pretranscriptional TS suppression
through RdADM. The shift from post-transcriptional RNAi to RADM was
hypothesized by McCue et al. (2015) according to which involvement of
AGO6 to carry 21-22nt siRNAs and then that directed chromatin modifi-
cations rather than AGO1 needed for PTGS. Whereas, Mari-Ordofiezet al.
(2013) proposed that DCL2/DCLA4 fails to process large amount of TE mRNA
and therefore activates the biogenesis of 24nt siRNA by specific dicer like
protein DCL3 and resulted in initiation of pretranscriptional RNA-directed
DNA methylation. On initiation of RADM pathway, TE got inactivated and
the chromatin modifications are accurately passed during DNA replication
resulted in inheritance of silenced chromatin in daughter cells (Panda and
Slotkin, 2013).

The post-transcriptional regulation involving 21-22nt siRNAs can
degrade huge number of transposon element mRNAs and also initiate
pretranscriptional silencing of transposon elements (Nuthikattu et al., 2013).
Thus, it can be inferred that the 21-22nt siRNAs serve twin purpose through
their involvement in post-transcriptional silencing and start of pretranscrip-
tional silencing of transposon elements through RdADM. The shift from post-
transcriptional RNA interference to RNA-directed DNA methylation was
hypothesized by McCue et al. (2015) according to which involvement of
AGOG6 to carry 21-22nt siRNAs and then that direct chromatin modifications
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rather than AGO1 needed for PTGS. Whereas, Mari-Ordoéiiezet al. (2013)
proposed that DCL2/DCLA4 fails to process large amount of TE mRNA and
therefore activates the biogenesis of 24 nucleotide long siRNA by specific
protein DCL3 and resulted in initiation of pretranscriptional RADM. After
the onset of the RADM pathway TEs got inactivated and the chromatin modi-
fications of silenced chromatin were inherited to the daughter cells (Panda
and Slotkin, 2013).

Many TEs resume ability to transpose and get activated due to epigen-
etic loss or remodeling, which was observed in mop! mutants of maize
(Jia et al., 2009), pollen vegetative nucleus in Arabidopsis (Slotkin et al.,
2009), transition of vegetative to reproductive phase in Maize (Li et al.,
2010) and copia type retrotransposon in Arabidopsis under temperature
stress (Ito et al., 2011). It was observed in Arabidopsis and maize that
silencing of reactivated TEs occurred in trans by the Pol IV-RdDM pathway
(Slotkin et al., 2005). However, the proliferation of horizontally invaded
TEs in new host is regulated by presence or absence transcripts of silenced
endogenous TEs endowed with sequence similarity to the invading TEs.
Instances have been found where the 24 siRNAs-based silencing is not
effective to silence the active TEs. In Arabidopsis, the “Evade” element
existed in active state regardless of silenced TE families in the host genome
(Mirouze et al., 2009). In maize, LTR transposon showed homology to
large number of 21-22nucleotide siRNAs indicated that members of
LTR transposons have been silenced through post-transcriptional RNAi
(Bousios and Gaut, 2016).

11.4.3 TRANSPOSON ELEMENTS REMAIN ACTIVE REGARDLESS OF
DIFFERENT METHODS OF SILENCING

Plant host can commence silencing by several methods, which included
RdADM pathway, post-transcriptional silencing by 22nt siRNAs and
microRNA however, some TEs can remain active. Cavrak et al. (2014)
reported that LTR copia type retrotransposon named ONSEN in Arabi-
dopsis is activated by heat shock transcription factor during heat stress
period. Other copia-type retrotransposon evades in Arabidopsis remain
active and transposes into genes and silenced loosely related members in
the genome (Mirouze et al., 2009). The transposon element escaped from
silencing due to deficiency of TE siRNAs that is produced by retrotrans-
poson itself or closely related members of the family and resulting into
high copy number.
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Inmany TEs, the lack of silencing is perplexing because silenced elements
of the same transposon element family in the same genome are generating
ample Pol IV-derived 24nucleotide siRNAs that can trans-silence the active
TE copies. For instance, in mutator family, TE copies stay active in spite
of large amount of 24nt siRNAs generated from silenced and fragmented
homologous TE copies (Rudenko et al., 2003). There are hypothesized
theories proposed in different studies about the maintenance of active state
of certain TEs irrespective of other family members are silenced in the same
genome. The transposon elements MuDR in maize and Mu killer brought
together genetically. MuDR transposon elements become epigenetically
silenced after losing the Muk in succeeding generations. However, in certain
positions in the genome, these MuDR elements in the maize are capable
of erasing epigenetic silencing (Singh et al., 2008). It has been reported
that insertions in genic 3’ untranslated regions to dodge silencing of active
Mutator TEs in Arabidopsis. The transposon AtMulc expression found to
be highest for insertions within 3" untranslated regions signifying that by
inserting into specific locations in genome is one of mechanism adopted by
transposon to circumvent epigenetic silencing (Kabelitz et al., 2014). The
general rule for TE copies escaped from silencing due to the selective require-
ment to preserve the genes in an active chromatin region of genome. The
transposon element families have preference for integration in the genome
and the competence to escape transposon element silencing is anticipated to
be higher for DNA TEs and smaller for LTR retrotransposons that mainly
incorporates into heterochromatin.

11.4.4 TEROLE THROUGH LNCRNA

The long noncoding RNAs are transcript longer that 200 bp in size that are
not translated into functional proteins and found in many plant genomes (Liu
etal., 2015; Budak et al., 2020). Transposon elements have been emerging as
source of large number of long coding RNAs and perform many biological
functions by participating in epigenetic, transcriptional, post-transcriptional,
or translational regulation of target genes (Chen et al., 2020; Ariel and Mana-
vella, 2021). These IncRNAs contribute to varied molecular process through
interaction with DNA, RNA and proteins hence, regulate expression of genes
and activity of proteins and suggested dynamic evolution of plant genomes
through co-option of TEs in the form of RNA (Urquiaga et al., 2020).
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11.5 CONCLUSION

TEs transposition signifies an effective mechanism of genome expansion on
evolutionary scale. For the survival and maintenance in host genome, TEs
attempts to maintain a balance to promote its amplification to the level that
it should not cause disadvantage to the fitness of host. Host plant is endowed
with variety of mechanisms for controlling TE activity and these include
DNA methylation and RNAi using small RNAs, histone modifications, addi-
tion of histone variants, and additionally chromatin-remodeling enzymes.
The silencing mechanism is balanced by regulated activation of TE by the
processes like demethylation of DNA as well as histones molecules for plant
survival and growth. TE silencing mechanisms recognized to be relaxed
to permit developmental regulation of host gene expression during early
embryonic development. The TEs acquired strategies to escape from host
regulation for instance; some TEs could acquire stress-responsive motifs that
are recognized by host regulatory proteins to self-regulate their activity in
response to stress. There are several dimensions to understand the behavior
of TEs particularly in nonmodel plant genomes about transposon bursts,
preferential insertion sites, and their activation, which is influenced by
environmental conditions. Further investigations and analysis of transposon
elements in sequenced genomes could reveal additional information about
the hidden genetic treasure and their regulation by host genomes.
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ABSTRACT

Transposable elements (TEs), also called transposons, are fragments
of DNA present in both prokaryotic and eukaryotic genomes that have
ability to mobilize. The mobility of these TEs often results in the multi-
plication of their sequences across the host genomes. During the process
of mobilization, class II TEs (cut and paste transposons) inherently
cause damage in DNA both at doner excision and at integration sites.
The degree of DNA damage caused by transposition varies from single-
nucleotide mismatch to the severe double-stranded breaks. Most, but not
all, class II TEs encode transposase enzymes. These enzymes cleave the
DNA at two ends of TE for its excision from the parent genomic locus.
The transposase also cuts the DNA at the target site where TE is to be
integrated. Class III TEs (or miniature inverted-repeat TEs) amplify in
parent genome at the pattern of class Il TEs. The class I TEs or retrotrans-
posons (copy and paste transposons) are copied via an RNA intermediate
and pasted at target site. The class I TEs with the help of retrotransposon
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encoded integrase enzyme are integrated at the target site. The DNA
damage at the excision or integration sites caused by the transposition
enzymes is repaired by various cellular DNA repair machineries. In this
chapter, we will sum up the role played by several DNA repair pathways
in repairing DNA damage at excision and integration sites caused during
the transposition process.

12.1 INTRODUCTION

Transposable elements (TEs) are the mobile DNA sequences or jumping
genes that migrate from one position to the other in the same genome.
TEs were first discovered in maize (corn) in 1950s by McClintock
(1950). Since then, they have been found in almost all organisms from
simple bacteria to the more complex humans. TEs make a large portion
of eukaryotic genomes. In maize, ~90% of genome is comprised of TEs,
whereas ~50% of human genome is believed to have evolved from TEs
(SanMiguel et al., 1996). The whole phenomenon of transposition can have
a significant impact on the genetic information of the host. The deletion
(excision), inversion, or integration of TEs can alter the host DNA in such
a manner that can further promote changes in gene expression. Some of
the TEs possess outwardly firing promoters and their integration at the
new locus can stimulate the expression of downstream genes (Trizzino et
al., 2017). There are TEs that can also play a role in DNA rearrangements
by acting as substrates for different recombination reactions. Homologous
recombination (HR) between TEs at different genomic loci can lead to
deletions, inversions, and replicon fusions. Therefore, TEs serve as devices
of genomic alteration and genetic diversity in host organisms (Payer and
Burns, 2019).

At present three categories of TEs are known. These include class
II TEs (DNA transposons), class III TEs (miniature inverted-repeat
transposable elements or MITEs), and class I TEs (retrotransposons)
(Szuplewska et al., 2015). Class II TEs or cut and paste transposons
excise at one genomic locus and integrate at a different locus. These TEs
are known to be flanked by the terminal inverted repeats (TIRs) followed
by target site duplications (TSDs). The class II TEs in most cases encode
transposase enzyme that cleaves the ends of TE at parental location to
release it and integrate it at a new genomic locus. Before integration
of released TE, the transposase also cuts the DNA at target site, so that
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released TE is ligated there (Han et al., 2013) (Fig. 12.1). The TEs that
encode their own transposase required for their transposition reaction are
known as autonomous transposons. In case of nonautonomous transpo-
sons, the TEs themselves do not encode a transposase enzyme but depend

on the transposase encoded elsewhere in the genome for their transposi-
tion (Pray, 2008).

TIR TSD DNA transposon
a) DNA transposon AR RN

. Transposase

o) Transposase binding cnmm—————— s —

b) Transposase synthesis

\ / DNA damage

d) Cleavage at doner site

¢) Cleavage at target site

DNA damage

FIGURE 12.1 Schematic representation and transposition of class II TEs.

Class III TEs (MITEs) are very small mobile DNA elements of 50-500
bp length found in plants, bacteria, fungi, and animals. Like class II TEs,
MITEs are characterized by 10—-15 bp TIRs and two flanking target site
duplications (Fig. 12.2) (Hu et al., 2018; Fattash et al., 2013). MITEs are
nonautonomous transposons and do not encode their own transposase. They
use a transposase enzyme synthesized elsewhere for transposition reaction.
MITEs are very abundant and have usually been found in gene-rich areas
of the chromosomes and as a result they affect expression of adjacent genes
(Yang et al., 2005; Santiago et al., 2002).
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FIGURE 12.2 Schematic representation and transposition of class III TEs or MITEs.

Unlike class IT and class 11, class I TEs (or retrotransposons) propagate
via an RNA intermediate. These copy and paste TEs reverse transcribe the
intermediate RNA into DNA by reverse transcription. The DNA produced
is then integrated elsewhere in the genome (Fig. 12.3). Retrotransposons
are only found in eukaryotic organisms and share significant features with
retrovirus like HIV (Drost and Sanchez, 2019; Sanchez et al., 2017). Two
sub types of retrotransposons are long terminal repeat (LTR) retrotrans-
posons and non-LTR retrotransposons. The LTR retrotransposons are ~5
kb long and contain LTRs of few hundred bases at ends. Between LTRs
in LTR retrotransposons are genes that encode for retrovirus-like proteins
gag and pol. Pol gene product possesses reverse transcriptase, integrase,
and ribonuclease H activities. These enzyme activities are required for
reverse transcription, retrotransposon integration, and phosphodiester
bond cleavage between ribonucleotides (Orozco-Arias et al., 2019; Wicker
et al., 2007). Lacking terminal repeats, non-LTR retrotransposons house
various genes that code for nuclease, reverse transcriptase, RNA binding
protein, and ribonuclease H enzymes. These non-LTR retrotransposon
encoded enzymatic activities are required for transposition of non-LTR
retrotransposons.

The mobilization of TEs generates DNA damage both at the excision and
integration sites. None of the enzyme activities encoded by the transposons
have DNA damage repair function. The DNA repair machineries in the host
cells essentially plays a key role in repairing the broken DNA ends at exci-
sion and integration sites of TEs. This highlights the significance of cellular
repair machinery in transposition process and therefore maintaining the
integrity of host genome.
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FIGURE 12.3 Schematic representation of transposition of class I TEs or retrotransposons.

12.2 TRANSPOSITION GENERATES DNA DAMAGE

The molecular mechanism of transposition involves cleavage of DNA at the
sites of excision for class II and class III TEs and at the sites of integration
in case of class II, class III, and class I transposons. The transposition reac-
tions, thus, inherently cause DNA damage in genome. The excision of class
IT TEs generate severe double-strand breaks (DSBs) at the site of excision
(Hickman and Dyda, 2016). There is no universal pattern of DSBs generated
by excision of different TEs. There are TEs, for example, 7rn5 whose exci-
sion creates a blunt-ended DSB. The excision of P Element and Sleeping
Beauty create a 17 bases and 3 bases staggered cuts at their respective
doner sites (Eileen and Donald, 1997; Luo et al., 1998). Several secondary
structures are produced at the excision site of the TEs. A hairpin is formed
at hAT element excision site. Sleeping Beauty and Minos generates strong
heteroduplexes (Arca et al., 1997). The integration of the class I TEs at the
new sites is believed to generate single-stranded DNA gaps on either side
of the newly incorporated elements (Yoder and Bushman, 2000). Neverthe-
less, these intermediate arrangements of class I TEs may resemble and be
regarded as DSBs by the cellular machinery (Gasior et al., 2006). Further,
these single-stranded gaps either become an impediment for approaching
replication fork or are transformed into DSBs when the incoming replication
fork counters with these single-stranded breaks (Rothstein et al., 2000). It is
believed that structurally different kinds of DNA lesions produced by TEs
can activate different signaling mechanisms and repair pathways in the host
cell for repairing the damage in DNA caused by transposition.
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12.3 OVERVIEW OF DNA REPAIR

To maintain the genomic stability constantly, cells have evolved multiple
pathways for repairing damaged DNA. In eukaryotic cells, the two major
mechanistic pathways involved in repairing DSBs are HR and NHEJ
(nonhomologous end joining). During HR, the repair of a broken DNA
molecule is guided by undamaged and intact homologous DNA template. On
the other hand, in NHEJ, the repair of broken DNA ends takes place without
the help of homologous DNA sequences (Davis and Chen, 2013). The recent
understanding about HR pathway is that five different molecular complexes
are required for sensing and initiating signaling cascade in different types
of damages in DNA (Harper and Elledge, 2007). The molecular complexes
involved activate a diverse set of protein kinases (PIKKSs) including
phosphoinositide-3-kinase-related PIKK family members ATM, ATR, and
DNA-PKcs. These PIKKs play a key role in transducing signaling cascade.
It is well known that the presence of single-stranded DNA and stalled repli-
cation forks activate ATR (Saldivar et al., 2017). The DSBs are known to
activate ATM and DNA-PKcs (Blackford and Jackson, 2017). Downstream
to PIKK kinases are mediator proteins, that are important for recruitment of
additional factors at damage sites. These mediators include H2AX, 53BP1,
the MRN complex (Mre11/Rad50/NBS1), Mdcl, Claspin, Brit1/Mcphl, and
BRCAI1 (Falck et al., 2005; Harper and Elledge, 2007; Rogakou et al., 1998;
Stucki and Jackson, 2006) (Fig. 12.4).

In NHEJ pathway, several factors are involved in repairing damaged DNA
ends. These include Ku70/Ku80 heterodimeric complex, DNA-dependent
PIKK catalytic subunit (DNA-PKcs), Artemis, and DNA ligase [V/XRCC4
complex (Drouet et al., 2006). When there is a DSB, Ku heterodimers
are recruited to it, which helps in aligning the two DNA termini. The Ku
complex further stimulates the recruitment of DNA-PKcs, thereby facili-
tating the formation of an active DNA-PK complex (Chang et al., 2017). The
DNA-PKcs act as template for recruitment of Artemis, which possesses 5'-3’
exonuclease activity (Goodarzi et al., 2006). The DNA-PKcs phosphorylate
Artemis and activate it. This phosphorylation of Artemis is important for
stimulation of its endonucleolytic activity on 5’ and 3' DNA overhangs, as
well as on hairpins (Chang et al., 2017). Next, the MRN complex, which
possesses nuclease and DNA end-bridging activity is recruited to align DNA
ends in a synaptic complex. Finally, the ligation of well-aligned broken ends
is carried out by DNA ligase [V/XRCC4 complex (Chen et al., 2001; Huang
and Dynan, 2002) (Fig. 12.5).
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FIGURE 12.4 Homologous recombination.

12.3.1 REPAIR OF DAMAGE AT THE EXCISION SITE CAUSED BY
TRANSPOSITION OF CLASS Il TEs

A very prominent member in class II TEs is Sleeping Beauty. It belongs to
Tc1 superfamily of TEs. This subfamily probably includes the most wide-
spread TEs in nature. The DSB repair machinery of the host cell (both NHEJ
and HR pathways) are important for efficient transposition of the Sleeping
Beauty element. The cells that are deficient in NHEJ pathway and wild-type
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cells where expression of DNA-PKcs is defective, exhibit very low levels
in Sleeping Beauty transposition. On the other hand, forced expression of
DNA-PKcs in either mutant or wild-type cells greatly enhance the transposi-
tion efficiency of Sleeping Beauty element (Izsvak et al., 2004). DNA-PKcs
may thus be regarded as a rate-limiting factor in transposition process.
Different vertebrate cells significantly vary in the expression levels of DNA-
PKecs. This variation in expression of DNA-PKcs may be a reason for the
differential transpositional efficiencies of Sleeping Beauty in vertebrate cells
(Izsvak et al., 2000; Durocher and Jackson, 2001). Ku interacts with Sleeping
Beauty transposase. Moreover, Ku is known to associate with preintegration
complexes needed for retroviral integration along with host genome (Li et
al., 2001). In addition, Ku forms a complex with virus-like particles during
retrotransposition of 7y/ element in yeast (Downs and Jackson, 1999).
Furthermore, a homolog of Ku has been recently purified from the phage
Mu, a bacterial transposon (d’ Adda di Fagagna et al., 2003). All these studies
lead to the conclusions that NHEJ machinery has an active role in diverse
transpositional reactions.
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Several studies suggest that the process of transposition is not absolutely
dependent on NHEJ. The repair of damage at doner excision sites can
involve alternative pathway that requires a homology-dependent process. In
NHEJ deficient cells, long fragments of transposon sequences containing
microhomology at the junctions have been observed. Also, the process of
repair at the excision site depends on the presence of XRCC3 (Pierce et al.,
1999). The overall structural features of these repairing footprints resemble
with repair synthesis by a mechanism called synthesis-dependent strand
annealing (SDSA) (Nassif et al., 1994). The strand annealing in SDSA
process is further followed by microhomology-directed end joining (Adams
et al., 2003). The SDSA pathway engages the template provided by the
homologous chromosome to repair the DSB. In addition to XRCC3, Rad51C
is also involved in Sleeping Beauty transposition. XRCC2 and XRCC3
form separate complexes with Rad51C. Some studies suggest that Rad51C/
XRCC3 complex is specifically involved in transposition process (Izsvak et
al., 2004).

In Drosophila, both NHEJ and HR pathways are involved in the repair
of DSBs produced by transposition of P-element (Min et al., 2004), Tcl
excision in Caenorhabditis elegans (I1zsvak et al., 2004., Yant and Mark,
2003), and in integration of Tyl (retrotransposon) in yeast (Boeke et al.,
1985; Curcio et al., 2015; Sharon et al., 1994). These experimental studies
suggest that NHEJ and HR may have overlapping roles in transposition of
different TE elements.

12.3.2 REPAIR OF DAMAGE AT INTEGRATION SITE CAUSED BY
TRANSPOSITION OF CLASS Il TES

In comparison to repair events at TE excision site, not much is known about
the repair of damage at integration site of TEs. It is believed that the host
repair machinery is involved in the repair process at these sites. The integra-
tion of TE is presumed to produce an intermediary structure that has single-
stranded gaps at ends. The repair of these single-stranded gaps reinstalls the
terminal nucleotide sequences of the newly incorporated TE, and produces a
characteristic duplication of the target site (target site duplication, TSD) on
both sides of inserted element (Richardson and Jasin, 2000). In case there is
a failure in repairing the gaps produced at the integration site, it is presumed
that the damage is attenuated by cellular factors like PRR and RecQ helicase
(Wu and Hickson, 2003). PRR is known to provide damage tolerance at
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the gapped transposition intermediates in order to dodge replication arrest
(Hancks and Kazazian, 2016). There are certain transposases that interact
with members of PRR. These interactions thus support the fact that PRR
may have a role in neutralizing the damage caused by integration of TEs.
The Pogo transposase in Drosophila has been found to associate with PCNA
(Warbrick et al., 1998). The human counterpart of Pogo, called Tigger,
synthesizes a transposase containing a conserved PCNA-interacting domain
(Warbrick et al., 1998). Lemil that is a Pogo-like TE in Arabidopsis also
contains a PCNA-interacting domain, suggesting that interaction of Pogo
family with PCNA is a general feature in all organisms. Since PCNA has
role in DSB repair, it may be assumed that DSB repair pathways also play a
role in repair of damage at integration sites of TEs (Feschotte and Mouches,
2000).

12.3.3 REPAIR OF DAMAGE CAUSED BY TRANSPOSITION OF LTR
RETROTRANSPOSONS

The mechanism of retrotransposition is presently not well understood.
However, retrotransposon encoded enzyme integrase, which possesses an
endonuclease activity, cleaves the DNA at the site of integration and produces
breaks with staggered ends (Nefedova and Kim, 2017). The RNA transcript
synthesized from the LTR TE interacts with the cleaved DNA ends at the
site of integration. One of the DNA strands at cleaved site (at integration
site) acts as the primer for reverse transcriptase to produce cDNA from RNA
transcript (Boeke et al., 1985; Finnegan, 2012). How LTR-retrotransposon
encoded cDNA is further converted to a double-stranded DNA element and
inserted at a staggered break at the target site is not well understood. It is
presumed that the DNA repair machinery of the host cell plays a critical role
in the integration process.

In yeast, the transposition of the 7y LTR retrotransposon is repressed by
almost 30 proteins that have a role in maintaining genomic integrity. Some
of these proteins like Rad3, Ss12, nucleotide excision repair helicase (TFII),
Rad18, Rad52, and Rad27/Fenl (Lee et al., 2000; Bryk et al., 2001; Rattray
et al., 2000; Sundararajan et al., 2003) have orthologs in mammals that
restrict retroviral integration (Yoder et al., 2006; Lau et al., 2004). The yeast
proteins like Rad3, TFIIH and Ssl2, or Rad27/Fen1 are involved in blocking
Ty1 cDNA accumulation (Lee et al., 2000). Alternatively, when these factors
are silenced in yeast, the physical stability of 73/ cDNA is elevated, leading
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to increased 7/ retrotransposition. In humans, TFIIH complex proteins of
nucleotide excision repair pathway are involved in destruction of retroviral
cDNA (Yoder et al., 2006). Similarly, in mammalian cells with MMR defi-
ciency, retroviral integration is highly compromised (Lin et al., 2001).

The genomic integration of 7/ requires free nucleotides present at the
termini of retrotransposon cDNA. Some studies have shown that integrase
deficient 731 element efficiently integrates into the host genome. Although
Rad52-mediated HR plays a role in inhibiting wild-type 7)1 element trans-
position, the pathway is necessary for the integrase-independent retrotrans-
position of 7y 1. It is possible that Rad52 and integrase mutually compete for
the cDNA and when competing integrase is absent, 7/ ¢cDNA is used in HR
with the parental genomic 73/ element (Sharon et al., 1994; Rattray et al.,
2000; Radford et al., 2004).

Besides HR, the NHEJ pathway plays a role in retrotransposition. Ku of
the NHEJ pathway has been found to interact with 7. In the absence of
Ku, the transposition frequency of 7/ significantly decreases. In addition,
RAD®G has been shown to influence retrotransposition of Tyl in yeast. These
experimental observations suggest the role of NHEJ in 7/ transposition
(Downs and Jackson, 1999; Freiberg et al., 2000; Ulrich, 2002).

12.3.4 REPAIR OF DAMAGE CAUSED BY TRANSPOSITION OF NON-
LTR RETROTRANSPOSONS

Unlike LTR-retrotransposons, non-LTR retrotransposons use a different
mechanism for their transposition, called target-site primed reverse transcrip-
tion (TPRT). TPRT is dependent on endonuclease and reverse transcriptase
enzyme activities of a protein encoded by non-LTR retrotransposon (Cost
et al., 2002; Feng et al., 1996; Luan et al., 1993). The endonuclease enzyme
cuts one strand of host DNA. The cleaved DNA end then acts as primer for
reverse transcription, and reverse transcriptase copies the retrotransposon
RNA template directly into the host genome. The non-LTR retrotransposons
integrate 3' end of their cDNA with the genome, whereas, the integration of
5" end is understood to be carried out by HR machinery. The TPRT model
suggests that integration of non-LTR retrotransposon needs a double strand
cleavage at the integration site (Gilbert et al., 2002; Ostertag and Kazazian,
2001). Studies have demonstrated that enormous DSB signaling occurs
during L1 retrotransposition (Gasior et al., 2006). There are evidences that
connect NHEJ machinery to the regulation of L1 transposition. Binding sites
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for Ku70/80 have been discovered in mouse L1. It is intriguing to know
that L1s constitute about 19% of the mouse genome, but accommodate
approximately 26% of the Ku70/80 binding sites (Katz et al., 2005). The
cells that lack DNA-PKcs show decreased levels of endonuclease-dependent
L1 retrotransposition. On contrary, XRCC4 deficient cells have higher rates
of L1 retrotransposition (Morrish et al., 2002). The deficiency in repair
enzymes may impact retrotransposition of L1 via multiple pathways. The
prolonged presence of unrepaired DSBs could serve as templates for insertion
and increased endonuclease-independent insertion of LTR retrotransposons
(Farkash and Luning, 2006).

12.3.5 REPAIR OF DAMAGE CAUSED BY TRANSPOSITION OF MITES

The TEs and their associated MITEs use “cut and paste” method for their
transposition. The transposase recruits to the TIRs and is required for both
excision and insertion of these small-sized TEs (Yuan and Wessler, 2011).
The cutting of the genomic DNA at the integration sites produces 5’ or
3’ staggered ends with 2 or 3bp overhangs. These staggered ends create
small TSDs that flank the new MITE at insertion site. The two best studied
MITE families are Tourist and Stowaway. The transposase associated with
Stowaway-like MITEs produces a 2 bp target site duplication (TSD) upon
integration. Usually, excision of these MITEs leave small insertions or dele-
tions (footprint) at their doner site (Kikuchi et al., 2003; Nakazaki et al.,
2003). Tourist-like MITEs produce a 3 bp TSD, and leave no footprint at
their doner site (Zhang et al., 2004). Experimental studies have demonstrated
that Stowaway-like MITE, 14732 and Toursist-like MITE, mPing elements
require NHEJ pathway for repair of damage at excision and integration sites
(Gilbert et al., 2015).

12.4 CONCLUDING REMARKS

TEs are best known for their mobility in the genome. Decades ago Barbara
McClintock had hypothesized that transposition may cause genomic
instability or conversely genomic instability may promote transposition.
TEs have coexisted in prokaryotic and eukaryotic genomes for thousands
of years, playing a significant role in genetic diversity and evolution. The
process of transposition may be regarded as destructive because of DNA
damage inflicted by movement of TEs from one place of genome to the other.
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However, that is not the case as host cells have evolved strategies to repair
the damage and maintain the overall integrity of genome. The involvement
of host repair machinery in repairing transposition-mediated DNA damage
signifies the evolutionary adaptation and tolerance for TE by host. TEs have
proved both advantageous and disadvantageous to the host organisms. The
TE-mediated increase in gene expression may allow certain plants and crops
to adapt to changed environmental or drought-like conditions. On the other
hand, TEs have been implicated in promotion of certain diseases like cancer.
There is a lot of scope to understand the mechanism of transposition and the
role played by TEs in regulation of different physiological pathways that in
turn determine the phenotypic traits in organisms.
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Under Abiotic Stress Response

VINCENT EZIN" and RACHAEL C. SYMONDS*

IFaculty of Agricultural Sciences, University of Aboemy-calavi, Godomey,
Benin

2School of Biological and Environmental Sciences, Liverpool John Moores
University, Merseyside, UK

‘Corresponding author.
E-mail: ishola.vincent@yahoo.com; r.c.symonds@Ijmu.ac.uk

ABSTRACT

Climate change due mainly to human activities has everlasting consequences
for sessile organisms on earth. Growing plants, in particular, are confronted
with many challenges due to increased climatic variability, with more
heat, more water stress, and more nutrient deficiency predicted. There are
many adaptation measures proposed thus far in the literature to overcome
these environmental challenges. The transposable elements (TEs) are an
extremely promising solution to help plants withstand the adverse effects
of abiotic stress. TEs’ activities cause diverse changes in plants resulting in
the adaptive evolution to abiotic stress. Thus, there is growing interest in the
activities of TEs amongst the scientific world because they engage in crucial
functions, especially in abiotic factors resistance. In the past considered as
“genome genomic parasites,” TEs are now labeled as genomic gold due to
their huge functions in plants. In this paper, we discuss the economic impor-
tance of abiotic stress in agriculture in relation to current and future climatic
conditions. We depict the different types of TEs and provide the mechanisms
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controlling the activities of TEs. We portray the relationship between TEs
activation and abiotic stress-response gene activation. We proffer the contri-
bution of TEs to plant resistance under abiotic stress. Finally, we explain
the adaptability of plants to various abiotic stress due to the presence of TEs
through changes occurrence in gene expression.

13.1 INTRODUCTION

Plants due to their immovable nature are continuously constrained to
acclimate to fluctuations in their surroundings that threaten their longevity
and reproduction through a regulatory network of genes. Most of these
environmental changes are a potential source of stress for the plant. In the
context of climate change affecting our planet, many investigations aim at
studying and understanding the adaptive abilities of plants to stress. Faced
with the heterogeneity of the environment, plants can respond immediately
with phenotypic plasticity and/or genetic adaptation (Wagner et al., 1997;
Donnelly et al., 2012). The acclimation of plant to abiotic factor is due to
a phenotypic character that depends on genetic and transposable elements
(TEs) determinism favored by the pressure of environmental selection
(Howe and Brunner, 2005). It has been demonstrated that TEs influence
gene regulation and therefore phenotype. The major consequence of climate
change is the increased risk of abiotic stress. Indeed, the variability of
climate change and the prevalence of extreme events are a harsh reality
plants are confronted with particularly due to its immobile nature. Thus,
plants must develop some mechanisms to withstand water stress, salty soil,
pollution, nutrient deficiency, cold, high temperatures, and flood stress for
its survival, development, and reproduction. These mechanisms could be of
physiological, morphological, and biochemical nature, which are under the
control of genes and their components.

Apart from certain processes, such as duplications (polyploidy, segmental
duplications) and genomic recombination, it is the TEs that constitute the
bulk of repeated DNA (Flavell et al., 1977; Barakat et al., 1997; SanMiguel
and Bennetzen, 1998). Thus, TEs constitute a key element of plant genomes.
Moreover, TEs have been regarded as parasitic and junk DNA for a long due
to the fact that they do not present any outward benefits. These elements,
which do not appear to contain important genes to their host organism, just
have the information that allows them to replicate and/or move through
genomes. Thus, they have long been considered as “selfish” and “parasitic”
elements only capable of disrupting genes. However, there is a paradigm
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shift as they play fundamental roles in plant genome and adaptation (Capy
et al., 1997; Kidwell and Lisch, 2001). The determination of the nucleotides
arrangements in the genomes of many plants has subsequently shown that
TEs are one of the major constituents of eukaryotic genomes (Vieira et al.,
2012), and particularly in plants. For instance, when they are not lethal,
their evolutionary dynamics both structurally and functionally will generate
genetic diversity, with various consequences for adaptation, evolution, and
the diversification of plants (McClintock, 1984; Brandt et al., 2005; Wendel
et al., 2016). With progress in science and more discoveries, the dogma of
a genome consisting of a linear succession of perfectly stable genes was
superseded by a new opinion of a complex genome comprising epigenetics,
genetics, and cellular intercommunications in which many elements
including TEs are implicated.

With the progress of science and the proliferation of discoveries, the
dogma of a genome consisting of a linear succession of perfectly stable
genes has been replaced by the view of a genome as a complex network
involving genetics, epigenetics, and cellular interactions, in which TEs and
other structural and functional elements intervene.

Thus, the advent of genomics has shown that these elements make up
a large part of genomes and that TEs are much more dynamic entities than
previously thought. Many researches have demonstrated their involve-
ment in responses to various environmental stresses (Wessler et al., 1995;
Liu and Wendel, 2000; Jiang et al., 2003). Some of these DNA sequences
have their own regulatory sequences, their own coding potential and they
are autonomous, while others called defective, on the contrary depend on
other elements to move: this is particularly the case of small interpserced
nuclear element (SINE), which use the molecular machinery encoded by
the long interpserced nuclear element (LINE) to transpose. Although TEs
have a replication cycle independent of the cell cycle, they still use the host’s
transcriptional machinery. This is why they have long been referred to as
“parasitic DNA.”

In this paper, we discuss the economic importance of abiotic stress in
agriculture in relation to current and future climatic conditions. We depict
the different types of TEs and provide the mechanisms controlling the activi-
ties of TEs. We portray the relationship between TEs activation and abiotic
stress-response gene activation. We proffer the involvement of TEs in plant
resistance to abiotic stress. Finally, we explain the adaptability of plants to
various abiotic stresses due to the presence of TEs through changes occur-
rence in gene expression.



280 Plant Transposable Elements

13.2 ECONOMIC IMPORTANCE OF ABIOTIC STRESS IN
AGRICULTURE IN RELATION TO CURRENT AND FUTURE CLIMATIC
CONDITIONS

The occurrence of a global warming is mainly caused by anthropogenic
activities, including exceptional use of fossil fuels, unprecedented defores-
tation, and a change in land use. Our climate is getting warmer and will
continue to do so due to the levels of greenhouse gases already present in the
atmosphere. Climate change is the main source of increasing abiotic stress.
Therefore, the average temperature will rise up and could attain 4.5°C by the
year 2100, the rainfall pattern will be modified and climate variability will
augment, especially the frequency of increasingly recurring extreme events
such as salinity, drought, heat, cold, and flooding (IPCC, 2007). Abiotic
stresses are caused by drought, strong temperature variations, frost, wind,
hail, excess of water, high salinity, and flooding. These climatic variations
destabilize the environment of the crops and generate stresses that impact the
productivity of the plants, mainly during sensitive periods such as flowering
and fruit sets. Periods of drought will be more pronounced and repeated year
after year. The drought conditions will be coupled with strong variations in
temperature during the daylight, which plants must face throughout their
development and which can have serious consequences on crop productivity.
It is estimated that 50% of yield losses are due to abiotic stresses. These
climatic hazards impact the metabolism of plants, which can lead to flower
abortion or irregular fruit development. Moreover, these abiotic stresses can
occur at different stages of crop development and thus cause several waves
of losses. Agriculture is a major user of water resources in many parts of
the world and drought affects agriculture in 45% of the world’s geographic
area (Rockstrom, 2003). Rockstrom also reported that rainfed agriculture
accounts for 80% of the world’s cultivated land and contributes 60% of the
world’s food (Rockstrom, 2003). The low yields recorded from rainfed crops
are caused by limited and unpredictable rainfall leading to drought stress. It
has been estimated that drought is the most important environmental stress
and accounts for 70% of yield losses in our cereal crops worldwide (Boyer,
1982). Among the abiotic stress, drought is considered as the most difficult
and ravaging worldwide and causes havoc to crop production and farmers
(Pennisi, 2008; Gurian-Sherman, 2012). Gurian-Sherman (2012) added that
the historic 2011 drought in Texas caused a record $5.2 billion in agricultural
losses, making it the most expensive drought on record. Rainfall patterns
will show a decrease of more than 20—30% compared to the 1961-1990
reference level adopted by the WMO (Bigot et al., 2003). With more than
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95% of African agriculture dependent on rainfall, agricultural production
will be severely compromised by increased variability in rainfall combined
with rising temperatures and the occurrence of devastating extreme events.
These climatic events are already more frequent with serious social,
economic, and ecological consequences. Heat can induce an augmentation in
the permeability of the thylakoid membranes which can modify the electron
flow during photosynthesis and consequently leading to starvation and death
of the plants. High temperature is an abiotic factor that influences yield by
affecting the growth and physiological processes of the plant. The increase
of temperature beyond the limits causes the temperature stress observed in
many species. Plant height and leaf elongation, flowering, fruit, and grain
set maturation are among the parameters influenced by high temperature.
Anther, pollination, and fertilization phases are seriously affected to temper-
ature stress. Capiati et al. (2006) demonstrated that environmental factors
such as high temperatures and inadequate moisture drastically reduces plant
vigor and cause flower drop, resulting in low fruit-set and low yields. Under
high temperatures or drought, the few fruits that do set often develop physi-
ological problems such as cracking or blossom end rot and are unmarketable.
Salinity is viewed as an important abiotic stress restraining plant produc-
tivity and agricultural yield (Rozema and Flower, 2008; Abd latef, 2010). It
is a serious menace to plant survival and productivity. In arid- and semi-arid
agro-ecology, salinity is a result of high evaporation of water from soil,
shortage and inadequate rainfall, and also agricultural irrigation. In total, 7%
of cultivable lands in the world is affected by salinity which could rise to 20%
in the future owing to high irrigation, bad cultural practices, and increase in
change of climate (Munns and Tester, 2008). Soil salinization is regarded as
“Silent killer” of natural production since it kills plants and organisms in the
affected zones (Tanji, 1990). To preserve suitable balance and proliferation,
plants under abiotic stress have evolved certain acclimatized responses envi-
ronmental stresses through the production of enzymes. Swami et al. (2011)
reported that the key events in response of plants to environmental factors are
the recognition and transduction of stress signals through signaling machin-
eries, which results in the activation of many stress-related genes. Plants in
response to abiotic stress perception activate their stress signal transduction
mechanisms leading to the stimulation of many genes coding for hormonal
regulated stress and reprogramming the metabolism to increase molecular
components enhancing plant stress tolerance (Zhu, 2003; Flower, 2004).
Forbes and Callow (1997) consider as stress any factor that affects the
proper functioning of organisms. The plant is considered as tolerant to abiotic
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stress when the physiological answer that it develops allows its survival, in
the contrary case, it is considered as sensitive. Plants tolerate stresses through
morphological and biochemical adjustments and cross-tolerance to different
stresses. Characteristically, stress is recognized by cellular structures on
the surface of the plasma membrane of plant tissues. The signal is then
transmitted to the nucleus via a cascade of reactions including secondary
message carrier like calcium, inositol phosphate, and reactive oxygen
species (Mahajan and Tuteja, 2005). The response to environmental factors
encompasses the regulation of stress response genes. They are grouped into
two classes: (i) genes that react immediately to the stress: whose induction
follows very quickly the perception of stress. Their activation is also of short
duration. (ii) Some genes implicated in the response to environmental factors
are regarded as marker genes such as those encoding chaperone proteins
or HSPs and the genes of response to oxidative stress (Scandalios, 2005;
Smirnoff, 1998; Holmberg, and Biilow, 1998).

13.3 CLASSIFICATION OF TRANSPOSABLE ELEMENTS

TEs represent a significant part of all the genomes and ranging from 3% for
small genomes to 80% for big genomes. They represent 50-80% of some
grass genomes (SanMiguel and Bennetzen, 1998; Vicient et al., 1999) espe-
cially they comprise 80% of the maize genome. They form a major part of the
genome in some organisms, particularly in plants where they can constitute
more than half of the genome, as is the case for barley and maize (SanMiguel et
al., 1998; Kumar and Bennetzen, 1999). Devos (2010) and Estep et al. (2003)
reported more than 85% of a large part of plant genomes. The TEs play a
fundamental function in the natural-selection of genomes and the acclimation
of organisms (McClintock, 1984; Tenaillon et al., 2010). Although TEs appear
to be of various types of sequences, it is necessary to classify them according
to their structure, the similarity of their nucleotide or protein sequence, or their
mode of replication. Thus, they can be classified according to several criteria.
The first classification suggested by Finnegan et al. (1989) distinguishes
TEs according to their transposition intermediary. Class 1 is composed of
long terminal repeat (LTR) retrotransposons and LTR-free retrotransposons,
essentially consisting of two major families: LINE and SINE. Their mode of
transposition involves an RNA-type intermediate, transcribed produced from
a copy of TEs, then retrotranscribed into DNA to form a new copy. Class
2 is composed of transposons that have a mode of transposition involving
a DNA intermediate. In this case, the transposition entails the erasure of a
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copy of TEs and its insertion into another locus. This “cut and paste” mode
of transposition is nonreplicative, since it consists of a displacement of the
same copy on the chromosomes. Galindo-Gonzalez et al. (2018) reported the
same two classes (I and II) of TEs based on copy and paste mechanisms using
RNA intermediate and on cut and paste mechanisms using DNA intermediate.
According to Feschotte et al. (2002), there are various families of mobile
elements that are divided into two main categories: retrotransposons (type
I mobile elements), made up of the main Ty1-Copia, typ3-gypsy, LINE-like
and SINE-like families, and transposons DNA (type Il mobile elements) made
up of the Tcl/mariner, Fotl/pogo, hAT, and miniature inverted tandem repeat
(MITE) families or minitransposons (Malik and Eickbush, 2001; Feschotte
and Pritham, 2007). However, the third family made its appearance with the
discovery of new elements such as cryptons or polintrons. The helitrons do not
require a double-strand cut of the donor site during transposition. The most
recent and detailed nomenclature uses family, subfamily, superfamily, order,
subclass, and class to categorize TEs according to phylogenetic classifica-
tions (Bourque et al., 2018). Another similar grouping with slight differences
and details according to Kapitonov and Jurka (2008) are as follows: class |
elements: retrotransposons are split into five orders, according to their trans-
position machinery and the evolution of their reverse transcriptase: the LTR
retrotransposons, DIRS-like elements, Penelope-like elements, LINE and
SINE. Class II elements include two subclasses, which differ in the number
of copies of DNA generated during transposition. In the first subclass, we find
the elements that transpose via a mechanism called “cut and paste,” divided
into two orders; the first, the ITR order (for terminal inverted repeat), where
we find the best known and most studied transposons (Tc1-mariner elements),
the P element, the piggyBac transposons. The second order is only composed
of Cryptons elements, exotic elements little studied, identified only in fungi.
In the second, subclasses have grouped the helicons and the polintons (also
known as Maverick) that transpose by mechanisms totally different from the
other transposons of the different from the other transposons of class II. In
response to this, “universal classification” proposed by Wicker et al. (2007),
two other researchers, Vladimir Kapitonov and Jerzy Jurka, published their
own classification in 2008, which is based on Repbase, a computer database
of eukaryotic TEs that contain more than 7600 ET and repeat sequences
(Kapitonov and Jurka, 2008). This categorization was done based on struc-
tural likeness, enzymology, and rapport between DNA sequences; there are
the two key classes of elements (retrotransposons and DNA transposons)
further divided into five classes and then 40 superfamilies, with elements
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classified separately without any real justification in their article. The classi-
fication presented by Wicker and his collaborators (2007) seems simpler than
the one proposed by Kapitonov and Jurka (2008), based almost exclusively
on genome analysis, whereas Wicker proposes a classification based more on
the transposition mechanism.

The great diversity that exists within TEs, highlighted in recent years
thanks to the abundant amounts of data obtained by the various projects of
sequencing, does not make it possible with the first mode of classification
to position all the TE families. Some of them, like the MITE, for example,
are difficult to characterize according to their simple mode of transposi-
tion. Indeed, MITEs transpose by means of a “copy and paste” machinery
without going via an RNA intermediary. All known TEs are referenced in
the RepBase database (http://www.girinst.org/repbase/index.html), in which
developers have established a new method for their classification. By taking
into account the enzymology, the structural similarities, and the relations
between the sequences, Kapitonov and Jurka (2008) proposed a classifica-
tion accompanied by a new nomenclature of TEs, mentioning, in particular,
the name of the superfamily, a structure identifier, and an identifier of
species. A similar classification was proposed by Wicker et al. (2007), and
also integrates the structure and sequence of TEs. This is a unified, ranked
categorization that allows all known TEs to be characterized, based on the
classification established by Finnegan (1989). In this classification model,
TEs are first divided into two groups, according to the presence or absence
of an RNA-like transposition intermediary, and then into subclasses, orders,
and families. Autonomous and nonautonomous elements have been reported
in each category of TE classification (Feschotte et al., 2002).

13.4 MECHANISMS OF CONTROLLING TE ACTIVITY

Genomes are made up of genes and numerous “repeated” sequences,
including TEs which, thanks to their ability to move along the DNA
molecule and to insert themselves in or near genes, are responsible for a
high proportion of mutations and chromosome rearrangements. Moreover,
it is clearer now that these repeats impact gene expression modulation
(Bhattacharyya et al., 1990; Oliver and Greene, 2009; Hua Van et al., 2011).
They are, therefore, a vital source of genetic alterations. The presence of a
population of TEs supposes the existence of control mechanisms that will
guarantee the functional integrity of the genome. Epigenetic machinery
helps to silence TEs but upon abiotic stress, they become activated again.
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Many epigenetic regulatory pathways control the expression of TEs via a
high level of DNA methylation on these elements. In another word, TEs are
under strict epigenetic control which affects their ability to transpose under
normal developmental conditions. However, various types of stresses might
result in the suppression of the repression of TEs and cause their reactivation.
In the model plant Arabidopsis thaliana, this targeting is partly dependent on
small interfering RNAs and a strong correlation exists between this DNA
hypermethylation and other epigenetic modifications affecting histones such
as the methylation of lysine 9 or lysine 27 of histone H3 (Liu et al., 2000).
The contiguity of the epigenetic marks is associated with the establishment
of “closed” heterochromatic structures in which the highly condensed
chromatin is not very conducive to transcription. However, there could be
consequences of loss of epigenetic control on TEs leading to the most drastic
losses of DNA methylation. These severe losses of DNA methylation are
accompanied by a decondensation of chromocenters (Soppe et al., 2002). The
consequence of this disruption of epigenetic control is the massive transcrip-
tional reactivation of several hundred TEs of all types (Lippman et al., 2004;
Zemach et al., 2013). This transcriptional reactivation is associated with the
production of siRNAs, suggesting the endowment of post-transcriptional
regulation for some of the reactivated TEs (Teixeira et al., 2009; Slotkin
et al., 2009). The cause of this transcriptional reactivation remains unclear
in many cases. However, certain stresses seem to be able to generate the
specific expression of certain TEs due to the presence of stress response
sequences in their promoters. Plant stress response pathways interact closely
with epigenetic regulation. Different external or genomic stresses modulate
DNA and histone methylation as well as smRNA production. The epigenetic
control is associated with the response of the plant to abiotic stress. Different
external or genomic stresses regulate DNA and histone methylation as well
as SmRNA production.

The majority of the regulation of genome activity is due to changes in
chromatin. In plants, cytosines can be methylated at position five of the
aromatic cycle. Although the majority of cytosines are methylated in plants,
only repeat regions (including ETs) have high methylation rates compared
to gene regions (Roudier et al., 2009). DNA methylation is often associ-
ated with histone methylation. The latter is done on the lysine (k) of histone
H3 (at positions 9 (dimethylation) and 27 (monomethylation)) by histone
methyltransferases. These two types of methylation thus play an important
role in maintaining the condensed state of chromatin, inactivating the tran-
scriptional, and thus the transpositional activity of ETs. The combinations of
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these different modifications confer to chromatin various properties resulting
in variations of compaction levels and transcriptional activity which thus
define different chromatin states (Roudier et al., 2011). In fact, many studies
carried out in plants have demonstrated a transcriptional activation of TEs in
response to various stresses, both biotic and abiotic (Naito et al., 2009; Yu
et al., 2013).

13.5 RAPPORT AMONG TEs STIMULATION AND ENVIRONMENTAL
FACTOR-RESPONSE GENE ACTIVATION

The TEs are now viewed as fundamental elements in a multitude of processes,
reshaping genomes, and controlling gene activity. Genome studies will
increasingly focus on repeat sequences, that is, TEs and their relationships
with genes. It is in this area of analysis of gene-TE interaction networks,
responsible for various phenotypes, that the most exciting discoveries are
expected. The proliferation ability of TEs can cause the rise in the size of
genomes in response to abiotic stress or environmental changes.

TEs, once they transpose, are powerful mutagens. They can, for example,
interrupt the coding sequence of genes. Insertions of this type are for the
most part particularly deleterious and are, therefore, rapidly purged by
natural selection. Moreover, since TEs contain their own promoter and regu-
latory sequences, they can affect the regulatory sequences and the expression
profiles of close genes in different ways. The results of research carried
out on rice have demonstrated that miniature inverted-repeat transposable
element (MITE) insertions in the range 100 bp of the transcription start site
of genes can be stimulated by salinity and frost stress (Naito et al., 2009).
TEs can also produce “outward reading” transcripts that extend outside the
element into the adjacent gene.

The mobile elements are determinists of gene expression and the changes
they induce are at the origin of genetic variability allowing plants to adapt to
environmental stress. An inactivated TE by methylation leads to the inactiva-
tion of the adjacent gene while other genes are transcribed because they are
not under the control of the TE. This is an indication that the immediate gene
to the locus of TE is under the influence of TE under normal circumstances.
It has been demonstrated that abiotic stress is related to methylation modi-
fications in TE and nearby gene. Thus, under abiotic stress, TE is activated
through a transcriptional response to stress. As a result, the nearby gene
is also activated by loss of methylation in its promoter region. The newly
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inserted TEs may initiate stress-responsive transcription for new genes or
they may result in permanent loss of function.

Some transcriptional elements can control multiple metabolic pathways
and a metabolic route may involve regulation coordinated by some tran-
scriptional elements, which a system put in place by a regulatory network of
genes in plants subjected to environmental factors (Shinozaki and Dennis,
2003; Shao et al., 2006; Wu et al., 2007). Thus, the perception of the abiotic
stress and its transduction activate the manifestation of stress-response
genes like M MK4, VP14, DBF2, AtMEKK1, AtMPR3, AtPK19, AtPLC1,
SAMK, which interact with other genes including AtCDPK1, ABI1, MP2C,
AtGSK1, VP14, AtDSPTP, AtMPK4 due to the demethylation of TEs for
the acclimation of plants to the environmental changes (Wu et al., 2007).
At genetic level and selection, many researches are nowadays focusing on
the modification of the regulatory activities of transcriptional elements so
as to enhance the adaptation and resilience of plants under drought, salinity,
nutrient deficiencies, flood, frost, UV-B, and other environmental factors
(Casati and Walbot, 2004).

13.5.1 ABIOTIC STRESS: THE COMPLEXITIES OF TE ACTIVATION

Plants must adapt to daily fluctuations in environmental stresses alongside
longer-term climatic variations, and their response is a complex process
involving highly coordinated cellular and genomic mechanisms (Ma et al.,
2020). Environmental stresses including high and low temperatures, and
drought and flooding can be anticipated by the plant while unpredictable
stresses, such as gamma radiation or other mutagens are less predictable.
The concept that TE element activity can be triggered by environmental
cues was proposed in the 1930s by Barbara McClintock (1950). She developed
the “Genomic Shock Model” by which TEs are part of an adaptive response
to unanticipated environmental shocks (McClintock, 1950, 1984). Her work
on the ruptured ends of Zea mays chromosomes during the 1940s led her to
conclude that a traumatic event had caused the activation of previously silent
“controlling elements.” The initial model referred to biotic stresses rather
than abiotic, nevertheless, the concept had been introduced. The model
predicts the unusual responses of a genome to shocks it may receive either
by errors in the cell or by external influences on the cell (McClintock, 1984).
When a TE inserts into a genome, it can increase the mutation rate which
can consequently increase variation and potential for adaptation (Bennetzen,
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2000). However, in normal conditions, there are epigenetic constraints that
prevent damaging mutational effects of TE activation and transposition
(Cheng et al., 2006). Under conditions of stress, however, an increased muta-
tion rate might become an advantageous adaptive response.

TEs can be activated by abiotic stress (Voronova et al., 2014; Huang et
al., 2017) and furthermore, some TEs have been found to contain stress-
responsive regulatory sequences (Beguiristain et al., 2001). These stresses
have been shown to have the potential to overcome the epigenetic restraints
on TE activation and transposition (Galindo-Gonzalez et al., 2018) but
their role as adaptive elements is more complex. Once a TE inserts into
the genome, it has the potential to have a positive, deleterious, or, as in the
majority of cases, no effect on fitness at all (Lisch, 2009).

Plants must be agile in their responses to varying environmental stresses,
and to rapidly adapt to this change they must obtain novel cis-regulatory
sequences, which provide new patterns of gene expression (Suoniemi et al.,
1996). Some TEs use cis-regulatory elements to carry out their functions and
therefore they can also provide a novel source of these elements for plants
when they insert or transpose in the genome (Ito et al., 2013). These are
similar to the motifs used to activate stress-responsive genes (Grandbastien
et al., 2005), and this way TEs can modify gene expression by inserting
cis-elements into the promoter and enhancer regions (Sinzelle et al., 2009).

Upregulation of the grapevine VVTF1A gene in reproductive and vegeta-
tive tissues has been shown to correlate with the insertion of the Hatvine
1-rm a class-II TE inserted into the promoter region (Fernandez et al., 2010).
This spontaneous cis-activation demonstrated a role for this class of TE in
somatic as well as reproductive cell variation. Insertion of TEs can also alter
gene copy number and regulation, generating further genotypic variation
(Stapley et al., 2015). However, their role in abiotic stress-activated gene
expression is not straightforward as TEs have been associated with both
upregulation and downregulation of nearby genes (Makarevitch et al., 2015).
Additionally, after initial activation in response to stress, TEs can become
repressed (Secco et al., 2015).

In this way, TE insertions can provide the phenotypic variation to drive
rapid responses to environmental stress. This allows plants to overcome the
genetic bottlenecks that can occur as a result of speciation while rapidly
adapting to new environments. Evidence for this comes from a population
genomic analysis of the inbreeding Capsella rubella, and its sister species,
the outcrossing Coreopsis grandiflora (Xiao et al., 2019). The promoters and
downstream regions of C. rubella were found to be highly enriched in highly
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polymorphic TEs compared to C. grandiflora with 4.2% of the polymorphic
TE insertions associated with significant changes in adjacent gene expres-
sion. This appears to be providing variation in an otherwise inbreeding
species (Xiao et al., 2019). Approximately 65% or IncRNAs are derived
from TEs and many of these are differentially expressed during abiotic stress
(Lv etal., 2019). This is suggestive of a crucial role for TE-derived IncRNAs
in moderating abiotic stresses.

Several studies have demonstrated that TEs have a positive effect on
fitness (Negi et al., 2016). However, negative fitness effects in response to
stress have also been observed (Mao et al., 2015; Wang et al., 2007). Overall,
the literature does not show one pattern of TE regulation under abiotic stress.
Several studies show TE activation, some show TE repression, and some
show activation after exposure to stress. The relationship between TEs and
abiotic is stress is dependent on the type of stress and the types of TEs are
important for the activity under stress (Fig. 13.1).

13.5.2 PLANT GROWTH REGULATORS
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FIGURE 13.1 General overview of TE activation in response to abiotic stress. (a) TE
insertion into enhancer region, (b) TE insertion into promoter depicting either enhanced
or repressed gene expression. TE insertion into the promoter region may also influence the
expression of nearby genes, (c) TE insertion into gene, (d) TEs may act as new cis-regulatory
elements, (e) TE insertion may result in either direct DNA methylation or DNA methylation
in nearby genes.
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Abiotic stresses result in elevated levels of damage to DNA such as
single-strand breaks and double-strand breaks (Mannuss et al., 2012). An
important part of repairing this damage is DNA methylation, and DNA
methylation enzymes have been shown to be an essential part of the DNA
repair process in various stresses including drought (Shim et al., 2018), UV
damage (Qiiesta et al., 2013), and heat stress (Li et al., 2016). When TEs
are activated and fall inside or close to a gene, the resulting methylation can
extend to nearby genes. This change in methylation state can rapidly lower
gene expression and the resulting interaction facilitates plants’ responses to
abiotic stress (Galindo-Gonzalez et al., 2018).

TEs falling adjacent to or inside a gene can give rise to methylation that
spreads to nearby genes lowering gene expression and resulting in rapid
responses that facilitate plant stress adaptation (Galindo-Gonzalez et al.,
2018). The abiotic stress response is tightly linked to phytohormones, and
abscisic acid (ABA) in particular (Sah et al., 2016), and DNA methylation
is thought to be involved in ABA-dependent gene expression (Gohlke et al.,
2013). The ABA deficient Z. mays mutant vp10 has been used to explore the
relationship between ABA induction under drought stress and DNA meth-
ylation (Sallam and Moussa, 2021). Twenty-two differentially methylated
fragments were shown to have a greater than 50% sequence similarity with
TE elements, the majority being gypsy and copia-like retrotransposons. TEs
have been shown to exert a rapid response to environmental stress when found
close to or inside a gene through epigenetic modulation (Galindo-Gonzalez
et al., 2018). However, more work is needed to elucidate the precise nature
of the relationships between these differentially methylated fragments and
ABA responses to drought stress (Sallam and Moussa, 2021). Active plant
transposons contain cis-regulatory elements in their promoter regions associ-
ated with stress-responsive signal transduction pathways. For example, the
barley BARE-1 copia-like retroelement contains ABA-responsive elements
in the 5' region of the LTR (Suoniemi et al., 1996).

Although ABA is often considered the major stress hormone (Tuteja,
2007), a plants response to abiotic stress is controlled by several different
phytohormones in a complex pattern of crosstalk (Anderson et al., 2004).
The way in which TEs respond to these signaling molecules varies with
both highly specific and more general responses. Early work by Takeda et
al. (1998) and Grandbastien et al. (1997) revealed that the Ttol and Tntl
retrotransposons of tobacco are activated by methyl jasmonate. A further
study demonstrated that a 13-bp repeated motif'in the promoter region of Tto1
acts as a cis-regulatory element conferring methyl jasmonate responsiveness
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(Takeda et al., 1999). Variations in Tntl subfamily expression patterns have
been correlated with nucleotide sequence differences in their U3 regions and
driven by different stress-inducible cis-acting elements (Beguiristain et al.,
2001). These Tntl subfamilies respond differently to different stresses, for
example, Tntl A is activated in response to Jasmonic acid while Tnt1C is acti-
vated by auxin and salicylic acid (Beguiristain et al., 2001). These sequence
and cis-element differences appear to allow stress responses specific to each
transposon. Similarly, the oat OARE-1 Ty-1 copia LTR is highly induced by
both salicylic and jasmonic acid although this pattern is not uniform with
higher induction with salicylic acid (Kimura et al., 2001). The promoter
region of the Solanum chilense TLC1.1 retrotransposon responds to different
plant hormones and activates in response to multiple stresses (Salazar et
al., 2007). This activity is conferred through different cis-elements within
the promoter region. The PERE-boxes in the promoter integrate signals
from ethylene, salicylic acid, and ABA while distinct cis-elements activate
TLCI1.1 in response to methyl jasmonate and auxin (Salazar et al., 2007).
This ability to respond to different signaling molecules contrasts with the
specific induction seen in the Tnt1 subfamilies (Beguiristain et al., 2001).

An emerging area of interest in plant responses to abiotic stress is the
noncoding RNAs including the long intergenic noncoding RNAs (lincRNAs)
(Jha et al., 2020). TEs that are associated with long intergenic noncoding
RNAs (TE-lincRNAs) show an abiotic stress-induced expression pattern
in Arabidopsis, maize, and rice, suggesting stress-responsive transcription
(Wang et al., 2007). This pattern varies with different stresses including
salinity, cold, and ABA stress. Two Arabidopsis TE-lincRNA mutants showed
a reduced sensitivity to ABA indicating a possible role for this TE-lincRNA
in the ABA—abiotic stress response (Wang et al., 2007). Given the recent
finding that a novel 755 nt lincRNA has been shown to control a suite of
drought-responsive genes including ABA signaling genes, this is an exciting
area for further exploration (Qin et al., 2017).

13.5.3 OSMOTIC STRESSES

Drought represents a major limitation to plant productivity. Physiological
responses vary across species, and in relation to specific levels of drought
stress, however, all plants must adapt quickly to avoid the damaging effects
of moisture deficit. An extreme example of a desiccation-tolerant species is
Craterostigma plantagineum which can suffer extreme desiccation to just
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1% water content before recovering within 24 h of rewatering (Bartels et al.,
1990). However, the callus material is not dehydration tolerant unless ABA is
applied exogenously (Bartels et al., 1990). This extreme example is a useful
species when investigating the role of TEs in drought stress. Both desiccation
and ABA treatment in C. plantagineum have been found to induce the same
genes for ABA and dehydration responsiveness (Furini et al., 1997). A desic-
cation tolerance gene CDT-1 was first isolated by T-DNA activation tagging
and later reclassified as a retrotransposon (Furini et al., 1997). Increased levels
of dehydration correlate with elevated levels of expression, which gives the
TE more opportunity to reinsert into the genome, landing in a suitable place
for transcribing under stress. This provided a possible explanation for the
interaction between TEs and the environment in evolutionary terms. A further
study revealed siRNAs generated by CDT-1 impartthe ability to respond to
desiccation in the callus (Hilbricht et al., 2008). The response to desiccation
does not require translation from CDR-1, but rather, it directs siRNA synthesis
to open the ABA and desiccation tolerance pathways (Hilbricht et al., 2008).

Wild species of barley make an ideal organism to study for TEs as there are
a large number of accessions and ecotypes. Additionally, they contain large
numbers of TEs making them useful species for the study of TE impacts on
water scarcity and drought stress responses in different ecosystems (Pearce
et al., 1997). The BARE-1 retrotransposon, a transcribed copia-like element
comprises approximately 7% of the barley genome. It is a conserved, tran-
scriptionally active element with many dispersed copies comprising a major
component of Horedeum genomes (Suoniemi et al., 1996). BARE-1 copy
number correlates positively with genome size but also temperature, water
availability, and soil type (Vicent et al., 1999). More specifically, BARE-1
copy number correlates with ecogeographic traits such as elevation and slope
aridity (Kalendar et al., 2000). This suggests an adaptive selection for an
increase in genome size through retrotransposon activity. Increasing dryness
correlates not only with increased BARE-1 copy number but also correlates
with a lower level of solo LTRs. In barley tissues, the BARE-1 elements
are transcribed from promoters within the LTR. This suggests that both
the propagation and induction of these BARE-1 elements may be induced
in response to stress. This is consistent with the presence of abscisic acid-
response elements, within the BARE-1 promoter region, a characteristic of
genes induced by drought stress (Suoniemi et al., 1996).

Another member of the copia superfamily is Rider which is an LTR
retrotransposon ubiquitous in the tomato plant genome (Jiang et al., 2009).
Rider-like elements are also present in several tomato wild relatives including
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S. arcanum, S. pennellii, and S. habrochaites. Rider is constitutively tran-
scribed, producing full-length transcripts, and is a major source of tomato
phenotypic variation (Xiao et al., 2008). It is activated by both drought stress
and ABA signaling pathways and versions have been discovered in diverse
crops such as beetroot, rapeseed, and quinoa (Benoit et al., 2019). Both
dehydration-responsive and ABA-responsive elements, and MYB recogni-
tion sequence motifs are found in Riders’ LTRs (Benoit et al., 2019). Rider
is controlled by both siRNA and RNA-dependent methylation pathways
and inserts preferentially into genome-rich areas. This is similar to the way
in which the ONSEN retrotransposon family of A. thaliana insert into the
Arabidopsis genome (Cavrak et al., 2014). ONSEN insertions have been
shown to confer heat responsiveness to neighboring genes (Ito et al., 2015).
It is, therefore, possible that Rider confers drought stress in a similar way.

Members of both Gypsy and Copia TE families have been linked to
derepression and high levels of expression under long-term osmotic and salt
stress in maize (Forestan et al., 2016). TE activation was detectable both
in wild-type plants under stress and in an epiregulator mutant involved in
RNA-directed DNA methylation (RADM) pathway siRNA biogenesis, under
nonstress conditions, demonstrating the role of epigenetic mechanisms in
plant responses to osmotic and drought stress.

The active MITE miniature Ping (mPing) was discovered in rice (Jiang et
al., 2003), and studies into this transposon offer the possibility of revealing
mechanisms for modifying the control of stress-induced gene expression
(Yasuda et al., 2013). The mPing element contains putative stress-responsive
cis-elements and is preferentially inserting into the 50-flanking region of
genes, rendering adjacent genes stress-inducible (Naito et al., 2009). This
element is highly mobile in the rice cultivar cv. Gimbozu, which makes a
useful model organism for the study of this element. A screen targeting the
upstream region of 17 genes selecting for high levels of stress inducibility in
Gimbozu found five genes with an mPing-inserted promoter region (Yasuda
et al., 2013). These genes were not upregulated when stress was not applied
but in the majority of cases were upregulated under salt, cold, or both stress
(Yasuda et al., 2013). Transgenic plants that constitutively overexpress
stress tolerance genes can have reduced performance for traits such as yield
and growth when stress is not applied and one solution is the use of stress-
inducible promoters. This study has demonstrated the potential of harnessing
an mPing stress-inducible promoter as a natural mutation and as part of a
conventional breeding program as an alternative for producing stress tolerant
plants (Yasuda et al., 2013).
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Evidence has shown that stress-inducible gene upregulation can be
correlated with TEs in relation to drought stress (Benoit et al., 2019) but how
does this translate to the physiology? The DEEPER ROOTING 1 (DRO1)
gene of rice forms part of a major QTL conferring drought avoidance (Uga
et al., 2011). This gene regulates root architecture, promoting deeper roots,
and allowing rice plants to avoid rather than tolerant drought stress (Kitomi
et al., 2020). A INDITTO2 TE in the promoter region of DROI1 contains
an auxin response element and conveys auxin-dependent transcription,
resulting in enhanced drought avoidance in these plants (Zhao et al., 2021).
Drought avoidance was also conferred to transgenic plants containing this
element inserted into the promoter region. The mechanism has not yet been
elucidated; however, this is an exciting example of a TE functioning as an
autonomous auxin-responsive promoter (Zhao et al., 2021).

TE insertions into promoter regions do not always confer a positive
fitness benefit. Variation in tolerance to drought in maize has been associ-
ated with the ZmNACI111 gene and the agent responsible for this variation
is proposed to be a 82-bp miniature-inverted repeat (MITE) inserted into
the ZmNACI111 promoter region (Mao et al., 2015). Gene expression may
be being repressed via DNA and histone hypermethylation by the (RADM)
pathway. The insertion of this MITE into the maize genome is, therefore,
correlated with lower expression of drought inducible genes and an increase
in drought susceptibility, therefore providing an example of a negative effect
on fitness.

Plants are bombarded with simultaneous multiple stresses and they must
adapt using different mechanisms to overcome these stresses. Maize (Z.
mays) has a large number of diverse mutant phenotypes making it a suitable
choice for studies surrounding TE interactions with multiple abiotic stresses.
Up to 85% of the maize genome is comprised of TEs, and these TEs have
significant allelic variation (Baucom et al., 2009).

An extensive study by Makarevitch et al. (2015) explored the response
of TEs in maize to multiple stresses including, heat and cold, salt and UV
stress, and observed that approximately 20% of gene upregulated were asso-
ciated with TEs. The majority of TEs responded to a single stress; however,
there were examples of TEs responding to multiple stresses (Makarevitch et
al., 2015). For example, genes located close to the efug TE associated with
heat stress response while those close to the ipiki family were upregulated
in response to salt and UV stress stresses. Overall, most TEs were corre-
lated with up-regulation of gene expression but two TE families that were
upregulated for UV stress were downregulated in response to salinity stress
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(Makarevitch et al., 2015). Allelic variation in stress-responsive expression
was generated by the insertion of certain TEs suggesting that TE insertions
into a promoter region could be responsible for novel expression patterns.
An additional and underexplored way in which TEs can modify expres-
sion patterns is by the process of TE exaptation (Joly-Lopez and Bureau,
2018). These fixed exapted or domesticated TE genes (ETEs) can potentially
provide novel sources of abiotic stress response expression patterns through
the co-option of TE regulatory, structural, or coding sequences. Exapted TEs
have been found to play diverse roles in salinity and freezing stress toler-
ance, phosphate limitation, and arsenic toxicity in 4. thaliana (Joly-Lopez et
al., 2017). There is a strong link to phenotype in these ETEs in response to
abiotic stress, for example, four members of the MUGA family exhibited a
salinity tolerance (Joly-Lopez et al., 2017).

Flooding and waterlogging result in an inadequate supply of oxygen to
the roots resulting in a major constraint to plant growth and productivity
(Jackson and Colmer, 2005). Very few studies have explored TE activity in
flooding stress and compared it to other abiotic stresses and the literature is
very underrepresented. Given the role of TEs in other osmotic stresses, it is
likely that they also play a major role in conferring flooding and waterlogging
stress tolerance in plants. Some evidence come from the Sol3 transposon of
tomato and potato, which has been found in the promoter region of a tomato
ACC synthase gene that confers flooding tolerance (Shiu et al., 1998). Given
that TEs are now playing a role in biotechnology strategies for crop improve-
ment it is likely knowledge in this area will start to build in the near future
(Springer and Schmitz, 2017; Thieme and Bucher, 2018).

13.5.4 TEMPERATURE INDUCED STRESS

Plants respond to heat stress in a variety of ways both and the physiological
(Prasad et al., 2017) and molecular levels (Janni et al., 2020). Temperatures
that are above optimal for that particular species can result in heat stress,
with several associated consequences including elevated rates of genetic
instability and somatic homologous recombination (Pecinka et al., 2009).
Genome-wide modifies in TE and gene expression in A. thaliana in response
to heat stress show many transiently expressed heterochromatic TEs and a
strong correlation with chromatin reorganization (Sun et al., 2020).

A plant’s reaction to high-temperature stress is not uniform and even
within species, there are ecotype differences. TE activation in response to
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heat stress was evaluated in 10 different A. thaliana ecotypes which revealed
a complex pattern of heat stress activation (Barah et al., 2013). The majority
of TEs in seven of the ecotypes had elevated expression under stress while in
the other three ecotypes the majority of TEs had lower expression.

A well-studied natural insertion of the ONSEN LTR-copia type
retrotransposon (AtCOPIA78/ONSEN) in A. thaliana contains a heat-
responsive element (HRE) (Cavrak et al., 2014). Sustained heat stress in
Arabidopsis results in transient transcriptional activation of several classes
of repetitive elements including ONSEN, and this is independent of heat
stress signaling (Pecinka et al., 2010, 2010; Tittel-Elmer et al., 2010). Tran-
scriptional activation often correlates with a loss of DNA methylation and
in the ONSEN element this follows rather precedes activation, and therefore
demethylation does not appear to be essential for activation of this element.
These elements are under epigenetic silencing at ambient temperatures,
supporting evidence that environmental conditions such as heat stress can
override this epigenetic silencing (Pecinka et al., 2010). This TE has a
complex regulation, it is normally transcriptionally silent, but its promoter
region shares a cis-regulatory sequence motif with plant-derived heat stress
defense factors (Cavrack et al., 2014; Ito et al., 2015), resulting in the
transcription and production of full-length extra-chromosomal DNA under
heat stress (Cavrak et al., 2014; Ito et al., 2016). When plants activate their
heat stress defenses, extrachromosomal DNA copies are generated by the
transposon which then has the ability to integrate into new genome positions.
This retransposition has been observed in mutant plants impaired in siRNAs
biogenesis, but not in wild-type plants indicating a key role for siRNAs in
restricting retransposition (Ito et al., 2015). The insertion of this element
leads to the up-regulation of genes near to the insertion site in response to
heat stress (Cavrak et al., 2014; Ito et al., 2011). ONSEN appears to exploit
a conserved stress response in the germline to avoid stable maintenance of
DNA methylation. Its promoter region is devoid of CG and CHG sites neces-
sary for stable DNA methylation by the host plant (Cavenak et al., 2014). To
determine the effect of ONSEN insertion on heat stress tolerance, Ito et al.
(2016) investigated the transcriptional regulation of ABA-responsive genes
possessing the insertion. The mobilization of ONSEN created a mutation
in an ABA-responsive gene, resulting in an ABA insensitive phenotype,
suggesting that the ONSEN insertion does confer heat stress tolerance in
A. thaliana. This heat-responsive TE is conserved in other brassica species
including B. oleracea and B. napus raising the possibility that it is under a
positive select ion (Nozawa et al., 2017).
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Multiple heat-responsive COPIA families have been found in 4. thaliana
and A. lyrata including ONSEN, TERESTRA, COPIA37, and ROMANIATS
(Pietzenuk et al., 2016). Heat responsiveness correlates with different HREs
including variable gap and step types in all families and more specifically, 3P
types in COPIA37 and ROMANIATS, 4P types in ONSEN and TERESTRA.
While gap- and step-type HREs are not sufficient to induce heat stress-
related TE upregulation, 3P HREs correlate with 100-fold upregulation and
the 4P type HREs up to 1000-fold increase (Pietzenuk et al., 2016). After
heat stress, TEs get resilenced, a process that partly requires the Chromatin
Assembly Factor 1 (CAF-1) (Pecinka et al., 2010).

Low-temperature stress can be categorized as chilling stresses in the range
of 0—15°C and freezing stress below 0°C (Ruelland et al., 2009). Exposure to
chilling temperatures can acclimate acclimatize plants to freezing tempera-
tures in the process of cold acclimation (Thomashow, 1999).

Various TEs are activated by low temperatures, for example, the Tntl
retrotransposon in tomato and tobacco is activated by freezing temperatures
(Mhiri etal., 1997) and a Copia-like element is activated by cold temperatures
in blood orange (Butelli et al., 2012). In blood orange, this insertion activates
the Ruby MYB gene responsible for anthocyanin pigment formation under
cold stress (Butelli et al., 2012). This is a striking example of transposon-
induced phenotype being influenced by cold stress. An interesting example
of very tightly controlled regulation is the Tam3 transposon of Anthirrhinum
majus which is repressed at high temperatures but activated at low tempera-
tures of 15°C (Carpenter et al., 1987). This low-temperature activation coin-
cides with a change in the methylation state, with a reversible decrease in
methylation below15°C (Hashida et al., 2003). At high temperatures, there is
hypermethylation, although suppression at high temperature does not appear
to be methylation dependent, as treatment with methylation inhibitors does
not increase activation frequency (Hashida et al., 2005). This temperature-
dependent change in the DNA methylation state occurs in developing but not
fully developed tissues and is dependent on Tam3 transposase which binds
to Tam3 at low temperatures (Hashida et al., 2006). Methylation proceeds
rather than precedes this activation with the methylation being controlled by
Tam3 activation.

The advent of transcription profiling allows large numbers of TEs to be
screened, however; interpreting can be complex due to the repetitive nature
of TEs (Lanciano and Cristofari, 2020). Transcriptional analysis in maize
has revealed genotypic stress-specific expression in response to temperature
stresses that are under the control of both genetic and epigenetic differences
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(Liang et al., 2021). Expression patterns correlate with the presence of TEs
in specific genotypes and TEs containing regions free of DNA methylation
are much more likely to be stress responsive than methylated TEs (Liang et
al., 2021).

13.5.5 ADAPTABILITY OF PLANTS TO HEAVY METAL SOIL TOXICITY

Aluminum (Al) toxicity is a key abiotic stress for crop plants, limiting crop
productivity largely due to its detrimental effects on root growth (Jaiswal
et al., 2018). Al is present in most soils and is more harmful in acidic soils,
above pH 5. Lamounts of genotypic variation for aluminum adaptation
and tolerance have been identified, reviewed in Kochian et al. (2015) and
resistance can be categorized as plants that exclude Al from tissues and
those with mechanisms to tolerate Al (Taylor, 1991). A key mechanism of Al
tolerance in species such as barley and wheat is the efflux of several organic
anions (OAs) including malate and citrate which form a stable complex with
Al3*. In plants using this mechanism, there is often a correlation between
Al resistance and OA efflux genes (Delhaize et al., 2012). Various TEs have
been detected inside or near OA transporters that are specifically associated
with resistance to Al, and these can be classified into several distinct types
(reviewed extensively by Pereira et al., 2019). The majority of these TEs are
associated with increasing Al resistance in the plant by increasing OA efflux
from the roots (Tovkach et al., 2013); however, some TEs are associated with
decreased resistance (Collins et al., 2008) or have no detectable effect on Al
resistance (Sasaki et al., 2006).

TEs have been detected near OA efflux genes in cereal crops such as
barley (Kashino-Fujii et al., 2018), rice (Yokosho et al., 2016), and wheat
(Tovkach et al., 2013), and are often associated with elevated levels of Al
tolerance genes at the root apices. Rice tolerates Al well, and a key regulator
is the aluminum resistance transcription factorl (ART1), which regulates
approximately 32 genes responsible for a diverse range of tolerance mecha-
nisms (Yamaji et al., 2009). The rice OsFRDL4 citrate transporter gene
is involved in Al-induced citrate secretion and contributes to Al tolerance
(Yokosho et al., 2011). Phenotypic variation in Al resistance has been
explained by a 1.2-kb insertion in the OsFRDL4 promoter region (Yokosho
et al., 2016). This insertion contains nine cis-acting elements for ART1 and
is responsible for elevated OsFRDL4 expression in some accessions and,
therefore, genotypic variations in Al resistance. In contrast to rice, barley is
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extremely sensitive to high levels of Al in the soil resulting in plant death
or much reduced productivity (Minella and Sorrells, 1992). There is a large
genotypic variance for Al toxicity in barley; however, the situation is less
complex than that of rice, with resistance being controlled by the HvAACT1
gene located on chromosome 4H, which encodes for a citrate extrusion gene
(Wang et al., 2007). Higher levels of constitutive HYAACT1 expression
are correlated with greater tolerance to high Al and this activity has been
correlated with the presence of two independent TE insertions. In some culti-
vars, HVAACT]1 expression at the root tips is significantly enhanced by the
presence of a multiretrotransposon-like (MLR) sequence detected upstream
of HVAACT]1 (Kashino-Fujii et al., 2018). This results in plants with higher
levels of Al resistance, but only if the promoter region of HVAACT]1 has
been demethylated. An independent 1023-bp CACTA-like TE located in the
5" untranslated region upstream of the HYAACT1 gene some cultivars also
correlates with increased tolerance to Al (Fujii et al., 2012) demonstrating
the range of independent TE insertions that correlate with Al resistance in
barley.

There is large variation for Al resistance in wheat with another Al-sensi-
tive crop, which is related to both citrate and malate efflux (Ryan et al.,
2011). The wheat gene TaMATE1B which encodes a citrate transporter
is also linked to genotype-specific Al resistance. This resistance has been
shown to result from a 11.1-kb transposon-like element located upstream
from the start codon (Tovkach et al., 2013). The insertion extends the expres-
sion of TAMATEI1B expression to the root apex, resulting in increased Al
tolerance. Al resistance in wheat which is related to malate efflux at the root
tip is controlled by a major gene ALMT1 (Raman et al., 2005). An analysis
of genomic regions up and downstream of the ALMT1 gene revealed the
presence of transposon-like insertions. Interestingly, the downstream inser-
tion does not correlate with resistance to Al; however, the insertion located
upstream contains blocks of duplicated or triplicated transposon-like inser-
tions and the numbers of these repeats correlate with ALMT, expression
and Al resistance in these plants (Sasaki et al., 2006). Transgenic studies
to directly compare the promoter alleles have demonstrated that these
repeated elements are linked with transcriptional regulation and elevated
gene expression (Ryan et al., 2010). In comparison, the Al tolerant species
Secale cereale L (Rye) provided a possible example of a negative effect of
an insertion TE on fitness (Collins et al., 2008). Al sensitive genotypes have
a splice variant of the SCALMT1 genes a result of a 227-bp MITE insertion
into intron 2.
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Arsenic is a nonessential metalloid toxic to plants and animals with a wide-
spread prevalence in soils. The most abundant form of arsenic, arsenate is similar
to phosphate and at levels of low soil phosphate, it can be taken up by phosphate
transporters into the plant and then, in the case of crop plants, can reach the food
chain (Catarecha et al., 2007). It is a particular issue of concern in rice paddies
which is taken up in the rice grains (Awasthi et al., 2017). Some plants gain
arsenic tolerance by restrict phosphate (Murota et al., 2012); however, the gains
in arsenic tolerance are at a cost to phosphate supply. Arsenate has been shown
to trigger a rapid TE burst in A. thaliana (Castrillo et al., 2013). The A. thaliana
transcription factor WRKY6 rapidly represses this arsenate-induced TE burst
by acting directly as a transcriptional repressor with no modification of histone
marks (Castrillo et al., 2013). This mechanism of transposon silencing is similar
to the heat stress response (Tittel-Elmer et al., 2010).

Iron is an essential nutrient for plants; however, high levels lead to toxicity
(Stein et al., 2009). A large number of LTR retrotransposons are upregulated
in response to iron stress in the rice Nipponbare cultivar (Finatto et al., 2013).
Iron stress modified the transcription of 37% of all LTR retrotransposons of
which the majority were up-regulated. Some cis-regulatory elements were
found to be common to stress-responsive genes and LTR retrotransposons
(Finatto et al., 2013).

13.5.6 TRANSPOSONS AS A STRATEGY FOR THE GENETIC
IMPROVEMENT IN CROP PLANTS IN RELATION TO ABIOTIC STRESS

TEs have been a major driver in the evolution of plants and the knowledge
gained can now be harnessed to drive crop improvement and development.
TEs comprise a substantial component of crop genomes, for example, 85%
of the genome in maize (Baucom et al., 2009), and 82% of the genome in
wheat (Choulet et al., 2010) is TE derived. There is huge variation in type
and number of TEs both between and within species (Lisch, 2013). These
mobile elements have shaped crop evolution by providing new genes (Joly-
Lopez and Bureau, 2018) and novel cis-regulatory elements (Pietzenuk et
al., 2016) altered gene expression patterns (Bennetzen, 2000), and provided
major structural components (Lisch, 2009). A further consequence of TE
insertion into the genome is mutations such as loss of function due to inser-
tion into introns and exons (Lisch, 2013).

Improving crop plants for abiotic stress, tolerance is challenging due
to the often-complex nature of the traits and high prevalence of associated
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QTLs (Reviewed in Ahmad et al., 2018), and the influence of different
developmental stages on abiotic stress tolerance (Ma et al., 2020). There is
evidence that TE insertions can have a positive influence on phenotype under
stress conditions (Kitomi et al., 2020), which raises the possibility of novel
methods of crop adaptation to different abiotic stresses. The mPing minia-
ture inverted-repeat TE alters gene expression in rice in a stress-dependent
manor but has no effect on growth or productivity under nonstress conditions
suggesting that this could be a mechanism for future crop improvements
(Yasuda et al., 2013). One limitation of breeding for abiotic stress tolerance
is the narrow genetic diversity of the major crop plants. Natural genetic
variation for stress tolerance has been linked to TE insertions (Barah et al.,
2013) although how widely this occurs in crop plants is not yet known. The
MITE insertion in maize is associated with drought tolerance (Mao et al.,
2015) highlighting this as another target for future breeding of drought stress
tolerance. An intriguing study by Long et al. (2009) looked at transposition
rate of during space flight. They found that the changes in transposition rate
of MITEs in rice were genotype-dependent and highlighted spaceflight as
a potential mutagenic and stressful environment. With the planned manned
missions to Mars, this is an existing future area of study. TEs have been
shown to play an important role in maize adaptation to cooler temperatures
(Lai et al., 2017). The gains in knowledge and understanding of how these
TEs interact under conditions of stress are valuable in assessing their use as
future crop breeding tools (Paszkowski, 2015).

13.6 CONCLUDING REMARKS

Plants are compelled to make changes at the genetic and physiological level
in order to survive and reproduce under conditions of abiotic stress caused
by unstable climatic environments. Barbara McClintock first postulated
that TEs were “controlling agents” responsible for gene stress interactions
(McClintock, 1984). Over the intervening years, an increasingly large body
of research has reported on the fundamental role that TEs play in plant resis-
tance to abiotic stress. These TEs are now viewed as fundamental elements
in a large number of processes, reshaping genomes, and controlling gene
activity. The mobile elements are determinists of gene expression and the
changes they induce are at the origin of genetic variability allowing plants to
adapt to environmental stress. Understanding the full picture of genetic and
epigenetic entails full apprehension of TEs activities in plants. With the era
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of genomics and transcriptomics, it has become possible to acquire a fuller
understanding of the different ways that different families of TEs interact
with the host genome in relation to abiotic stress at the phenotypic, genetic,
and epigenetic levels. As more knowledge is gained, TEs will take a central
role in both the understanding of plant responses to abiotic stresses and the
breeding strategies to improve them.
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ABSTRACT

Transposable elements (TEs) are natural DNA transfer vehicles that are
capable of efficient genomic insertion. DNA transposons (type Il TEs) can
move between the genome by cut and paste mechanism due to which they
play an important role in genome evolution. The movement of DNA trans-
posons can be controlled by providing the elements (transposase) required
for transposition reaction. Thus, a DNA of interest can be cloned efficiently
between the inverted repeats of transposon-based vectors for genome inser-
tions. activator/dissociation elements, mPing, and piggyBac are utilized for
gene transfer and other applications like insertional mutagenesis, tagging, etc.
Therefore, DNA transposons can be applied effectively in different studies
including regulatory genome, functional genomics, etc. In this chapter, we
describe the different transposon systems, recent advances, and the evolving
knowledge of TEs. We also highlight transposable technology in the field of
genetic engineering and its applications.

14.1 INTRODUCTION

The genome of prokaryotic and eukaryotic organisms usually has a large number
of repeated DN A sequences, which are mobile in nature (Kazazian, 2004). These
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mobile elements of DNA are known as Transposable elements (TEs). TEs were
first discovered by Barbara McClintock and identified as Controlling elements
(McClintock, 1956). TEs are known to cover a large area of Angiosperm DNA
(Biémont, 2010). TEs generally cover a large portion of the genome of any
organism, which is unique to that particular species. However, TEs also show
a significant role in regulation of gene expression against environmental stress.
The process of mobilization depends on the intermediates formed (transposi-
tion or retrotransposition). It is found that TEs cover over 60%, 35%, and
85% of genome in human, rice, and maize genome, respectively (de Koning
et al., 2011; Turcotte et al., 2001). As TEs are seen making up a large portion
of genome, it is assumed that they must have been involved in the size change
of genome during evolution and speciation as reported in different organisms,
including plants (SanMiguel et al., 1998), primates (Locke et al., 2003), etc.
TEs have identified with increase in their copy number (thousands of copies)
in a genome (Khan et al., 2011) showing their immense role in evolutionary
process (Mufioz-Lopez and Garcia-Pérez, 2010).

TEs can impact a genome either in a positive or negative way, such as
their mobile nature can result in gene repression, gene activation, and can
induce recombination. Genetic changes can be seen due to transposition
of TEs because of insertions, duplications, or translocation at the site of
integration. Say for example DNA transposons alter the gene expression by
inserting themselves within introns and exons (Lerman and Feder, 2005). In
addition, TEs also help in the reorganization of a genome by recombination
or by mobilizing nontransposon DNA (Sayah et al., 2004). It is also seen that
TEs can result in genomic DNA loss by internal deletions (Petrov and Hartl,
1997). Often, when TEs get inserted into the gene-rich regions could change
the expression of other adjacent genes. Also, they can disrupt the cis-elements
and thereby the interaction between cis- and trans-elements is inhibited
(Martin et al., 2009). Sometimes TEs show the transcription based on the
stress responses (Bucher et al., 2012). For example, the different plant’s TEs
get activated in response to environmental stress like Tnt1 element (tobacco)
by biotic and abiotic stress (Grandbastien et al., 2005), mPing (rice) by cold
and salt stress (Naito et al., 2009), and ONSEN (Arabidopsis) by heat stress
(Cavrak et al., 2014). Evidences are there that some of TEs responses to
environmental stress can also alter the expression of the adjacent genes. This
has been proven in a study where mPing miniature inverted repeat transpos-
able elements (MITEs) when inserted into the rice genome resulted in change
of nearby genes when exposed to cold or salt stress and with no change in the
normal conditions (Yasuda et al., 2013).
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TEs are a good source of genetic variability in the genome and the main
reason for change in gene expression that led to different forms of pheno-
types. Therefore, understanding TEs and their function in the genome has
become an objective for the scientist for genetic engineering. TEs are now
identified as a significant genetic tool for crop improvement. The transposon
systems have been used for insertional mutagenesis (May and Martienssen,
2003), as vector, activation tagging (Mori et al., 2007), etc. to apply for gene
expression studies, tagging genes, markers, etc. Various computation tools
and databases are present for better understanding to make use of TEs in
an efficient manner (Goerner-Potvin and Bourque, 2018). All the above-
mentioned applications are discussed in details (later in the chapter).

14.2 TYPES OF TES

TEs are known for their ability to change the location within the genome.
TEs are classified into two classes on the basis of transposition mechanism as
class I and class II (RNA transposons and DNA transposons) and further into
subclasses on the basis of chromosomal integration. Each of these subclasses
is subdivided into subgroups (Wicker et al., 2007).

14.2.1 CLASS I: RNA TRANSPOSONS OR RETROTRANSPOSONS

Class I element or retrotransposons, replicate through a “copy-and-paste”
mechanism. The functioning of RNA transposon is based on the RNA inter-
mediate and its reverse transcription. These can be further divided into two
groups based on the presence of long terminal repeats (LTRs) at the terminal
(Fig. 14.1). LTR-based retrotransposons are very much similar to the retro-
viruses in their functioning because integrase helps in the integration as in
retroviruses (Brown et al., 1987). LTRs are generally found in all plants and
animals, also in yeast (Saccharomyces cerevisiae). They occupy the genome
in different percentages in plants (about 95%) and humans (10%). Some
examples are Copia, ERV, Gypsy, etc. In case of non-LTR retrotransposons
containing both long and short interspersed nuclear elements (LINEs and
SINEs) (Luan et al., 1993) are present in high copy number in amniotes and
about 34% in human genome (Eickbush and Malik, 2002). LINEs include
R2, RTE, Jockey, L1 super families, whereas SINE consist tRNA, 7SL, and
58S (Wicker et al., 2007).
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14.2.2 CLASS 2: DNA TRANSPOSONS

DNA transposons or class II elements generally follow the cut-and-paste
mechanism to move across the genome in which the transposon is getting
cut from one location and inserts itself to another place. Most of them follow
the nonreplicative mechanism, with some exceptions. They are generally
mobilized through a DNA intermediate (Fig. 14.1), by cutting and pasting
(most common) (Rubin et al., 1982) or a peel and paste mechanism found in
Helitrons (Grabundzija et al., 2016), which is a replicative mechanism that
involves formation of circular DNA intermediate.

TEs consist of two flanking repeats of Terminal Inverted Repeats (TIRs)
and these enables transposase to recognize and perform the cutting of the
transposon, which is further integrated into a new location of the genome (see
below for further details). The insertion causes duplication of target site DNA
or target site duplications (TSDs), which become unique to each TE. Based
on the sequence, TIRs or TSDs are further classified into subclasses. Subclass
I consist of families like Tcl/mariner, P, hAT (hobo-Ac-Tam3), CACTA,
crypton, merlin, piggyBac, etc. Another which belongs to the subclass II
is Helitron and Maverick transposons because of their replicative mode of
transposition and no double-stranded breaks during their insertion. Taking
few examples, Ty3/gypsy and Tyl/copia elements (LTR retrotransposons) are
found in all major groups of eukaryotes (Feschotte and Pritham, 2007). In
the same way, Tcl/mariner, hAT, and MULEs (mutator-like elements) (DNA
transposons) are found in the eukaryotic tree (Feschotte and Pritham, 2007).

Type | or RNA transposon _ Type Il or DNA transposon
/ Flanking elements \

(N RNAintermediate l

1 Excision of TE

copy and Reverse transcription Cut and

Paste _ —— DNA intermediate  mm— - Paste

mechanism Insertion mechanism

1 Insertion 1
New location New location

FIGURE 14.1 Types of transposon and their mechanism: Type I usually transpose through
copy and paste mechanism like RNA viruses and Type II transpose via cut and paste method
to insert itself into new a location in the genome.
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14.3 CHARACTERISTICS OF TRANSPOSON SYSTEM
14.3.1 ACTIVATOR/DISSOCIATION (AC/DS) TES IN PLANTS

Ac elements known as the maize activator are considered as a paradigm TE
belongs to hAT transposon superfamily, the member generally found in plant,
fungi, and animals. Ac known to encodes the protein, which is responsible
for the mobilization of autonomous Ac and nonautonomous Dissociation
(Ds) elements, Ac/Ds become the most widely used TEs in plants for gene
tagging and functional genomics approach (Lazarow et al., 2013). Ac/Ds
elements are also known to generate genome rearrangements by substitute
transposition reactions associated with the terminal region of closely linked
transposons (Yu et al., 2012). The autonomous Ac is the simplest structure
of the TE, which has ~4565 bp length and contains 11 bp TIRs (bp imper-
fect TIRs) with about 240-bp essential subterminal sequence at the both
ends. It has been proved that the central portion of the Ac contains specific
transcription unit for 3.5 kb mRNA that are responsible for the transposase
protein (TPase) (Kunze et al., 1987; Coupland et al., 1988). The mRNA of
Ac contains a number of transcription initiation sites; these transcription
initiation sites are located between 304 and 364 nt from 5’ end and between
334 and 265 nt from the 3’-end of the element. The imperative feature for the
transposition process is overlapping for an Ac promoter element with the 5’
terminal nucleotide sequence, which also includes motif for Tpase-binding
(Lazarow et al., 2013).

The maize Ds elements are nonautonomous and are able to move only
when the Ac autonomous element is present. There are three classes of
Ds elements known for mutation, that is, Ds-del (internal deletions of the
4.6-kb Ac element), Ds1 (400 bp and homologous to AC), and Ds2 (variable
in size with about 0.5 kb from the Ac termini). But Ds-I element does not
require Ac for transposition (Du et al., 2011). The Ds element have amazing
efficiency to cut out and then reintegrate itself anywhere within the genome,
this capacity of Ds elements make Ac/Ds transposons as auspicious tool for
insertional mutagenesis (Mielich et al., 2018). On the physical map of maize
over 1500 elements are scattered and positioned within the genome, which
start with single donor site on the chromosome 10. Particularly Ds shows a
stronger priority for integration within the exon as well as in intron, whether
the mutational insertions are more enhanced within the promoter region and
the untranslated region among 5’ end. Initially Ac transposition model was
proposed by Greenblatt and Brink (1962), which describes that during the
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replication Ac transposes from replicated site to replicated or unreplicated
site without the restriction of receptor site’s nature. The excellent spot for
regional mutagenesis is present within the 2- to 3-cM zone. Ac/Ds elements
transpose into sites linked genetically (Vollbrecht et al., 2010; Dooner and
Belachew, 1989; Greenblatt, and Brink, 1962). Mutants can also be gener-
ated via plant transformation strategy, but the transposons tagging strategies
have proven more effective for the formation of mutant population (Kondou
et al., 2010). Mutant population produced via Ac/Ds system application in
Arabidopsis, rice, and poplar (Kuromori et al., 2004; Fladung and Polak,
2012; Qu et al., 2008). Ac/Ds system allows the acquiesce of number of
independent mutants against a single transformed population and enables the
active identification of putative mutagenized sequential arrangement via the
isolation of insertion flanking portion of Ds (Kuromori et al., 2004).

The particular mechanism for Ac/Ds transposition is unknown, but there
are lots of works, which gives the evidence that they transpose by cut—paste
mechanism (Becker and Kunze, 1996; Gorbunova and Levy, 1997, 2000). In
the process of insertion, Tpase construct falter cut of 8 bp at target locus and
then the transposon DNA ligated into that cut region and DNA repair mecha-
nism play role to fill the 8 bp gap, generates 8 bp TSD flanking (Peterson and
Zhang, 2013). In the excision mechanism of Ac/Ds chromosomal double-
strand breaks generated, lead to the generation of excision site (Rommens
et al., 1993; Rinehart et al., 1997). These excision sites are associated with
the formation of footprints or minor sequence changes, at specifically on
new junction most of the footprint out of them associated with the substitu-
tion as well as may or may not with deletion. If the Ac/DS integration site
present with in the exon then minor sequence changes isolated from restored
alleles can also be biased, because only those excision with functional ORF
will detect, to conquer that complication. PCR products were analyzed
and gathered from somatic Ac/Ds excision process and the most probable
footprints or minor sequence changes were 1-3 bp deletion. Also, the A-T
and G-transversion in which 1-3 bp deletions were quite low (Rinehart et
al., 1997; Scott et al., 1996). In plants, the G-C and A-T transversion are
rare; however, the short-length palindromes are quite obvious. The hairpin
form by transposon-flanking DNA that open number of base pairs from the
junction of flanking sequence transposon (Peterson and Zhang, 2013).

For the single gene targets chemical as well as insertional mutagenesis can
be used but they generally do not generate extensive changes. Nowadays, Ac/
Ds TE with combination of Cre/lox site-specific system of recombination is
used as chromosome rearrangement tool rather than chemical and insertional



Genome Engineering in Plants via Transposable Elements 319

mutagenesis as method. It involves number of steps given in Figure 14.2 but
this method also has number of disadvantages (Cecchini et al., 1998; Yu et
al., 2012; Osborne et al., 1995).

Ds element containing
plant is crossed with a Cre
recombinase line to induce

Plant is transformed with a Transformed plant is : 3 A
construct containing a crossed with an Ac d:l;&(ﬁa(r’rcfr‘gﬁggng
mobile Ds element transposase source line for f]:a eyl
harbouring a lox locus Ds transposition Zment ymg

original transgene
integrated site and
Transposed Ds element

FIGURE 14.2 Cre/lox site-specific recombination system.

14.3.2 PIGGYBAC TES IN PLANTS

There is another kind of transposons that is piggyBac (PB) grab a lot of
attention due to their efficiency, safety as well as stability for transposition
process. Because of number of advantages provides by the PB, they are used
as emerging tool for genetics (Zhao et al., 2016). PB can move comparatively
larger segment of DNA about 9.1-14.3 kb (Li et al., 2013). This (PiggyBac)
transposon system was initially isolate from an insect, and to transform vast
diversity of organisms. Recently much progress has been made for their use
in plant for gene insertion at specific site (Johnson et al., 2016). Bire and
colleagues conclude in their research that the piggyBac transposase mRNA
consider as promising path for the improvement of quality of insertion and
for sustaining transposon vector expression (Bire et al., 2013). The piggyBac
transposons are more rapidly used in genomic engineering approaches. It is
different from other transposons; the excision site of piggyBac can repair
precisely and do not leave footprints as it integrated at TTAA tetranucleo-
tides. In Cryo-EM architecture of piggyBac transposons, synaptic complex
present with in the hairpin DNA intermediates and, in the integration, process
the strand get transferred. The piggyBac transposons are known for the
formation of an asymmetrical dimer that is characterized by two c-terminal
domains which allow the formation of a separate dimer, which contacts only
to one transposon end and also two central domains known for synapse end.
During the transfer of strand, the target DNA bent severely and unpaired
TTAA target characterized the process (Chen et al., 2020). Nishizawa-Yokoi
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and colleagues conduct genome editing in plants by a targeting gene and
piggyBac-mediated marker excision and provide strategy regarding modifi-
cation of specific target of endogenous nucleotide fragment or gene in plants
(Nishizawa-Yokoi et al., 2015). However, the use of piggyBac transposons
in plants is limited and more widely used in animals.

14.4 TRANSPOSON AS GENETIC TOOL

TEs have been developed as a genetic tool with wider applications such as
insertional mutagenesis, gene transfer (transformation), gene tagging, identi-
fication of genes, etc. (Lai, 1994). TEs with promoter activity can transcribe
nearby intergenic DNA sequence providing a new regulatory region for the
adjacent genes, which may result in novel expression (Kloeckener-Gruissem
etal., 1992). Such type of changes derived from TEs is broadly used in reverse
genetics. Transgenic plants need to remove their selectable marker genes,
for which several methods such as transposition, co-transformation, etc. are
opted (reviewed in Darbani et al., 2007; Woo et al., 2001). Among these
TEs or specifically the Ac/Ds transposon system in maize is widely used
in producing marker-free transgenic plants such as rice, tobacco, tomato,
etc. (Goldsbrough et al., 1993; Cotsaftis et al., 2002). The maize genome is
considered as an important system to study the effect of TEs on gene regula-
tion as they have many types of TEs along with the genes. In an experiment,
the gene and TE transcripts were analyzed in response to different abiotic
stresses. It was concluded that most of the TE families are associated with
upregulation of gene expression (22% to abiotic stress) (Makarevitch et
al., 2015). The Ac/Ds elements have been used for insertional mutagenesis
and functional studies in rice. The main focus of such studies is to make
available all the genetic information to improve crop breeding (Kim et al.,
2018). The movement of TE in the host genome may create opportunities
for adaptation. The manipulation in TEs transposition process could help in
modifying host function, which is possible by a new technique of genetic
engineering known as clustered regulatory interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9). It is a RNA-guided
nuclease system used for gene editing. MITEs along with the CRISPR/Cas9
system have been used to design more efficient transposon-based system
(Vaschetto, 2018).

TEs are not only important in context of evolution but have also
contributed in the innovation of several proteins and transcripts. Many of
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the genomic studies often skip them because of the related complexities.
But to overcome these many software and computational tools have been
developed to fill the gaps and perform all the genomic studies efficiently.
All the information related to TEs is deposited in three repositories based
on consensus sequence, reference genome, and polymorphism (Fig. 14.3)
(Goerner-Potvin and Bourque, 2018).
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FIGURE 14.3 Computational tools for better study of TEs: Three repositories are made
including TE-centric (Consensus sequence), genome-centric (reference genome), and
polymorphism-centric (insertions not present in reference genome). Some other tools are also
present for TE discovery, polymorphism detection, and TE characterization.

14.4.1 TRANSPOSON AS VECTORS

The development of transgenic plants has now been common for many
crops. There are two methods available for the production of transgenics
including naked DNA transfer (vectorless) and transformation via Agro-
bacterium tumefaciens. Both methods have their pros and cons, vectorless
transfer is not restricted to specific host and is successful in various crop
plants but the rearrangement of transferred DNA creates complexity of
multicopy transgene which thereby limit its applications. On the other hand,
Agrobacterium-mediated transformation show single copy or very low copy
integration of foreign DNA with host-specific restrictions in most crops. A
universal transposition system should fulfill some of the criteria to develop
transgenics (Fig. 14.4). To overcome the limitations a new methods is devel-
oped for the gene transfer, that is, transposon based. Transposons insertional
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mutagenesis can be used as an alternative to T-DNA mutagenesis usually
when transformation using tissue culture is feeble.

\ Easy and reproducible procedure for high

transformation efficiencies

Precise transfer of large fragments of foreign DNA

Universal
transformation
system

Single or low-copy integration of transgenes

Predefined chromosomal insertion site

No host plant restrictions

FIGURE 14.4 Characteristics of a universal system for transposition.

The Ac element that is 4.6 kb in length encodes for the very much-
needed transposase for transposition and activation of defective elements.
The defective elements usually do not synthesis transposase but trans-
pose due to transactivation, are known as dissociation elements (Ds). Ac
elements generally transpose through cut and paste mechanism. The Ac/
Ds elements show broad range of applications in plants but still needs
improvements (Fig. 14.5). Considering the needs, an experiment has been
performed in which the extrachromosomal transposition (as delivery
system) was used to transfer foreign gene into the chromosomes. The
result revealed that the vector was efficient in delivering the long stretch
of foreign DNA in the genome with intact insert of 10 kb (Lebel et al.,
1995). Retrotransposons are widely distributed in plant genome and used
as mutagens and vector system for delivery. Tntl element from tobacco
(Nicotianatabacum) has been developed as a gene delivery system and
help in producing cDNA, which can act as a donor for genetic modifica-
tion (Hou et al., 2010).
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application of chromosomal
transposition

Size tolerance of foreign DNA inserts

Prevent integration of other templates coding for transposase

Experimental conditions favoring transposon-mediated
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Long, intact transgenic inserts
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FIGURE 14.5 Requirement for broad application of chromosomal transposition via Ac/Ds
elements.

14.4.2 TRANSPOSONS IN MUTAGENESIS

Mutagenesis is considered as a most efficient aspect or a tool to create genetic
variations and key regulatory gene identification for crop improvement.
Several techniques can be used to improve mutagenesis such as physical,
chemical, and insertional mutagenesis. Technical application followed by
NGS for detection of mutations in short period of time further the induce
mutagenesis coupled with whole genome sequence, which provide powerful
platform for forward and reverse genetic applications (Chaudhary et al.,
2019). Rapid progress has been made in the genome projects of different
plants subsequently large-scale transposon mutagenesis has emerged out as
an important tool for functional genomics and permitting idea of functions to
sequence gene using reverse genetics.

Transposons are generally used in insertional mutagenesis. On the bases
of transposon properties such as their mechanism and control of transposi-
tion, transformation efficiency of host plant, etc, different approaches can
be used. These approaches are successfully used in Arabidopsis thaliana
and has made it achievable to develop reverse genetics (Ramachandran and
Sundaresan, 2001). Transposons base mutagenesis provides first and also
one of the most important paths for gene identification and characterization.
bzl gene was the first gene that was tagged with Ac, more than 60 genes,
which are the basic component of plant development have been cloned
using Suppressor-mutator (Spm) and Mutator (Mu) from maize and Tagl
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from Arabidopsis (May and Martienssen, 2003). Similarly, the enhancer/
suppressor (En/Spm) element from maize has been used for mutagenesis
in rice. T-DNA construct was prepared with Spm-transposase and defective
suppressor mutator in combination with fluorescent proteins (green fluo-
rescent protein and Discosoma sp. red fluorescence protein). The results
concluded that the En/Spm element can be used for functional genomic
studies in rice (Kumar et al., 2005). Nowadays, most of the gene have been
identified through genome sequence study but the functions of the most
of the gene is unknown, there is a necessary research input in require to
determine the function of gene especially those gene involve in agronomic
performance. To study the function of gene, transposons tagging prove
efficient in crop plants. Mathieu and colleagues established the Soybean
transposon-based mutagenesis repository and concluded that soybean gene
function can be disrupted by insertional mutagenesis and useful mutants
can be derived (Mathieu et al., 2009). In insertional mutagenesis generally
T-DNA is used, retrotransposons, Ac/Ds insertions, and transposons and
create mutant libraries so the identification of tagged gene by using PCR-
based techniques become easy. PCR-based techniques that are generally
used are thermal asymmetric interlaced PCR (TAIL-PCR) or Inverse PCR.
Insertional mutagenesis is also known to reduce the concern related to
activation tagging or the gene trap approach (Springer, 2000). As we know
transposon mutagenesis leads to the gene discovery using tagging that can
be used for the cloning. It is seen that new genomic projects are also there
and catalogs the transposon insertion sites to define all crop genes, these
identified transposons insertional sites are known as “hot spot.” These hot
spots are used to generate new alleles of functional genomic study (Walbot,
2000).

Boucher and colleagues report transposon mutagenesis in a tomato isolate
of Pseudomonas solanacearum by using the Tn7 and Tn$5 insert in suicide
conjugative plasmids in which they find that Tn5 transpose more randomly
and allow the isolation of auxotrophic mutants. Screening of clones led
to the 12 avirulent mutants isolation these avirulent mutants divide into
two or three groups on the bases of their ability or inability to induce a
collapse of tobacco leaf parenchyma (Boucher et al., 1985). Osborne and
colleagues engineered new type of transposons, that is, Ds lox, which were
made using maize transposons Ds and lox sites from Cre-lox site-specific
recombination system and Ac transposase or Cre recombinase transcrip-
tional fusion expression (Osborne et al., 1995). There is another example
of transposon-based mutagenesis provide by Fernandes and colleagues in
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their study of genome-wide mutagenesis in Zea mays L. using Rescue Mu
transposon. Rescue Mu provided the platform for the discovery of maize
gene and mutant phenotype analysis of multiple plasmid recoveries and
the screening led to the identification of parental insertions and insertional
hotspots, which were used to produce knockout mutants (Fernandes et al.,
2004). Greco and colleagues developed transposons mutation system in rice
to define gene functions via forward and reverse genomic strategies. Zea
mays transposons are considered as an obvious choice for the development
of effective transposon-tagging systems for the knockouts of gene and their
detection (Greco et al., 2001).

Nishizawa-Yokoi and coworkers (2015) performed an experiment based
on animal-derived TE (piggyBac) and showed evidences of its efficiency in
plant system. For this, they performed an assay to visualize the transposition
of piggyBac in rice cells with emerald luciferase (Eluc) luminescence, which
showed there was a high frequency of piggyBac expression in rice calli and
further confirmed by other molecular techniques like PCR and southern blot.
Their study concluded that efficient excision system for plants can be made
using piggyBac transposon system. Another transposon known as Miniature
Ping (mPing) is an active DNA transposon discovered in rice genome. These
are 430 bp long DNA sequences with 15 bp LTRs which is similar to MITE
family. Ping and Pong are two elements with open reading frames (ORF1 and
ORF2), which provide the transposase required for the transposition activity.
mPing show active transposition in some rice varieties like Gimbozu (Naito
et al., 2006). It has been reported through comprehensive studies that the
mPing insertion sites do not attach to the exon and instead prefer promoter
regions. Therefore, show mild or moderate effect on the adjacent genes.
Also, such insertion helps in expression profiling of nearby genes (Naito et
al., 2014). In a study, mPing was inserted in the upstream region of a gene
to evaluate the effect in response to stress. The screening results revealed
that out of 17 targeted genes five of them were inserted into the promoter
region. The five genes were typically seen in varying gene expression in
normal and stress conditions. Such results proved that mPing insertion could
be beneficial in studying gene expressions under stress condition (Yasuda et
al., 2013).

A gene (See2B) responsible in coding for protease was seen mutated with
the Mu (Maize mutator) insertion. The experiment was held under high and
low nitrogen (N) conditions and it was found that See2B plays a significant
role in nitrogen utilization under N-deficit conditions and also functional
in late senescence of maize (Donnison et al., 2007). The insertion of MITE
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in the promoter region of NAC gene resulted in development of a natural
variant of drought resistance in maize. The ZmNACI11 gene expressed in
transgenic maize improved drought tolerance by the up regulation of the
drought related genes (Mao et al., 2015).

Retrotransposons also proven as an important genetic tool for the study
of functional genomics in crops such as Soyabean, Cui and colleagues
use the Tntl (retrotransposon) as a mutagenesis study in Glycine max,
which is inactive in normal plants tissues but have a capacity to become
reactive by tissue culture and their research data revealed that the Tntl
retrotransposons considered as a powerful tool for the efficient large-
scale insertional mutagenesis (Cui et al., 2013). Some research proves
that Hsp90 is responsible for the prevention of phenotypic variation and
known for the suppressing nature of the mutagenic activity of transposons
(Hummel et al., 2017).

Various types of genomic tools are generally used to identify and char-
acterize the gene in plants. In which Ac/Ds transposons-based approaches
show wide potential also for transformation in plant kingdom. In such
systems, transposons are highly active resulting in mutations (by insertion,
chromosomal rearrangement). The Ac/Ds system show biasness toward
genic regions and also show the capacity regarding the localized transposi-
tion and provide the increase capacity of gene discovery and gene tagging
especially those gene that are linked to Ds. The Ds use to map particular
QTLs vicinity after which reactivation is carried out and thermal asymmetric
interlaced PCR and inverse PCR help to find out new Ds location in genome
of interest (Singh et al., 2012).

14.4.3 TRANSPOSON-BASED TAGGING

Transposon tagging is one of the applications of mutagenesis using TEs.
The cloned TE is allowed to insert in the specific region of interest and
further that inserted TE will used to clone that gene of interest. This method
of tagging gene has advantages over conventional methods of mutagenesis.
Firstly, the mutations developed in such a way eventually help in cloning
of gene, which was more difficult with chemical methods. Also, a gene can
be cloned without knowing its gene product. Although, the conventional
strategies of insertional mutagenesis are important in functional genomics
studies related to plants, but have a limitation in which there is a difficulty
with genes whose knockout may not result in any phenotype. Activation
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tagging is an effective method to overcome such limitation. When the trans-
posons use as activation tags to generate phenotypes or function without
the use of transformation studies and also polyploid plant study in which
gene knockout do not shows specific phenotype. In a study the introduction
of a T-DNA-containing regulatory sequence of CaMV (cauliflower mosaic
virus) 35S promoter in the genome of plant enhanced the expression of
neighboring genes and resulted in a gain of phenotypic expression (Borevitz
et al., 2000; Mori et al., 2007). Qu and colleagues developed a versatile
transposon-based activation tag vector system (cis-two-element vector
system) for functional genomics in cereals and other monocot plants, which
eliminate crossing need and require small amount of primary transformants
(Qu et al., 2008).

As the plant breeding requires the genetic information to improve crop
plants. The mPing element has been modified to improve activation tagging
for the expression of neighboring genes. Activation tagging in soyabean with
modified mPing (mmPing20) indicated the overexpression of genes, which
suggested the improvement in mutagenesis system (Johnson et al., 2021).

14.5 CONCLUSION

As discussed above in the chapter, TEs are found valuable in fulfilling the
various aspects of genetic studies in terms of functional genomics and more.
These are abundantly found in the most genomes not only contributing
in covering a proportion of DNA but also helps in various processes like
making of novel proteins and transcripts for their host. Being mutagens,
TEs are more beneficial over chemical mutagens because they can generate
more efficient insertion, deletions and chromosomal rearrangements in the
genome. Also, they are characterized as an effective tool for tagging and
cloning of genes of great value in the developmental process. Transposon
tagging is seen to be very powerful in cloning genes. Different transposon
systems like Ac/Ds elements, mPing, piggyBac, etc. are used in broad range
of applications. It is evident that TEs can transpose from one species to
another which makes them more valuable. TE-based mutagenesis and trans-
formation could be improved by enhancing knowledge of all TE systems for
its usage across different species. Also, there is need to find other possible
TEs in various species to fulfill the needs for the future advances in genetic
engineering.
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ABSTRACT

Transposon tagging, an important tool for the sequence detection of mutant
genes, is used to identify mutant genes of a particular trait, and major impor-
tance of this technique is to find out the function of unknown cloned genes
and these techniques have been used in the different species, such as maize
(Zea mays L.), antirrhinum, etc. When the transposons disrupt the function
of wild phenotype, then it can be used for cloning and perform sequencing
after amplification the cloned fragment in the polymerase chain reaction. For
screening the clone from the genomic library, develop the DNA fragments
of transposons elements and DNA fragments of gene of interest which is our
objective of the investigation. Because of this tagging technic, we can know
the detail information of unknown gene of a specific trait. Mutation can
be produced by site-directed mutagenesis technique (random or specific),
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which is highly specific. There are many other techniques that can use
to create the mutation of the cell or tissue, such as transposons insertion,
radiation, chemical (MMS, EMS, EtBr, etc.), eco-tilling, tilling, somaclonal
variation, and double haploid, among them transposon is a potent souse for
the producing the mutants of known or unknown phenotype.

15.1 BACKGROUND

These mobile elements or transposable elements jumping elements were
discovered in maize (McClintock, 1948) and have now been discovered in
all species of plants and animals. Transposon tagging is a tagging technique
that stimulates transposons (transposable elements) inside a biological
cell. Several organisms often use transposon tagging to isolate genes. The
procedure can be used although the nature of the specific genes is unspeci-
fied genetic elements from maize (corn) and antirrhinum has been fully
integrated into a variety of other crops by researchers, notably tobacco,
aspen, and others, using transposon tagging (https://en.wikipedia.org). When
movement is triggered by the involvement of a mutant phenotype, a gene
responsible for an individual of the community may be cloned within a given
species. Spontaneous loss of function of autonomous elements occurs as
well, a phenomenon McClintock refers to as “changes of phase” (Fedoroff,
1989). “Changes in step” in Ac and Spm lines are epigenetic, reversible,
and occur infrequently. The occurrence has been linked with the increase
the DNA methylation in Ac and Spm at particular sites (Banks et al., 1988;
Chomet et al., 1987; Cone et al., 1986, Schwartz and Dennis, 1986).

15.1.1 WHAT ARE MOBILE ELEMENTS OR TRANSPOSABLE
ELEMENTS?

Mobile elements, also known as “jumping genes” or transposons, are trans-
posable elements (TEs), these are the short DNA fragments, which could
move or jump within the genome and they would be multiply themselves by
copy and paste or cut and paste mechanism. Insertion sequences (IS) (Figs.
15.1 and 15.2), cassettes, and portable DNA elements are several other labels
for them. Generally, these TEs are 500—10,000 nucleotide long sequence but
some are larger than this range of nucleotides. Transposons have a variety
of methods of relocation or transposition, which are used to categorize them
into two groups, this is depending on whether or not they are RNA molecules
or DNA molecules (Hua-Van et al., 2005).
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I. Transposons (also called Type-II elements). These elements trans-
pose to new sites directly as DNA, for example, IS and composite

transposons.
5 ATCGGT ACCGGAT 3’
3 TAGGCCA TGGCCTA 5
Inverted repeat  Transposase gene Inverted repeat

Insertion Sequence (Simple transposon)

DNA

FIGURE 15.1 Insertion series has a general structure with an inverted repeat at each end.

, |
IIII@ S]]

1S with 15 with
direct direct
insertion insertion
site site
repeats repeats

FIGURE 15.2 Composite mobile element structural organization. It is made up of two
IS components that surround a central block of protein-coding genes (antibiotic resistance
genes).

II. Retrotransposons are elements that are first transcribed into an
RNA copy and then reverse transcribed into DNA. The presence or
absence of long terminal repeats divides retrotransposons into two
categories: LTR and non-LTR (LTRs).

15.1.2 DISCOVERY OF TRANSPOSABLE ELEMENT

B. Mc-Clintock recognized TEs as driving elements while investigating
genetic instability in maize (Ac—Ds system) in the 1950s (Fig. 15.4). She
noticed that the phenotypic effect of Ds (dissociater), a nonautonomous
factor, was dependent on the presence of other elements she coined Ac
(activator) (Fig. 15.3).
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[ Ac | [ bS] ]
| [AC | - —
| [AC | [ DS | |
| AC |

| | AC | | DS | |
| [RAcEn Ips | |

FIGURE 15.3 Maize with the Ac—Ds system. Ds is not transposable without the Ac portion,
and chromosome breaks do not occur.

FIGURE 15.4 Different variegated seed colors appear in corn, these are because of the P
element.

15.2 TRANSPOSON TAGGING

Maize and snapdragon were the first crops to be transposon-tagged species
where mutable alleles are already present (Balcells et al., 1991). Only if the
sequences of the elements are identified, are TEs useful tags. Barker et al.
(1984), Chomet et al. (1991), Fedoroff et al. (1983), Pohlman et al. (1984),
and Schwarz-Sommer et al. (1984) reported that the transposon trapping tool
is used to clone the various jumping elements for the example activation
(Ac), Ds (dissociation), En/Spm, and Mu genomic DNA sequences. In the
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transposon tagging approach, relocation of jumping elements, identifying
the mutants, which are caused by insertion of the jumping elements, detects
the jumping elements which are caused by the mutation in the genome, and
finally making copies of targeted gene through to cloning method.

In bacteria and plants, the conventional transposon tagging methodology
has been successfully used (Kunze et al., 1997). The use of an inserted trans-
poson sequence as a tag to distinguish adjacent host sequences ensures that an
inactivated gene can be isolated quickly. To broaden this traditional strategy
into the epoch of functional genomics, more quantitative approaches are
frequently used. From isolating a single gene to genome-wide quantitative
mutagenesis, the goal shifted. This was accomplished by saturation muta-
genesis with either TEs or T-DNA transferred to the plant from Agrobacte-
rium tumefaciens. The cloning of genes in which TEs reside is now partly
owing to the molecular isolation of TEs. The ability to clone genes whose
function is unspecified is a real advantage of this system. First of all, we
have identified the plant/s which is having mutation due to TEs for a specific
trait/s, and it is because of TEs move itself into a gene of this specific trait
and its became inactive. The cloning of this specific fragment of the plant
stock (often in bacteriophage lambda) is being created. A clone is then used
to screen this library for the transposon and screen out the transposon, which
contains a specific portion from the clones. The mutated gene’s fragment
may be close to the clone’s element. The original clone’s nontransposable
factor DNA is also used to make a subclone with gene sequences. Following
that, this particular clone could be used to show a library, which is containing
DNA fragment from a hepatocellular carcinoma. Following that, a genomic
library containing DNA from a healthy individual plant is displayed using
this clone. As a result, any chosen clone should have a complete and normal
copy of the gene (Fig. 15.2).

Since this framework is so efficient, scientists have started using novel
approaches to introgression the TEs from maize and antirrhinum into other
plant species. These elements in the new species have been shown to be
induced to migrate from one location to another. The gene which causes the
phenotype can be cloned in the species if the movement associated with the
appearance of the mutant phenotype. By using this transposon, tagging is
now possible in plant species to detect the active TEs.

Known transposon gene sequences would be used as molecular tag for
the cloning purposes and several transposons already studied through the
molecular tagging. By rallying transposition and then locating transposon
insertions in target genes novel transposons could be “trapped.” After the
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transposition, mutant gene is used for the sequencing. The efficacy of
transposon tags for a given gene is affected by multiple factors. While there
can be no preference for the host genome integration of the transposon for
tagging, many transposons are having some kind of preference but not all the
transposons. Many transposons have a proclivity for transposing to related
genomic sites. For some screen types, it may be useful, but it complicates
spontaneous transposon mutagenesis. Methods for filtering for transposition
to unlinked sites have been formulated in some cases.

Other aspects of transposons tagging is that whether we have to use
unknown genomic sequence, which is generally applying in certain genomic
background of plant species or already constructed transposons used for
creating a single of few the transposons insertion per genome. The higher
the level of transposition and the greater the number of mobile transposons,
the more common it would be to tag a genetic variant. In the other hand, a
vast number of reference transposons are used for the study to classify the
particular transposon inserted into the gene of a specific trait. When creates a
vast number of transposition then resultant a number of defective phenotypes
will be produced and then it is become complicated to make correlation
between the mutant gene and transposon. If one or a few transpositions have
to do in a single genome then it is become very easy to make the correla-
tion between the mutant gene and transposon, also speeding up the cloning
process. One step to secure that the presence of the transposase, only a few
elements in the genome are coordinated is to use a heterologous two-element
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transposon-tagging framework, which encourages the transposase to be
eliminated by segregation to resist further transposition. To promote plasmid
rescue cloning of flanking DNA, transposons can be arranged in such a way
that transposon should have selectable marker gene and it should be the
segment of Escherichia coli. A selectable marker gene would be linked in a
such a way that transposase gene would remove from the tagged gene during
the segregation in the later generation.

15.3 STRATEGIES FOR TRANSPOSON TAGGING
15.3.1 MUTAGENESIS

After insertional mutagenesis, the transposon sequence is used to recognize
the flanking segments. During transposon tagging, two types of mutagenesis
are used (Fig. 15.6).

15.3.2 RANDOM MUTAGENESIS

Randomly various transposon insertions have been done in the genome
of individuals then potential mutant gene of interest is screened out from
the mutant individuals. In the genome of nonautonomous transposons, a
stable transposase is introduced by a two-element scheme, which is carried
out by performing various crosses, such as P elements of drosophila, and
transferring the transposase gene into the embryo, which is incorporating
the nonautonomous DNA segments. Transposition is deployed in other cells
as a result of advancement at low temperatures. Dominant mutants can be
detected in the M1 generation and recessive mutants in the M2 generation.
Transposons are people who have a transposed component in their DNA.

S Parent x Parent Mo

= M1
l A ——
Normal Sepgregating
parent ® _l/_ {?(2);{;)6]' H#He3d), N population
+/+

FIGURE 15.6 Mutagenesis in a population that would not be directed.
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15.3.3 DIRECTED MUTAGENESIS

Identify the mutants of the gene of interest before starting directed muta-
genesis. Crossing a wild-type human tissue with autonomous transposon
filters with an organism homozygous for a previously mentioned recessive
mutation for insertion into a genetic variant Otherwise, choose an individual
with a stable transposase gene and a mutant gene; this individual will then
cross with a healthy or wild-type individual carrying nonautonomous
elements. The gene of interest is activated by a TE that has been mapped and
is understood to be attached to it. The transposon is activated in the genome
of healthy of wild-type individuals, and next generation is used to identify
the mutants. If the transposition appeared in the same location as the gene of
interest, we will compare it to the random tagging mutagenesis technique for
confirmation (Fig. 15.7).

15.3.4 ENHANCER TRAP

Enhancer traps must be used if we want to investigate the gene expression
pattern of a target gene (Peter and O’Brochta, 2009). Enhancer trap and gene
trap both are similar except promotor, that is present in enhancer trap and
gene trap contains a reporter gene. In the enhancer trap, a week promotor
regulates the reporter gene, which is transported by the transposon. The
reporter gene is expressed pattern that is determined by an enhancer when
a transposon is inserted near it. In this way, genes with interesting tissue-
specific or developmentally regulated patterns can be detected. This technic
is very good for screening the disrupted phenotype, which usually could be
done by traditional gene tagging technics. Enhancer trap is having the tissue,
cell-type, and developmental markers, which is used to screen out the variety
of mutant. Enhancer trap and gene trap both are similar except promotor, that
is present in enhancer trap and gene trap contains reporter gene.

15.4 TAGGED GENE CLONING

In the cloning process, first thing is that with the help of southern blotting find
out the transposon for the tagged gene, which was related to the mutation.
The homozygous mutant individuals are detected using a complementary
DNA probe, which is not used in the wild-type individual’s progeny. It will
become very difficult for the isolation of the mutant phenotypes, if multiple
transposons will be segregating in the background.
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FIGURE 15.7 In a population, directed mutagenesis.

For this, we examined all of the segregating transposon mutant pheno-
types, and otherwise backcrossing with individuals who did not have
transposons. Once a related transposon has been recognized, targeting the
gene into which the transposon has been inserted can be done in a range of
methods. Here are three approaches that are widely used.

L.

II.

III.

Library screening: The tagged mutant was digested with an enzyme
that does not cut within the inserted transposon. Any flanking host
DNA is included in the recombinant vector containing the trans-
poson. The library is monitored with a transposon-specific probe to
locate clones with the transposon and flanking DNA.

Inverse polymerase chain reaction (IPCR): The IPCR machine is
used to isolate the transposon’s flaking DNA sequence, and in order
to do so, we must first choose the plasmid that contains the tagged
gene, then digest the genomic DNA with the restriction enzyme, and
then isolate the flanking DNA sequence and transposon.

Plasmid recovery: When we use a restriction enzyme to digest the
genomic DNA of a tagged gene, it releases plasmid from transposons
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but does not digest the plasmid itself. A small fragment of DNA
containing plasmid and flanking host DNA sequence is obtained as a
result of digestion. We must relegate the fragments in a high dilution
to ensure ligation. The ligation DNA fragment is converted into an
E. coli plasmid and then extracted.

15.4.1 IDENTIFICATION OF TAGGING

After cloning the adjoining DNA sequence of host, it would be used to look
for a band gap on hybridized DNA fragments of mutant individuals and
normal individuals, which indicates transposon integration into the mutant’s
complementary sequences. Therefore, this is confirmation of that flanking
sequence of transposon is represented by the cloning DNA rather than a
cloning artifact. After that, flanking DNA sequences should be sequenced;
otherwise, the probe may be used to obtain complete sequence information
as well as further investigation. The flanking sequences must be used to start
the chromosome walk and identify the gene of interest, this is done when
mutation does not occur in the gene of interest.

Switching the cloned gene back into the mutant is the most convincing
way to show that transposon suppression of the cloned gene causes a mutant
phenotype. It is also likely that the correct gene has been identified if any of
the mutated alleles had mutations in the cloned gene. Phenotypic revertants
that show a lack of the transposon from the cloned sequence often affirm the
identity of the tagged gene when investigated using sequencing or southern
blotting techniques to differentiate and propose additional alleles of the gene
from previously produced mutants

15.5 SITE-SELECTED MUTAGENESIS

The objective of site-directed mutagenesis is to identify DNA sequence of
the null-phenotype of a gene through to incorporation the transposon. For
the identification, the sequence of gene of interest we have to create a large
population of transposons and divided into the different groups. Two types of
a specified primer sequence id needed for the PCR reaction for identification
the sequence (1) gene-based primer (2) a primer sequence of transposons
and this sequence has taken from the adjacent region of transposons. For
conducting the PCR reaction, mix the both primers with various groups of
DNAss of transposons. If the mutation has happened in the gene of interest or



Transposon Tagging and Mutagenesis 343

its periphery then DNA polymerization will be occurred in the PRC reaction.
We can rescreen groups of transposons DNA until the mutation is no longer
detectable.

15.5.1 CONFIRMATION OF MUTAGENESIS

I. Complementation test: The mutant is transformed once more with
a functional copy of the gene for which it is intended. When muta-
tion by a tagged gene occurred, the function is restored.

II. Revertants: The mutant is either selfed (endogenous system) or
crossed with a mutant transgenic line with a transposable portion
that is autonomous (heterologous system).

Genomic DNA of Normal Cell Genomic DNA of Mutant Cell

I Digestion with Enzyme x
Digestion with Enzyme x

l PCR
l PCR
A B C
. I Clone in Wild
Wlld phage Probe
Probe

(== (=== =
- | = = |
N N -D_/ AN = /f
— A Plague ———

FIGURE 15.8 Endogenous system.

15.6 FUTURE PROSPECT

Methods for transposon tagging are useful for a variety of purposes. To
differentiate genes based on their expression patterns, enhancer-trap and
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gene-trap methods are used, as well as to define and clone different genes
with phenotypic proof. Gene tagging is a time saver then the tradition cloning
approach, such as chromosome walking. The screening done by using site-
specific mutagenesis now permits for the detection of transposon insertions
into known-sequence genes. As a result of such insertions of transposons,
null alleles are created, or may be produced without mutation null-genes.
These null-gens are highly important for determining a gene’s functional
roles. They are used in genetic science for things like researching double-
mutant associations and having null histories for gene mutation studies.
Transposon-induced alleles may also be used to construct an allelic array
by remobilizing the mobile elements and again incorporation the mobile
elements in the functional sequence in the genome of individuals.

Multiple alleles of a gene may provide useful details about an individual’s
phenotypes. Analysis the many details information about physiological
process in the developmental tissues or different types of tissues by the
somatic excision. For both of these purposes, transposon labeling is and will
remain an excellent method for gene cloning and gene processing.
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ABSTRACT

An appreciable portion of different plant genomes contain mobile genetic
elements, also called as transposable elements (TEs). It has been widely
accepted and demonstrated that these TEs generate a wide range of alterations
in the plant genome, leading to great variations in the expression patterns
and functions of many plant genes. Moreover, these mobile elements can
bring about marked genetic changes including translocations, excision, and
recombination at abrupt genetic locations, breakage of chromosomes and
inversions, etc. that aids in the process of evolution via reproductive isolation
and generation of new species. One of the most important crops in the global
agricultural sector is Oryza sativa (rice) and thus it has been widely used as
a model plant to decipher the mechanisms of transposition. In order to study
the evolution of rice genome, a lucid study of the patterns of the various forms
of TEs in different closely related varieties of rice is mandatory. Therefore,
a clear understanding of the various rice genes and their structural and func-
tional insights, along with their mechanisms of evolution is needed, in order
to comprehend the roles of TEs in the plant genomic diversity.
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16.1 INTRODUCTION

Transposable elements (TEs) can be defined as pieces of DNA that have
the potential of getting inserted into new genomic locations and also have
the power of getting duplicated into newer copies of themselves during the
entire event of insertion. TEs constitute the largest portion of the genome
of most eukaryotes ranging from about 50% to 80% of the genome in the
members of the grass family (Feschotte et al., 2002). Barbara McClintock
was the first scientist responsible for demonstrating the role of TEs in the
alteration of pigmentation pattern in the mutant maize kernels (McClintock,
1951). She was also the first to genetically characterize these elements and
explained the potential role of these TEs, for which she received the Nobel
Prize in the year 1983.

Oryza sativa (rice) is a domesticated monocotyledonous crop plant.
It serves as one of the most common model plants in the laboratory. The
genomic size of rice plant is around 430 Mb, which is comparatively
smaller than other members of the grass family. It is known that the size
of the genome has a direct correlation with the proportion of the repeats in
the genome (Turcotte et al., 2001). While comparing the genomes of the
members of the grass family, plants like maize have a relatively larger size
of its genome and tend to harbor a large number of nested retro-transposons
in the intergenic portions of their genome. However, for rice, this number is
lesser by virtue of its small genome size. Almost 40% of the genome of rice
plant is comprised of sequences related to TEs (Jiang and Panaud, 2013).
Therefore, these TEs act as definitive features of a particular genome. The
patterns of these elements in the genome of the closely related members
of different rice species have been useful in the study of the role of TEs in
the evolution of the rice genome (Li et al., 2017a, 2017b). Rice being an
agriculturally important crop has been widely used as a model plant to study
the role of the various forms of transposons. The various TEs in rice have
contributed to the betterment of growth, yield, and quality of grains in rice.
Therefore, for the sake of enhanced biomass production and yield, the role
of TEs in rice plants have been elaborately studied for ensuring food security
throughout the globe.

16.2 CLASSIFICATION AND STRUCTURE OF TRANSPOSONS IN RICE

Majority of the eukaryotic genomes are characterized by a substantial amount
of repetitive sequences, which includes TEs or transposons, often referred to
as the mobile genetic elements (Turcotte et al., 2001). These elements tend to
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get inserted within new positions in the genome and hence called so. More-
over, the high degree of genetic variation in higher plants can be attributed to
such TEs (Bennetzen and Wang, 2014). Every TE has two basic characteris-
tics. The first property can be deciphered from its name itself. Transposons
are referred to as mobile genetic elements, by virtue of their potentiality to
move from one location of the genome to another. The second property is
their immense ability of amplifying the copy number of a particular segment
of the genome via the process of transposition (Bennetzen, 2000).

The genome of rice plants contains almost all the well-defined TEs.
Its genome harbors the miniature inverted-repeat transposable elements
(MITE?s), the long and short interspersed elements, the miniature terminal
repeat retro-transposons, and the long terminal repeat (LTR) retro-trans-
posons (Panaud et al., 2002; Komatsu et al., 2003; Chaparro et al., 2007,
Wicker et al., 2018; Tsuchimoto et al., 2008; Gao et al., 2016). In a typical
eukaryotic genome, there can be a large number of inactive transposons,
ranging from few hundreds to thousands. It is quite challenging to decipher
whether a TE is in its active state or inactive state. Sometimes, an element
can be epigenetically silenced when present at a certain location in the
eukaryotic genome. Each particular group of transposons comprise autono-
mous elements and nonautonomous elements. The autonomous elements
have ORFs (Open Reading Frames) that can encode proteins essential for
the process of transposition. On the other hand, nonautonomous elements
that have the capability of transposition lack the potential of coding for
essential protein products (Feschotte et al., 2002). However, they tend to
retain certain cis-elements that are needed for transposition. There is a dupli-
cation event associated with a short sequence of the genome, post integration
of almost all TEs and these target site duplications (TSDs) tend to show a
wide variability in terms of their size. TEs can be classified on the basis
of their different manner of mobility (Charlesworth et al., 1994). Basically,
depending on whether the transposition intermediate is DNA or RNA, they
are classified as class I and class II TEs. The class I elements are commonly
referred to as retro-transposons, because their movement is associated with
an RNA intermediate, which undergoes the process of reverse transcription
before their integration within the genome. However, after insertion, the
class I elements fail to excise out (Finnegan, 1992; Grandbastien, 1992).
Depending on the structure and the mechanism of transposition, the class I
elements can be classified into two categories: LTR retro-transposons and
the non-LTR retro-transposons. The LTR retro-transposon class I elements
are commonly characterized by flanking LTRs in direct orientation that



352 Plant Transposable Elements

often contains several genes encoding proteins involved in the process of
integration and reverse-transcription (Kubis et al., 1998; Zhang and Gao,
2017). Autonomous elements are commonly characterized by two genes
named pol and gag. The pol gene encodes for a poly-protein that have four
essential activities: protease, integrase, reverse transcriptase, and RNase H
activities; while the gag gene generates a capsid-like protein. On the other
hand, the nonautonomous elements lack almost all of these coding regions
and the internal regions show a wide range of variability in length (Jin and
Bennetzen, 1989; Witte et al., 2001). The non-LTR retro-transposon class I
elements include SINEs (Short interspersed nuclear elements) and LINEs
(Long interspersed nuclear elements), which have become widely associ-
ated with the present field of plant research (Flavell et al., 1994; Hirano et
al., 1994; Leepton and Smyth, 1993; Mochizuki et al., 1992; Umeda et al.,
1991). The coding regions of these nuclear elements consist of genes that
encode a gag-like protein (ORF1), reverse transcriptase, and endonuclease.
A simple sequence repeat containing a stretch of A, that is, poly As is the
most striking characteristic of SINEs and LINEs and serves as a terminating
element. The 5’-end of almost all SINEs contains a RNA polymerase III
promoter. Irrespective of the unknown origin of the 3'- half of SINEs, LINEs
and SINEs present in the common genome often tend to show homology in
sequences at the 3' terminus, thereby indicating that the transposition capa-
bility of partner LINEs can be jeopardized and parasitized by the associated
SINEs (Ogiwara et al., 1999). The typical class I elements in plants are LTR-
associated retro-transposons and include predominantly the Ty3-gypsy and
Tyl-copia groups. The class I LTR retro-transposons constitute almost 14%
of the entire genomic DNA in rice, which is the highest amongst all other
forms of TEs (Jiang et al., 2003). Retro-transposons that are usually activated
during callus vitro culture are Karma, Lullaby, and Tos 17 (Hirochika et al.,
1996; Komatsu et al., 2003; Picault et al., 2009). Transposons like mPing
and nDart are usually activated when rice plants are subjected to irradiation
using laser and inhibitors of methylation, respectively (Eun et al., 2012; Li
etal., 2017a, 2017b).

On the other hand, the class Il TEs are characterized by Terminal
inverted repeats (TIRs) and exhibit variability in their lengths. They tend
to have target insertion sites (TSDs), which exhibit a conserved length. It
is commonly observed that the class II elements encode a protein called
transposase. These elements have the dual power of excision and insertion
within new locations in the genome. It is believed that by virtue of internal
deletions, the autonomous elements give rise to nonautonomous elements.
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The class II transposons are commonly referred to as DNA transposons
(Finnegan, 1992; Flavell et al., 1994). The commonly observed elements
of this type that were identified first in maize plants, includes the Ac/Ds
(McClintock, 1984), MuDR/Mu (Yoshida et al., 1998; Lisch et al., 1999),
and Spm/dSpm (Raina et al., 1998; Fedoroff, 1999). A particular family of
DNA transposons can be categorized by virtue of the presence of same TIR
sequences and within this family, some of the members generate a protein
called transposase, which helps in the recognition of the family-specific TIR
sequence and eventually aids in the process of transposition (Kunze et al.,
1997). During the process of transposition involving DNA transposons, the
transposase protein encoded by the TE is responsible for the recognition of
its family-specific TIRs and excises the portion of the DNA between the
site of its reinsertion in other genomic locations and the TIRs. The next step
involves the repairing of the gap created due to the excision of the DNA
segment. The repair can occur in two different ways: (i) through the process
of gene conversion via recombination using the sister chromatid or the other
homologous portion as the template, where no net excision takes place, and
(i1) through a simple step of ligation, where a part of the DNA gets excised
out, that is, net excision takes place (Bennetzen, 2000).

The most diverse with almost 1 lakh elements and comprising of around
100 different families are the MITEs. These constitute around 6% of the entire
rice genome. These repeats are commonly found in the members of the grass
family, but are also found in other flowering plants and even in a number of
members of the animal kingdom, including humans. The MITEs are mostly
located with the noncoding regions of many genes within plants (Jiang et
al., 2003). These are reminiscent forms of the class I nonautonomous DNA
TEs. MITEs are quite smaller, around 600 base pairs in size and the TIRs
are also shorter, ranging from 10 to 30 base pairs. However, these are quite
different from the other common nonautonomous DNA TEs. The MITEs are
characterized by strong target site preference for a TAA trinucleotide or TA
dinucleotide sequence and have a very high copy number, around 10*copies
for each family (Feschotte et al., 2002). Depending on the similarity in the
TIRs and the duplication of their TSD, the MITEs can be classified into
following two types: Stowaway like and Tourist like MITEs. Moreover, these
two forms of MITEs can be put into two superfamilies: Tcl/mariner and
PIF/ Harbinger, respectively (Zhang et al., 2001; Jiang and Wessler, 2001;
Turcotte et al., 2001; Feschotte et al., 2002). The MITEs lack any autono-
mous element, which has already been identified. It has been hypothesized
that certain undiscovered autonomous elements encode transposases that
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have the specificity for particular MITEs or even the transposition can be
mediated by certain trans-acting element that encodes the protein in ques-
tion normally involved with some other essential cellular process. However,
there are lesser evidences to prove either hypothesis (Wessler et al., 1995).
In rice plants, scientists have deciphered a repetitive sequence of 430 bp and
designated it as a potential MITE candidate. The sequence displayed a high
degree of conservation in sequence amongst the different copies and was
named as “Miniature Ping” or mPing. When subjected to cell culture media,
indica rice varieties exhibited an increase in the mPing number, indicating
active transposition to have taken place. Calculation from the entire genomes
of indica and japonica rice varieties indicated the presence of 14 and 70
mPing copies, respectively (Jiang et al., 2003).

16.3 EVOLUTION AND FUNCTIONAL ROLE OF
TRANSPOSONS IN RICE

TEs are ubiquitous throughout different plant genomes, thus indicating their
early origin and also provide considerable evidences regarding their great
diversity throughout the plant world. The mobility of TEs makes them suit-
able candidates for horizontal transfer. These elements are usually located
on the bacterial plasmids and they get activated during bacterial mating and
subsequent replication of the DNA genome (Kleckner, 1990). On the other
hand, retro-viruses can efficiently transmit both within and amongst members
of a particular species. Therefore, the proper mechanism and the time of
origin of the transposons still remains a mystery. However, the mechanism
of action of retro and DNA TEs suggests that these have originated due to
independent evolutionary events. The process of natural selection will only
allow the amplification of a certain sequence within the genome, until such
amplification has no negative impact on the host fitness. However, these
elements should arise via multiple independent events in accordance with the
parasitic or selfish DNA concept (Doolittle and Sapienza, 1980; Orgel and
Crick, 1980). For instance, multiple independent origin events associated
with the products of different RNA polymerase III is the probable way by
which a range of SINEs have originated. For instance, the Ac/Ds family and
Spm/dspm family of TEs tend to have similarity in the transposase protein,
the TIRs, and other related elements in different species of plants (Bonas
et al., 1984; Hehl et al., 1991; Kunze et al., 1997). Therefore, it indicates
that these elements should have been present in the primordial forms of the
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angiosperms. However, the rate of evolution of TEs is quite faster than the
genomic DNA. So, it cannot be negated that plant TEs and their families
share vertical evolutionary relationship and ancestral traits with those of the
elements found in animals.

Initially, it was considered that transposons have a rather negative impact
on the genome. These elements were earlier considered as mutagenic agents
since upon insertion into coding regions of certain genes, they adversely
affect normal functioning of those genes. However, current research has
been successful in establishing the positive roles of transposition in various
plant genomes. The transposons can either provide new cis-acting regulatory
target sites or generate alternate promoters or sometimes epigenetically alter
functioning of a target (Mirouze and Vitte, 2014; Hirsch and Springer, 2017).
Thus, transposition can help in the development of entirely novel traits,
thereby actively playing role in the generation of genetic diversity and plant
evolution, including evolution of various agronomic traits in rice plants like
pigmentation or color, size, shape, etc. (Xiao et al., 2008; Zhang et al., 2019).
TEs are rather manageable and less comparable as entities encompassing the
genome, although they have the huge potential of moving about the genome.
The count of the different families of transposons and their various members
are rather limited and they uncover limited genetic portions. Therefore, it is
obvious to conclude that the genetic impact imposed by transposons is quite
restricted. McClintock during her experiments observed novel variegating
mutations in the experimental cultures at quite a huge frequency that can be
associated with the perturbations in the genome due to existence of broken
chromosomes. This indicated that TEs tend to remain genetically silent, but
they inhabit the genome in somewhat regular fashion (McClintock, 1946;
McClintock, 1978). Plants like rice tend to have greater number of copies
of a given TE than can be identified as genetic elements. Moreover, most of
these sequences fail to match the criterion of a complete transposon, that is,
they genetically do not resemble an entire transposon. However, whether a
transposon is genetically active or inactive, can be deciphered by reading its
methylation patterns (Fedoroff et al., 1983; Fedoroff et al., 1984; Pereira et
al., 1985; Masson et al., 1987; Banks and Fedoroff, 1989).

Transposons are considered to be the most variable and diverse genetic
components of a plant system. Interestingly, one can expect a wide variety of
TEs even in the members of rice plants belonging to closely related species.
These elements can bring about wide range of changes in the functionality
and constitution of various genes, including the evolution of sequences that
code for novel proteins, insertions leading to simple mutations, or even
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large-scale mutations and movement of genes causing the reprogramming of
pre-existing genes. Often in order to put a check on the transposition process,
certain elements are silenced epigenetically by the plant system; thereby
leading to genetic as well as epigenetic diversity in the genetic constitution
and functioning of many genes (Feschotte et al., 2002; Lisch, 2013). These
gradual accumulations of variations act as the subject of operation of natural
selection and subsequent plant adaptations to the changed environment.
However, the role of transposition in the process of plant-adaptive evolution
is rather very restricted due to lesser availability of evidences. Currently, due
to advancement in the field of phenomics and genomics, it has become quite
easy to decipher and assign function to parts of the rice genome that have
potential role as transposons. The various activities of different TEs in the
development of genetic diversity in rice plants can be effectively deciphered
through the systematic recognition and designation of an array of alleles that
have crucial phenotypic effects on the plants (Lisch, 2013). Domestication
of plant species has currently generated suitable models for the lucid under-
standing of the phenomenon. Domesticated species of rice allow proper
comparison with the wild relatives due to the presence of well-characterized
TEs on the basis of the possible trait variations. Moreover, domesticated
plants are usually subjected to directional selection, thus making the process
of comparison with their wild relatives rather easier.

McClintock first established transposons to be involved in gene and
genome rearrangement (McClintock, 1946; McClintock, 1948). The rear-
rangement of the genome leads to alternation in structure and function of
various genes. A range of genome alterations can be brought about by the
transposons, which includes marked genetic changes including breaking of
chromosomes, translocations, insertion, excision, amplification of certain
sequences, transposition, recombination at abrupt genetic locations, breakage
of chromosomes and inversions, etc., that can ultimately alter genetic struc-
ture, function, and expression thereby generating diversity in phenotype.
However, TEs are commonly described in literature for the unique process
of transposition. This process can even have adverse effects on the genome
function, as transposition of an element of the genome into a functional gene
can inactivate that genetic locus concerned (Bennetzen, 2000). Moreover,
the excision of DNA TEs can often take place during gametophytic or
somatic stage of the plant life cycle, and leads to generation of alleles that
have immense