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Abstract

Transposable elements are mobile DNA elements residing in almost all
sequenced genomes. However, the kingdom Plantae has not previously been
reported to harbor Tcl-like elements (TLES). This study reports the
characterization of several plant TLEs. It was proposed that the wide
distribution of transposons may be partly due to horizontal transmissions,
and some cases of highly similar TLEs from distantly related species were
found in this study. Once a transposon invades a new genome, it may freely
amplify. Being mutagenic in nature, they are under constant scrutiny of host
inhibitory mechanisms that often keep transposition activity at a basal level.
A potential evasive mechanism by a rice Mariner-like element is described

here to auto-regulate activity via a subterminal transposase binding motif.
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Chapter I: Introduction

I-1 Transposable elements

Genomes are dynamic. A major component of a dynamic genome is a
plethora of mobile genomic elements collectively known as transposable
elements (TEs). TEs are discrete pieces of DNA that are capable of
mobilizing themselves or copies of themselves to a different location in the
host genome. TEs may duplicated themselves in the process, resulting in
increased copy numbers over time. Existence of TEs is nearly ubiquitous in
all surveyed organisms with some minor exceptions of a few primal life
forms [2-4].

These elements were part of our genomic ecosystem since the infancy of
cellular life and successfully colonized most life on Earth. However, the
importance and significance of their universality was not always
Immediately obvious to us. TEs were given many unfavourable names in the
past at our different stages of understanding of their significance. They were
called “jumping gene”, “selfish” DNA, or even “junk” DNA due to their

lack of apparent function in a genome.

In the 1950s, at the beginning of her work with TEs, McClintock discovered
Activator/Dissociator in maize [5, 6]. These elements were called

“controlling elements” by McClintock. They contributed to the pigmentation
in maize kernels, and they were capable of changing their locations between

chromosomes. This discovery along with a similar demonstration of



bacterial mobile DNA implicated capability of chromosomal DNA to
mobilize [7]. Mendel’s genetics was widely accepted at the time and genes
and genomes were thought to be static entities insusceptible to change.
McClintock’s discovery was thusly not well received for its implication of
dynamic genomes and stochastic inheritable genetic material. This negative

notion continued to be the attitude towards TEs.

The significance of TEs was later acknowledged by the discovery that P and
| elements are, in fact, transposable elements [8, 9]. These fruit fly elements
are responsible for the phenomenon known as hybrid dysgenesis [10-12],
which involved genetic modifications that may lead to sterility. P elements
were studied extensively in the early age of fly genetics, and they were even
used as vectors to transform fruit flies [13]. These findings contradict the
role of TEs as mere junk sequences that clutter genomes. The understanding
that P elements were actually DNA transposons underscores the importance
of TEs in scientific research and our complete understanding of genomic

dynamics.

In 1983, Barbara McClintock was awarded a Nobel Prize in Physiology or
Medicine for her discovery of mobile genetic elements in maize. This
recognition marked the appreciation of the importance of transposable
element in the scientific c community, and the expansion of our knowledge

on TEs over the decades.

With the advancement of technology and the advent of whole-genome
sequencing, it is now apparent to us that TEs are not only important, but also

abundant and diverse. In some eukaryotic genomes such as maize, about



85% of the genomic sequence is consisted of TEs [14]. Furthermore, it was
found that nearly 55% of the human genome are TEs [15]. With the number
of identified TEs accumulating rapidly, biologists classified them based on

their transposition mechanism and structural properties.
I-2 Classification

TEs vary greatly in number, size and structure. For example, L1 elements in
the human genome are thousands of base pairs long with two open reading
frames that code for enzymes for transposition, while Alu elements are only
hundreds of base pairs long with no coding sequences. To unify the naming
and characterization system for TE discovery and research, universal
classification systems for TEs were proposed [16, 17]. The classification
systems focus on the characteristics that contribute to TEs mobilization,
such as insertion sites, terminal sequences, TE sequence
organization/structure, coding sequences and some distinctive sequences
markers within the TEs. Subsequently, TEs were divided into classes,
families, and other Linnaean hierarchies. Although the exact naming and
classification system for TEs is a matter of debate, differences between
major groups of TEs are well understood and a general classification system

is widely used by the research community.

There are two classes of TEs that are distinguished by their methods of
transposition and duplication. Class | TEs are retrotransposons that use a

RNA intermediate and “copy-and-paste” transposition mechanism; and



Class Il TEs are DNA transposons, and they utilize a DNA intermediate and

“cut-and-paste” transposition system [4, 17-19].
I-2.1 Retrotransposons

Retrotransposons use a “copy and paste” mechanism to mobilize (Figure 1).
The genomic sequence of a retrotransposon is transcribed into a RNA
intermediate, which is then reverse-transcribed into DNA sequence by a
reverse transcriptase that is encoded by the internal sequences of

retrotransposons. The new DNA copy can then be incorporated into the host

Retrotransposon
—— ——
—— —— | C""OMOSOMeE A

Transcription

RNA intermediate

Reverse transcriptase

Integrase

Chromosome B

New insertion site

Chromosome B

S ——
— EE— _'OTOSOME A

Figure 1 Simplified illustration of a copy and paste retrotransposition. The
retrotransposon (blue) is transcribed into a RNA intermediate (orange) that is
reverse transcribed and integrated into a new insertion site. The donor
retrotransposon is retained, and an additional copy is produced in the process.
Chromosomal DNA (long black and grey bars) arbitrarily represent two
different loci.



genome by an integrase, which may also be encoded by the retrotransposon
coding sequences. In the process, an additional copy of the original TE was
created during each cycle of copy-and-paste resulting in an increase of TE
copy numbers and expansion of the host genomic size. Members of
retrotransposons include long-terminal repeat retrotransposons (LTRS),
DIRS-like elements, Penelope-like elements, long interspersed elements
(LINES), and short interspersed elements (SINEs) [16, 20]. Notably,
retroviruses are closely related to retrotransposons [21-23]. When a
retrovirus loses its viral envelope and its ability to mobilize cellularly, it is
reduced to what is called an endogenous retrovirus (ERV), which is
regarded as a member of the retrotransposons. Retrotranspons are abundant,
one extreme example is the Alu elements that is estimated to have 300,000
to over 1 million copies in the human genome occupying over 10% of the

genomic content [24, 25]

I-2.2 DNA transposons

The other major group of TEs are DNA transposons (Figure 2). The
majority of DNA transposons adopted the “cut and paste” mechanism to
carry out transposition. There are no RNA intermediates during the process
and the TE genomic sequence is directly excised out of the chromosome and
relocated into a different site. These elements encode a single gene called a
transposase to carry out all transposition reactions. Transposases are

specialized integrases and there are variations in the catalytic domain of



transposases from different families of DNA transposons [3]. Members of
the DNA transposons include Tc1/Mariner, hAT, Mutator, Merlin, Transib,
P, PiggyBac, PIF-Harbinger, CACTA, Helitron and Maverick [16, 18, 19].

DNA Transposon
—— —
— E—— | C"'"OMOSOME A

Fa
l‘\’/ Transposase

Paired-end complex

| Chromosome A

lExcision

Chromosome A

Chromosome B

New insertion site

Chromosome B

Figure 2 Simplified illustration of a cut and paste DNA transposon. The
DNA transposon (blue) is cleaved out the donor chromosome and inserted
into a new site by transposases (yellow solid circles). Transposases form
synapses with the DNA to facilitate reactions (not shown). No duplicate of
the original copy was produced in this cycle. Chromosomal DNA are shown
as long black and grey bars, each representing a different locus.



Although it should be noted that Helitron and Maverick do not utilize the

cut-and-paste transposition system.

The majority of DNA transposons share these three key features required for
cut-and-paste transposition: terminal inverted repeats, target site and
transposase [26]. Terminal inverted repeats (TIRs) are the terminal
sequences of a transposon, flanking the internal coding sequences. TIRs are
recognition sites for transposases to bind, two Mos1 transposases bind to the
TIRs and form a paired-end complex to facilitate transposition reactions
[27-29]. The transposases catalyze the excision reaction at the termini of the
TIRs and cleave the double-stranded DNA transposon out of the donor site.
The transposases subsequently form a synapse with the specific target
sequence of a new site, and catalyze the integration reaction into

chromosomal sequence [29, 30].

Cut-and-paste DNA transposons do not generate additional copies during
each cycle of transposition. However, they can still achieve duplication
through host DNA replication and repair systems [26]. A DNA transposon
can transpose during host replication processes from a replicated location on
the chromosome to an unreplicated site; alternatively, the TE can be restored
via gap repair by homologous recombination [26]. In general, DNA
transposons are much more modest in copy numbers when compared to
retrotransposon. Due to a less efficient method for duplication, only 1.6% of
the human genome are DNA transposons while over 40% of the genome are
retrotransposons [24, 25]. There are, however, many cases of DNA

transposons that excel in a genome to achieve many copies, such as small



fragmented elements called miniature inverted repeats (MITES) in some

plant genomes [31].
I-3 Autonomy

Autonomous - Transposase -
Non-autonomous
deletion derivative - P>

Figure 3 Levels of autonomy. Simplified illustration of the structural
differences between autonomous, non-autonomous, and MITE elements.
DNA transposons were used in this illustration. Element is blue; Transposase
coding sequence is yellow; TIRs are green; Scissors indicate a deletion
derivative of the trasnsposase gene.

Most elements observed today are relics of past activities and they are
presently immobilized. Full-length autonomous elements can rely on self-
encoded specialized enzymes to transpose and sustain copy numbers in the
host genome. However, most elements that can be found today have lost
their capability to encode for an active protein (Figure 3). These elements
must utilize the enzymes encoded by the autonomous copies to carry out
transposition reactions, and we call them non-autonomous elements [26,
32].

In some cases, a non-autonomous element maintains the full length and has
high sequence similarity to the autonomous copies, but has accumulated

many point mutations and indel mutations. The coding sequences of these



elements have become defective and translate non-functional proteins or
may not even encode for a long polypeptide at all. Non-autonomous
elements also include deletion-derivatives of autonomous elements. In these
cases, they only maintain high sequence similarities with autonomous copies
in the flanking regions (terminal sequences of TE), and the coding
sequences are truncated or deleted. They are shorter in length compared to
the autonomous elements and full-length non-autonomous elements, and
result in variable sizes of non-autonomous versions. In the most extreme
scenario, the elements have lost virtually all internal coding sequences, and
only terminal flanking sequences that are crucial for transposition reaction
remain. These elements are called miniature inverted-repeats transposable
elements (MITES).

Non-autonomous elements may still maintain activity through utilizing
enzymes encoded by autonomous elements, since only the terminal
sequences are required for recruiting dedicated enzymes to carry out
transposition reactions. MITEs are especially successful at utilizing
transposases of related autonomous elements to amplify to high copy
numbers, making them the ultimate non-autonomous transposons [33-35].
MITEs were originally discovered in plants, and they were classified into
two families [36]. Based on sequence similarities, Tourist MITESs are related
to the PIF/Harbinger superfamily, and Stowaway MITEs belong with the
Tcl/Mariner superfamily [37].



I-4 Tcl/Mariner superfamily

One of the largest group of DNA transposons is the Tcl/Mariner
superfamily, it is nearly ubiquitous in eukaryotic genomes [38]. The
Tcl/mariner superfamily was first identified in nematode and insect
genomes [39]. The superfamily was named after Tcl in Caenorhabditis
elegans [40], and Mariner in Drosophila mauritiana [41]. This superfamily
Is characterized by two TIRs of typically 12-28 nt flanked by dinucleotide
target site duplications (TSDs) of “TA”. The transposases of this
superfamily contain a triad catalytic motif consisting of either two aspartic
acid residues and a glutamate residue (DDE) in Tcl-like elements (TLES);
or three aspartic acids (DDD) in Mariner-like elements (MLES). These two
types of domains are collectively known as the DDE/D motif. The pocket
formed by the triad residues contains the metal ions required in the DNA
cleavage reaction during transposition [29]. Based on the number of residues
between the second and third catalytic residues of the DDE/D motif,
Tcl/mariner transposases can be characterized as DD34E, DD34D, DD31-
33D, DD35E, DD37D, DD37E, or DD39D, and each type of transposase

domains designates a sub-group of the Tcl/mariner superfamily [42-44].

I-5 Thesis objectives: elucidating TE survival mechanisms

The lifecycle of TEs is initiated when a founding copy enjoys a stage of
proliferation when it is first derived or transmitted. This family of TEs then

becomes inactivated through accumulated mutation or host inhibitory

10



mechanism until activities of all copies in the family are lost in the host and
its offspring. Survival of a lineage of a TE may be achieved by horizontal
transfer into an uncolonized host or adoption of mechanisms that minimize
its own activity to avoid deleterious effects to the host and thus evade the

scrutiny of host defense mechanisms [25, 45, 46].

This thesis aims to elucidate the properties of TEs that allow their
ubiquitous and resilient presence in eukaryotic genomes. This study,
consisting of two projects, will explore the survival mechanisms of TEs: 1)
through horizontal transfers for TEs to invade into other genomes, and 2)
through autoregulation to evade host inhibitory mechanisms and persist in a

genome.

Focusing on the Tcl/mariner superfamily, the thesis projects will utilize

bioinformatical tools to screen available genomic database and characterize
elements to find new potential active elements to expand our understanding
of TE mobility, and experimentally analyze a subterminal binding motif for

an active transposase to study the molecular mechanisms of autoregulation.

11



Chapter I1: Plant Tcl-like elements and their potential

for horizontal transfer

I1-1 Background
11-1.1 Tcl-like elements

Tcl was first characterized in Caenorhabditis elegans genome. It has a
DD34E catalytic domain in its transposase, and has distinctive terminal
sequences of 5’CAGT...GTCA-3’, flanked by TSD of dinucleotide “TA”.
Subsequent reports found that Tc1-like elements are widespread, and
especially abundant in teleost fish [47]. Some of elements of this group were
demonstrated to be active, including Tcl and Tc3 that naturally exist in
C.elegans [40, 48, 49], Minos from Drosophila hydei [50], and Impala from
Fusarium oxysporum [51, 52]. Notably, Sleeping Beauty was an artificially
constructed element derived from dormant fish TLEs [53], and was designed
as a genetic tool for gene delivery in mammalian genomes. Subsequent
reports after the discovery of Tcl show that TLEs are widespread in
eukaryotes [19]. However, although its sister group, MLEs, are widespread

in plant species, TLEs have not yet been reported in a plant genome.

In this study, TLEs in plant genomes are reported. Two prevalent elements
in the moss genome are characterized and analyzed, leading to the discovery
and characterization of patchily distributed TLEs throughout the plant
kingdom. Moreover, these elements were analyzed as potential candidates

for episodes of horizontal transposon transfer.

12



11-1.2 Horizontal Transfer of Transposable Elements

TEs are vertically transmitted to the genome of the host offspring. TEs
persist symbiotically within the same lineage and continue to proliferate and
evolve. Given its nature to mobilize and insert within the host genome, it
was postulated that transposable elements are also capable of horizontally
spreading into other genomes [45, 46, 54-56]. Many convincing cases were
reported since the 1990s on the issue of horizontal transfer of transposable
elements, notably the P elements in fruit flies [57]. Characteristic signs that
suggest a horizontal transposon transfer (HTT) has occurred are: 1) display
of patchy distribution; 2) highly similar sequences that is unexpected for
divergent host species; and 3) discrepancy between TE and host lineages.
With the arrival of the genomic era and extensive sequencing projects,
screening for highly similar sequences between divergent species and
tracing patchy distribution has become an straightforward task for
bioinformaticians. Many cases of HTT were subsequently proposed based
on genomic data, especially in fruit flies [45]. These pieces of evidence
support the capability of TEs to not only vertically transmit, but to

horizontally invade other genomes as well.

The exact mechanism for TEs to transfer horizontally is still unknown,
despite their logical capability demonstrated by transposition. Some of the
proposed routes of transfer include feeding, pathogens and parasites [45].
Through these channels, vectors such as bacteria and viruses are the logical
culprit for HTT, given their tendency to invade eukaryotic cells and

exchange genetic material. While not frequently observed, some examples

13



demonstrate the capability of vectors to intake host TEs. A retrotransposon
was found to integrate into a poxvirus from a snake host [58], and insect
TEs were identified in a baculovirus [59]. Another notable candidate is the
Wolbachia genus of bacteria. They are endoceulluar parasites and are

capable of exchanging genetic material with the host [60-62].

Additionally, a highly probable piece of evidence is the HTT of a Mariner-
like element between a parasitoid wasp and its lepidopteran hosts [63]. This
transfer may have involved a virus that is symbiotic to the wasp, and it
produces viral pockets that are injected along with the eggs into the host.
Any TE that is packaged into the viral particle is then exposed to the host
cell. Some TE-derived fragments of DNA have been found in these kinds of
viruses and support their role in the HTT between the parastoid wasp and its

hosts.

HTT may result in significant consequences in molecular evolution. Once a
TE horizontally transmit into a distant host, it is likely unhindered by host
defensive mechanisms that otherwise inhibit native transposons [45]. The
TEs may freely amplify in the new host genome until novel inhibitory
mechanisms are developed. TE proliferation contributes directly to the
genome size and re-arrangement of chromosomal material [25, 64-67].
Moreover, TEs can be domesticated by a host genome and contribute to a
novel functional genetic sequence [68-71]. It is important to note that TEs
also often capture host genes and transpose captured genes as its internal
sequence. Although it has not been observed previously, a HTT event that

carries a piece of functional genetic material may result in an interesting

14



route of horizontal gene transfer between eukaryotic species. These theories
highlight the importance for increased knowledge in HTT mechanisms. It is
crucial to fully comprehend the capability of TEs to facilitate exchange of
genetic material between organisms to construct a complete evolutionary

history of TEs and perhaps all genomes.

HTT has been reported for both DNA transposons and retrotransposons.
However, the most distant transfers have been exclusively DNA
transposons, namely the Tcl/mariner and hAT superfamilies [45]. Indeed,
Tcl/mariner and hAT superfamilies of DNA transposons are capable of
incorporation into a highly divergent host when introduced by experiments
[27, 39, 57, 72-77]. Proposed events of HTT of these superfamilies can

cross species of different phyla and even kingdoms.

Much of the mechanisms underlying eukaryotic HTT is still mysterious. The
most extensively studied cases of HTT focused on fruit flies, which heavily
dominated our knowledge of eukaryotic HTT [45]. It is important to further
our scope and understanding beyond a small group of organisms, as HTT is
an important aspect that may play a major role in the observed diversity and
abundance of eukaryotic TEs. In this study, several pieces of evidence have
been found to support potential episodes of horizontal transfer of DNA
transposons of the Mariner family between plants, bacteria, fungi and
insects. These discoveries shed light into the process of horizontal genomic

invasion by TEs.
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11-2 Methods
11-2.1 Identification and retrieval of moss Tcl-like elements

To identify transposons that belong to the Tcl-subsuperfamily, the Tcl
transposase peptide sequence was used as the query sequence to search
against GenBank databases of P. patens genome with the default
parameters. Each returned sequence was retrieved and inspected for TIRs
with flanking TSD that end with 5’TA/CAGT...ACTG/TA-3’, as well as
internal coding sequences that bear a DD34E domain (both TSD and TIRs
are defining properties of TLEs). Complete elements were searched against
its host genome to obtain all of the members in its family. Nucleotide
sequences of full-length TLE copies were retrieved with MITE Analysis Kit
(MAK) function MEMBER (http://labs.csb.utoronto.ca/yang/MAK/) [78].

Members of each family were retrieved with MAK with zero tolerance for

end sequence mismatches, as the terminal sequences are conserved for
TLEs.

11-2.2 Characterization of moss TLES

Alignments of all retrieved members in each P. patens TLE (abbre. PpTc)
family were completed with CLUSTAL to generate a consensus sequence
(http://www.ebi.ac.uk/). The consensus sequence was used as the input for
the DIVERGENCE function of MAK. The returned divergence values are
calculated percentage of sequence differences based on pairwise alignments
of each member to its consensus sequence. Divergence value of each

member of the family were organized into groups with a unit of one half
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percentage, and the number of members in each group was plotted on a

graph.

HTH motifs were predicted with pfam domain database
(http://pfam.xfam.org) and by NCBI webserver. Phyre2 was used to
construct a conceptual protein structure
(http://www.sbg.bio.ic.ac.uk/phyre2/). The phylogenetic tree was generated
with Genebee webserver with 1000 bootstrap value

(http://www.genebee.msu.su/services/phtree_reduced.html).

Moss TLEs PpTcl and PpTc2 consensus sequences were used to search
against the assembled transcripts database Pp0409 on the moss genome
browser (http://www.cosmoss.org/) [79]. Each hit was inspected for an ORF
that may translate conceptually into a potential transposase sequence with
APE program (http://biologylabs.utah.edu/jorgensen/wayned/ape/). The loci
of transcripts were cross-referenced to the nucleotide BLAST hits to avoid
redundancy. The sequences were also used to search for moss small RNA

databases at cosmoss.org.

11-2.3 Identification and analysis of TLESs in other genome databases

The peptide sequences of the putative transposases of PpTcl and PpTc2
were used to search against other plant and non-plant genomes in WGS and
nr/nt databases at the NCBI webserver. Hits and their flanking sequences
were collected and inspected to identify putative transposase or TIR

sequences.
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Plant genomes were also screened for MITESs sequences with program
MITE Digger (http://labs.csb.utoronto.ca/yang/MITEDigger/) [80]. Each
returned MITE family was inspected for 5’CAGT...ACTG-3’ terminal

sequences that were flanked by dinucleotides TA. Plant genomes that

contained full-length TLEs were also screened with MAK function

TOPDOWN for any related MITE families.
11-3 Results

11-3.1 Tcl-like elements in moss
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CAGTGACAAACAAANACCGAGTACAAAATCTGAA TTCAGATTTTGTACTCGATTTTGTTTGTCACTG
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CAGTGGGGTACAGAAATAATTCGAATTTTTTTC GAAAAAAACTTCGAATTATTTCTGTACCCCACTG
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Figure 4 Summary of major structure componenets of moss TLEs, PpTcl and
PpTc2. Each element has two TIRs (pentagons), an ORF (blue bars) that
codes for a therotical transposase with DD34E catalytic domain (red letters),
and flanking dinucleotide TSD “TA”. Purple bar: hypothetical promoter in
PpTcl All structural components are scaled representations.

It was previously found that Mariner-like elements, the sister group of
TLEs, are widespread in plant genomes. In contrast, despite the abundance
of TLEs in other kingdoms, there has been no previous identification of

TLEs in the kingdom Plantae. To investigate whether plant genomes contain
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TLEs, moss genome sequence databases were screened because mosses are

among the first terrestrial plants and they are evolutionarily ancient.

When the sequence of Tcl transposase was used as the query sequence for
BLAST search against the moss (Physcomitrella patens) genome database
[81], 118 significant hits were returned with low e values (<108). Closer
inspection of the returned sequences revealed that many of these elements
have complete terminal inverted repeats (TIRS) with terminal 5’-CAGT ...
ACTG-3’ sequences flanked by TSDs of dinucleotides TA, and contain
open reading frames (ORFs) for a theoretical transposase bearing a DD34E
motif (Figure 4). These are characteristics of TLEs and therefore the
elements were classified as TLEs and designated PpTcs. The PpTc elements

can be classified into two distinct groups, PpTcl and PpTc2.

The full-length PpTcl elements are 1584 bp long with TIRs of 33 bp. It has
an ORF of 338 aa with two helix-turn-helix domains and a catalytic DD34E
domain. A total of 85 copies are retrieved from the P. patens genome
sequence database. Among them, 75 are full length copies that bear intact
ends with average sequence identity of 96.3%, and 52 of which are highly
similar copies with >98% sequence identity, although there are no identical

copies. Nine copies carry intact full-length ORFs of 338 aa.

The full-length PpTc2 elements are 1709 bp long, with TIRs of 33 bp. A
total of 22 copies of PpTc2 were retrieved from the genome database. The
20 full-length copies have an average sequence identity of 96.6%, of which

eight copies contain full-length ORFs of 338aa.
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Figure 5 Comparison of the putative transposases of PpTcl and PpTc2. (A)
Alignment of peptide sequences. Colored residues: blue to cyan, a-helices of
HTH motifs; green to yellow, DD34E triad motif. (B) Predicted three-
dimensional ribbon models of transposases. Blue to red, N terminus to C
terminus; HTH1 and HTH2, putative DNA binding (both) and dimerization
(HTH1 only); clamp, loop structure potentially interacts with the linker of the
other monomer in a transposase dimer; linker, potentially interacts with the
clamp loop of the other monomer in a dimer; DD34E, catalytic active center.
Figure and caption taken from published material [1].
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To determine whether the ORFs can encode theoretically functional
transposase proteins, the peptide sequence of the ORFs were inputted into
the Phyre2 webserver to be conceptually folded using templates of
previously characterized protein structures. The transposase model of Mosl
was selected by the algorithm as the most homologous sequence to build the
tertiary structure of PpTc proteins. Mos1 and PpTcs have 100% homologous
confidence with about 95% coverage of the query sequences, suggesting
highly similar protein structures between the moss TLEs and the Mos1
transposase. Based on the annotated structural features of Mos1, similar
features were predicted on the models of PpTcl and PpTc2 conceptual
transposases (Figure 5).
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11-3.2 Life history of moss TLESs

35

—PpTcl

w
o

[\
(9]

—PpTc2

Copy number

[
o

(%3]

0 0.01 0.02 0.03 0.04 0.05
Divergence

Figure 6 Divergence chart for full-length copies of PpTcl and PpTc2.
Consensus was created from CLUSTAL alignment of full-length copies.
Average Divergence: PpTcl - 2.18 + 0.08%; PpTc2 - 2.17 £ 0.20%.

The age of a TE can be estimated by the rate of accumulation of mutations
relative to other members of the family, acting as a molecular clock that
measures divergence from the founding copy in the genome. The founding
copy can be approximated as the consensus sequence of the family, and the
subsequent duplicated copies may be similarly divergent when they were
produced at a similar age. Using this theory, the age of the moss TLEs can
be estimated and the life cycle of the elements can be observed by the
clustering of similarly divergent copies. The sequence divergence score was
calculated for each copy and placed into groups of similar values to simulate
an age group. The number of copies within each group was counted and
plotted against the range of divergence values (Figure 6). This graph would

theoretically denote the life history of the PpTcs within the moss genome
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based on the number of members in each age group. The PpTcl family has
an average divergence value of 2.18 = 0.08% with a significant peak at 1.5%
divergence, suggesting that a recent burst of amplification events of this
family occurred about 1.5 Mys ago according to a rate of 1% sequence
divergence per million years [82]. The PpTc2 family has an average
sequence divergence value of 2.17 £ 0.20% with the most recent peak at
about 1%, suggesting that PpTc2, similar to PpTcl, recently amplified about
one My ago. The amplification events in both elements have decreased since
then, reduced to a mild population at present, as indicated by the lack of

identical copies.

Although PpTcl and PpTc2 bear identical extreme terminal sequences 5°-
CAGT...ACTG-3’, their internal sequences do not share significant
similarities and even the coding sequences in the full-length ORFs of the
two elements share low nucleic sequence similarities. When the putative
peptide sequences of the two transposases were aligned, they only share
26% (89/338) sequence identity with 47% positive (161/338) (Figure 5).
These observations suggest that either the two elements shared a very distant
common ancestor or they individually invaded the moss genome. However,
the very similar intra-family sequence divergence levels of the two families
suggest that they invaded and amplified in the moss genome at a similar

evolutionary age.
11-3.3 Expression of PpTcl in moss

The high intra-family sequence similarity in PpTcl and PpTc2 and the

presence of multiple copies of elements that contain intact transposase
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coding sequences indicate that these moss TLEs are potentially active. The
expression of transposase is required for transposition activity; therefore, it
Is important to determine whether PpTcl and PpTc2 are actively expressed.
Extensively sequenced transcriptome of P.patens is available. Expressed
sequence tags (ESTs) obtained from protonemal tissue were assembled into
transcript database Pp0409, which contains 47,557 entries and cover 98% of

the genomic sequences (Www.COSMO0sS.org).
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Figure 7 Members with full length ORFs. Summary of assembled transcripts
that encode for a full-length (>300aa) intact transposase bearing the DD34E
motif. Gene model of PpTc-1 constructed based on representative copy from
Fig. 1. TSD is “TA”; Red pentagons: TIRs; Blue bars: ORFs; Purple:
predicted promoter. All representations are scaled with labeled ORF start and
end positions.

For PpTcl, there were 68 assembled transcripts from the Pp0409 database,
each containing the DNA sequence of the ORF (Appendix Table Al). To
compare with a native gene of moss plants, expression of PpTcl is higher
than that of PpActl (Moss actin gene), which had 17 transcripts. Each of
these transcripts was inspected and found to correspond to different copies
of PpTcl element. Nine of the PpTcl transcripts can be conceptually

translated into a full-length intact transposase (Figure 7, Appendix Table



A2). Each of these transcripts bearing intact ORFs is derived from a specific
copy of the nine genomic copies of PpTcl bearing intact transposase coding
sequences, suggesting that these elements are actively transcribed to yield
mature MRNA. There were no transcripts that match the ORF sequences of
PpTc2.

Due to the abundant numbers of genomic copies for PpTc elements, the host
may degrade TE mRNAs into siRNAs by Dicer proteins and inhibit TE
activity through small-RNA silencing (See section 11-1.1). Searches for
PpTc related small-RNA were conducted against the moss databases and
there were no returned hits. This suggests that the PpTcl mRNAs are not
targets of small-RNA silencing and they may be translated into functional
transposase proteins, which in theory are capable of carrying out active
transposition of all PpTcl copies. However, the lack of identical copies in
the genome databases indicates that there are no current activities.
Therefore, moss elements must be under other means of repressive pressure
from the host, such as silencing by over-production of transposase [83]. On
the other hand, PpTc2 elements have no mature transcripts in the genome
databases and they may be inhibited pre-transcriptionally, for example, by

DNA-methylation silencing.

11-3.4 Tcl-like elements in higher plant genomes

Moss is a lower plant form. The presence of TLES in moss may suggest that
a lineage of TLE has branched into the plant kingdom. To determine
whether TLEs have proliferated throughout plant genomes, the predicted

transposase sequences of PpTcl and PpTc2 were used as query sequences to
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search against plant genomic sequence databases. Segments of Tc1-like
transposase coding sequences were identified in 10 plant genomes. In each
genome, a conserved region including at least the second (aspartic acid) and
the third (glutamic acid) residue of the DD34E catalytic motif could be
retrieved.

In the rice (Oryza sativa) genome, a single copy of full-length (1557bp)
TLE (OsTcl) with TIRs of 29 bp encodes an intact ORF of 375 aa. The ends
of OsTcl are mutated into 5’-CACA... TGTG-3’ (Figure 8). Complete
DD34E motifs are also present in the TLEs from wheat (Triticum urartu),
birch (Betula nana), pear (Pyrus x bretschneideri) and black cottonwood
(Populus trichocarpa). Although only one end of these elements can be
retrieved because the genome sequence contigs end at the other end of the
DD34E motif. Most of the terminal sequences carry the extreme terminal
sequences (5’-CAGT...ACTG’-3) flanked by dinucleotides TA like Tcl

Tcl NI YEXC TG GC CINALYYNGEYJA TCCACT T
PpTcl O NP Vel llela CAAA CINALWNC CGAGTENCAAAA
PpTc?2 i I NP Yeh JelGC GG TA CLNGLYYNTINAT TCGAATT
OsTcl i NFINCACATCAAALNGTGTCTAGGGATCAAC
HvTcl* IS Y YT TGATTT TTGGE\GATAAGCACAACG
HvTc4 iSNTGlelcATAAGC GG TINTINAERIT GENTT TAAA
PxbTc1l iWNFNCliccccaccfNacciNalLRc GINcTCcAaAG
PxbTc2* S NF WA dAA TAAAAINTT TENALQHT A ATGTTE
PtTcl* i - NeP Wek HelG AG GA ALNTINNT TERT TGACCCC
TuTcl S Y)Yl el TG GC CLNALSWNTTIHAAGAACGAC
Br-TLM TACAGTGAAACCTCTATAAATTAETAATGE
St-TLM NP Y FJCATACCTC TC TENTENACALYTCAT T

Figure 8 Sequences of complete TIRs of plant TLEs compare to Tcl
Asterisks indicate elements that only have one sequence end (CAGT)
available in the genome contig, and 28bp from these sequence termini are
shown here. Degrees of background shading indicate level of conservation
among these elements, black = highly conserved, gray = somewhat
conserved. Elements and host genomes are summarized in Appendix Table
A3 and A4.
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Figure 9 Plant D34E motifs alignment. Alignment shows D34E region from
all plant Tc1-like peptide segments, with some non-plant TLEs and plant
MLEs of various DDD motifs. Sequences are shaded to highlight the
conserved blocks near the catalytic residues. Degrees of background shading
indicate level of conservation among these elements, black = highly
conserved, gray = somewhat conserved. Elements and host genomes are
summarized in Appendix Table A4.

(Figure 8). Shorter ORFs (72 aa to 184 aa) that contain at least the second
(D) and the third (E) residues of the triad motif can be found in the genomes
of barley (Hordeum valgare), Chinese cabbage (Brassica rapa), hemp

(Cannabis sativa), and lettuce (Lactuta sativa), as well as birch and pear.

To illustrate the transposase sequence similarities between plant TLEs and
previously reported TLEs in animals and fungi, the regions containing the
second (D) and the third (E) residue of the DD34E motifs on plant TLES
were aligned together with representative animal TLEs and plant MLEs

(Figure 9). The residues surrounding the catalytic triad motif showed strong
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sequence conservation. The third residues of the triad catalytic motif and

residues surrounding them are distinct between TLEs and MLEs.

To understand the evolutionary relationship between the plant TLES, an
unrooted phylogenetic tree was constructed for plant TLEs and some non-
plant TLEs from a wide range of species (Figure 10). The non-plant TLEs
include well-characterized elements such as Tcl, Tc3 and Impala. Soymarl
and Osmar are plant MLEs and they were included as an outgroup.
Furthermore, non-characterized elements that showed significant sequence
homology with the plant TLESs were also included. The transposases of plant
TLEs are well diverged, even elements from the same genome may belong
to different clades, e.g. PpTcl and PpTc2 are grouped into distant clades.
Grouping of plant and non-plant TLEs further support that plant TLESs are
from different lineages of TLEs. Generally, TLEs from both plant and non-

plant genomes show two major clades each related to Tcl and Tc3.
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Figure 10 Phylogenetic relationship between plant Tc1-like elements. The
tree includes other representatives of non-plant TLEs and plant MLEs (green
boxes). The tree was constructed based on the alignment of the entire DDE/D
motif peptide sequences. The tree was generated with Neighbour-Joining
algorithm with bootstrap values (1000 reps) indicated on each node.
Elements and host genomes are summarized in Appendix Table A4.
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11-3.5 Cross-kingdom horizontal transfer of plant TLEs

On the phylogenetic tree constructed from plant TLE transposases, some
elements in different species such as OsTcl from rice and PxbTcl from pear
were highly similar, unexpected from vertical transmission from a common
ancestor considering the divergence of the two species. There was high
incongruence of the phylogenetic relationship between the elements and the
host species. It suggests that these elements may have not been derived from
a common ancestor and vertically inherited by the hosts, instead horizontal
transfer events may be the underlying mechanism. To investigate whether
any of these elements may have been involved in horizontal transfer, the
plant TLES were used as query sequences to search against all of the
currently available genomic sequence databases, in an attempt to find highly

similar sequences in other genomes.

Five of the plant TLEs have significant matches in the databases of other
genomes with overall DNA sequence similarity >90% (Figure 11). For the
rice TLE OsTcl element, a nearly identical copy (99% sequency identity)
exists in the genome of the corn earworm Helicoverpa zea. In fact, the insect
element was previously characterized as HzTcl [84]. Both elements bear
complete TIRs at both ends and are flanked by the dinucleotides TA. Both
elements encode an intact open reading frame (375 aa). There are only 16
mismatches between the two elements, although there is no significant
sequence similarity in the flanking sequences. The flanking sequences of
OsTcl are of apparent rice origin and share similarity to the rice sequence
contigs AAAA02048058, AAAA02044200, AAAA02043435, and

29



AAAA02049671. The flanking sequence of HzTcl contains a P450 gene

that is of apparent insect origin.

For the Brassica TLE BrTcl, highly similar sequences were found in the

genomes of pear (Pyrus x bretschneideri) and cabbage moth (Plutella
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Figure 11 Horizontal transfers of plant TLEs. Thin blue lines: flanking sequences in the
contig of each accession with no significant sequence similarity; Red: P450, an insect gene;
Yellow: reverse transcriptase; Red circle on aphid abdomen: endosymbiont, Candidatus
Regiella insecticola.
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xylostella) [85, 86]. While these three elements are identical in DNA
sequence, there is no detectable sequence homology in the flanking regions.
The flanking sequences of PxTcl carry a reverse transcriptase gene that
shares ~70% sequence identity with another reverse transcriptase gene in the
Brassica genome. The element in cabbage moth has 1125 full-length nearly-
identical copies in the genome database. Two different TLESs in the barley
(Hordeum vulgare) genome have segments of highly similar matches (>97%
sequence identity) in other genomes [87], both involve the lettuce (Lactuca
sativa) and an endosymbiont bacterium (Candidatus Regiella insecticola) in
pea aphid species (Acyrthosiphon pisum) [88, 89]. The presence of these
highly similar sequences of TLEs in different genome databases suggest that
the patchy distribution of TLEs in plant genomes may have resulted from

horizontal transfers from other organisms.

11-3.6 Tcl-like MITESs in plant genomes

Miniature inverted-repeat transposable elements (MITES) are the most
reduced form of non-autonomous elements with no internal sequences of
their full-length relatives. They usually achieve much higher copy numbers
than their autonomous counterparts, by using the transposases coded by the
autonomous elements. To determine whether TLE-related MITESs exist in
plant genomes, currently available plant genome databases were screened
for hypothetical Tcl-related MITEs with MITE Digger. Two such MITE
families were identified, one in Chinese cabbage (Brassica rapa) and the
other in potato (Solanum tuberosum). Both MITEs bear the conserved
terminal nucleotides of 5’-CAGT...ACTG-3’ flanked by TA (Figure 8). The
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MITE in potato, designated as St-TLM, has 9 copies. ST-TLM is 150bp in
length with TIRs of 21bp.The overall sequence similarities of St-TLM
copies is 70.0%, indicating high sequence divergence between members.
The MITE in B. rapa, here designated as Br-TLM, is 198 bp long and it has
147 copies bearing TIRs of 24bp. The overall sequence similarity of Br-
TLM copies is 85.6%. The average divergence of each member to the Br-
TLM consensus sequence is 7.479 + 0.3197%. The lower copy number and
sequence similarities of the potato MITE suggests that this is an older family
and has probably lost some of its members from the genome. Generally, the
relatively high sequence divergence of the two MITE families suggest that
they have been inactive in transposition, probably due to loss of the TLES

that had provided them transposases from the genome.
11-4 Discussion
11-4.1 Moss TLE elements and activity

The identification of TLEs in plant genomes expands our knowledge on the
distribution and diversity of Tc1l/mariner elements. Elements belonging to
the Mariner-subgroup have been found previously to be widespread in plant
genomes [43]. TLEs, however, have not been reported in plants. In fact,
PpTcl and PpTc2 are the first Tcl/mariner elements described in moss.
They not only expand the range of distribution of TLEs into plants, but also
provide information for the development of TE-based tools for gene

discovery in moss in the future.
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As shown by the sequence data collected from each family, PpTc elements
have undergone a recent wave of proliferation with many highly similar
copies (Figure 6). The lack of identical copies in the moss genome also
suggests that their transposition activities are currently debilitated. Although
most copies of PpTc elements have lost the capability of encoding a
functional transposase due to mutations that interrupt the transposase coding
sequences, both families have several members bearing full-length intact
transposase-coding genes. PpTcl elements are actively expressed in moss
with many detected transcripts but no small-RNAs that target its coding
sequence. These results indicate that PpTcl activity is inhibited post-
transcriptionally, although there may still be functional transposases that can
assist in some undetected activity. The absence of transcripts from PpTc2
may indicate a high level of pre-transcription repression. Availability of
intact transposase coding sequence also allows the PpTc elements to carry
out transposition activities when the inhibitory mechanism is relieved, e.g.
during stress. Alternatively, the activities of these elements may be
restricted to certain tissues or specific temporal stages during the life cycle
of the plant. It is important to recall that the transcript data were collected
from protonemal tissue. Further investigation on the repression of the
transposition activities of both families will facilitate our understanding of
the interaction between TEs and their host genomes, which will be the focus

in Chapter I11.
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11-4.2 Horizontal transposon transfer of plant TLEs

HTT is an important aspect of TE propagation, since it opens new channels
for TEs to bypass evolutionary barriers to invade other species that may be
vacant of similar TEs. HTT events often associate with patchy distribution,
incongruence between host and TEs evolutionary relationships and
unexpected sequences in divergent organisms [56, 90]. The phylogenetic
relationship between the plant TLEs was a puzzling result at first sight and it
corresponded with these criteria. Close inspection and searches of non-plant
sequences revealed highly probable episodes of HTT that crossed kingdoms
of life. These discoveries raised interesting propositions for the role of HTT
in transmittance of DNA transposons into the kingdom Plantae and perhaps

genomes of other forms of life.

HTT is rare, although also most likely under-reported. The vast amount of
genome data hosts many uncharacterized TEs and some of the most
extensively studied genomes for HTT, such as the fruit flies, dominate the
breadth of our knowledge on the matter of HTT. From previously reported
cases of HTT, DNA transposons are primarily responsible for cross-phyla
HTT and beyond. In fact, all known cases of long-distance horizontal
transfer events are DNA transposons. This observation is validated by the
ease of introducing DNA transposons to new genomes in experimental

scenarios and their prowess as gene-delivery tools.

The exact mechanism of HTT is still unknown. The most probable route of
transmission is through a vector that is likely to exchange DNA material

with the host. The HTT between pea aphid endosymbiotic bacteria and
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cabbage and wheat may be a candidate for this hypothesis. The bacterium,
Candidatus Regiella insecticola, lives in the hemocoel of aphids. This
species of bacterium is exposed to both aphid cells and aphid ingested plant
matter, which provides an opportunity for HTT between the bacteria and
multiple plant sources. It should also be noted that Candidatus Regiella
insecticola in pea aphids is believed to provide a beneficial trait for
protection against parasitoids, and a previous demonstration of HTT has

been made between a parasitoid and insects through a viral vector [89].

Free-DNA in body fluids may also facilitate HTT events through feeding,
which is likely the passage responsible for the HTT involving aphid
endosymbiont. All of the proposed HTTs in this study include a herbivore
with plants that are often direct food sources. Insects that feed on multiple
food sources may transmit their TEs into different plants. The reported
horizontal transfer of a Mutator-like element between rice and millet may be
mediated by an insect that feed on both species [91]. Similarly, the transfers
of TLEs found in lettuce and barley may have been mediated by the pea
aphid via its symbiont Candidatus Regiella insecticola, and similarly
between pear and cabbage via moth. It should be noted that diamond back

moth is not known to feed on pear trees.

Not all the TLEs described in this study are candidates for HTT. It is likely
that vertically inherited TLEs are widespread in plant genomes as well,
given the breadth of the plant species that host TLESs. The dual-route
transmission of TEs, however, highlights the importance for our
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understanding of HTT, which may skew our knowledge of evolutionary

history of TEs of all categories.

11-4.3 Life cycle of TEand HTT

HTT creates a route for TEs to quickly bypass evolutionary processes and
spread into other genomes. The new hosts lack inhibitory mechanisms that
target these newcomers and these TEs may initiate unhindered proliferation.
The increased mutational load from TE amplification may be detrimental to
the host if it is left unchecked. If the TEs were continued to multiply,
inhibitory mechanisms (See I11-1.1) then may target these new TEs in the
genome and result in decreased activity. Inactivity and accumulated
mutation cause loss of intact coding sequences and the TEs become
evolutionary relics that are commonly found today. This life cycle of TE
underscores the source of accumulation of the inactive TEs, i.e. “junk”

DNAs in genomes.

However, HTTs allow TEs to escape unfavourable genomic environments,
where epigenetic silencing causes loss of transposition activity. Once a TE
invades a new genome where it is unrecognized by the inhibitory
mechanisms, the founding copy initiates a new life cycle, and the
persistence in this new lineage would rely on adaptive traits that all TEs to
evade inhibitory mechanisms and survive with basal levels of activities. A

proposed mechanism for evasion will be discussed next in Chapter I1I.
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Chapter I11: Autoregulation of Osmar transposition
I11-1 Background

I11-1.1 Host-TE relationship

Although the presence of TEs in genomes can be best described as parasitic
In nature, there is, however, a benefit for an organism to harbour TEs in its
genome. Mobilization of genomic sequences assists with host species
genetic diversity and long-term fitness [2, 25]. In a shorter time-frame, it
was also observed that TEs are often activated during stress events [92-94],
which constituted McClintock’s original theory that TE activity may
contribute to genetic diversity and fitness through accelerated molecular
evolution [95]. Ty5 integrase, for example, can be modified through
phosphorylation to lose its specificity for heterochromatin during stress in S.
cerevisiae resulting in non-specific integration [94]. TEs are also a source
for new genetic sequences that can be incorporated into the host genome. TE
regulatory elements may be “domesticated” by the host and perform
functions for host genes [68, 96]; sometimes even the TE element
themselves can be domesticated [68-71, 97]. These behaviours additionally

add to the potency of TEs as a source of additional host genetic diversity.

While there are some characterized examples of beneficial aspects of TEs,
TEs are mutagenic in nature and may impose detrimental effects to the host.
In theory, a successful TE must achieve maximal number of copies in a
genome without killing the host by introducing exceedingly high volume of

mutations; in turn, the host must ensure that TEs remain only basally active
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and non-threatening, and therefore, a delicate balance is established in
genomes allowing both TEs and the host to survive through evolutionary
ages symbiotically [25, 98-100].

Many TEs have evolved to target specific regions in the host genome, where
their activities would cause minimal damage to the host [25]. For example,
L1 elements with mutated endonucleases (endonucleases are required for
endogenous integration) have been observed to target telomere regions
[101]. Some Penelope-like elements also lack an active endonuclease and
integrate specifically into telomeres [102]. In addition, Ty5 in S. cerevisiae
targets gene-poor heterochromatin. The Ty5 integrase has a targeting
domain in the C-terminus that binds to a structure in the heterochromatin
[103, 104]. This specificity, interestingly, is thought to be a mimic of Esclp,
a native protein that possesses the same targeting sequence [105]. Similarly,
L1 and Penelope elements integrate into telomeres with a mechanism
similar to that of telomerase. These observations additionally highlight the

close relationship between TEs and host.

Some TEs target genic regions of the host, but adopt mechanisms to avoid
causing damage to host genomes. For example, Tn7 in E. coli encodes a
DNA-binding protein that has high specificity and ensures insertion into a
safe site for the host [106]. Similarly, P element in D. melanogaster targets
500 bp upstream of transcription start site (TSS) of genes to avoid direct
Insertion into important open reading frames [107]. Tyl and Ty3in S.

cerevisiae target upstream of genes that are transcribed by RNA polymerase
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I11 [108, 109]. These mechanisms allow TEs to transpose near genes without

interrupting transcription of host genes.

Despite the properties of some TEs to avoid harm to the host organism,
other unregulated transposition events may cause deleterious effect in the
host genome if they are left unchecked, and eukaryotes have evolved
mechanisms that limit or inhibit TE activities [26, 110-112]. These defense
mechanisms inactivate TEs and result in a majority of observed TEs to be
dormant copies. Some of the most significant epigenetic mechanisms
adopted by eukaryotes are DNA methylation [113-116], RNA-mediated
silencing [117-119], and histone modifications [120].

DNA methylation is an addition of 5-methyl group to a cytosine, which
represses transcription of TEs. The majority of DNA methylation events are
attributed to repression of retrotransposons, and inability of Arabidopsis
thaliana to carry out cytosine methylation result in rapid retrotransposon
proliferation [121]. Another defense mechanism is the small-RNA
inhibition, which includes two mechanisms to carry out post-transcriptional
degradation [25, 122]. Small interfering RNAs (siRNAs) are generated from
double stranded RNAs (dsRNAs) that are derived from TE sequences.
SiRNAs are short (20~24 bp) sequences processed by Dicer proteins, and
they target TE mRNA strands that are complimentary to the siRNAs. The
RNA-induced silencing complex (RISC) formed by the siRNA and an
Argonaute protein recognizes mRNAs of target TEs and cause their
degradation. Another small-RNA inhibition mechanism, called PIWI-
interacting RNAs (piRNAs), uses the PIWI proteins and piRNAs generated
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from TE RNA sequences to repetitively cleave TE mRNA [123]. Small-
RNA inhibition may control both DNA transposons and retrotransposons, as
demonstrated with Tcl elements in C. elegans [124], P elements in D.

melanogaster [125], and L1 elements [126].

Thus, TEs and their hosts have developed an intricate relationship. The
detrimental mutational effects of TEs cause the host to adopt defense
mechanisms that effectively inhibit TE activities. TEs appear to have
evolved to minimize damage to the host and to target specific “safe” sites.
Interestingly, internal sequences of TEs may play a role in the TE-host
dynamic. In this study, a rice Mariner-like element was analyzed for self-

regulation to limit its own activity and evade inhibitory mechanisms.

111-1.2 Mariner-like elements

The other major sub-group of the Tcl/mariner superfamily of DNA
transposons is the Mariner-like elements (MLEs). MLEs carry DDD
catalytic domains, with the same target site of dinucleotide “TA” as its sister
group, the TLEs [39]. Originally only well-characterized in insects and
fungi, MLEs were subsequently found to be widespread in both animal and

plant genomes [43].

Osmars are a group of MLEs found in rice genome Oryza sativa. There
were 34 identified Osmars and about 22000 Stowaway MITEs that associate
with them [127]. It was demonstrated that 6 of the Osmars encode
transposases that carry variable functionality in a yeast excision system, and

Osmar5 and Osmar14 transposases can achieve significantly high excision
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activity [34, 74]. In particular, Osmar14 transposase can excise a MITE,
Ost35, with significantly high efficiency. Although DNA transposons are
widespread and abundant, few have been demonstrated to be actively

transposing.

The crystal structures of some transposases have provided insight of details
of the transposition reaction that facilitates mobility of DNA transposons.
An animal Mariner-like element Mos1 from Drosophila mauritiana was the
homologous model transposase for Osmar transposases
(http://www.sbg.bio.ic.ac.uk/phyre2/). The Mos1 transposase protein
contains a bipartite helix-turn-helix DNA-binding domain and an aspartic
acid triad for its catalytic center [29, 128], with a general tertiary structure
similar to the computationally constructed Osmar transposase structure. To
accomplish excision, two Mos1 transposases bind to TIRs of the DNA
elements as two monomers or a dimer and form a paired-end complex
between two TIRs to catalyze strand cleavage [29, 128]. Similarly, Osmars
have two binding sites in each terminus to allow transposase recognition and
attachment [127]. Interestingly, a duplicate of the 3° terminal binding site
can be found upstream in the 3’ sub-terminal region in many Osmars. It was
shown previously in Osmar5 that this subterminal duplicated site also binds
to transposase, thereby providing a third binding site for transposases [127].
Mutations within the 3'subterminal binding site resulted in reduced binding
ability by the transposase to this motif in Osmar5, similar to the terminal
binding sites [127]. This indicates a crucial binding function for the Osmar5
3’ subterminal motif. However, the Osmar14 3’subterminal motif was found

to have a repressive effect on transposition [34]. Mutations near the
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Osmarl14 subterminal motif have variable degrees of alleviation effect and
result in increased transposition. Additionally, Ost35 lacks the subterminal
motif of Osmar14, but shares similar terminal sequences. It is able to
amplify dramatically by Osmar14 transposase. These findings suggest that
Osmarl4 transposase is highly functional, but the subterminal repressive

motif within the Osmar14 DNA elements prevents its proliferation.

This study attempts to elucidate the molecular mechanism of autoregulation
by the Osmar subterminal motif. Transposition assays and DNA-protein
mobility shift assays were performed with mutational constructs of Osmar14

and Osmarb.

111-2 Methods
111-2.1 Cloning

Osmar14NAS and Osmar5NAS were non-autonomous shortened versions
of Osmar14 and Osmar5 elements. Different Osmar5NAS and
Osmar14NAS constructs with mutations in the subterminal region were
designed and cloned into plasmid vectors for downstream experiments.
Subterminal regions of Osmar14NAS and Osmar5NAS were mutated into
constructs in Table 1. Synthesized mutagenic primers from Integrated DNA
Technologies, Inc. were used for polymerase chain reaction (PCR) based
mutagenesis. Generated mutant constructs were digested with Hpal and

ligated into Hpal restriction site within the ade2 reporter gene of plasmid
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Table 1

Construct

Mutation description

OSM5-N20

Sub-terminal box1 mutated into Swal digestion site

OSM5-5'subTIR

3'sub-terminal TIR introduced to 5'

OSM5-N20-5'subTIR

Sub-terminal box1 mutated into Swal digestion site,
3'sub-terminal TIR introduced to 5'

OSM14-5'subTIR

3'sub-terminal TIR introduced to 5'

OSM14-N20

Sub-terminal box1 mutated into Swal digestion site

OSM14-N20-5'subTIR

Sub-terminal box1 mutated into Swal digestion site,
3'sub-terminal TIR introduced to 5'

OSM5-3'subboxes-shift+5

Sub-terminal boxes shifted 5 bp towards 5'

OSM5-3'subboxes-shift-5

Sub-terminal boxes shifted 5 bp towards 3'

OSM14-3'subboxes-shift+10

Sub-terminal boxes shifted 10 bp towards 5'

OSM14-3'subboxes-shift-10

Sub-terminal boxes shifted 10 bp towards 3'

OSM14-3'subboxes-shift+5

Sub-terminal boxes shifted 5 bp towards 5'

OSM14-3'subboxes-shift-5

Sub-terminal boxes shifted 5 bp towards 3'

OSM14-3'subboxes-reverse*

The two sub-terminal boxes reversed in position and
direction

OSM14-3’subT-Tlinker*

Deletion of 1 Thymine in the 3’subT linker

PWLB89A, resulting in pOsm14- and pOsmb5- series of mutant plasmids. The

pOsm14- and pOsm5- plasmids were used to transform E. coli and

transformants were selected on Luria Broth plates containing antibiotic

carbenicillin (1% Tryptone, 0.5% yeast extract, 1% sodium chloride,

100ug/ml carbenicillin, 1.5% agar). Plasmid DNA was extracted from

selected colonies and correct plasmid sequences were confirmed via
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restriction digest and Sanger sequencing. Sequencing was performed at the

TCAG sequencing facility.

I11-2.2 Yeast Excision Assay

To test the effect of the mutations on transposition activity, a yeast-based
excision assay system was used to test excision efficiency of transposase
with different constructs (Figure 12). In addition to the antibiotic resistance

gene and the Osmar sequences, pOsm14- and pOsm5- also carry the ura3

A Osmar14NAS B
Osmil4 ﬁ
Transposase ~ '

Pgall ade2

his3 ura3
-His
-Ura
+gal

N

Figure 12 Yeast excision assay A) An example of yeast excision assay
summary using Osmarl14 transposase-element combination. Blue circles:
plasmids with embedded transposase coding sequence, grey; and ade2,
yellow; Selection genes: his3 and ura3; Black circles represent growth plates
with key selection and induction nutrient. When the Osmar14NAS is excised
out, ade2 gene is restored and the cells can be selected on adenine drop-out
plates B) Examples of growth plates: yellow/left plates, YPD media;
white/right plates, -Ade media (see Methods)
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gene. Plasmids pOsm14tp and pOsmb5tp bear the his3 gene, Osmar
transposase genes and gall promoter upstream of the transposase coding
sequence. When a successful excision event occurs in a cell, the ade2 gene
Is restored and allows the growth of a colony on the adenine-dropout plates.
As a negative control, plasmid PRS413 carrying his3 but lacking Pgall and
transposase coding sequences was used in place of pOsm14tp and pOsmb5tp

plasmids.

Cell cultures of haploid yeast strain DG2523 were prepared with 100mM
lithium acetate to become competent. Competent yeast cells were double
transformed with a pOsm14- or pOsm5- plasmid and a corresponding
transposase plasmid via lithium acetate/heat shock method. The
transformation reaction uses 50uL. competent cells, 5.8uL of 5mg/mL
denatured salmon sperm DNA, 400uL of PEG buffer buffer (100mM LiAc,
1x TE buffer pH 8.0, 40% PEG3350) and heat shocked at 42C for 45
minutes. Transformed cells were grown on agar plates with 1.7% yeast
nitrogen base, 5% ammonium sulfate, 2% galactose, 1% raffinose, complete
supplement mixture lacking histidine and uracil (CSM-HU), and 1.5% agar.
Plates were incubated for 3 days at 30°C until colonies appeared, and then
were placed in room temperature for three weeks for TE excisions to occur.
Colonies were picked after three weeks and each colony was resuspended in
water and grown on agar plates with 1.7% yeast nitrogen base, 5%
ammonium sulfate, 2% glucose, complete supplement mixture lacking
adenine (CMS-ADE), and 1.5% agar. Each selected colony was also diluted
by a factor of 10° and plated onto agar plates containing YPD (2%
bacteriological peptone, 1% yeast extract, 2% D-glucose, 1.5% agar).

45



Excision frequency were calculated from number of ade2-revertant colonies
on the adenine dropout plates relative to the number of colonies on the YPD
plates. Several batches of yeast excision assays have been performed with
significant variation in raw excision frequency values which are attributable
to growth conditions. Nonetheless, the results showed reliably reproducible
qualitative trend which is reported in detail here with a single patch of

excision assay.

111-2.3 Electrophoretic mobility shift assay (EMSA)

The Osmar14 transposase coding sequence was cloned into plasmid pMal-
c2x (New England Biolab) between BamHI and HindllI restriction sites.
The Osm14 transposase was fused with a maltose-binding protein tag. The
plasmid was used to transform E. coli cells BL21*DES3, and transformants
were selected on LB-Agar-carbenicillin plates. Transformed cells were
grown overnight in 50mL of 2XYT growth media (1.6% Tryptone, 1% yeast
extract, 0.5% NacCl) at 37°C with 100mg/L carbenicillin. The overnight
culture was used to inoculate 1L 2XYT media with 0.5% glucose. The 1L
culture was grown for 2 hours at 37°C and then induced with 0.5mM IPTG.
Induced culture was further grown at 30°C for 4 hours. Cells were harvested
and lysed with a Constant Systems Cell Disrupter (Constant Systems Ltd)
at 30 psi in 20mL of phosphate buffered saline (PBS: 0.8% NacCl, 0.02%
KCI, 10mM Na2HPO4, and 1.8mM KH2PO4) with 1X yeast protease
inhibitor cocktail. The fusion protein Osm14Tp-MBP was bound with
amylose beads resin (New England Biolab) by shaking at 4°C for 4 hours.
The resins were washed with cold 1x PBS. Purified protein was eluted with
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Osmarl4NAS < —— —

TGCACGAATCGCTTTTTTTTTGGGACAAAGTCTCCCCCCCCCCCCAGAAATCGCTTCTTTCTGGGACGGAGGGAG

Box 2 Box 1 Box 2 Box 1
Subterminal Binding motif Terminal Binding motif
for
5 JTGCACGAATCGCTTTTTTTT AAAGTCTCCCCCCCCCCCCAGA CTTTC GGAGGGAG-3'
) rev

5’/ /TGCACGAATCGCTTTTTTTTTTTAAAAAAGTCTCCCCCCCCCCCCAGA CTTTC GGAGGGAG-3’

5/ TGCACGATTTAAATTTTTTT AAAGTCTCCCCCCCCCCCCAGA CTTTC GGAGGGAG-3’
-subbox1 5/ JTGCACGATTTAAATTTTTTTTTTAAAAAAGTCTCCCCCCCCCCCCAGA CTTTC GGAGGGAG-3’

-subbox2

Figure 13 Oligo designs for EMSA experiments. The subterminal repeat boxes
were mutated by substituting the transposase binding core into A and T nucleotides.
Forward oligos were annealed with complementary reverse oligos. On the 5’ end of
forward oligos is a 6FAM fluorescent tag used for visualization. Red, mutated
sequences; blue, wild type repeat boxes.

200uL of 1M amylose. The protein was quantified with Bradford method
(Biorad).

Double-stranded DNA fragments were produced by annealing synthesized
DNA oligos in TE buffer, and each “Forward” oligo carries a 5’-6FAM
fluorescence tag (IDT) (Figure 13, Appendix Table A5). In each reaction,
1.5ug of Osm14Tp-MBP, or MBP control, was incubated with 100ng of
annealed DNA fragments in buffer containing 15nM Tris (pH 7.5), 1mM
DTT, 0.3mg/ml BSA, 33ug/ml salmon-sperm DNA, 10% glycerol, 0.1%
NP-40, and 0.1mM EDTA at room temperature overnight. The incubation
samples were separated on a 6% polyacrylamide gel with chilled 0.5 x TBE
running buffer (45mM Tris-borate, ImM EDTA). Gels were visualized
under LT-9900 Illumatool Bright Light System (Lighttools Research), with
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excitation source set at 488+/-10nm and gels viewed through a 530nm YFP
filter. 6FAM absorbs at 495nm and emits at 520nm.

I11-3 Results
111-3.1 Mutations in the 3° subterminal binding motif

Osmar14NAS has been previously shown to carry a 3’subterminal motif that
has significant repressive effects on the transposition efficiency of the entire
elements [34]. Molecular mechanisms that underlie this effect were not well
understood. However, it was clear that the repressive effect was well
pronounced, and mutations of the motif could result in elevated

transposition efficiency.

The 3” subterminal motif has two repeat boxes (Figure 13). These are direct
repeats of the 3’ terminal sequences. Osmarl4NAS and Osmar5NAS were
both mutated at a site previously designated N20 (Mutation N20), which
mutates the subterminal motif repeat box 1. Relative to the wild type
Osmar14NAS (Relative transposition efficiency to control, RTE =1+0.63),
Osmar14NAS-N20 showed a significant increase in excision frequency
(RTE=2.94£0.95) (Figure 14). Osmar5NAS-N20, on the other hand, showed
decreased excision frequency (RTE=0.62+0.26) (Figure 15). These results
suggest that the repressive effect of the subterminal motifs is only found in
Osmarl4. Mutations in the same motif in Osmar5 actually have the opposite

effect.
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Figure 14 Comparison of excision frequency by Osmar14 transposase in
yeast between Osmar14NAS constructs. Left, illustration of the mutations
done to the subterminal region: blue box, wild type sequences; red boxes,
altered sequences. * indicate p <0.1 in a student’s t-test.
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Figure 15 Comparison of excision frequency by Osmar5 transposase in yeast
between Osmar5NAS constructs. Left, illustration of the mutations done to
the subterminal region: blue box, wild type sequences; red boxes, altered
sequences.

To test the robustness of the repressive effect of the 3’subterminal motifs
and whether its placement in 3’ is a significant property, the 3° subterminal

motifs were introduced into the mirrored locus on the 5° subterminal region
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(Mutation: Osmar14NAS-5’subTIR,RTE = 0.0039+£0.0039, p <0.1) (Figure
14). This mutation obliterated transposition activity in Osmar14NAS, which
supports the notion that the 3’ sub-terminal region of Omsar14 has a
repressive effect. When abolishment of the 3’subterminal motifs (mutation
N20) was combined with the 5’ sub-terminal addition of the motifs, the
transposition activity was restored to wild type level (Mutation N20-
5’subTIR, RTE=1.07£0.39). This suggests that the repressive effect of the
3’ subterminal motifs is additive when the motifs are present on both
corresponding subterminal loci, and either locus may have the same
repressive effect (Figure 14). Therefore, in Osmarl4, abolishing the 3’
subterminal motif increases activity, and addition of a 5’ mirrored

subterminal region renders the element immobile.

Contrary to what was seen in Osmar14, Osmar5NAS mutants of the same
nature showed decreased transposition efficiency regardless of addition or
abolishment of the sub-terminal repeats (mutation Osmar5-5’subTIR, RTE =
0.63+0.28) (Figure 15). Switching the 3’ subterminal motifs into the 5’
locus resulted in an increase in activity (Mutation: Osmar5-5’subTIR-N20,
RTE=1.73+0.39).

111-3.2 Transposase binding affinity of 3’ subterminal motifs

Transposase binding affinity in the subterminal motifs has been previously
demonstrated in Osmar5 [127]. Osmarl14 constructs in this study were
designed to specifically target the sequences of the subterminal repeat boxes

and the effect of these boxes on transposase binding to the elements. DNA
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oligos of the 75 nuclueotides on the 3’ terminus were used for transposase

binding. Oligos contain both terminal and subterminal binding sites.

EMSA gels revealed the presence of a single bound transposase at the
terminal motif and unbound DNA in all mutant constructs (Figure 16).
Osmar14NAS wild type showed a heavier upper band indicating double
transposase binding of both terminal and subterminal motifs simultaneously.
When box 1 was mutated and replaced with Swal restriction recognition
sequence (ATTTAAAT), transposase binding affinity was not reduced in

the subterminal motif. This mutation is very similar to the N20 mutation in

v,
N o, N
% Y Y,
o« 88 8
N A

2Tp + DNA

1Tp + DNA | L

. ! |
L-.'-“—‘.dh-.r—o

Unbound DNA i J
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Figure 16 Gel image of EMSA experiment. The EMSA used Osmar14
transposase (Osm14Tp) and annealed DNA oligos of 75 nucleotides from 3’
Osmar14NAS bearing different mutations. Maltose binding protein (MBP)
experiments with the same oligos showed no binding.
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the same box sequences, suggesting this locus is mainly responsible for

tuning transposition efficiency, but not the binding of transposases. Box 2

mutation on the other hand, resulted in disappearance of the upper band.

When both repeat boxes of the subterminal motif were destroyed, upper

band also disappeared. Box 1, therefore, is highly related to mediating

excision suppression, whereas Box 2 is crucial for transposase binding.

111-3.3 Effects of linker sequences between the 3° subterminal motifs

Osmarl
Osmar2
Osmar5
Osmar7
Osmar9
Osmarl0
Osmarll
Osmarl3
Osmarl4
Osmarl7
Osmar21
Osmar24

3
CGGCCGGTGTACTACGA_GCTACAG_AGGGAGL
AGTGCAGGAGCAGCAANNEEACATCT T TACTEEEAGATGGATAGATAGGTAG NN CCT T T ACIEEENINGAGGAAG
CCACCACTTCTCTCTCGAUGACATTTTTTCIGEEAEAATCCAGGGGCGGTGAA NG CIGGAGGGAG
CoACCAGTGTATACCA SR A CACTCCT TG » A ARG oo
TAGTACTCCACCTACCCARICECTTATATTTIGAGAGACGT TTTTAACCTC T I AT AT AT ANSEEEGGAGGGAG
CATGCACCAAGGAGTTGCEEEECIGTATIATGEAS TCCAGTTGAAAAGAAGT TA AT AT T AANEIC GGAGGGAG
CGCGGTTTTCTGTGEACEAMICEATTTTTITIGEEACAAAGCCCTCCC TN CATATTCIEEENNGGAGGGAG
TACATTTTGCAAGTACAAGEIICCTATATTIGEEAGAAATC TAAAAGGCTAAAA BT AT ATTCIEEENEGGAGGGAG
TTTTGTGCACGHAMICEEIITITITTIGEEAGAAAGTCTCCCCcccccccccaca BN eIl cGAGGGAG

AGGCTGCCAGGCTGCCAGEEICARGAATTATEEEAEAAATGGTTAGGAGCAGAA NG CET T TCIEEEEGGAGGGAG
CGCTGTTGGGGACTTGGGCATENNEETTTEISEEAEAACTTCTACAACGTAAAACGA I RRRGIEEccArGeRG

CTCTCTACAACAGTACHACGACATCTTTICIEEEAEAATCCGGGGGCGGTGAA NN T EEENGGAGGAAG

box2 box1 box2 box1
e T ——
3’ Subterminal motif 3’ Terminal motif

Figure 17 Nucleotide sequences of the 3 end of different Osmar elements.
Red letters, repeat boxes that are found in both 3’subterminal and terminal
motif. Blue/Green shading, the theoretical transposase binding cores.
Blue/Green bars, legend for motifs, and approximate motif location at
terminal and subterminal region.
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It was previously demonstrated that Osmar5 transposase is much more
efficient than Osmar14 in yeast excision assays to transpose their native
full-length elements [34]. Yet, Osmar14 transposase is capable of high
activities as shown by mutated non-autonomous Osmar14 variants and
related MITEs that can achieve high excision frequency. The difference in
transposase activity may lie within the 3 subterminal region of the Osmar
elements, which is shown here to have different effects in Osmar14 and

Osmar5 excision frequency in the yeast assays.

Many Osmars have a 3’ sub-terminal region that carries two boxes of direct
repeats of the terminal sequences (Figure 17), which have been
demonstrated to bind transposase in Osmar5 and Osmar14. The positions of
the repeats boxes, however, vary between Osmar species. The differences in
their positions can be attributed mainly to the linker lengths between the 3’
terminal and the sub-terminal motifs. This linker sequence length is 5 bp
longer in Osmar14 than Osmar5. To investigate the significance of this
difference between linker sizes, several mutant constructs were designed to
shift the position of the 3’ sub-terminal motif in OsmarSNAS and

Osmar14NAS relative to the terminal motif.

The OSM14-3'subboxes-5Shift construct shifts the Osmar14NAS sub-
terminal motif (binding core including both repeat boxes and the linker
sequence inbetween) 5 nucleotides downstream towards the 3’ end,
effectively shortening the distance between the terminal and the sub-
terminal motifs by 5 nucleotides. This shift makes the new linker length

between the Osmar14NAS terminal and subterminal binding motifs the
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Figure 18 Comparison of excision frequency by Osmar14 transposase in
yeast between Osmar14NAS shift constructs. The subterminal transposase
binding core (both boxes and linker sequence) is shifted. Left, illustration of
the shifts done to the subterminal region: blue box, wild type sequences; red
boxes, altered sequences; green boxes, TIRs. *indicate p <0.1 in a student t-
test.

same as the linker in Osmar5SNAS. The -5 in Osmar14NAS linker length
resulted in significant increase in transposition efficiency (RTE =
6.29+1.12) (Figure 18).

Another construct shifting Osmar5NAS sub-terminal binding motif core
upstream (Mutant: OsmarSNAS+5Shift) increases the distance between
Osmar5NAS 3’ terminal and sub-terminal motifs by 5 nucleotides. This
makes the new linker length in Osmar5NAS the same as the linker of
Osmar14NAS, and cause a decrease in transposition efficiency (RTE =
0.14+0.09) (Figure 19). The Osmar14 +5Shift (RTE = 3.89+1.20) mutation
relocates the subterminal motif into the relative position of Osmar5, and
increases the excision efficiency. Therefore, the relative position of the 3’
sub-terminal motif to the terminal motif, i.e. the linker length, is crucial to
its effect on transposition activity.
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Figure 19 Comparison of excision frequency by Osmar5 transposase in yeast
between Osmar5NAS and +5shift construct. The subterminal transposase
binding core (both boxes and linker sequence) is shifted Sbp towards 5°. Left,
illustration of the shift done to the subterminal region: blue box, wild type
sequences; red boxe, altered sequences; green boxes, TIRs. *indicate p <0.1
in a student t-test.

Osmar14+10Shift and Osmar14-10Shift showed slight increases in excision
efficiency that were much less pronounced than the +5/-5 shift mutations.
These findings are the first data to reveal a cyclical relationship between
linker length and excision efficiency. A subsequent experiment in the Yang
Lab (unpublished work performed by Dr. C. Lee) using Osmar14NAS shift
constructs with +1/-1 linker length increments further supported this cyclical
trend with peaks at +5 and -5 shifts, and troughs at the -10, 0 and +10 shifts.
The linker length between the terminal and subterminal motifs is 41 bp,
which suggests that the cyclical effect of the linker length corresponds with
the rotational phase between the terminal and subterminal motifs on a DNA
double-helix (1 rotation ~10.5 bp) (Figure 20). When the motifs are off-
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Figure 20 Illustration of the effect of the 5bp shift between Osmar5 and
Osmar14. Black bar, the 3° sequences of Osmars; the dashed region
illustrates the 5” end. 5bp shifts of the subterminal motif changes the
rotational phase relative to the 3’ terminal motif. Top, in phase, Osmarl14,
Bottom, out of phase, Osmarb5 relative arrangement of the binding motifs.

phase (+5 and -5 shifts), the excision frequency is dramatically increased,
and when the motifs are in-phase (0, -10, +10 shifts) the excision frequency

drops to the minima.
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111-4 Discussion

Transposases carry out transposition reactions and mobilize DNA elements.
Osmar transposases can be computationally modeling based on architecture
of Mos1 transposase. The predicted tertiary structure contains a bipartite
DNA-binding helix-turn-helix domain (Figure 20). This bipartite structure is
consistent with the dual DNA binding boxes in the Osmar 3’sub-terminal
motif and both terminal motifs. Analysis of the helix-turn-helix motifs of the
Osmarb5 transposase suggested that HTH1 was crucial for the specific
binding to the element terminal transposase binding sites while HTH2
enhanced the overall binding with the Box 1 and Box 2 [127]. It should also
be noted that the HTH2 motif in Mos1 transposase was likely responsible

for dimerization [29].

The 3’ subterminal box 2 in Osmar14NAS has much higher transposase
binding affinity than subterminal box 1, although subterminal box1 has a
much stronger repressive effect. This is consistent with the notion that
HTH1 would facilitate specific binding of transposase to box 2, while HTH2
positions the catalytic domain towards to the element terminus via

interaction with box 1.

As shown by EMSA, binding to the sub-terminal and the terminal motifs are
not exclusive (Figure 16), allowing three transposases to simultaneously
bind to the full-length Osmar DNA element. In Osmarl14, 3’ terminal motif
Is 41 bp away from the sub-terminal motif and the DNA double helix is

~10.5 base pairs per turn. The two binding motifs on the 3’ Osmarl14 are
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nearly perfectly in-phase and the subterminally-bound transposase may
sterically clash with the terminally-bound transposase. This clash may
prevent the formation of the pair-end complex between the 5’ and 3’
terminal transposases (Figure 20), effectively repress transposition. In
addition, the repressive effect is additive when the repeat boxes are
introduced to the 5° sub-terminal, as shown by construct 5’subTIR which

obliterated transposition.

In contrast to Osmar14, Osmar5 has the two 3’ binding motifs 36 bps apart,
nearly perfectly out-of-phase. When transposases bind simultaneously onto
the two binding sites on the 3’ of Osmarb5, the transposase are placed on the
opposite faces of the double helix. This arrangement results in higher
Osmarb5 transposition activity than wild type Osmarl14. The sub-terminally
bound transposase is exposed to the 3’ sequence end, and may carry out
cleavage. Alternatively, it may attract the 5’ transposase and assist in the
formation of the paired-end synapse. Therefore, the sub-terminal motif can
either repress or enhance transposition efficiency depending on its rotational
relationship to the 3’ terminal motif. This may have significant evolutionary

impact on the TE family.

TEs play a major role in reshaping the host genomic landscapes.
Hyperactivity of TEs introduces mutations and may be harmful for hosts.
Therefore, hosts evolved and adopted inhibitory mechanisms to suppress
activity of its TE populations [25, 99]. TEs themselves may have evolved to
autoregulate their activities to escaped silencing. The sub-terminal binding

site on Osmar sequences may be the result of selection imposed by the host
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defense mechanisms, whereas the relative position of the sub-terminal motif
to the terminal motif tunes the transposition activity of Osmars. This limits
the rate of transposition, and allows a basal level of activity by the Osmars

to sustain in the host genome.
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Chapter 1V: Concluding Remarks

TEs are a major dynamic force for genomic evolution. They are diverse and
abundant in eukaryotic genomes. One aspect of TEs is their potential to
horizontally transmit to other genomes. HTT is supported by ample amount
of evidence and it may play a major role in shaping the evolutionary history
[45]. Once a TE escapes its native host and invades an uncolonized genome,
it may initiate a new life cycle. The founding copy amplifies in the new
genome, and it may continue to grow until mutations accumulate and host
defense systems start to inactivate TE activity. TES are subject to inhibitory
mechanisms because unchecked accumulation of TEs are likely to cause
deleterious effects to the host [25]. TEs have evolved to minimize harm to
thehost through targeting specific genomic regions [25], or in the case of
Osmars to autoregulate activity through molecular arrangement of
secondary competitive transposase binding motifs. The vast abundance of
TEs is a testament to their persistence to survive and coexist with host
genomes. Studying molecular mechanisms that allow transposable elements

to persist will help us paint a clearer picture of genomic evolution.
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Appendix

Table Al Assembled transcripts of PpTcl from P0409 database

Assembled Transcript name, location and EST Bit Score
Pp_vt0409 16265 19780 cluster 22612 subcluster 16265 assembled from 38 ESTs 1359
Pp_vt0409 2338 2851 cluster 15845 subcluster 2338 assembled from 41 ESTs 1341
Pp_vt0409 26739 32467 cluster 17084 subcluster 26739 assembled from 31 ESTs 1338
Pp_vt0409 22484 27308 cluster 1901 subcluster 22484 assembled from 41 ESTs 1249
Pp_vt0409 21190 25764 cluster 29325 subcluster 21190 assembled from 41 ESTs 1245
Pp_vt0409 16198 19697 cluster 18030 subcluster 16198 assembled from 41 ESTs 1245
Pp_vt0409 2135 2608 cluster 21995 subcluster 2135 assembled from 38 ESTs 1245
Pp_vt0409 33891 41168 cluster 24259 subcluster 33891 assembled from 41 ESTs 1241
Pp_vt0409 23089 28041 cluster 31877 subcluster 23089 assembled from 32 ESTs 1241
Pp_vt0409 21080 25616 cluster 25885 subcluster 21080 assembled from 41 ESTs 1241
Pp_vt0409 39081 47530 cluster 32726 subcluster 39081 assembled from 40 ESTs 1237
Pp_vt0409 28788 34955 cluster 30767 subcluster 28788 assembled from 40 ESTs 1237
Pp_vt0409 15034 18253 cluster 20439 subcluster 15034 assembled from 39 ESTs 1237
Pp_vt0409 9611 11695 cluster 31496 subcluster 9611 assembled from 40 ESTs 1237
Pp_vt0409 37469 45516 cluster 18478 subcluster 37469 assembled from 41 ESTs 1233
Pp_vt0409 35827 43506 cluster 15175 subcluster 35827 assembled from 39 ESTs 1233
Pp_vt0409 35135 42663 cluster 36286 subcluster 35135 assembled from 41 ESTs 1233
Pp_vt0409 23051 27987 cluster 31844 subcluster 23051 assembled from 9 ESTs 1233
Pp_vt0409 22179 26957 cluster 4371 subcluster 22179 assembled from 40 ESTs 1233
Pp_vt0409 1848 2267 cluster 27757 subcluster 1848 assembled from 41 ESTs 1233
Pp_vt0409 1285 1593 cluster 15715 subcluster 1285 assembled from 40 ESTs 1233
Pp_vt0409 7424 9044 cluster 29069 subcluster 7424 assembled from 39 ESTs 1229
Pp_vt0409 32884 39946 cluster 9817 subcluster 32884 assembled from 43 ESTs 1227
Pp_vt0409 26369 32030 cluster 20169 subcluster 26369 assembled from 37 ESTs 1225
Pp_vt0409 19520 23734 cluster 17132 subcluster 19520 assembled from 41 ESTs 1225
Pp_vt0409 1626 1984 cluster 27110 subcluster 1626 assembled from 39 ESTs 1225
Pp_vt0409 33531 40740 cluster 26180 subcluster 33531 assembled from 38 ESTs 1221
Pp_vt0409 21894 26610 cluster 19939 subcluster 21894 assembled from 41 ESTs 1221
Pp_vt0409 11044 13402 cluster 1585 subcluster 11044 assembled from 39 ESTs 1221
Pp_vt0409 20200 24553 cluster 11512 subcluster 20200 assembled from 40 ESTs 1220
Pp_vt0409 34556 42002 cluster 7898 subcluster 34556 assembled from 38 ESTs 1217
Pp_vt0409 26550 32238 cluster 27008 subcluster 26550 assembled from 41 ESTs 1217
Pp_vt0409 14579 17704 cluster 13297 subcluster 14579 assembled from 39 ESTs 1217
Pp_vt0409 19255 23405 cluster 10743 subcluster 19255 assembled from 39 ESTs 1213
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Pp_vt0409 16561 20145 cluster 4038 subcluster 16561 assembled from 38 ESTs 1213
Pp_vt0409 1472 1815 cluster 22049 subcluster 1472 assembled from 39 ESTs 1213
Pp_vt0409 20074 24398 cluster 19526 subcluster 20074 assembled from 38 ESTs 1211
Pp_vt0409 37104 45081 cluster 30907 subcluster 37104 assembled from 39 ESTs 1210
Pp_vt0409 1113 1380 cluster 7162 subcluster 1113 assembled from 39 ESTs 1209
Pp_vt0409 38597 46914 cluster 24136 subcluster 38597 assembled from 40 ESTs 1205
Pp_vt0409 9993 12147 cluster 14198 subcluster 9993 assembled from 35 ESTs 1205
Pp_vt0409 23995 29128 cluster 33874 subcluster 23995 assembled from 36 ESTs 1202
Pp_vt0409 34390 41799 cluster 7501 subcluster 34390 assembled from 38 ESTs 1201
Pp_vt0409 17556 21346 cluster 31700 subcluster 17556 assembled from 11 ESTs 1201
Pp_vt0409 10895 13223 cluster 7353 subcluster 10895 assembled from 39 ESTs 1201
Pp_vt0409 6004 7319 cluster 19776 subcluster 6004 assembled from 38 ESTs 1201
Pp_vt0409 1750 2133 cluster 28426 subcluster 1750 assembled from 33 ESTs 1197
Pp_vt0409 678 832 cluster 28649 subcluster 678 assembled from 32 ESTs 1197
Pp_vt0409 31034 37709 cluster 22321 subcluster 31034 assembled from 36 ESTs 1193
Pp_vt0409 3720 4540 cluster 18902 subcluster 3720 assembled from 30 ESTs 1193
Pp_vt0409 26347 32004 cluster 20147 subcluster 26347 assembled from 5 ESTs 1191
Pp_vt0409 9341 11375 cluster 4647 subcluster 9341 assembled from 38 ESTs 1190
Pp_vt0409 15674 19023 cluster 27182 subcluster 15674 assembled from 38 ESTs 1181
Pp_vt0409 11072_13431 cluster 1612 subcluster 11072 assembled from 32 ESTs 1181
Pp_vt0409 26950 32707 cluster 3648 subcluster 26950 assembled from 39 ESTs 1178
Pp_vt0409 3912 4766 cluster 15894 subcluster 3912 assembled from 34 ESTs 1177
Pp_vt0409 31035 37710 cluster 22322 subcluster 31035 assembled from 23 ESTs 1173
Pp_vt0409 25191 30587 cluster 2622 subcluster 25191 assembled from 30 ESTs 1173
Pp_vt0409 33491 40693 cluster 19861 subcluster 33491 assembled from 19 ESTs 1171
Pp_vt0409 1802 2193 cluster 27714 subcluster 1802 assembled from 31 ESTs 1169
Pp_vt0409 4888 5970 cluster 17544 subcluster 4888 assembled from 17 ESTs 1168
Pp_vt0409 32857 39915 cluster 9794 subcluster 32857 assembled from 31 ESTs 1158
Pp_vt0409 12656 15338 cluster 2562 subcluster 12656 assembled from 31 ESTs 1157
Pp_vt0409 36169 43920 cluster 34975 subcluster 36169 assembled from 29 ESTs 1153
Pp_vt0409 22676 27540 cluster 13891 subcluster 22676 assembled from 21 ESTs 1153
Pp_vt0409 3601 4394 cluster 35237 subcluster 3601 assembled from 22 ESTs 1149
Pp_vt0409 4237 5175 cluster 10268 subcluster 4237 assembled from 6 ESTs 1145
Pp_vt0409 6281 7637 cluster 17300 subcluster 6281 assembled from 24 ESTs 1115
Pp_vt0409 4252 5191 cluster 10280 subcluster 4252 assembled from 17 ESTs 1111
Pp_vt0409 26543 32231 cluster 27001 subcluster 26543 assembled from 29 ESTs 1089
Pp_vt0409 2382 2904 cluster 3505 subcluster 2382 assembled from 2 ESTs 1012
Pp_vt0409 29499 35849 cluster 10612 subcluster 29499 assembled from 2 ESTs 971
Pp_vt0409 33322_40483 cluster 2975 subcluster 33322 assembled from 2 ESTs 961
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Table A2 PpTcl assembled transcripts that produce a conceptual full-

length transposase bearing DD34E motifs.

#.EST Scaffold | Start end length
Accession evidence

Pp_vt0409 37469 45516 41 89 326953 | 328314 | 1362
Pp_vt0409 1626 1984 39 107 912421 | 913782 | 1362
Pp_vt0409 33531 40740 38 67 526593 | 527954 | 1362
Pp_vt0409 23089 28041 32 34 407831 | 409188 | 1358
Pp_vt0409 3601 4394 22 121 304597 | 305940 | 1344
Pp_vt0409_26347 32004 5 g | SOIBS OO g1
Pp_vt0409 33891 41168 41 69 294398 | 295759 | 1362
Pp_vt0409 33322 40483 2 65 18];1156 1813267 1110
Pp_vt0409 15034 18253 39 226 98064 | 99425 1362
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Table A3 Full-length plant TLEs with intact TIRs

#full-
Element Organism Accesssion Start End length TIR
. CAGTGACAAACA
Physcomltrella AAACCGAGTACA
PpTcl patens ABEU01007491 6844 8431 75 AAATCTGAA
. CAGTGGGGTACA
Physcomitrella GAAATAATTCGA
PpTc2 patens ABEU01006878 | 161594 | 163306 20 ATTTTTTTC
. CACACATCAAAA
Oryza sativa GTGTCTAGGGATC
OsTcl Indica AAAA02041396 | 2423 3983 1 AA
) CAGTGAAACCTCT
Br-TLM | Brassicarapa | AENI0O1000564 | 34190 | 34387 147 | ATAAATTAATA
Solanum CAGTCATACCTCT
St-TLM tuberosum AEWC01004763 | 8450 8599 9 CTATAACA
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Table A4 Tcl-like transposases described in this study.

Element Organism Accession gaeri (ngT dF Comr_)llerfg d[?_,D34E
Plant

PpTcl | Physcomitrella patens | ABEU01007491 | 7186 8199 Y
PpTc2 | Physcomitrella patens | ABEU01006878 | 162826 | 161813 Y
OsTcl Oryza sativa Indica AAAA02041396 | 3821 2697 Y
BnTcl Betula nana CAOKO01056615 | 1484 1978 N
BnTc2 Betula nana CAOKO01550459 168 1214 Y
BnTc3 Betula nana CAOKO01014729 | 14272 | 14472 N
BnTc4 Betula nana CAOKO01486111 2 244 N
BrTcl Brassica rapa AENI101020305 162 572 N
BrTc2 Brassica rapa AENI01036930 17 328 N
CsTcl Cannabis sativa AGQNO01308320 302 517 N
HvTcl Hordium valgare CAJV010227559 1 1684 Y
HvTc2 Hordium valgare CAJV010272453 49 555 Y
HvTc3 Hordium valgare CAJV012609061 | 1716 2114 N
HvTc4 Hordium valgare CAJV011622646 1 222 N
LsTcl Lactuta sativa AFSA01593962 2 394 N
LsTc2 Lactuta sativa AFSA01593962 87 485 N
PtTcl Populus Trichocarpa | AARH01030986 1 714 Y
PxbTcl | Pyrus x bretschneideri | AJSU01007483 3055 3606 Y
PxbTc2 | Pyrus x bretschneideri | AJSU01007483 3055 3606 N
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TuTcl Triticum urartu AOTI1010070343 376 1368 Y
Non-plant

AQTLE Anopheles gambiae AADO03793 1 260 Y
AITLE Albugo laibachii CCA18549 1 255 Y
CaTLE | Crotalus adamanteus AFJ51821 1 325 Y
CcTLE Cyprinus carpio AET85182 1 332 Y
DVTLE Drosophila virilis AAAB8882 1 348 Y
HmTLE | Hydra magnipapillata | ABRM01017102 | 12567 | 13541 Y
Impala Fusarium oxysporum | AGBI101000009.1 | 69358 | 70380 Y
MSTLE Micg%”éozng‘;’ SP- XP 002506953 | 1 368 Y
RCTLE Rana catesbeiana ACO51862 1 334 Y
RATLE Rhizopus delemar AACWO02000171 | 5110 5613 N

Tcl Caenorhabditis elegans P03934 1 273 Y
TVTLE Trametes versicolor AEJI01000976 281 1297 Y
VCTLE Volvox carteri f. ACJHO01008053 | 1817 | 1945 N

nagariensis

WeTLE Wolbachia AAGB01000014 | 2003 | 4914 Y

endosymbiont
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Table A5 Oligo sequences for Osmarl4 EMSA experiments

Oligos:

Sequence

For-6FAM-0Osm14NAS-3’ter75bp Mut-
subT-Box2

5’/56FAMITGCACGATTTAAATTTTTTTTG
GGACAAAGTCTCCCCCCCCCCCCAGAA
ATCGCTTCTTTCTGGGACGGAGGGAG-3’

Rev-Osm14NAS-3’ter75bp Mut-subT-
Box2

5’CTCCCTCCGTCCCAGAAAGAAGCGAT
TTCTGGGGGGGGGGGGAGACTTTGTCC
CAAAAAAAATTTAAATCGTGCA-3’

For-6FAM-0Osm14NAS-3’ter75bp Mut-
subT-Box1

5°/56FAMITGCACGAATCGCTTTTTTTTTT
TAAAAAAGTCTCCCCCCCCCCCCAGAA
ATCGCTTCTTTCTGGGACGGAGGGAG-3’

Rev-Osm14NAS-3’ter75bp Mut-subT-
Box1

5’CTCCCTCCGTCCCAGAAAGAAGCGAT
TTCTGGGGGGGGGGGGAGACTTTTTTAA
AAAAAAAAAGCGATTCGTGCA-3’

For-6FAM-Osm14NAS-3’ter75bp WT

5’/56FAM/ITGCACGAATCGCTTTTTTTTTG
GGACAAAGTCTCCCCCCCCCCCCAGAA
ATCGCTTCTTTCTGGGACGGAGGGAG-3’

Rev-Osm14NAS-3’ter75bp WT

5’CTCCCTCCGTCCCAGAAAGAAGCGAT
TTCTGGGGGGGGGGGGAGACTTTGTCC
CAAAAAAAAAGCGATTCGTGCA-3’

For-6FAM-0Osm14NAS-3’ter75bp Mut-
subT-Box1+2

5°/56FAMITGCACGATTTAAATTTTTTTTT
TAAAAAAGTCTCCCCCCCCCCCCAGAA
ATCGCTTCTTTCTGGGACGGAGGGAG-3’

Rev-Osm14NAS-3’ter75bp Mut-subT-
Box1+2

5’CTCCCTCCGTCCCAGAAAGAAGCGAT
TTCTGGGGGGGGGGGGAGACTTTTTTAA
AAAAAAAATTTAAATCGTGCA-3’
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