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ABSTRACT

The sequencing of eukaryotic model organisms has provided us an unprecedented
opportunity for a genome-wide characterization of Transposable Elements (TEs) and the
study of TE-host relationships. By developing methodologies on database mining, we
explored the existence of MUtator (Mu)-Like Elements (MULEs) in Arabidopsis thaliana
and Orazy sativa. Mu elements were first discovered in Zea mays; so far, a dozen of the
elements have been identified in the genome. We identified a total of 1392 MULEs from
the sequenced Arabidopsis genome. They represent one of the most abundant, diversified,
yet still mobile DNA transposon families in eukaryotes. The Arabidopsis MULEs are
composed of not only the elements showing the typical Mu-family-specific terminal
structure (that is the long Terminal Inverted Repeat, TIR), but also a novel type of non-
TIR MULEs. Some of this latter type of elements was found to be active both
transcriptionally and transpositionally. To understand host-mediated genome-wide
regulation(s) on the MULE system in Arabidopsis, we characterized 235 MULE
mobility-specific genes (or mudrA-like genes) by mapping them on the sequenced
Arabidopsis chromosomes and performing a genome-wide expression assay utilizing
Arabidopsis METHYLTRANSFERSE! (MET1) mutant (met]) plants, we showed that
MET1-mediated global CpG methylation can only repress a portion of the gene family;
its efficiency depends largely on the gene locations within the context of Arabidopsis
chromatin remodeling: stronger in heterochromatic regions but weaker in euchromatic
ones. This finding suggests that the Arabidopsis heterochromatic regions are not just a

graveyard for the accumulation of defective elements; rather, they may have been playing



an important role on the repression of TE activity via, at least in part, exerting MET1-
mediated silencing effect. Our expression analysis also suggested that a TIR structure is
not necessarily required for the MET1-mediated silencing, neither is the repetition of the
elements in the genome. To explore a possible role of TEs in the evolution of eukaryotes,
we examined the MULE acquisitions of host DNA segments in both Arabidopsis and rice
genomes. MULE-mediated amplifications of various host DNA sequences occur
frequently. We identified a total of 389 Open Reading Frames (ORFs) that are not
associated with a known transposase gene within the surveyed elements. Further
characterization of a subset of them revealed that these MULE-contained genes were
susceptible to host-mediated epigenetic regulations, show mosaic sequence organizations,
and are often redundant in the two genomes respectively. MULE transposition in
Arabidopsis has clearly facilitated the evolution of the family of Ubiquitinl-like (Ubl)-
specific cytosine protease genes (AtMULE-ULPs), and their derived putative serine
protease ones as well. Taken together, our genome-wide MULE study provides the
evidence from several frontiers demonstrating that mobile DNA and eukaryotes can co-

evolve.
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RESUME

L’abondance d’information provenant du séquencage du génome d’organismes
mod¢les nous offre une opportunité sans précédant pour caractériser les éléments
transposables et étudier les relations entre ces derniers et leurs hdtes. Nous avons exploré
les €léments de type Mutator (MULE) de A. thaliana et O. sativa, au moyen de sondage
de bases de données, et avons identifi¢ 1392 MULEs. Les MULEs de Arabidopsis
constituent des familles de transposon d’ADN trés abondantes, diversifiées et toujours
fonctionnelles. Elles sont composées d’éléments ayant les TIRs typiques de Mutator,
mais aussi d’un nouveau type d’éléments n’ayant pas ces TIRs. Certains de ces nouveaux
éléments sont transcrits et transposent. Nous avons cartographié 235 génes de mobilité de
MULE (type mudrA) sur la séquence du génome de Arabidopsis, et nous avons étudié
leur expresston afin de comprendre les mécanisme génomiques de 1’hote responsable du
controle du systétme MULE de Arabidopsis. Bien que la méthylation du CpG ait un effet
inhibiteur sur la transcription des génes de type mudrA, son efficacité dépend largement
de la position des génes sur les chromosomes : surtout réprimés dans 1’hétérochromatine,
mais trés actifs dans I’euchromatine. Les régions hétérochromatiques jouent donc un réle
important au niveau de la répression de ’activité des transposons. Nous avons aussi
démontré que les génes de type mudrA ne sont pas toujours réprimés par un mécanisme
impliquant un géne homologue. Pour explorer le r6le des transposons dans 1’évolution
des organismes eucaryotes, nous avons examiné la diversité des ¢léments MULEs dans le
génome de Arabidopsis et du riz. 11 est fréquent que des segments d’ADN de I’héte soient

amplifiés par les éléments MULEs. Nous avons identifi¢ 389 ORFs qui ne sont pas
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associés avec des génes de mobilité. Ces génes mosaiques sont sujets au contrdle
épigénétique de 1’hote, et sont souvent redondant dans le génome. La transposition de
MULE chez Arabidopsis a de toute évidence affecté I’évolution de Ubl cysteine protéases
(AtMULE-Ulp) et d’une famille de serine protéase dérivé de AtMULE-ULP. Notre étude
des MULEs d’un point de vue génomique révele plusieurs indices démontrant que les

éléments transposables et les organismes eucaryotes peuvent co-évoluer.
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CONTRIBUTIONS TO KNOWLEDGE

As one of the pioneering studies on TE-eukaryote relationships displayed at a
genome-wide scale, the data described in this thesis provide novel insights to reveal a co-
evolutionary relationship between a family of Class II TEs (or DNA transposons) and
eukaryotic genome. Our major contributions to knowledge are summarized as follows.

1. Hundreds of the MULEs and mudrA-like genes were identified from 130 and
39 Mb of the sequenced Arabidopsis and rice genome respectively by developing
methodologies on the mining of large sets of the sequenced genomic data. The
corresponding sequences and their positions within the genomes/sequenced BAC (YAC)
clones were stored and able to be archived at www.tebureau.mcgill.ca. Such information
is greatly informative for the development of a MULE-tagging system for the studies of
post-genomics and further TE-host relationships.

2. A novel type of MULEs, or non-TIR MULEs, were discovered and
characterized. Our phylogenic study suggested that the TIR- and non-TIR elements
evolved independently in the Arabidopsis genome. We revealed that in the Arabidopsis
genome the mudrA-like genes are associated mostly with non-TIR MULEs. As some of
them were active both transcriptionally and transpositionally, this novel type of elements
are not just the defective form of the TIR-MULEs. This finding of functional non-TIR
MULESs in Arabidopsis (1) challenges the common notion of the imperativeness of a TIR
structure in the regulation of the mobility of Mu elements or DNA transposons in general,
and (2) reveals the limitation of simply utilizing the presence (or lack) of a TIR alone to

categorize families of Class II TEs.
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3. The expression of a total of 92 Arabidopsis mudrd homologues was
systematically examined for their response to the MET1-mediated silencing effect. This
survey represents the first study on host-mediated genome-wide regulations of a family of
indigenous transposase genes. Our two major discoveries include (1) MET1-mediated
CpG methylation can differentially regulate individual mudrA4-like genes simultaneously
and (2) eukaryotic heterochromatic regions are not merely a graveyard for the
accumulating of defective TEs; instead, the formation of heterochromatin may promote
MET1-mediated silencing on TEs.

4. We identified a total of 389 non-transposase genes within the surveyed
MULEs. We showed that the MULE mobility may be important in the evolution of the
family of Arabidopsis ULP genes and the MULE-ULP-derived ORFs encoding a group of
putative serine proteases. Taken together, we provide the novel evidence demonstrating a

positive role of DNA transposon mobility in eukaryotic gene evolution.
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CHAPTER 1

INTRODUCTION

Mobility, or transposition, distinguishes transposable elements (TEs) from host
DNA segments; but how the mobility is carried out determines TE classes. Class 1
clements, or retrotransposons, require an RNA intermediate to accomplish their mobility;
whereas Class Il elements, or DNA transposons, transpose themselves directly (Plasterk,
1995). Since the first element was identified in Z. mays 50 years ago (McClintock, 1946),
TEs have been found ubiquitously in all the surveyed eukaryotes where they make up a
conspicuous fraction of the host genomes (recent reviews see Kidwell, 2002, Feschotte et
al., 2002; and Eline et al., 2000). However, a long-term TE-host relationship remains
largely unknown. Understanding it may facilitate to unveil the mechanisms driving
eukaryotic gene and genome evolution.

Many eukaryotic TEs are capable of moving around. There is ample evidence
showing that de novo TE motility can cause host gene mutations and chromosomal
rearrangements, which, in many cases, can subsequently create visible mutant phenotypes
(Lonnig and Saedler, 2002). As such, TE mobility has been perceived as an exceptional
force for mutagenesis. But how can a eukaryote carry functional TEs while maintaining
its stability? An obvious strategy would be via silencing. Several pioneering studies have
shown that TEs can be suppressed by DNA methylation (review see Yoder, 1997).
However, many questions were left unanswered regarding this mechanism. For example,

as only one or two elements were examined at each time of these studies, it is currently



not known how an entire TE family is regulated simultaneously. It is also not clear
whether or not there are other silencing systems working on TEs. If it is the case, can
different mechanisms interact with each other to boost their silencing effect?

Previous studies have indicated some long-term beneficial influence of TE
mobility on the evolution of eukaryotes (Kidwell and Lisch, 1997 and 2001). For
example, insertions of Alu retrotransposons upstream of the human IgE receptor gene
alter its expression pattern (Makalowski and Labuda, 1995). TEs may also directly
participate in a host function. In Drosophila, a class of retrotransposases performs
telomerase function during chromosomal duplications (Eickbush, 1997). However,
compared to the great diversity and abundance of eukaryotic TEs, what was discovered
may well be ‘the tip of iceberg’.

Our ultimate goal is to examine TE-host relationships in eukaryotes. In this study,
we chose to systematic study of the Mutator (Mu)-like elements (MULEs) in Arabidopsis
thaliana mainly. Arabidopsis is one of higher plant species selected for a genome-wide
sequencing project through international co-operation (Meinke er al. 1998). The vast
sequence information generated by such an effort provides us an excellent opportunity to
examine the molecular organization of the genome and explore systematically TEs and
TE-host relationships. The Mu system was first identified in maize in 1987 (Robertson,
1987). One important merit of this system is to produce high forward mutation rate per
generation, which makes it potentially the best candidate for mutagenesis applications
among the known TEs discovered in higher plants (Walbot, 1992). A large number of
maize genes have been characterized via Mu activity (Walbot, 2000). However, unlike

Ac/Ds and several other eukaryotic TE systems that can be delivered into a heterogeneous



species while maintaining their mobility, all the attempts of introducing the functional
Mu system into several higher plant organisms were not successful (Walbot, 1992). This
could be because of unknown host-specific factor(s) that regulate Mu transposition
(Walbot and Rudenko, 2002). Therefore, choosing to characterize the MULE system in
Arabidopsis not only allow us to examine TE-host relationships, the information gathered
will also be useful for a better understanding of the Mu/MULE family, consequently
facilitating the development of a new Mu/MULE-tagging tool for.

We approached this study by testing three hypotheses (see the connecting
statements of the thesis). We demonstrated that the MULESs in Arabidopsis belong to one
of the largest, most diversified, yet still mobile TE families in eukaryotes. We showed
that Arabidopsis MET1-mediated global CpG methylation can only suppress a portion of
the mudrA-like gene family; its silencing efficiency is correlated with the formation of
Arabidopsis heterochromatin. We revealed that MULE mobility in Arabidopsis and rice
can facilitate to create eukaryotic genes and multiplegene families. In conclusion, TEs

and eukaryotes are capable of co-evolving.



CHAPTER 2

LITERATURE REVIEW

Transposable elements (TEs), or mobile DNAs, were first discovered in Z. mays
by Barbara McClintock in 1946. Since then, they have been identified in all examined
eukaryotes, where they represent a conspicuous fraction of eukaryote genome (Kidwell,
2002). It was estimated that nearly 70% of the maize, 45% of the human, 15% of the
Drosophila and 14% of the Arabidopsis genome are made up of various transposons
(Kidwell, 2002, Eline et al., 2002). The embracement of such abundant foreign DNA
segments by a living eukaryotic organism raises several fundamental questions regarding
their relationship(s). For example, how is TE activity regulated within a eukaryote? Can
TEs offer any benefits for host development and evolution? Answers to these questions
are fundamentally important for our understanding of the principles governing the
evolution of a eukaryote.

The aims of this Chapter are to review recent development on the studies of TE-
eukaryote relationships and to summarize features of a particular family of TEs, namely
the Mutator (Mu)/Mu-like elements (MULESs) in higher plants. I address them by (1)
introducing the major TE families discovered in eukaryotes, (2) discussing the main
mechanisms of the regulation of TE activity, (3) reviewing the major discoveries of a
positive role of TE activity in eukaryote evolution, (4) summarizing Mu/MULE studies
and (5) drawing conclusions on our current understanding of TE-eukaryote relationships.

2.1 Classes of eukaryote TEs



Eukaryote TEs are mainly classified into two classes (Shapiro, 1995). Class I TEs
include various families of retrotransposons, whereas Class II TEs refer to different
families of DNA transposons. The key difference between the two is whether or not an
RNA intermediate is required during transposition: the mobility of the former class
members requires the step where TEs are reverse transcribed; in contrast, the latter class
of elements transpose themselves directly (Plasterk, 1995). In addition, different classes
also exhibit different terminal structural features (Shapiro, 1995). For example, Class I
TEs usually contain either a Long Terminal Repeat (LTR) structure or show a polyA tail
at the 3’-end, whereas Class II TEs are usually associated with a Terminal Inverted
Repeat (TIR) structure. As these terminal features are generally conserved within intra-
family members, they have been the hallmarks for the identification and classification
purposes. Within each TE family, elements behave as either autonomous or non-
autonomous. Autonomous elements carry a family-specific mobility-essential gene (or
transposase gene) for both themselves in vivo and for the non-autonomous members
(those don’t carry the gene) in vitro (Plasterk, 1995). During transposition, a transposase
conducts multiple functions, including DNA binding, cleavage, and strand transfer. One
common outcome of a TE insertion is the creation of variable sizes of Target Site
Duplications (TSDs). As TSD lengths within each family are usually conserved, they
have been used as a guide for TE identifications and categorizations (Le et al., 2000).
2.1.1 Retrotransposons

Based on features of terminal structures, eukaryotic retrotransposons can be

further classified into three major subclasses: LTR-retrotransposons, Long Interspersed



Nuclear Elements (LINEs) and Short Interspersed Nuclear Elements (SINEs) (Prak and
Kazazian, 2000, Kumar and Bennetzen, 1999).

LTR retrotransposons The prominent features of this subclass involve an LTR

structure and 5-bp TSDs (Kumar and Bennetzen, 1999). In addition, an autonomous
element contains a polyprotein gene encoding gag, prot, endo and RT/RNaseH domains
(Kumar and Bennetzen, 1999). The gag genes encode a class of viral structural proteins,
which are not mobility-related. The pro genes encode proteinases for the cleavage of
primary polyproteins into separate units. The endo genes encode integrases required for
c¢DNA insertion into a host genome. The RT/RNaseH genes encode for reverse
transcripteases essential for reverse transcription of the elements. The RT domain is also
the most conserved region among eukaryotic Class I TEs. Within this subclass, different
style of domain arrangements further divides the elements into two groups: copia- or
gypsy-like elements (Prak and Kazazian, 2000, Kumar and Bennetzen, 1999). A copia-
like element shows the domain organization of gag-prot-endo-RT/RNaseH. Copia-like
element families include 7y/ in yeast (Jordan and Macdonald, 1999) and 7al in
Arabidopsis (Bennetzen, 1999). In a gypsy-like element, the endo domain is positioned
after RT/RNaseH. Examples of gypsy-like elements include yeast 7y3 (Jordan and
Macdonald, 1999) and tobacco Tnal (Bennetzen, 1999).

LINE/LINE-like elements In contrast to LTR-retrotransposons, LINE/LINE-like

elements don’t have the LTR structure, but show a poly(A) stretch at their 3’-ends
(Kumar and Bennetzen, 1999; Eline et al,, 2002). Besides, they typically create 14-bp
TSDs. Some LINE/LINE-like elements encode an RT homologue and may function as

autonomous elements (Feng ef al., 1996). The frequent occurrence of incomplete reverse



transcription creates many 5’-end truncated elements. Large numbers of LINE/LINE-like
clements were identified in mammals. The best known family is human LINE1 (L1)
(Moran et al., 1999).

SINE/SINE-like elements Despite that they are also non-LTR retrotransposons,

SINE/SINE-like elements are much shorter than the former subclass, don’t encode an RT
and are relatively rare in eukaryotes (Kunze ef al., 1997). As they usually share sequence
homology with an RNA gene, SINE/SINE-like elements were thought to be evolved from
an ancestral RNA gene. The best known families of this subclass include human SINE
and Alu.
2.1.2 DNA transposons

A common feature of Class II TEs is the TIR structure (review see Shapiro,
1995). Unlike Class I TEs that don’t excise themselves during transposition, Class II
elements can perform both excision and insertion activity. Excision of an element from a
donor site leaves a double-strand gap, which is subsequently repaired by host-mediated
DNA repair system (review see Plasterk, 1995). Categories of Class II TE families were
typically carried out based on TIRs, transposase domains, or both (Kunze et al., 1997).
The best-known Class II TEs include 447, CACTA and MITE subclasses.

hAT The prominent features of this subclass are the conserved short TIR
sequence, 8-bp TSDs, and DDE motif within the transposases (Kunze ef al., 1997). Since
first discovered in maize, h4T members have been identified brodaly in eukaryotes
(review sees Bennetzen, 2000; Kunze ef al., 1997; Prak and Kazazian, 2000). Of the best-
known hAT family, maize Ac/Ds family, Ac elements contain the gene encoding the A4c

transposase, thereby regarded as autonomous TEs. In contrast, Ds elements behave as



non-autonomous TEs and were mainly derived from a defective 4c. An important feature
of Ac/Ds system is that Ac transposase alone is sufficient for the regulation of Ac and Ds
transposition. As such, 4c/Ds system has been introduced successfully into different
heterogeneous organisms (Kunze et al., 1997).

CACTA The elements are characterized by the TIR ending with the sequence
CACTA (review see Bennetzen, 2000; Prak and Kazazian, 2000). The other two |
diagnostic features are 3-bp TSDs and the conserved family-specific transposase domain.
TEs belonging to this subclass have been identified in both animals and plants. The most
thoroughly studied CACTA family is maize En/Spam (Gierls, 1996). Members of this
family contain a perfect 13-bp TIR. The autonomous En/Spm elements produce 2.4 kb
and 6 kb mRNAs that encode two proteins termed TNPA and TNPD respectively.
Although the two are both required for transposition, TNPA doesn’t bind to the TIRs. As
such, the TNPD was suggested to be the transposase of the family (Gierls, 1996).

MITEs There are two distinguishing features of this superfamily: small size
(around 200 bp) and TA or TAA target-site preference (Bureau and Wessler, 1992, 1994;
Bureau et al., 1996, Le et al., 2000). MITEs often maintain high copy numbers in a
genome and preferentially inserted near host genes (review see Feschotte et al., 2002).
Since the identification of the first MITE a decade ago (Bureau and Wessler, 1992),
MITEs have been found in a number of eukaryotes. Like other DNA transposons, all
MITEs display a TIR structure. Based on their TIRs and TSDs, MITEs were further
classified as either Stowaway or Tourist superfamilies (Le et al., 2000). The putative
transposase of the former family shows sequence homology with that of another well-

characterized Class II TE family, TC1/mariner, suggesting a phylogenetic relationship



between the two (Le ef al., 2000). Although MITEs are widely distributed in eukaryotes,
few were found to have a coding capacity or mobile. Recently, a larger Tourist-like
element, PIFa, was identified and found to be active in maize (Zhang et al., 2001).
2.2 TE activity regulation in eukaryotes

According to Kidwell (Kidwell and Lisch, 2001), the life cycle of eukaryote TEs
can be divided into invasion, maturity and senescence. At the invasion stage, TEs start to
emerge from a population, rapidly amplify themselves and finally set the foundation for
further evolution within a host genome. At this stage, the host may largely be able to
tolerate TE activity. During the maturity stage, TE amplification and loss are relatively
balanced. Regulation of TE activity should prevail and most TEs become silent.
However, dormant TEs can be awakened and reassume their mobility under various
‘genomic shock’ (McClintock, 1984). At the senescence stage, TEs have completely lost
their mobility. They may also have diversified and become unrecognizable, have evolved
to gain a new host function or have simply disappeared from the population. The
silencing of TE activity can be achieved by host-mediated mechanisms, TE
autoregulation or both (Labrador and Corces, 1997). Based on the scope and specificity,
the host-mediated mechanisms can be further categorized as either genome-wide or TE-
system-specific regulation.
2.2.1 Genome-wide regulation

Despite the huge diversity of eukaryotic TEs, eukaryotes appear to have evolved
several ‘universal’ means to repress TE activity systematically (Labrador and Corces,

1997). The most-discussed mechanisms include DNA methylation (Bird, 1997),



heterochromatin repression (Pimpinelli ef al., 1995), and RNA silencing (Metzke et al.,
2001).

DNA methylation-mediated silencing In eukaryotes, DNA methylation occurs in

cytosine, mostly at CpG and CpNpG sites (Finnegan, 1998). It appears that TEs are
mostly methylated in eukaryotes; however, whenever mobility is reassumed, TEs are
found to be hypomethylated (Federoff, 1996, Zhou et al., 2001). This correlation between
DNA methylation and TE activity led to the proposal that DNA methylation can suppress
TE activity. In principle, DNA methylation-mediated silencing takes effect by restraining
the transcription of transposase genes. Methylated DNA can directly prohibit the binding
of the basal transcriptional machinery and/or speciﬁ.c transcription factor(s) to the
elements. It can also alter chromatin structures, thereby indirectly inhibiting
transcriptions (Kass et al, 1997; Costello and Plass, 2001). In addition, cytosine
methylation within transposase binding sites can also block the interaction between
transposases and the corresponding TEs. The silencing of TE activity by DNA
methylation involves TGS and, in many cases, is homology-dependent (Cogoni, 2001).
DNA methylation is the most studied and widely characterized host-silencing
system on TE activity. It exists in a wide range of organisms and can repress both Class I
and II TEs, such as, Ac/Ds, En/Spm, Mu/MULES, and Athila etc. (Gierls, 1996; Hirochika
et al., 2000; Kunze ef al., 1997; Martienssen ef al., 1994). In N. crassa, the transposition
of LINE-like elements, Tad, occurred only in cultures treated with 5-azacytidine (a
cytosine analog that can block cytosine methylation), but was not observed in 5-

azacytidine-free tissues (Zhou et al., 2001).
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Heterochromatin Euchromatin and heterochromatin are the two important

chromatin states of eukaryotic chromosomes. Euchromatin carries the majority of
‘native’ host genes and shows typical recombination rates; however, heterochromatin
contains few such genes and has a repressed recombination rate (Weiler and Wakimato,
1995). Heterochromatin represents a condensed chromatin structure and the genes within
it are typically confined and inaccessible to the transcription machinery (Copenhaver et
al., 1999; Fransz et al., 2000). These features, together with the evidence that most of
eukaryotic TEs accumulate within heterochromatic regions of a host genome, led to the
proposal that eukaryotic heterochromatin evolved for the repression of TE activity
(Weiler and Wakimato, 1995).

To demonstrate this hypothesis, it is important to rule out the possibility that the
heterochromatic regions are merely the graveyard of accumulation of dead TEs. In other
words, we should be able to identify TE activity in heterochromatin-deficient mutants.
Unfortunately, as molecular characterization of heterochromatin is still in its infancy and
just few mutants were generated in the past, only several TEs were tested. Nevertheless,
from the limited studies, it was observed that TEs within heterochromatin were
functionally competent and could be reactivated in the mutants carrying genes deficient
for chromatin remodelling (Singer ef al., 2000; also see Chapter 4 and 5).

dsRNA According to the current two-step model (Tijsterman, ef al., 2002),
dsRNA-mediated silencing occurs first by dicing long dsRNA molecules into 21-23nt
siRNAs (catalyzed by a Dicor or dsRNA-specific nuclease) and second by siRNA’s
guiding the formation of a nuclease-containing protein complex designated as RISC

(RNAi-Induced Silencing Complex). The subsequent RNA-RNA pairing between the
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antisense strand of siRNA and the target mRNA allows the complex to access to the
substrate and trigger mRNA degradation. The dsSRNA-mediated silencing of gene activity
shows PTGS, TGS and systematic propagation effects.

RNA silencing of TE activity was first discovered in Caenorhabditis elegans
(Fire et al., 1998), subsequently in several other species (Ketting et al, 1999). In
Chlamydomonas reinhardtii, TOC1 retrotransposons and Gulliver DNA transposons
were found to be activated in a RNA silencing-deficient mutant, Mut6, background (Wu-
Scharf, et al., 2000). In Trypanosoma brucei, where RNA silencing system exists,
retrotransposon-derived siRNAs were identified (Djikeng et al., 2001).
2.2.2 Developmental and TE system-specific regulation

Of several TE systems, transposon activity Was found to be restricted to a narrow
window of host development. For example, the P-elements in Drosophila are normally
repressed in somatic tissues and reactivated only in germ line (Engel, 1996). This type of
TE activity regulation is shown to be determined largely by the participation of host-
specific factors. In the case of P-elements, the repression in somatic cells occurs as the
result of insufficient fully-spliced transcripts from P-transposase gene, a consequence
caused by host-encoded protein on the repression of the transposase gene activity (Tseng
et al., 1990).
2.2.3 Autoregulation

In addition to host-mediated regulatory mechanisms, TEs have developed
strategies to self-regulate their own copy numbers. For example, after transformation of
maize Ac/Ds system into tobacco, the TE activity was controlled by a reverse dosage

effect: the repression of Ds mobility occurred only when the level of the expressed Ac
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transposase reached above the threshold (Kunze, 1996). In other examples, TE activity
can also be down regulated by self-encoded repressor proteins, or homology-dependent
gene silencing (Gierl, 1996; Gensen ef al., 1999).

2.2 4 Interaction between host-mediated mechanisms

Certainly, there is ample evidence to implicate the presence of a host surveillance
system of mobile DNA. However, one fundamental question left unanswered is how a
host defense system recognizes TEs. Confined by the limited scope and degree of studies
on this issue, a widely applicable and concrete statement seems impossible. However, the
data from several studies did provide some insight on possible TE signals that can be
recognized. They are (1) the repetitiveness of TEs in the genome, (2) the specific TE
structures, (3) the TE-generated dsRNAs, and (4) the difference in GC-content between
host genome and TEs (Hsieh and Fire, 2000; Tijsterman ef al., 2002; )

Can different mechanisms interact with each other and work as a whole on the
silencing of TE activity? Unfortunately, so far, few reports have addressed this subject
(see Chapter 4). Nevertheless, studies on molecular and genetic characterization of
individual systems and their effects on transgenes and/or ‘native’ genes have confirmed
that (1) heterochromatic regions are rich with methylated DNA (Razin and Cedar, 1997),
(2) heterochromatin can exert and stabilize the silencing effect induced by CpG
methylation in vitro (Kass, 1997), (3) some chromatin proteins contain the binding motif
exclusive for methylated DNA while some methyltransferases carry a chromatin domain
(Fuks et al., 2000; Razin, 1998), (4) dsRNA can trigger heritable DNA methylation
(Jones et al., 2001). In fact, several models on the regulation of other repetitive DNA

through repression were also recently proposed (Wolffe et al., 1999; Matzke et al., 2001),
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which may be applicable to TEs as well. The main steps of these proposed mechanisms
involve (1) methylated DNA induces the recruitment of multiple proteins, including
histone deacetylases, at methylation sites to form a repression multiprotin complex, (2)
the deacetylation of lysine residues on histone H3 and H4 restricts nucleosome mobility,
resulting in the formation of a compact heterochromatin structure that can subsequently
stabilize and exert methylation-mediated silencing, and (3) siRNA can travel from the
cytoplaém to the nucleus where RNA-DNA pairing can trigger cytosine methylation.

2.3 Functional roles of TE activity on host development and evolution
2.3.1 Gene evolution

Increasing evidence suggests that TEs are an important player in the origin and
evolution of eukaryotic genes/mutigene families, and the regulation of gene expressions.
There are three major pathways by which TEs can participate in eukaryotic gene
evolution. By insertion, TEs can provide new regulatory motifs or exon/intron sequences
(review sees Kinwell and Lisch, 2001). By abnormal transposition/retrotransposition,
TEs can participate in the formation of new mosaic genes and gene duplicates (see
Chapter 5). By domain sharing, TEs can directly take on a cellular function (Eickbush,
1997).

Regulatory motifs Several lines of evidence demonstrated that TE insertion into

or near a host gene can alter its expression, which may offer certain benefits (Kidwell and
Lisch, 2001; Bennetzen, 1999). TEs can provide regulatory motifs, such as promoters,
enhances/repressors, or polyadenylation signal to nearby host genes. LTR-
retrotransposons and autonomous DNA transposons carry promoters that can be used as

an alternative cis-element for the transcription of downstream genes. The human IgE
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receptor gene is a cell-type-specific gene whose specificity is controlled by the two Alu
elements inserting upstream of the gene. The element at the further position serves as an
enhancer in both basophilic and T-cells, whereas the one at the nearer position functions
as an enhancer in only T-cells (Makalowski and Labuda, 1995).

Coding and intron sequences Survey of the human genome reveals the existence

of numerous TEs within translated protein sequences (Li ef al., 2001). The same case was
also observed in other vertebrates (http:/www.ncbi.nlm.nih.gov/Makalowski/Scrap). It
was estimated that nearly 10% of human DAF mRNAs contain an Alu sequence. The
proteins encoded by the Alu-free genes are membrane-bound; whereas the proteins
encoded by Alu-containing mRNAs are soluble, suggesting a functional role of Alu
elements in DAF protein diversity and evolution (Caras, et al., 1987).

Can TEs function as an intron of inserted genes? Data collected from several lines
suggest a possibility (Benntzen, 1999; Wessler, 1987). For example, a dSpm insertion
into the second exon of maize bronze gene (Bz) created a bz allele (bz-m13); however, it
was spliced out when bz transcribed (Wessler, 1987). Further comparison with the
original BZ sequence revealed that the inserted element actually functioned as a fraction
of the new intron by providing a new 3’-splicing site (Puruganan and Wessler, 1992;
Wessler, 1987). A similar example was also observed in Drosophila where a P-element
inserted into a yellow gene created a new site for alternative splicing (Geyer et al., 1991).

Eukaryotic genes/multigene families Reverse transcription of Class I TEs is the

first step for their mobilization. Although they normally use their own polyadenylation
signals, on many occasions, Class I TEs also use alternative stronger promoters residing

down-stream of the elements, resulting in the transduction of nearby host gene segments
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(Goodier et al., 2000; Pickeral, et al., 2000). In the human genome, 15-23% of L1
insertions contain a 3’-transduced host sequence (Pickeral, ef al., 2000). The possibility
of creation of a novel mosaic gene via L1 transduction was recently confirmed under an
experimental condition (Moran ef al., 1999).

DNA transposons create new genes by abnormal DNA repair after element
excisions (see Chapter 5). Generally, Class Il TEs mobilize via a cut-and—paste
mechanism (Plasterk, 1995). Such a process leaves a double-strand DNA break (DSB) at
donor sites after TE excisions. It is known that these DSBs are normally repaired by a
group of host-encoded repairing enzymes, usually characterized as an error-prone process
including the capture of non-homologous DNA segments from ecotypic sites (see
Chapter 5).

TEs’ beneficial functions Some eukaryote genes may have evolved directly from
a TE-specific gene. This was exemplified in RAG gene evolution (Melek, et al., 1998). In
vertebrates, generation of immunoglobin diversity is essential for immune response. It is
achieved by VDJ recombination, a process of chromosomal breaking-rejoining catalyzed
by the RAG genes. The VDJ recombination is similar to a typical transposition process.
Furthermore, RAGs were found to maintain certain level of transposase activity in vitro.
Thus, it is possible that the critical portion of the immune system in vertebrates was
evolved from an ancient TE system carrying a RAG gene homologue.

2.3.2 Chromosomal evolution and the dynamics of eukaryote genome

TE activity appears to have contributed to the evolution of eukaryotic sex

chromosomes, chromosomal structures (such as, telomeres and centromeres) and new

linage relationships (review see Lonnig and Saedler, 2002). Recently, several studies also
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provide the evidence suggesting TE contribution to the evolution of heterochromatin
(Dimitri and Junakovic, 1999). As such, TEs may play a functional role in chromosomal
dynamics and evolution.

Telomeres Telomeres are the structure at chromosomal ends important for
chromosomal stabilization. Generally, a telomere is synthesized by host-encoded
telomerase-mediated reverse transcription of short RNA molecules. However, in some
species, such as D. melanogaster, telomeres were created by retrotransposons. Drosphila
does not have a typical eukaryotic telomerase gene. Instead, it uses retrotransposon-
encoded reverse transcriptase to perform telomerase’s function: moving the elements
from other regions of the genome to the ends of each replicated chromosome (Eickbush,
1997).

Centromeres The centromeres of eukaryotic chromosomes are essential for the
pairing, segregation and inheritance of genetic information. It appears that TEs,
especially retrotransposons, are a major component of eukaryotic centromeres and some
of them actually contain centromeric-specific domains,l suggesting a functional
connection between eukaryotic centromeres and TEs (see Chapter 4). Recently, different
TEs were also found to be targeted by several centromere-specific proteins (van Steensel
et al., 2001). However, the actual TE function in eukaryotic centromeres remains
unknown.

Lineage diversities Chromosomal variations play an important role for developing

fertility barriers between species. TEs are known to cause all types of chromosomal
rearrangements: duplication, translocation, inversion and deletion (Lonnig and Saedler,

2002). For example, in Drosophila, several DNA transposon families were identified
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at/near the break-points of hybrid dysgenesis-induced chromosomal rearrangements
(Lim, 1988). A genome-wide study of 7y retrotransposons in the yeast genome revealed
that they were often located near recombination hot spots (Kim, 1998). Two possible
mechanisms are mainly responsible: ecotypic recombination between elements and
transposition-induced rearrangements.

Sex chromosomes Sex chromosomes play an important role in eukaryotic sex
determination and fertility. Studies from a number of eukaryotic species revealed that
TEs, especially Class I elements, are rich within these chromosomes, suggesting a
possible TE role in the origin of the chromosomes (Hackstein and Hochstenbach, 1995;
Steinemann and Steinemann, 2001). In D. miranda, the massive insertions of different
families of class I TEs were correlated with the formation of neo-Y-chromosome
(Steinemann and Steinemann, 1997). In addition, TEs can also contribute to Y-
chromosome degradation by successive silencing of the chromosomal genes (Steinemann
et al., 1993).

Heterochromatin Heterochromatin is an important chromatin structure that may

be involved in a number of cellular functions, such as the regulation of recombination
rate, gene activity, and cell division. TEs are known to be abundant within
heterochromatic regions (International Human Genome Sequencing Consortium, 2001;
The Arabidopsis Genome Initiative, 2000). TE accumulation within heterochromatin
could be resulted from host selection against their amplification within euchromatin.
Alternatively, preferential TE insertions into heterochromatin could also contribute to this
unbalanced TE distribution in eukaryotes. Can this distribution pattern be essential for a

heterochromatin function? There is some indication suggesting that TEs could play an
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important role in the origin and evolution of heterochromatin. In a study by Dorer and
Henikoff (1994), a tandem array of modified Drosophila P-elements could induce a de
novo heterochromatic state. Another example showed that massive insertions of
retrotransposons could also create the heterochromatic neo-Y-chromosome (Steinemann
and Steinemann, 1997).

Amplification of eukaryotic genomes It is well known that TEs can expand

eukaryotic genomes. For example, the maize genome was doubled in size mainly by the
amplification of class I TEs (Bennetzen, 2000). The enlargement of genome size doesn’t
always accompany the increase in the genome complexity (Kidwell, 2002). As such, it
was thought that the variation of TE abundance in eukaryotes might merely reflect the
fact that they are selfish DNA. However, this point of view was challenged recently by
Schulman and his colleagues (Kalendar et al., 2000). They examined the abundance of
BARE-1 retrotransposons from the populations distributed in different habitats and
observed that the plants growing in higher and dryer areas had nearly 3 times more TEs
than those distributed at valley habitats. Their finding suggests that TE abundance in a
eukaryotic genome may influence its ability to cope with stressed environments.
2.3.3 TEs in speciation and beyond

Syvanen (1984) ever stated, “I believe that transposons have the potential to
induce highly complex changes in a single event”. Can TE-mediated changes at the gene
and chromosomal levels lead to the speciation and origin of higher systematic categories?
Unfortunately, studies on TEs’ contribution to the origin of species and beyond are still at
an early stage, and as of yet, no evidence so far available to directly demonstrate TE’s

role(s) in speciation. However, TEs have shown to induce karotype changes, alter both
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the expressions and functions of many eukaryotic genes, and create certain level of
phenotypic modiﬁcaﬁons. These changes may provide fundamental genetic flexibility
necessary for adaptive evolution and are therefore in accordance with the proposal that
TE activity could be one driving force in the origin of certain level of biodiversity
(Lonnig and Saedler, 1997). In fact, TE-induced gene inactivation has been related to the
origin of cultivated plants and domestic animals (Lonnig and Saedle, 1997; Ingham et al.,
1993). TE activity also can create cross-fertilization barriers between different lines of
Pisum sativum in a relatively short time period.
2.4 Mutator/MULEs in higher plants

Mu/MULEs are by far the most diverse and most active DNA fransposons in
higher plants (Bennetzen, 1996). The first Mu element was identified in a maize Mutator
line 25 years ago (Robertson, 1978). Since then, a number of the elements have been
identified in both maize and other higher plant species (Turcotte, ef al., 2001; see Chapter
3 and 5). So far, the best studied Mu/MULE system is from maize, where the autonomous
Mu element, or MuDR, has been further characterized (recent review see Walbot and
Rudenko, 2001).
2.4.1 Mu/MULE terminal structures

The long TIR (>100 bp) is the prominent feature of the Mu/MULEs family. It
contains the Mu transposase (MURA) binding site (Benito and Walbot, 1997). Within an
active MUDR, the TIRs also carry the promoters of mudrA and B and other cis-regulatory
elements (Hershberger et al., 1995; Raizada ef al., 2000). The long TIR structure was
originally thought to be imperative for Mu activity. However, recent identification of

non-TIR-MULEs in Arabidopsis suggests otherwise (see Chapter 3). In Arabidopsis,
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many MULEs don’t form a typical Mu-TIR, but still carry a mudrA-like gene. Unlike
other DNA transposon families that usually share a conserved TIR sequence within intra-
family members, Mu/MULE family have diversified TIR sequences (see Chapter 3).
2.4.2 MuDR/MuDR-like elements

MuDR/MuDR-like e¢lements are autonomous Mu/MULEs that contain a
mudrA/mudrA-like gene (Bennetzen, 1996, see Chapter 3). In addition, MuDRs in maize
also contain a mudrB and some MuDR-like elements in 4rabidopsis contain a ULP gene
or other ORFs (see Chapter 5). There are multiple copies of MuDR/MuDR-like elements
in a genome, but only few can catalyze the transposition process (hMuDR, Rudenko and
Walbot, 2001).

In maize, mudrA and B genes are transcribed in active Mutator lines and at least
mudrA transcription is essential for Mu activity (Bennetzen, 1996). Some mudrA
transcripts start at +169 of a MuDR and the transcripts overlap partially with the left TIR
sequence; whereas the others start at +252 (outside of the TIR). mudrB transcripts start at
+163 and overlap with the right TIR (Hershberger ef al., 1995). The two genes are
transcribed as a convergent MuDR transcript terminating 200-bp away from each other.
mudrA typical show a 3-introns and 4-exons structure (Hershberger et al., 1995). The
fully-spliced transcript is 2.8 kb. mudrB also has a 3-intron structural organization and
produces 1 kb fully-spliced transcripts. In addition, MuDRs also produce aberrant
transcripts by differentially splicing as well as the production of antisense transcripts
produced by the failure of proper termination of the 4 or B genes (Hershberger et al.,

1995). Besides maize, the transcription of mudrA-like genes was also observed in several
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other higher plant species; however, no further characterization of the transcripts was
conducted (Lisch ef al., 2001, Singer et al., 2000; also see Chapter 3).

The mudrA transcripts from differentially-splicing process presumably encode a
group of MURAs (Walbot and Rudenko, 2001). However, only MURA-823 (120 KD)
was further characterized to be a nuclear and Mu-binding protein (Benito and Walbot,
1997, Walbot and Rudenko, 2001). Like mudrA, mudrB also produces a pool of MURBs
(Lisch and Freeling, 1995; Lisch ef al, 1999; Walbot and Rudenko, 2001). The majority
of the MURB proteins are nuclear, but some may also exist in cytoplasm (Walbot and
Rudenko, 2001). Studies on MURA-like proteins in other plant species are limited:
following the identification of a shared conserved Mutafor domain with MURA, none of
the MURA homologues was further characterized (Lisch ef al., 2001; also see Chapter 4).
2.4.3 Transposition and regulation

The production of high forward mutations per generation is a remarkable feature
of the Mu system. (Bennetzen, 1996; Walbot, 1992). Such a high rate of mutagenesis is
caused by (1) multiple copies of MuDRs in an active Mutator line, (2) imprecise Mu
excisions, (3) preferential insertions near/into host genes and (4) broad chromosomal
rearrangements induced by Mu transposition (Chandler and Hardeman, 1993; Bennetzen,
1996; Walbot and Rudenko, 2001). Insertion of a Mu element into a maize gene can
disrupt its function and produce phenotypic changes. Mutant phenotypes, however, can
be reverted after precise excision of the element. Mu-excision-mediated reversions occur
within a relatively narrow window during maize development: mainly in somatic but
rarely in germinal cells (Chandler and Hardeman, 1993; Bennetzen, 1996; Walbot and

Rudenko, 2001). From an outcross between an active Mu and a standard maize line, the
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progenies often contain more Mu copies than their parents and show unique mutant
phenotypes (Bennetzen, 1996).

The features of Mu transposition in somatic and germinal development suggest
the existence of two transposition pathways: cut-and-paste and replicative transposition
(Walbot and Rudenko, 2001). But how the switch is controled? One possibility is that the
Mu system uses different forms of MURA and/or MURB to control different
transposition pathways during maize development (Walbot and Rudenko, 2001). So far,
three different forms of MURAs have been identified and confirmed to be able to
conduct maize Mu activity. (Walbot, personal communication). Similarly, different forms
of MURBs were also identified (Walbot, personal communication). However, it is
currently not clear (1) which MURA is responsible for the Mu activity in germinal cells
and (2) what are MURBSs’ roles in determining the switch. Apart from the proposed
model, it has been confirmed that Mu/MULE activity was also regulated by host factors,
such as DNA methylation and chromosomal position effect (Walbot and Stapleton, 1998;
Lisch and Freeling 1994; Singer et al., 2001; see Chapter 4). Finally, host proteins were
also found to be able to interact with Mul TIRs, suggesting the possible involvement of
specific host protein(s) in the regulation of Mu activity (Zhao and Sundaresan, 1991).
2.4.4 Mu/MULE activity and plant development and evolution

In active Mutator lines, Mu activity has been associated with a number of maize
gene mutations and chromosomal rearrangement (see review Chardler and Hardeman
1994; Robertson ef al., 1994). For example, the insertion of Mu/ at the transcription start
site of maize Shrunken 1 (SHI) gene created a shl mutant line (s#9026) where the normal

SH1 transcripts were reduced and truncated skl transcripts were increased (Strommer and
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Ortiz, 1989). In another example, Mu elements inserted into the YG2 (Yellow and Green
2) gene locus near the end of the short arm of maize chromosome 9 (Roberston et al,
1994). From 113 putative Mu-induced events, 11 were found to produce albino seedlings
or the white deficiency (wd) phenotype. Further cytological analysis revealed that these
mutations were created by Mu-induced chromosomal deletions including wd locus.

With the exception of the studies described in the following Chapters, the long-
term impact of Mu/MULE activity on host gene and genome evolution has not been
broadly examined. In Arabidopsis, MURA-like proteins show sequence similarity with
functional FAR1, suggesting an evolutionary relationship between these two (Lisch ef al.,
2001; see Chapter 4). In addition, several Arabidopsis MULEs also contain an
Arabidopsis centromere-specific sequence (see Chapter 4), indicating MULE
participation in Arabidopsis centremere formation and function. Finally, MULEs may
also play an important role in the generation of eukaryotic genes and multigene families
(see Chapter 5).

2.4.5 Applications of Mu/MULE systems

A number of eukaryotic TE systems have been developed as efficient transposon-
tagging tools for targeted mutagenesis. In this regard, the Mu/MULE system should be
extremely beneficial, as they create a high rate of mutations and insert frequently
into/near a gene. A number of maize genes were characterized through Mu-tagging
(Walbot and Rudenko, 2001). Under a standard genetic approach, maize plants were
crossed with an active Mutator line. Subsequently, Mu-insert ional mutations were
identified based on visualized mutant phenotypes or a PCR-based molecular approach

(Walbot et al., 1986, Walbot, 1992). Recently, a genome-wide RescueMu tagging system
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in mazie was develped in Dr. Walbot’s Lab. With this system, Mu insertions can be
mapped across the maize genome. The sequences flanking individual insertions can be
obtained directly through genomic sequencing (review see Walbot and Rudenko, 2001).
2.5 Conclusions

During the past 50 years, not only have numerous eukaryotic TEs been found and
characterized, but also have interesting relationships between mobile DNA and the
evolution of eukaryotic gene/genome complexity been revealed. In a eukaryote, TE
activity (1) depends not only on TE-specific factors (that is the availability of
corresponding transposases) but also on their status within the complex architecture of
host genome and (2) can indeed regulate eukaryotic gene functions and contribute to
gene/genome evolution. It seems also likely that (1) local condensation of TEs (especially
retrotransposons) may have assisted the formation of heterochromatin, (2) TE activity
may have facilitated the origin and development of host defense systems and (3) TEs
may have played an important role in the construction of fertilization barriers, all of
which as a whole could have led to the origin of new species. In conclusion, from an

evolutionary standpoint, TEs and eukaryotes can co-evolve.
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Hypothesis I

As of 1997, eight Mu elements had been identified in maize. The most remarkable
characteristics shared by these elements are the Mu-TIR (Bennetzen, 1996). Despite the
fact of finding Mu-transposase (MURA) homologues in rice and their sharing homology
with Bacteria IS elements (Eisen ef al., 1994), the existence of an intact Mu-like element
in other higher plant organisms than maize remains unclear.

In early 1998, we initiated a pilot study, aiming to identify the MULEs from four
sequenced Arabidopsis BAC clones released from the project of sequencing Arabidopsis
genome at that period of time. We found a total of four MULE-related sequences: one
putative mudrA-like gene without a TIR, one MuDR-like element with perfect 9-bp
TSDs, and two putative non-autonomous MULEs, also with perfect 9-bp TSDs
respectively. Based on this primary analysis, we hypothesized that there may exist a
MULE family in the Arabidopsis genome, featuring great diversities in terms of
element termini and the structure and sequence constitution of the mudrA-like genes

(proposed in my first committee meeting in 1998).
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CHAPTER 3

MUTATOR-LIKE ELEMENTS (MULES) IN ARABIDOPSIS THALIANA:

STRUCTURE, DIVERSITY AND EVOLUTION

Zhihui Yu, Steven 1. Wright and Thomas E. Bureau
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3.1 Abstract

While genome-wide surveys of the abundance and diversity of mobile elements
have been conducted for some class I transposable element families, little is known about
the nature of class II transposable elements on this scale. In this report, we present the
results from analysis of sequence and structural diversity of MUtator-Like Elements
(MULEs) in the genome of Arabidopsis thaliana (Columbia). Sequence similarity
searches and subsequent characterization suggest that MULEs exhibit extreme structure,
sequence and size heterogeneity. Multiple alignments at the nucleotide and amino acid
levels reveal conserved, potentially transposition-related sequence motifs. While many
MULEs share common structural features to Mutator elements in maize, some groups
lack characteristic long terminal inverted-repeats. High sequence similarity and
phylogenetic analysis based on nucleotide sequence alignments indicate that many of
these elements with diverse structural features may remain transpositionally competent,
and that multiple MULE lineages may have been evolving independently over long time
scales. Finally, there is evidence that MULEs are capable of capturing host DNA
segments, which may have implications for adaptive evolution, both at the element and

host levels.
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3.2 Introduction

Mutator (Mu) is a diverse family of class I transposable elements found in maize.
Robertson first identified Mu through a heritable high forward mutation rate exhibited by
lines derived from a single maize stock (Robertson, 1978). To date, at least six different
groups have been identified in maize Mu lines (Bennetzen, 1996). Mu elements have long
(=200-bp) and highly conserved terminal inverted-repeats (TIRs). However, the internal
sequences are often heterogeneous, with little to no sequence similarity with other
elements (Chandler and Hardeman, 1992). Upon insertion, Mu elements typically
gencrate a 9-bp target site duplication (TSD) of flanking DNA (Bennetzen, 1984;
Walbot, 1991). Mu Transposition is primarily regulated by Mu members designated as
MuDR, which contain both mudrA and mudrB genes (Lisch et al., 1995). mudrA has been
suggested to encode the Mu transposase (MURA; Henikoff er al., 1995; Lisch et al.,
1999) and to be related to the transposases of some insertion sequences (IS) in bacteria
(Eisen et al., 1994), whereas mudrB has no known function and shows no significant
amino acid sequence similarity with any reported protein (Lisch ef al., 1999). As with
other mobile elements, some Mu elements lacking a functional transposase are capable of
transposition, if MURA is supplied in trans (Hershberger et al., 1991). Mu elements in
maize have been demonstrated to be an extremely active agent in creating mutations and
have been developed as a highly efficient transposon-tagging tool for maize gene
isolation (Walbot, 1992). Despite identification and primary characterizatjon of Mu
elements in maize, relatively little is known about their distribution, diversity and

evolution in other higher plant species.
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Arabidopsis thaliana has become a model organism for genetic analysis of many
aspects of plant biology and is the first plant species to be targeted for complete genome
sequencing (Meinke er al., 1998). This sequence information provides an exceptional
opportunity to identify mobile elements and characterize their patterns of diversity at the
whole-genome level. The Arabidopsis genome has been recently shown to harbor a great
number of transposable elements, including various repetitive sequences with amino acid
and structural similarity to Mu (Le et al., 2000, Lin et al., 1999; Mayer et al., 1999). In
this report, we analyze the structural diversity and phylogenetic relationships of the
Mutator-like element (MULE) groups containing member(s) encoding a putative MURA-
like transposase in A. thaliana.

3.3 Materials and methods

Data mining Sequences surveyed in this study correspond to selected large-insert
DNA clones from the Arabidopsis genome project, as described by Le et al (2000).
Specifically, sequenced clones released before December of 1998 were chosen for
systematic screening and classifying MULEs. Additional elements were then periodically
mined up to Dec. of 1999. Two computer-based approaches were employed to identify
MULEs. The first method involved using Arabidopsis genomic sequences as queries in
Advanced BLAST searches, as described by Le et af (2000). In addition, each DNA
segment (typically the sequence from one large-insert clone) was compared against its
reverse complement using the program BLAST 2 Sequences (Tatusova and Madden,
1999) to identify long TIR structures. Elements were classified into groups based on
shared sequence similarity (BLAST score > 80). Long TIRs were defined as terminal-

most regions sharing > 80% sequence identity over > 100 contiguous base pairs. A
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detailed description of the mined MULESs presented in this report can be accessed on the
Worldwide Web at http://soave.biol.mcgill.ca/clonebase/.

Sequence analysis and molecular cloning Both PCR- and computer-based
approaches were employed to document past transposition events and to confirm the
position of termini for some elements by identifying RESites, that is sequences which are
related to empty sites (Le ef al., 2000). In the PCR-based protocol, genomic DNA was
isolated from ten ecotypes of 4. thaliana: No-0, Sn-1, Ws, Nd-1, Tsu-1, Rld-1, Di-G,
Tol-0, S96, and Be-0  (Arabidopsis  Biological  Resource  Center;
http://aims.cps.msu.edu/aims). PCR primers were designed corresponding to regions
flanking putative MULEs. A primer name was composed of three parts, namely i) ATC
(drabidopsis thaliana clone), ii) the GI number of the clone harboring the MULE, and
iii) the corresponding position in the clone where the primer sequence was derived. The
primer pair used to amplify RESites for MULE-1:GI2182289 was ATCGI2182289-
38427 (5-GTGAGGCAACACGTCATCATCTC-3’) and ATCGI2182289-40214 (5°-
CTGGTCTTGAACCTCGTTCATCC-3); for MULE-23:GI3063438 was
ATCGI3063438-86192 (5’-CCACCTTTAATCCGGGAGAATTC-3%) and
ATCGI3063438-99055 (5°-CACGATGGAACTCCAGTCAG-3’); and for MULE-
24:GI2760316 was ATCGI2760316-88054 (5°-CATGTAACCCTTCATGGGTGG-37)
and ATCGI2760316-93177 (5’-TGGGATTCCAATTTGTCAGCCTG-3’). PCR
amplifications were carried out using annealing temperatures ranging from 50-65° as
previously described (Bureau and Wessler,1994). Amplified fragments were cloned into
a pCR2.1 vector (Invitrogen, Carlsbad, CA) and subsequently sequenced using a

SequiTherm EXCEL™ I kit (Epicentre, Madison, WI). The resulting DNA sequences
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were compared with the corresponding sequences at element insertion sites to confirm
the position of element termini and TSDs. Alternatively, the regions flanking putative
MULEs were used as BLAST queries to identify related sequences which lacked the
element (Le er al., 2000).

Information concerning the position and identity of putative ORFs within mined
MULEs was inferred from the annotation of surveyed clones. Multiple sequence
alignments of mined MULEs were performed wusing DIALIGN 2.1
(http://bibiserv.techfak uni-bielefeld.de/dialign, Morgenstern, 1999), as it has less
limitation than other computer programs (e.g., MULTALIN) for aligning very large
sequences, such as the elements over 10-kb. Within-group sequence similarity was
displayed using PlotSimilarity, implemented with GCG (Wisconsin Package Version
10.0, Genetic Computer Group (GCG), Madison, Wisc). MULE termini were analyzed
using MULTALIN (http://www.toulouse.inra.fr/multalin.html, Corpet 1988) and their
consensus  sequences were derived from these analyses. ProfileScan
(http://www.isrec.isb-sib.ch/software/PFSCAN _form.html; Gribskov et al., 1987) and
Pfam HMM Search (http://pfam.wustl.edw/hmmsearch.shtml; Bateman et al., 2000) were
used to determine the location of conserved domains and motifs. Transposable elements
within MULEs were mined using the methodology previously described (Le et al., 2000).
Analysis of substitution patterns, and determination of significant deviation from neutral
expectations (i.e. Ka/Ks=1) were generated using the program K-Estimator (version 5.3;
Comeron, 1995; 1999). Sliding window analysis of sequence diversity (calculated as O,
the average pairwise difference) across aligned sequences was conducted using the

program DnaSP (version 3.14; Rozas and Rozas, Phylogenetic Analysis Maize mudrA
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and Arabidopsis mudrA-like ORFs were compared by pairwise (BLASTX) and multiple
alignment (MULTALIN) to identify the most conserved region to be used in
phylogenetic analysis.Using the maize mudrA as an outgroup, phylogenetic trees were
derived from both distance-based (neighbor-joining) and character-based (parsimony)
approaches using programs in the PHYLIP package (version 3.75¢c; Felsenstein, 1993).
Nucleotide distances were computed using the Kimura option of DNADIST. SEQBOOT
was used to generate 100 bootstrap replicates, each of which was then analyzed by
NEIGHBOR and DNAPARS. The final majority-rule consensus trees were derived using
CONSENSE.
3.4 Results

Among 28 mined MULE groups (Le et al., 2000), nine were revealed to contain
element(s) encoding a putative protein sharing approximately 25% similarity to MURA
in maize. None of the elements were found to harbor a mudrB-like ORF. Table 3.1
summarizes the primary features and diversity of these groups. By analyzing flanking
DNA sequences between an insertion and its corresponding RESite, both the location of
MULE termini and TSDs were confirmed for representative members of eight of the nine
MULE groups (Figure 3.1). Moreover, this analysis provides convincing evidence that
the mined MULESs are indeed transposable elements (Lee ef al., 1999).

Diversity of MUIEs Among the nine MULE groups, six contain elements with

TIRs (TIR-MULEs, Table 3.1). In general, the TIR-MULE:s are structurally similar to Mu
elements in maize (Bennetzen, 1996), with long TIRs (100 to 408-bp) and typically 9-bp
TSDs (among the surveyed elements 49% have 9-bp TSDs, 39% have 10-bp TSDs, 5%

have TSDs larger than 10-bp, and 7% have TSDs shorter than 9-bp). As with Mu
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elements in maize, members within most TIR-MULE groups share the highest sequence
similarity only at the TIRs (Figure 3.2), and most lack coding capacity. Significant
variation in element abundance is observed among MULE groups. For example, only one
member was identified for the MULE-16 group in our survey, compared to 20 members
in the MULE-1 group. Within the latter group, 12 members share >90% sequence
identity across their entire sequence. They share similarity only with the TIR sequences
of the other eight members in the same group.

Although the three other MULE groups also contain elements encoding MURA-
like proteins, and 77% of the members within these groups have a 9-bp TSD (Table 3.1,
Figure 3.1), MULEs in these groups display characteristics that have not been observed.
Namely, (i) the 5° terminus and inverse-complement of the 3° terminus of these
individual elements exhibit much lower (<60%) sequence similarity than both the TIR-
MULE groups and the Mu elements in maize, which typically display >80% sequence
similarity between a given element’s TIRs (Figure 3.3; Walbot, 1991; Chandler and
Hardeman, 1992; Bennetzen, 1996), (ii) the majority of the members are very large in
size, ranging from about 7.1-kb to 19.4-kb, (iii)) members within a group share relatively
high sequence similarity across their entire length (up to 95%) (Figure 3.2), and (iv)
approximately two-thirds of these elements contain two or three ORFs, one of which
encodes a MURA-like protein, but the others lack high sequence similarity with any
characterized ORF in the current database (Table 3.1). Given their consistently low
sequence similarity at their termini, we refer to these elements as non-TIR-MULEs.

In addition to structural, size, and element-abundance variation, we also found

evidence indicating the apparent acquisition of host DNA segments into the internal
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regions of some TIR-MULEs (Figure 3.4, .5, .6, .7, and .8). The size of the acquired
DNA fragments range from 97-bp to 492-bp and make up the major portion of the
internal sequences of the corresponding MULEs. The acquired DNA sequences are 85-
88% identical to the original host DNA segments (Figure 3.4B, .5B, .6B, and .8B; Le¢ et
al., 2000). They include 5' flanking sequences of the genes (Figure 3.4A, .5A, and .8A),
S'UTR (Figure 3.4A), exons (Figure 3.4A, .5A, .6A, and .7A), and introns (Figure 3.6A
and .7A). It is evident that all acquired gene segments identified are related to the 5'-
regions of host transcription factors or developmentally regulated genes.

With one exception, MULE-1:GI2182289 (chromosome 1), the acquired gene
sequences do not form ORFs (Figure 3.4, 3.5, 3.6, 3.7, and 3.8). The structure of this
element has been previously reported (Le et al, 2000) to share significant sequence
similarity with a region spanning the first two exons and first intron of the Arabidopsis
homeobox-leucine zipper gene Athb-1 (Ruberti et al., 1991; also referred to as HATS
[Schena and Davis, 1994]; Figure 3.7A). The acquisition of an Athb-I gene segment
results in the formation of a novel putative ORF (Figure 3.7B) encoding a 71 aa
polypeptide. This putative protein shares 88% amino acid sequence similarity (Figure
3.7C) with the N-terminal sequence of the Athb-1 that includes an acidic domain (Figure
3.7B). Analysis of sequence diversity across the region of similarity between the putative
gene from MULE-1:GI2182289 and the Ashb-1 gene indicates that noncoding regions
have diverged more extensively than exons (Figure 3.7D). Calculation of substitution
patterns between these two ORFs using the method of Comeron (1995) provides an
estimated ratio of nonsynonymous to synonymous substitutions (Ka/Ks) of 0.6733, which

is not significantly different from 1 (p>0.05). Subsequent analysis has also revealed a
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second MULE-1 (GI613649; chromosome 4) with high nucleotide similarity to the same
region of Athb-1 (Figure 3.7A). The Athb-I-like region of MULE-1:G1613649 has
numerous frameshifts and stop codons relative to Athb-1 (Figure 3.7C), but the
reconstructed amino acid sequence shares 80% similarity to the same region of Athb-1.
As with the initially identified segment, a region corresponding to the location of the first
intron of Athb-1 is also present. No expression information of the putative gene in
MULE-1:GI2182289 was identified through a survey of the Arabidopsis EST database.

Finally, numerous nested transposon insertions also contribute to the diversity of
MULE elements. As described in Table 3.2, both class I and II transposable elements
have been identified within MULESs. These insertions have variable sizes (ranging from
about 0.73-kb to 6.67-kb), display either TIR or LTR structures, and two contain putative
transposition-related ORFs. In addition, a novel putative TE insertion was also identified
in MULE-23:G16007863. This sequence has 325-bp long TIR structure and is flanked by
a 5-bp direct repeat (table 3.2). Its internal sequence has coding capacity for a Ty3/gyspy-
like retrotransposon-related protein that is 75% identical to a putative retroelement
integrase in A. thaliana (Lin et al., 1999), and 42% identical to a characterized probable
polyprotein in A. comosus (Thomson et al., 1998) in BLASTX surveys. This putative
insertion element may reflect a novel class Il element that has sustained the insertion of a
truncated Ty3/gyspy-like retrotransposon. Alternatively, this sequence may represent a
novel type of terminal inverted-repeat containing retrotransposon (Zuker ef al., 1984;
Garrett et al., 1989)

Conserved sequence motifs Figure 3.9 shows the terminal consensus sequences

for each of the nine MULE groups. Overall the terminal sequences share no significant
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sequence similarity among groups. However, many of the terminal-most sequences tend
to fit the general motif 5°-RRR-3" (R=G or A) followed by a short AT-rich region (Figure
3.9). No sequence significantly similar to the maize MURA binding site (5°-
GAGGGAAGGGGATTCGACGAAATGGAGGCGTT-3"; Benito and Walbot, 1997)
was identified within any of the consensus sequences.

The MURA-like proteins encoded by the mined MULEs were also analyzed for
DNA-binding motif(s). Using Profilescan and Pfam HMM, we identified a motif,
CX2CX4HXAC (X represents any amino acid), at the C-terminal region of sixteen
Arabidopsis MURA-like proteins (Figure 3.10). This motif also exists in a ricce MURA-
like protein, a number of known nuclear binding proteins (NBP), and other transposases
(Figure 3.10). The C-terminal region of maize MURA has a similar motif
CX2CX4HX6C. Analyses of the N-terminal regions of the putative MURA-like proteins
did not show significant sequence similarity to any known protein.

Phylogeny of TIR and non-TIR-MULEs A conserved region (~270 nucleotides)

was identified within the maize mudrAd and the Arabidopsis mudrA-like genes (Figure
3.11) and used for phylogenetic analysis of the mined MULE groups. We utilized two
methods, neighbor-joining and parsimony, to establish evolutionary relationships. Using
maize mudrA as an outgroup sequence, both methods generated majority-rule trees with
similar topologies. The consensus tree derived by the neighbor-joining method is shown
in Figure 3.12. These phylogenetic relationships are consistent with our classification of
MULE groups based on blast search results, since elements from one group are
monophyletic, with high bootstrap support (>93%), and are separated by much shorter

branch lengths than found between groups. The phylogeny also indicates that the mined
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non-TIR-MULE groups are more closely related to each other than they are to any of the
TIR-MULE groups, and that non-TIR MULE elements which encode MURA-like
proteins have undergone recent amplification.
3.5 Discussion

Genome sequencing projects allow for detailed analysis of the patterns and extent
of transposon diversity in the genomes of model organisms. Our data suggest that the
MULE groups in A. thaliana exhibit both extreme structural and sequence heterogeneity.
In fact, the observed variation indicates that the MULE superfamily may be among the
most diverse mobile element families in eukaryotes. The presence of element insertions
of varying ages may partly account for MULE diversity. The existence of numerous
truncated MULESs (Le et al., 2000; Lin et al., 1999; Mayer et al., 1999), and the high
level of divergence between MULE groups indicates that these elements might be an
ancient mobile element system in the Arabidopsis genome, and many elements may be
no longer be transpositionally active. However, the existence of MULEs with significant
sequence identity (>90%), and the identification of RESites from the closely related
ecotype No-O suggests that many MULEs have in fact been recently mobile. The high
level of diversity may also reflect the potential ability of MULEs to remain
transpositionally competent with the presence of only a few conserved sequence motifs,
if a transposase is supplied in trans.

Non-TIR-MULEs are a novel type of plant class I transposable element. In
contrast to TIR-MULE groups, as well as Mu elements in maize, these elements are
characterized by low sequence similarity between termini of individual elements. One

might expect that the absence of high sequence similarity at the termini of individual
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non-TIR-MULESs suggests that they represent truncated, and presently inactive, elements.
However, non-TIR-MULEs are also characterized by their abundance in the genome,
high level of homogeneity (up to 99.5%) between members of individual groups, and a
relatively high frequency of elements encoding putative MURA-like transposases. These
features, combined with phylogenetic analysis indicate that these elements are able to
transpose in the absence of long TIRs, and that they may be evolving as an independent
lineage. Similar patterns of structural diversity have been observed in a family of unusual
IS elements (such as 15901, IS116, and 75902; Ohtsubo and Sekine, 1996). These
elements have been subgrouped on the basis of presence or absence of TIRs, and have
been hypothesized to be regulated by a shared group of transposases. The origin of non-
TIR-MULESs, the forces maintaining structural diversity among MULEs, and the
functional implications of this diversity for the MULE system in the Arabidopsis genome
remain unknown.

It seems that acquisition of host DNA sequences to assemble new elements is a
frequent event for TIR-MULEs. In addition to our documentation of five acquisition
events in Arabidopsis, the maize Mu2 has also been reported to have acquired a host
MRS-A DNA segment (Talbert and Chandler, 1988; Talbert et a/., 1989). While the
acquisition events by Arabidopsis TIR-MULESs involved the 5° ends of cellular genes, the
significance of this bias is currently unknown. Acquisition of cellular genes does not
appear to necessarily prevent transposition since two MULE-1 elements harboring Athb-
I-like ORFs on different chromosomes have been identified. Class I elements have also
been documented to acquire or transduce cellular genes (Bureau ez al., 1994; Boeke and

Stoye, 1997). These genes can be expressed by means of a LTR-promoter and in many
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cases lead to disease phenotypes (Vogt, 1997). Likewise, acquired and modified host
DNA within MULEs could be expressed from either a TIR-promoter, an acquired
promoter, or a promoter in the flanking region. However, there is currently no evidence
that the putative ORFs are actually expressed in vivo or whether these polypeptides have
any function. While there is evidence for a lower level of divergence between the MULE-
1 Athb-1-like gene and Athb-1 in coding regions, it is unclear whether this pattern reflects
selective constraint only on Athb-1, or whether there are in fact functional constraints on
the coding region of the MULE-1 gene. Furthermore, the Ka/Ks ratio does not provide a
strong indication of departure from neutral patterns, suggesting that the acquired exons
may be nonfunctional. The ability to capture sequences from their host may not only a
mechanism for generating element diversity, but might also be important in generating
adaptive changes for MULE groups. On the other hand, considering that genomic DNA
segments captured by Mu elements and MULEs can transpose, likely be duplicated by
means of replicative transposition, and recombine with sequences encoding functional
domains, these elements might also play important roles in gene organization and
evolution (Henikoff et al., 1997).

We have identified a motif, namely 5’-RRR-3" followed by a short AT-rich |
region, at the terminal-most ends of the mined MULEs. This motif is reminiscent of a
motif (5°-GDTAAA-3’; D=G, T, or A) found in the subterminal regions of the maize Ac
element which was demonstrated to be the recognition sites for the binding of nuclear
proteins in maize (Becker and Kunze, 1996) and tobacco (Levy et al., 1996). The MULE
terminal motif is also similar to part of a region (5’-CGGGAACGGTAAA-3’) located in

the maize Mul TIR that is also recognized by host factors (Zhao and Sundaresan, 1991).
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In fact similar motifs have been recognized in a variety of class II plant transposable
elements (Levy ef al., 1996). It 1s tempting to speculate that the motif identified in our
study may function as a cis-acting sequence in regulation of MULE activity.

We have also identified a CX2CX4HX4C motif at the C-terminal region of some
MURA-like transposases. This motif is characteristic of the zinc finger domain (CX2-
5CX4-12C/HX2-4C/H) found in RNA binding proteins (Hanano et al., 1996;
Rajavashisth et al., 1989), eukaryotic transcription factors (Sherrie and Wolffe, 1993),
and transcription splicing factors (Heinrichs and Baker, 1995; Lopato et al., 1999). In
addition, this motif has also been found within the gag-encoded genes of retroviruses
(Berg 1986; Covey, 1986) and retrotransposons, such as copia-like retrotransposons
from tobacco (Grandbastien et al., 1989), and 7y elements in yeast (Jordan and
McDonald, 1999). The CX2-5CX4-12C/HX2-4C/H motif can be present in a protein
sequence from one copy to as many as nine copies (Sherrie and Wolffe, 1993). It has
been demonstrated that this motif interacts directly with viral RNA (Covey 1986; Darlix
et al., 1995), eukaryotic pre-mRNAs (Fu, 1993; Heirichs and Baker, 1995; Lopato et al.,
1999) and single-stranded DNA (Rajavashisth et al.,1989; Remacle et al., 1999). Given
its RNA- and DNA-binding characteristics, the CX2CX4HX4C motif at the C-terminal
region of the putative MURA-like transposases might interact with the MULE DNA
and/or RNA, possibly playing a role in MULE transposition and/or regulation of MULE
mobility in 4. thaliana.

The initial discovery of Mu involved the isolation and characterization of various
elements in maize. In this study, we have characterized the sequence and structural

diversity of MULEs in A. thaliana, thereby extending the range of members of the
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MULE superfamily. The apparent success of MULEs in the Arabidopsis genome
provides an excellent opportunity for learning about the mechanisms driving the diversity
and evolution of a class Il transposable element system in eukaryotic genomes. The
Mutator system in maize is a highly effective agent for the creation of de novo mutations.
In fact, Mu-tagging approaches have been extremely effective in the isolation and
functional analysis of numerous maize genes (Maes er al, 1999, Walbot, 1992).
Introduction of active Mu elements into heterologous plant species, however, has not
been successful (Walbot, 1992). Identification and characterization of MULEs in species
other than maize may thus also facilitate the development of an endogenous element

tagging approach.
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Table 3.1 Summary of mined MULE groups in A. thaliana

group no. of size range TIR size no. of elements TSD
elements (bp) range (bp) with mudA-like  size (bp)
gene”
MULE-1 20 492-3952 103-408 1 9-12
MULE-2 9 444-4809 101-222 | 7-11
MULE-3 2 1213-3771 107-158 1 10
MULE-16 1 3646 292 1 6-7
MULE-24 7 1075-4445 100-319 2 9-10
MULE-27 7 552-4703 141-307 1 9-11
MULE-9 16 2338-17078  na’ 7 9
MULE-19 4 7119-8188 na 4 8-9
MULE-23 6 12267-19397 na 6 9-8

“Only one putative mudrA-like gene was identified per element.
"not applicable.
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Table 3.2 Other TE insertions into the MULEs

Inserted TE type position size  coding TIRsize TSD
MULE (bp) capacity (bp)

MULE-9: MULE-3 86859-87925 1066 none 158  gtatgtacct
GI3299824

MULE-9:  En/Spm 91459-95242 3783 En/Spm-like 13 ggt
(13299824 transposase

MULE-9:  solo-LTR 12128-14273 2146 none 5 ccatt
GI6136349  (Athila)

MULE-9:  Tag-I1 50787-51517 731  none 21 cttatgag
GI3128140

MULE-23: unknown 119225-125890 6666 gag-pol 325 atttg
G16007863 polyprotein

MULE-23: solo-LTR 117197-118083 983  none 5 ataag
GI6007863 (Tatl)
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Figure 3.1 RESites of some mined MULE group members. The MULE-associ-
ated TSDs are underlined. GI (geninfo) numbers and nucleotide positions in
corresponding clones or sequenced DNA segment from A. thaliana ecotype No-
0 are indicated. Due to the degenerate TSDs of MULE-16, the RESite corre-
sponding to this element does not resolve the precise termini or TSD.
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Figure 3.2 Similarity plot of multiple sequence alignments of individual MULE groups
(sliding window size: 50-bp). Both nucleotide and indel variation led to a reduction in
similarity estimates. The approximate positions of mudrAd-like genes in individual
multiple alignments are indicated with the black bars over the corresponding positions.
The shaded regions in MULE-9 and -23 represent the sites where other TE insertions (see
Table 3.2) were identified (1: insertion of an En/Spm-like element, 2: insertion of an
Athila-like solo-LTR element, 3: Insertion of a MULE-3 element, 4: insertion of a Tag-I-
like element, 5: insertion of a Tati-like solo-LTR, and 6: insertion of an unclassifiable
element which contains a truncated 7v3/gypsy-like integrase domain.). As only one
member was identified for MULE-16, no alignment result was available.
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Figure 3.3 Frequency distribution of sequence similarity at the termini of
each individual MULE element. The first 100-bp of each element were aligned
to the reverse-complement of the last 100-bp, and the percent similarity cal-
culated. MULE-9, -19, and -23 are non-TIR MULESs, while MULE-1, -2, -3,
-16, -24 and -27 are TIR-MULEs.
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AtHspi01

MULE~24:GI3193305 15717 |
GIET715467

Figure 3.4 Acquisition of ArHspl0/ gene segment by MULE-24:GI3193305. a,
illustration of AtHspl01 gene (GI6715467, Hong and Vierling, 2000) and the element
structure. The black boxes represent the exons, the white boxes represent the introns, the
putative 5'UTR region is labelled, and the dark grey box represents the 5 flanking
region, the light grey boxes with an arrow represent the TIRs, and the dash-lined boxes
represent the remaining internal sequence of the element. b, nucleotide sequence
similarity between the acquired DNA segment and corresponding host DNA sequence,
with the identical nucleotides being shaded in grey. No complete ORF was identified
within the aligned region. ¢, amino acid sequence similarity between AtHspl01 protein
segment, encoded by AtHspl0], and M-AtHspl01, encoded by the element (derived
using BLASTX).
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Figure 3.5 Acquisition of SCR-like gene segment by MULE-1:GI4678340. a, illustration
of SCR-like gene (annotated as T4C21-40 in the clone, GI7329669) and the element
structure. The black boxes represent the exon, the dark gray box represents the 5’
flanking region, the light grey boxes with an arrow represent the TIRs and the dash-lined
box represents the remaining internal sequence of the element. b, nucleotide sequence
similarity between the acquired DNA segment and the comresponding host DNA
sequence, with identical nucleotides being shaded in grey. No complete ORF was
identified within the aligned region. ¢, amino acid sequence similarity between the SCR-
like protein segment, encoded by SCR-like gene, and M-SCR-like protein, encoded by
the element (derived using BLASTX).
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Figure 3.6 Acquisition of CDC-like gene segment by MULE-1:GI3702730. a,
illustration of CDC-like gene (annotated as T4P13.23 in the clone, G16714457) and the
element structure. The black boxes represent the exons, the white boxes represent the
introns, the light grey boxes with an arrow represent the TIRs, and the dash-lined box
represents the remaining internal sequence of the element. b, nucleotide sequence
similarity between the acquired DNA segment and the corresponding gene sequence,
with the identical nucleotides being shaded in grey. No complete ORF was identified
within the aligned region. ¢, amino acid sequence similarity between the cdc-like protein
segment, encoded by the CDC-like gene, and the M-cdc-like protein, encoded by the
element (derived using BLASTX). The conserved motifs of the cdc-like protein (Magyar
et al., 1997) are boxed. Asterisks represent positions where a frame shift was introduced
to achieve an optimal alignment.
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Figure 3.7 Acquisition of ATHB-1 gene by MULE-1:GI2182289 and MULE-
1:GI6136349. a, illustration of ATHB-1 gene and the element structures. Black boxes
represent exons; white boxes represent introns; grey boxes with arrows represent TIRS;
slash-lined boxes represent the internal region of MULE-1:GI6136349; and dash-lined
boxes represent the internal region of MULE-1:GI2182289. The corresponding DNA
sequences present in both dashed and slashed boxes have sequence similarity <50%; the
corresponding sequences present in grey boxes have sequence similarity >80%; and the
DNA sequences present in both black and white boxes of the elements have >86%
sequence similarity with the corresponding DNA sequence in the ATHB-1 gene. b,
structural relationship between the Athb-1 and the putative protein, M-AthblA. ¢,
multiple alignment of the amino acid sequence shared between the putative protein
encoded by MULE-1:GI2182289 (M-Athb-1A), the derived polypeptide from MULE-
1:GI6136439 (M-Athb-1B) and the N-terminal region of the Athb-1. Identical amino
acids are shaded in grey. Asterisks represent positions where a frame-shift was
introduced to achieve an optimal alignment. d, sliding window of nucleotide sequence
diversity (b) across the region of similarity between MULE-1:GI2182289 and ATHB-1.
Sequences corresponding to an intron are located between positions 88 and 267 while the
remaining regions correspond to exons.
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Figure 3.8 Acquisition of 5'-flanking DNA sequence of FIMBRIN 2 gene by MULE-
1:GI2815519. a, illustration of FIMBRIN 2 gene (GI2811231) and the element structure.
The black boxes represent the exons, the white boxes represent the introns, the light grey
boxes with an arrow represent the TIRs, and the dash-line box represents the remaining
internal sequence of the element. b, nucleotide sequence similarity between the acquired
DNA segment and the corresponding host DNA sequence, with the identical nucleotides
being shaded in grey. No complete ORF was identified within the aligned region.
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MULE-1
GGGAAAARRAAACGAGAARATGTCATTTAATCCCCCAACTTTCAARAARATAGGTCATTTTATACATCAACTTCGTATCTGGCCGTTTARA
ACATGAACTAAACGTITGACTAATTATTTARAACATGATTATTCGTTGACCAGGCCARAAATACAATGCCGTTATCAGTCATTAACGGAAC
TTNTAACTCCGTTANCTAACGTCCGTTATCATCCGTTAACGCGTCGTTINACTATAATCCGARACANGNAAANTGTCACTTTATTAGTCA
AGTTTCAAATTGTGGCCATTTTAAACATCAACTTCGTTGACCAAGCCAAAATAGACATGTAAATCCCTAAATTCTARAATTAAAATCTT
GGT

MULE-2
GGGGARAPATGTTATTTAATACCTGAACTTTCARARAATGGCCARATTAACCGTGAACTCTTGAAATGGCCGTTTTATACCTCAACARA
AAGTTGACTTCTAATTTTAACCTATAAGTTATCGTTGACTCCECCTAATNAACCACCGTTAAAAATCCTTCTAACAGCGTAATTNACAG
CCGTTANAGAACATCCGTTAAGGTGATACGATGACGTTTTGTGCTA

MULE-3
GGAAAAATTTTGAATCGETCTATTTCCCCANGAGAACTATNACATCATGCCAGATANAGCCCGATCTTTGACCTCTNTCTATNTACCCA
CGAAANGAAAGTTAAANGTCTANTTCCCCAGAAATNAAAGTTCNAGAGCTAAATGTCCCCGNTTNNNNATTTCGTC

MULE-16
GGGCTNCCTATNGGAGNCCCCCTCAANTATATTGTTTCAACTGGGTTCCACCCAARACTCTTAGCCTCTTTCTATTTCCCCCTAATCAAC
TTAAATTCTTCTCAATTCCACCTAATATATATAATCCCACGTAATTAACCAACATTAATCARGCTGCTAAAATNCGATTTAAAATCATA
AAATCACGTTTTAAAATTAATTAGCCTCGATAAACCGATAATCCTACCATAATCTATTAACCCAAATTGAAGCCACTGTATGAGARAGA
GGCTTCAAATTTTCTTCTTAAAACCCAAAAC

MULE-24
GGEGAAAAAATACAACCCGAAPARACCTCCATTTATTTTTAATTTGGCCGTTTAATACCTGTATTATTARATTTGGAAGAAAAATACCTA
AGTTAATTTTTATTNCCTTTAAARAACCTTCATTTTTTATTTAATTTTGGTAAAATCAGACTNNCGAGTTAACGACTGTTAACTTTGCTA
ACTTTTTTACACTTTTGCNATTTTTTATTNTNCCNAGTGGTTNTGNGNGNGNTNAT CATCNTCATCNNTTCNANAT CGATTATNATCTC
ChA

MULE-~27
GGGAAAAATGGTCAAAAAAATCACGAACTTTCAAATTTGGGACGATTTAATCTTGAACTTCACGGAAGACAAATAAATCGTAAAGTTTT
TGTTGACTTTCGAARAARTGACAAAGTTTTTGTTGACTTGCCATTTGAGT CATGTCGTTARATAGGTTAACAAAATTATTTTACGGCGT
TAATGTTCTCGTTTATTTGCTCTGTTAGAACAARRACNACGTCGTTTATTGCAGAGACARAGCGAGATAAAACAACGTCGTTTTGETCTGT
TARAACAAATTTAAACCTTAAATCCCCAAATCGATTTNATTATCT

MULE-9R
GGCTAATTTGCAGGCCACACCCGTTGACCATGTTTTATTTTCAGGGATTGGCAAAGTCAAATGTGCTTTTCACGTTTTGTCTTTTCACC
TGAAATTTGACCATTTTGCCCTTGCTGCTCCAGCTGAGAAACTGTTGARATGTACGGTTTAGTTACGTCAGGTTTAGTTAGGTACACTGT
TCCGGTTTAGTTCGAAGATATTTTTGTTTCACTTGACGCGCTTCGCTGTACAGTTACRAGGG

MULE-SL
ARGAAATTTTCACAGAAGTGGATGAAAAAAGAATTGCTCTCATGETTTGTCAAAGTGAGATCTGGTTTTCACCETTTGTCTTTTCATTC
CTTTTCAGACCAAAATACCCTGAGAAAACTTAATAATGGCACAAACCAAACCOTGCAGCAGTTCGTATCGGTTAAGTTAATGGGATCAA
CCAAACCCCACAGCAGTTGGTTTCGCTTTAGTTATGTGGTTCAGTTTTGAAAAAAAANAAAARANAAAARARARAATG

MULE-19R
GAGARAAAATCGTCTGGECCAGTCCCTTTTTTGCAAAGAGGAAGCCARARAATCCTTGTAAARAACAGARATAATITATTTATTTTTTCTT
AATTCGAAATATATGGATATTACTAGTATATCCCCATCCGAACCTATTAATTACCAGAAAAATCATGGTTCGTTTCCGAACCAAACCAC
CCGAACCACTTTTACTCTTTATTTGAAAATCARATAAAAAAAACCCTAATATTTCCAGGGATTTCCCAATTCGAATT

MULE-19L
GAATGATCATCTCTTGTGTCCCTTTTGTGGNACARATAATCTGCAAAACCACTTTAGAGTCTTCATATCCCCTTTGAGTTAATGAATTG
TETTAAGACGAATTTACCCCTATATTTTATTTTGAATGAATAATTAATAT TNT TNNTAGAARACATTTTGAAANNAAAAAANRANARAAR
CTGAARANAAAAAAARAAARAAAGCTCGAGCNCGAGCGAGCTCGNNTTCTTCTTCGGGCTTCTTCCTCCGGCGAGC

MULE-23R
GGGTATATGCACTAGATGACCATGAAATCAATAATAATATAGAAACTAACTATGAGTCTATAGTGTCTGTCGGAGACGTATNTGAAATT
ACCCGCAACCCCCTATAACTGTGTTCTTGETTAGGGGACATATAGGTGTATAGGCGTATGATTGCAGAAATTTGAATTTTGAAAACCTT
GGTARGAGCAATGCTGTATGTGGACGCARACTATAGATTTTAATTTCGAGAAATCCGATTTATTATCGARATATTTAGNANTANTAGNTNC
TGCAAAAAAAAAACTAGCGCCG

MULE-23L

GRETTAATTTACTGAATGACCARATTTGACAT CCTTATTAAGAGAATGACCTTGGNCTCNCAGARAAGT TGEGTATATAACGTTTTITT
ACCATGCCAAATATCCGATATAGCCTCTACGGATGEGECGGCAAAACCATATTCCCCACAGNNTCAGACTTGTAGATGTAGGGGAGCTAG
AGATTETAGGGCAATCGATTACAACGTAT CARAARAADANATGCATGCATTACTTATGCAGTTACTACTAAATAAAGCATA

Figure 3.9 Primary consensus sequences of the TIRs in individual TIR-MULE groups
and the first 250 nucleotides of the non-TIR MULE termini (5’-end, L; reverse
complement of 3’-end, R) in individual non-TIR-MULE groups. Only one member of

MULE-16 has been identified in our survey.
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Tanl transposases 535 RCSNCFNIGHRRTQ--CS 551

retrotransposon RT1 proteinb 203 RCYRCLEHGHNARD--CR 219
gag-pol fusion polyproteinc 392 KCFNCGKEGHIARN--CR 408
germline RNA helicase-4d 639 PCRNCGQEGHFAKD--CQ 655
DEAD box helicasese 655 PCRNCGQEGHFAKD--CQ 671
gag-env fusion proteinf 470 PCFKCGQLGHIRAQ--CR 480
zinc finger protein 9g 156 NCYRCGESGHLARE--CT 172
zinc finger proteinh 188 TCHYCGELGEKANS--CK 204
splicing factori 90 KCYECGETGHFARE--CR 106
SLU7 splicing factorj 20 FCRNCCGEAGHKEKD--CM 36
MULE:GI5441872k 18805 RCSRCKGYGHNKAT--CK 18852
MULE-24:GI3319339 96586 TCSNCKQIGHNKGS--CK 96633
MULE-24:GI2760316 90038 TCSNCKEIGHNKGT--CK 89991
MULE-16:G12443899 22930 HCKSCGEAGHNALR--CK 22977
MULE-9:GI3252804 42930 QCSRCRQAGHNKKT--CK 42883
MULE-9:GI4589411 35847 (QCSRCRQAGHNKKT--CK 35894
MULE-9:GI3128140 59456 QCSRCRQAGHNKKT--CK 59409
MULE-9:GI6136349 10518 QCSRCRQAGHNKKM--CK 10565
MULE-9:GI4325365 47660 QCSRCRQAGHNKKT--CK 47613
MULE-23:GI3063438 81617 RCSRCTGAGHNRAT--CK 91664
MULE-23:GI3980374 43428 RCSRCTGAGHNRAT--CK 43475
MULE-23:GI2828187 21240 RCSRCTGAGHNRAT--CK 21287
MULE-23:GI5041964 21745 RCSRCTGAGHNRAT--CK 21792
MULE-23:GI6007863 116329 RCSRCTGSDHNRAT--CK 116376
MULE-23:GI4519197 68216 RCSRCTGA*HNRAT--CK 68169
MULE-2:GI5103850 8614 TCSNCLQEGHNKKS--CK 8567
MULE-1:GI3510344 40354 HCGVCGAADHNSRH--HK 40307
MULE-3:GI2832639 33301 HCGVCGAADHNSRH--HK 33348
MULE-27:GI4388816 30968 TCLNC*GEGHNKAG--CK 31015
MURA:GI21301411 696 TCPNCGELGHRQSSYKCP 712

Figure 3.10 Multiple alignment of CX2CX4HX4C motif of MURA/ MURA-like
transposases (derived using BLASTX) and representatives of known proteins. Theamino
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acid sequences corresponding to MURA-like transposases were derived from a virtual
translation of MULE sequences (position indicated). For the remaining proteins, amino
acid positions are given. Asterisks represent positions where a frame shift was introduced
to achieve optimum alignment. GI numbers corresponding to the sequences that are not
related with a Arabidopsis MULE: a. Aspergillus niger var.awamori (GI1805251); b.
African malaria mosquito (GI477117); c. Human immunodeficiency virus (GI4107489);
d-e. Caenorhabditis elegans (GI3386540); G12773235 (direct submission to GenBank); f.
Avian endogenous retrovirus (GI6048192); g. Homo sapiens (GI105602); h. Drosophila
melanogaster (GI847869); i. Arabidopsis thaliana (GI2582645); j. Saccharomyces
cerevisiae (G16320293); k. Oryza sativa (GI15441872); 1. Zea mays (GI12130141).
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Figure 3.11 Multiple alignment of the most conserved region between the Arabidopsis mudrA-like
ORFs and maize mudrA gene. The nucleotides sharing >60% similarity are shaded in gray. The
similarity was determined by the conservation mode of the program GeneDoc (Nicholas et al., 1997).
The corresponding GI numbers for each MULE are as follows: MULE-1, 3510344; MULE-2, 5103850;
MULE-3, 2832639; MULE-16, 2443899; MULE-24A, 2760316, MULE-24B, 3319339; MULE-27,
4388816; MULE-9A, 5672513; MULE-9B, 4185120; MULE-9C, 3128140; MULE-9D, 4589411;
MULE-9E, 3252804; MULE-9F, 6136349; MULE-9G, 4325365; MULE-19A, 5041971; MULE-19B,
4585891; MULE-19C, 3242700, MULE-19D, 4914383; MULE-23A, 2828187; MULE-23B, 6007863;
MULE-23C, 3063438, MULE-23D, 3980374, MULE-23E, 5041964; MULE-23F, 4519197. The
beginning and end nucleotide positions in the corresponding clones are indicated for each sequence used
in the alignment.
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Figure 3.12 A majority-rule and strict consensus tree of mudrA-containing MULE elements derived by
the neighbor-joining method. The frequencies (>50%) of corresponding branches among 100 derived
neighbor-joining trees are indicated. The corresponding GI numbers for each MULE are as indicated

in the Figure 11 legend.
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Hypothesis II

Our previous data suggested the existence of an Arabidopsis MULE family
featuring element abundance in the genome, high sequence and terminal structural
diversities between inter-group clements, and potentially mobile competency. Such
characteristics raise a fundamental question regarding host-mediated regulation of the
MULE evolution. As transposase genes are known playing a cenfral role in the
determination of TE mobility and evolution, we thereby approached this question by
systematically examining the expression profiles of the mudrA-like genes under the
regulation of Arabidopsis MET1.

As of 1999, several reports had pointed to a correlation between DNA
methylation and the repression of TE activity (Martienssen and Baron, 1994; Chandler
and Walbot, 1986). In addition, there existed other means on the silencing of eukaryotic
genes, which may well be linked on TE silencing also. For example, the genes in the
Drosophila genome are mostly free of DNA methylation and can be repressed by the
formation of heterochromatin, as seen from Position-Effect Variegation (PEV) (Weiler
and Wakimato, 1995). Several studies on eukaryotic chromatin proteins published that
time also suggested a possible link between DNA methylation and the formation of
heterochromatin in the regulation of eukaryotic gene activity (Fuks et al., 2000). Taken
together, we hypothesized that the Arabidopsis MULE-transposase genes (or mudrA-
like genes) can be co-regulated simultaneously by Arabidopsis MET1-mediated

genome-wide CpG methylation and the formation of Arabidopsis heterochromatin.
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CHAPTER 4

REGULATION OF mudrA-LIKE GENES BY ARABIDOPSIS

METHYLTRANSFERASE1 (MET1)

Zhihui Yu and Thomas E. Bureau
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4.1 Abstract

Mutator (Mu) and Mutator-like elements (MULEs) are DNA transposable elements
found in a number of higher plant species including Arabidopsis thaliana and Oryza
sativa (domesticated rice). Like other DNA transposon families, The Mu/MULE family is
composed of both autonomous and non-autonomous members, with the autonomous ones
harboring a transposase gene (mudrA) and controlling the mobility of the entire family.
By a survey of the Arabidopsis MULESs, we identified a total of 235 mudrA4 homologues
from the sequenced genome. They are associated with both Arabidopsis MULE termini,
with the majority being within the non-TIR MULEs. We further examined the expression
pattern of the gene family utilizing Arabidopsis METHYLTRANSFERASE1 (MET1)
mutant (metl) plants and found that the Arabidopsis MET1 can differentially regulate
individual gene members. Neither the MULE-TIR structure nor the repetitiveness of the
elements is found to be necessarily correlated with the MET1-mediated silencing. The
efficiency, however, is found to be largely depended on the chromosomal locations of the

genes.
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4.2 Introduction

Many eukaryotes are capable of modifying their genomes by covalent addition of a
methyl group to the 5° position of a cytosine (Gruenbaum ef al., 1981). In mammalian
cells, this cytosine methylation of DNA occurs within the context of CpG dinucleotides;
while in plants, it occurs at both CpG and CpNpG sites (Gruenbaum er al, 1981;
Finnegan et al, 1998). DNA methylation is shown to be essential for normal
development as reduced levels of methylation and the accumulation of developmental
defects have been associated with various biological events, including genomic
imprinting and abnormal gene expression (Surani, 1998; Robertson er al, 2000). In
principle, DNA methylation can interfere directly with transcription by inhibiting the
binding of the basal transcriptional machinery and/or specific transcription factor(s) that
require(s) direct contact with unmethylated cytosine (Kass et al., 1997). Alternatively, the
presence of methylated DNA may influence chromatin remodeling, indirectly inhibiting
gene activity (Costello and Plass, 2001).

DNA methylation has been proposed as one host-mediated mechanism for the
repression of transposable elements (TEs), mobile DNA found in almost all eukaryotic
organisms examined so far (Bird, 1997, 2002; Fagard and Vaucheret, 200; Martienssen
et. al., 2001). Cytosine methylations of a TE promoter can lead to the silencing of the
corresponding transposase gene, which, in turn, block the mobility of the entire TE
system. Such regulation is associated with the silencing of Mu (Martienssen and Baron,
1994; Chandler and Walbot, 1986), 4c/Ds (Kunze et al., 1997), and En/Spm (Gierl, 1996)
elements in maize, and one MULE (Singer et al.,, 2000) and CACTA clement (Miura et

al, 2001), and a class of copia-like retrotransposons (Hirochika, et al, 2000) in
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Arabidopsis. However, exceptions to this pathway also exist. This is most apparent in the
genomes that are essentially free of DNA methylation. For example, the nematode
Caenorhabditis elegans contains approximately the same number of TEs as Arabidopsis
thaliana, even though the former lacks S-methylcytosine. TEs in the genome of the
invertebrate chordate Ciona intestinalis are free of DNA methylation; whereas the host
genes in the same genome are predominantly methylated (Simmen e al., 1999). It is thus
clear that in addition to DNA methylation, there exist other mechanisms that eukaryotes
can utilize to regulate TE activity to ensure the genome stability. However, it is not clear
that within a single genome (1) whether or not different mechanisms function
coordinately and (2) how individual transposase genes from the same family are open
simultaneously to the different pathways.

In this study, we examined the expression profiles of a family of transposase
genes, mudrA-like genes identified from the sequenced Arabidopsis genome. The Mu
elements were first discovered in maize (Robertson, 1978). Recently, we reported the
existence of the Arabidopsis MULE family featuring high sequence and structural
diversity, yet potentially functional capability (Le et al, 2000; Yu er al, 2000).
Subsequently, the Mu/MULE homologues were also identified in several other higher
plants (Lisch et al., 2001; Turcotte et al., 2001). Like a typical DNA transposon system,
the Arabidopsis MULES occur as either autonomous (MuDR-like) harboring a potentially
functional transposase (MURA-like) gene (mudrA-like) responsible for MULE mobility,
or non-autonomous that don’t carry a mudrA-like gene and whose mobility is conducted
in trans by the transposases encoded by a related MuDR-like element. In maize, all the

identified elements maintain a long TIR structure; and the MURAs were shown to be
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able to bind to the TIRs of a MuDR in cis or non-autonomous Mu elements in trans, and
are sufficient for Mu excision (Benito and Walbot, 1997; Lisch er al., 1999; Raizada and
Walbot, 2000). In Arabidopsis, in addition to TIR-MULESs, we also identified a number
of non-TIR-MULESs, defined as those that don’t have Mu-specific long-TIRs but carry a
mudrA-like gene (Yu et al., 2000).

Previously, the expression of seven Arabidopsis TIR-MULE-containing mudrA-
like genes was examined in an Arabidopsis hypomethylation mutant line, ddm1 (decrease
in DNA methylationl) and the corresponding wild-type strain (Columbia ecotype), and
one gene (T3F12.12) was confirmed active in the ddml] background but silenced by the
gene at DDMI locus (Singer et al., 2001). As (1) the corresponding gene encodes the
proteins actually involving in Arabidopsis chromatin remodeling and (2) the mudrA
genes examined in their study represent, at most, only 3% of the total Arabidopsis
homologues, it remains unclear (1) how a genome-wide DNA methylation pattern
endorsed by methyltransferases, the enzymes that play the most important role in overall
5-C methylation of eukaryotes, affects the expression of the entire gene family
simultaneously and (2) how the genes distributed at different contexts of the Arabidopsis
chromatin remodeling respond to the activity of a methyltransferase gene.

4.3 Materials and methods
Plant materials and growth conditions The seeds corresponding to a mutant line of the
metl and the corresponding wild-type (C24 ecotype) control line were provided by Dr.
Finnegan (Commonwealth Scientific and Industrial Research Organization, Australia;
Finnegan et al., 1996). The met/ plants were originally created by transforming wild-type

(C24 ecotype) Arabidopsis plants with an antisense cDNA construct of the MET1 gene

64



(Finnegan et al, 1996). We chose to use the line, 73710.5, in our study, as it was
previously demonstrated to have the lowest level of stable CpG methylation (nearly 15%
of the methylation level, compared to the wild-type control plants) for up to three
generations (Finnegan ef al., 1996). The T310.5 mutant seeds were vernalized at 4°C for
7 days and then were transferred to a growth chamber set for 22°C and 70% humidity
under 16 hours of fluorescent lighting.

Identification of mudrA-like genes The mudrA-like genes were identified using maize

MURA as a query in a TBLASTN search of the sequenced Arabidopsis genome (nearly
97% of the estimated 130 Mb genome completed as of May, 2001). All the sequences
showing a significant match (E<10™; Li et al., 2001) were selected for further analyses.
Multiple alignments of the mudrA-like sequences were performed using CLUSTALW
(Thompson et al., 1994; http://ca.expasy.org/tools/#align). A BLASTN-based survey was
employed to identify mudrA-containing MULES; each of the queries used in this survey
was composed of a mudrA-like sequence, together with 10-kb DNA flanking segments
from each side. The TIRs were identified as the terminal-most regions sharing >80% of
nucleotide sequence identity over 100 continuous base pairs (Chapter 3). The identified
elements were grouped based on their nucleotide sequence similarity, as described
previously (Le et al., 2000).

Analyses of distribution patterns The sequences of Arabidopsis pseudomolecules

(contiguous assemblies for each linkage group) and positions of the genes and non-
redundant Expressed Sequence Tags (ESTs) on each of the pseudomolecules were
obtained from The Arabidopsis Information Resource (TAIR;

http://www.arabidopsis.org/; January 15, 2001 release). The frequency of the expressed
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genes was determined using a 1-Mb sliding window. The Arabidopsis TEs were
identified previously and can be accessed at www.tebureau.mcgill.ca. The Arabidopsis
CENtromeres (CENs) and knobs on the pseudomolecules 4 and 5 were mapped
respectively by positioning the clones defining the borders of the corresponding
structures. They are F28L.22 and T4121 for CEN-1, T15D9 and T25N22 for CEN-2,
T8N9 and T14K23 for CEN-3, T19B17 and F28D6 for CEN-4, and F3F24 and T2L5 for
CEN-5 (The Arabidopsis Genome Initiative, 2000, Consortium, C. W. P. A. S., 2000),
and T5L.23 and T27D20 for the knob-4 (Consortium, C.W.P.A.S., 2000) and F24C7 and
F5HS for the knob-5 (Kazusa DNA Research Institute ef al., 2000). A computer program
(available upon request) was written to facilitate the analyses of the TE distribution
pattern.

Expression analysis Expression profiles of the mudrA-like genes were studied by a

BLASTN survey of the expressed Arabidopsis sequences
(http://www.ncbi.nlm.nih.gov/BLAST/, released before August 2002) as well as with a
RT-PCR-based approach. Total RNA was extracted from pooled flowers and siliques of
metl and the wild-type control plants, using an RNeasy™ Plant Mini Kit (Qiagen,
Mississauga, ON) and subsequently treated with DNase (Qiagen, Mississauga, ON) prior
to reverse transcription. An Omniscript’™ Reverse Transcriptase Kit (Qiagen,
Mississauga, ON) was used for the synthesis of the first-strand cDNA from 2 pg of total
RNA, as instructed by the manual. ¢DNA concentration was standardized by
quantification of RT-PCR (20 PCR cycles) products of the control gene, the eukaryotic
translation initiation factor 4A-1 (Metz et al., 1992). PCR amplifications were performed

using a HotStartTag™ PCR Kit (Qiagen, Mississauga, ON). Of each of the primer pair
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used for PCR amplifications of the surveyed mudrA-like genes, one was gene specific
and the other was a universal primer anchored at the 5°-end of oligo dT(1s. The annealing
temperatures were ranged from 55°C-65°C and the cycle numbers were set as 32. The
amplified fragments were cloned into a pCR2. 1™ vector (Invitrogen, Carlsbad, CA) and
subsequently sequenced using a SequiTherm™ EXCEL II kit (Epicentre, Madison, WI).

DNA methylation analysis Genomic DNA was extracted from wild-type Arabidopsis

mature plants using a DNeasy™ Plant Mini kit (Qiagen, Mississauga, ON). A total of 2
pg of genomic DNA was digested either with Dral or Hphl, or double digested with Sspl
and Bstyl prior to a bisulphite treatment. A bisulphite reaction was carried out based on
the protocol described by Clark and Frommer (1997). Briefly, the digested DNA
fragments were denatured with freshly prepared NaOH (with a final concentration of 0.3
M) at 39°C for 30 minutes. Then, fresh prepared sodium bisulphite and hydroquinone
were added to a final concentration of 3.1 and 0.5 mM respectively. All the reactions
were carried out in a thermal cycler for 5 cycles of 55°C for 3 hours and 95°C for 5
minutes. Free bisulphate left after the reaction was then removed from the samples with a
nucleotide removal kit (Qiagen, Mississauga, ON). The final step of the bisulphite
reaction includes alkali (NaOH, with a final concentration of 0.2 M) removal of the
bisulphite adduct.

Two genes (T3F12.12 and F9D12.2) were examined in subsequent bisulphite
genomic sequencing analyses using a nested PCR approach. Amplifications were
conducted with a HotStartTaqg™ PCR Kit (Qiagen, Mississauga, ON). First-round PCR
was performed in a 25 pl volume reaction, with 5 pl of the bisulphite-treated genomic

DNA (the DNA sample digested with Dral was used for the amplification of the control
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sequence, a section of the Arabidopsis 180-bp centromeric repeat corresponding to
positions 77974 to 78118 in clone GI:18148660; the DNA with Hphl digestion was for
F9D12.2; and Sspl and Bsyyl double-digested DNA was for F9D12.2), 200 mM dNTPs, 1
uM primers, 3 mM MgCl,, and 1 unit Taq DNA polymerase (Qiagen, Mississauga, ON).
The nested PCR was conducted under the similar conditions except that 5 pl of the
diluted PCR products (1:200 dilutions) from the first-round PCR was used as DNA
templates. The amplified fragments were sequenced with the same method described for
our RNA analysis.
4.4 Results

Using the maize MURA as a query in a TBLASTN search against the sequenced
Arabidopsis genome, we identified a total of 235 putative mudrA-like gene homologues
(score of E<10™*; Supplementary Table 4.1). Eighty-four percent of these sequences were
annotated as a mudrA-like, MuDR, MuDR-like, or Mutator-like gene (data not shown).
The remainder were either not annotated, or annotated as a hypothetical protein. In
general, the aligned sequences span only the internal region of the maize MURA (from
position 116 to 713), including the putative MURA domain (Eisen et al., 1994).

Subsequent examination of the sequences flanking each of the identified mudrA-like
gene homologues revealed that 40% (93 out of 235) maintain a known Arabidopsis
MULE terminus and are associated with a Target Site Duplication (TSD). No obvious
TE-associated terminal futures (i.e. TIRs and TSDs) were observed for the remainder, nor
are they found to be repetitive at the nucleotide level. It is possible that these genes may
be associated with a unique (i.e. non-repetitive) non-TIR-MULE (Yu ef al, 2000), a

degenerate MULE, or a host gene sharing sequence similarity with the mudrA. Based on
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the nucleotide sequence diversity, we classified the mudrA-contained MULEs into 30
groups, with the majority (82%) being within a non-TIR-MULE. Multiple alignments of
the homologues within individual MULE groups revealed that point mutations, deletions,
and insertions (including nested TE insertions) were mainly responsible for the sequence
diversity of the genes (data not shown). No mudrB homologues were identified within
any of the mudrA-containing MULES, despite the fact that the non-TIR-MULEs usually
maintain one or two other ORFs, as previously described (Yu et al., 2000). A further
BLASTN survey of the genome revealed that all the mudrA-containing MULEs were
associated with non-autonomous members.

Like other eukaryotic genomes, the Arabidopsis centromeric regions represent
cytologically deeply staining chromosomal areas that can be differentiated from the
surrounding lightly staining regions (Weiler and Wakimoto, 1995; The Arabidopsis
Initiative, 2000). At the molecular level, these deeply staining areas exhibit low gene
density, reduced transcriptional activity, and substantially suppressed recombination rates
(Copenhaver et al., 1999). The sequenced BAC clones corresponding to the Arabidopsis
CENs and the knobs in chromosomes 4 and 5 was recently defined (The Arabidopsis
Genome Initiative, 2000; Consortium, C. W. P. A. S., 2000). In order to compare the
mudrA distribution pattern with features of the Arabidopsis genome, we mapped the
CENs and knob-4 and -5 onto a version of the pseudomolecules corresponding to each
linkage group (Table 4.1, Figure 4.1). The Arabidopsis CENs make up =7 Mb or 6.0% of
the genome, and the two knobs =0.6 Mb or 0.5% of the genome. A comparison of the
distribution patterns of TEs and non-redundant genes/ESTs reveals a negative correlation

(Table 4.1, Figure 4.1). Within the chromosomal regions over nearly 2 Mb from a CEN,
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the TE density is less than 30/Mb, whereas the gene density is over 200/Mb (on average,
more than 50% of the genes are expressed) (Figure 4.1). The regions proximal to CENs
(1-2 Mb) are extremely TE-rich (>100/Mb); however, the gene density is, on average,
less than 150/Mb (only 30% of the genes are associated with ESTs; Figure 4.1).
Curiously, the number of TEs is generally less within a CEN than within the immediate
flanking regions (Figure 4.1; The Arabidopsis Genome Initiative, 2000). We defined the
regions containing a CEN and 1-2 Mb of the flanking areas as the Arabidopsis centric
heterochromatic regions (Table 4.1). This designation is most likely conservative and is
consistent with previous reports (Fransz et al.,, 2000; Kumekawa et al., 2000; Haupt et
al., 2001).

Mapping the mined mudrA-like genes revealed a distribution pattern similar to that
observed for other Arabidopsis TEs (Figure 4.1; Table 4.1). The density of mudrA-like
genes in centric heterochromatic areas is ~6/Mb, in contrast to that of =0.6/Mb in
euchromatic regions. Five of the mudrA-like genes distributed within the CENs are
associated with intact non-TIR-MULEs flanked by 9-10 bp TSDs (Supplementary Table
4.2). Pair-wise sequence comparisons between these elements and other members of the
same MULE groups showed that these CEN-associated MULEs maintain high sequence
similarity (up to >90% nucleotide identity) with the members distributed within the
euchromatic regions (data not shown). In addition, high sequence similarity (>90%
nucleotide identity) was also observed between intra-group MULEs within centric
heterochromatic regions (data not shown). MULE-42:GI6598782 (Supplementary Table

4.1) within CEN-2 shares an identical nucleotide sequence (4691-bp) with the
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Arabidopsis CEN-specific sequence, Atcss-6, which contains a putative gene potentially
encoding a 511 amino acid polypeptide (Copenhaver et al., 1999).

A survey of the expressed Arabidopsis sequences within dbEST databases
(http://www.ncbinlm nih.gov/blast/) revealed the expression of a total of 7 mudrA-like
genes (Table4.2, Supplementary Table 4.2). The origin of the expressed sequences
suggests that the corresponding genes were transcribed in roots, aboveground organs, and
developing seeds. Of the 7 transcribed genes, only one (F9B22.8; also reported by Singer
et al., 2000) was within an element. Further examination of the genome revealed that this
element is a member of one TIR-MULE group (MULE-group 27; Yu et al., 2000). No
any sort of TE structures was identified within 10-kb flanking sequences of the remaining
expressed genes; nor were they found to be repetitive in the genome.

In order to determine expression profiles of the genes under the regulation of
Arabidopsis MET 1, we preformed an RT-PCR assay using the tissues from met/ and the
corresponding MET1 plants (ecotype C24, Finnegan et al., 1996). We chose to study
only those mudrA-like genes that are within a group containing more than five members.
In total, 92 genes were examined and 28 (=30%) were found to be transcribed
(Supplementary Table 4.2). Categorized into 19 MULE groups, five of the expressed
genes are within a TIR-MULE, 18 are linked to a non-TIR element and the remaining
five are not associated with either of the Arabidopsis MULE termini. The sizes of the
amplified RT-PCR products ranged from 135 to 560 bp (Figure 4.2; Supplementary
Table 4.2). Fifty two percent of the transcribed genes were expressed in both
backgrounds; the others were found to be transcribed only in met! (Figure 4.2,

Supplementary Table 4.2).
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Of the seven examined TIR-MULE groups, each contains only one mudrA4-like gene,
which is typical for the Arabidopsis TIR-MULE groups. The genes from five of the
groups were transcribed: the one in MULE-16 group was silenced by MET1 (it was also
dawn-regulated by DDMI1 (Single er al., 2000)); but the others were active in both
backgrounds. Of the transcribed genes from 14 non-TIR MULE groups (more than one
genes exist and were examined in each group), the level of nucleotide diversity between
the intra-group genes allowed us to determine their identities for the most of them except
for the groups 19 and 23 where the examined genes within the amplified regions are
identical and their expression profiles were not further analyzed. In summary, we
observed the following patterns for the remaining 12 non-TIR MULE groups: (1) the
genes within the groups 19, 40, 45, and 46 were expressed only in met! plants; (2) within
the group 42 where six genes were examined, only two genes (F12K21.10 and F31.24.3)
were found to be transcribed and in both backgrounds, however, the transcripts from the
former gene was dominate (80% verse 20% from the later); (3) within the group 41, a
total of two genes (T23E23.9 and MFC16.6) were found to be expressed in MET1 plants,
but four in met! background (the additional two genes were T15G18.X and F271.24.10)
(Supplementary Table 4.2) despite the fact that they represented only 20% of the total
transcripts in this background; (4) only one gene (T12C22.11) from the group 25 was
transcribed in MET]1 plants, but in the met/ background, it accounts for only 13% of the
entire transcripts (the remainder were from two additional intra-group members, F3F24.X
and F12P23.9, which represent respectively 47% and 40% of the total transcripts).

As summarized in Table 4.2, 87% of the genes expressed in MET1 plants were

relatively distant from the Arabidopsis CENs. This distributional feature is in contrast to
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that of the genes expressed only in met] background, in which 77% were located within
the centric heterochromatin. Four of five genes within a TIR-MULE that were transcribed
in both MET1 and metI plants were all distant from the putative centric heterochromatin
(Table 4.2); the solo TIR-MULE-contained gene that was silenced by MET1 was mapped
within the putative centric heterochromatin 4. Nine of 12 (75%) genes within a non-TIR-
MULE that were transcribed only in met!/ background were also mapped within the
putative centric heterochromatic regions, among which three genes, T13E11.12,
F3F24X, and TI15E15.X, were mapped within CENs 2 and S respectively
(Supplementary Table 4.2; Table 4.2).

In order to determine whether this correlation of MET1-mediated regulation of
mudrA-like gene expression and the distribution pattern of the expressed genes within the
genome reflects the feature that the genes within the centric heterochromatic regions are
more methylated than those distributed within the euchromatin, we investigated the
methylation status of the two TIR-MULEs containing the gene FOD12.2 (expressed in
both MET1 and met] backgrounds) and T3F12.12 (expressed only in met] plants). A
region spanning the entire left TIR (upstream of the putative start codon of the genes), the
putative 5° untranslated region and a portion of the first exon of the two genes (a total of
794 bp for the former and 578 bp for the later one) were examined. The gene FOD12.2
has 21 CpG sites within the surveyed region, of which 14% were found to be bisulphite
sensitive; the gene T3F12.12 has 29 sites correspondingly, of which only 4% was found
to be sensitive to the treatment. These CpG sites are evenly distributed within the studied
regions and no obvious CpG islands were identified. To monitor the efficiency of the

bisulphite treatment, we also examined an Arabidopsis 180-bp centromeric repeat
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(corresponding to positions 77974 to 78118 in clone GI: 18148660). Among the 21
methylation sites analyzed, 86% were found to be methylation sensitive.
4.5 Discussion

Our study reveals the existence of more than two hundred mudrA4 homologues in the
sequenced Arabidopsis genome. This abundance indicates that the corresponding MULESs
replicated successfully in the Arabidopsis genome. One interesting feature of this gene
family in Arabidopsis is that they are mainly (>80%) carried by non-TIR MULES. This
dominance may reflect the fact that the elements are of recent origin. It may also be
possible that distinct features of being a non-TIR-MULE (Yu ef al., 2000) assisted the
elements spreading in the genome.

The Arabidopsis mudrA-like genes are very abundant within the Arabidopsis centric
heterochromatic regions. Such a distributional feature was also observed for the other
TEs in Arabidopsis. Host-mediated selection could result in such a distributional pattern
(Kidwell and Lisch, 2001). Alternatively, it could also be the result of preferential TE
integrations. We favor the former point of view, as intra-group members were also
identified within euchromatic regions. The heterogeneity of the MULEs within individual
Arabidopsis CENs supports the idea that in a eukaryotic genome, CENs are functionally
conserved but divergent in sequence composition (Weiler and Wakimato, 1995; The
Arabidopsis Genome Initiative, 2000). The discovery of Arabidopsis CEN-specific
sequence, Atcss-6 (Copenhaver ef al., 1999), within a non-TIR MULE would suggest a
unique correlation between its function, if any, and the clement; however, as other
members of the same MULE group exist also in other regions of the genome, the

sequence itself and its potential function(s) would not thus be CEN-specific. The high
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sequence similarity of the intra-group MULEs distributed within the two chromatic
regions and their associations with individual TSDs demonstrate that MULE
transpositions between the two have occurred relatively recently. Considering the fact
that the MULESs can capture host DNA sequences during transposition (Yu et al., 2000;
also see chapter 5), such a process may facilitate the redistribution of chromatin-specific
information and subsequently induce dynamic changes between euchromatin and
heterochromatin. Duplications of euchromatic sequences into the centric heterochromatin
were observed recently in the human genome (Guy ef al., 2000).

In Arabidopsis, at least three proteins, DDM1 (Jeddeloh er al, 1999), METI1
(Finnegan ef al., 1996, 1998), and CMT3 (CHROMOMETHYLASE3; Lindroth et al,
2001), have a direct impact on the genome-wide 5-C DNA methylation. DDM1 is a
member of a SWI2/SNF2-like ATPase/helicase family, catalyzing ATP-dependent
histone-DNA interactions and involving in global DNA methylation in Arabidopsis
(Jeddeloh ef al., 1999). MET1 and CMTS3 are two classes of DNA methyltransferases, the
former works mainly at CpG sites and the latter at CpNpG sites of the genome (Finnegan
et al., 1996; Lindroth et al., 2001; Bartee et al., 2001). MET1 and its homologues in other
eukaryotes are also regarded as a class of methylation maintenance proteins. Our
discovery that nearly 52% of the examined Arabidopsis mudrA-like genes were
insensitive to MET1 activity suggests its limitation on the silencing of a multi-
transposase-gene family. Despite the fact that a DNA-DNA pairing involving an
inverted-repeat can facilitate methylation-mediated gene silencing (Muskens et al,
2000), the MULE-TIR structure is dispensable in MET 1-mediated repression. Also, we

observed that the silencing effect is homology-independent. Silencing of multiple copies
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of duplicated genes simultaneously by DNA methylation is the primary feature of several
phenomena, including the inactivation of tandem repeats, trans-inactivation of allelic and
ecotypic repetitive sequences, and the silencing of transgenes and their corresponding
homologous host genes (Muskens ez al., 2000; Cogoni, 2001; Meyer and Saedler, 1996).
Our finding of differential expression of intra-group mudrA-like genes suggests that
MET1 may not be the major player triggering homology-dependent gene silencing.

The data gathered from our bisulphate experiment indicate that the genes within a
heterochromatic region tend to be capable of maintaining relatively higher level of 5-C
methylation at CpG sites than the ones within a euchromatic region. This differential
maintenance shown from individual mudrA-like genes is consistent to their differential
response to the MET1-mediated regulation. As such, the formation of heterochromatin
may actually assist MET1-mediated silencing effect. Recent studies on METI
homologues in mammals (DNMT1) confirmed that its N-terminal non-catalytic domain
can bind directly to histone deacetylase complexes (HDAC, the important components in
shaping a heterochromatic state) (Fuks et al., 2000), indicating a possibility of the
involvement of chromatin remodeling in MET1 activity.

Like other functional transposase genes, the expression of a mudrA-like gene can lead
to the mobilization of the corresponding element. Such a correlation was observed for the
gene, T13F12.12 and the MULE carrying it in a ddml background (Singer et al., 2001).
It is also likely that the transcribed genes may be involved in RNA-mediated gene
silencing (Matzke et al., 2001). We observed that the Arabidopsis intra-group mudrA
homologues can be transcribed from both directions (data not shown), which could

potentially form double-stranded RNA, subsequently triggering RNA-mediated
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repression pathways. The mudrA-like genes that were obviously not associated with any
type of known MULE structures might be regarded as defective elements. However, the
identification of their transcripts may suggest a functional potential, either in the
regulation of MULE mobility in trans or in a cellular activity unrelated to transposition.
Consistently, several annotated mudrA-like genes that lack a known MULE terminal
structure share high sequence similarity (including the putative functional domain) with
an Arabidopsis cellular gene that encodes a protein involving in far-red light perception

(Yu and Bureau, unpublished data; Lisch ef al., 2001; Hudson et al., 1999).

77



Table 4.1 Distribution of mudrA-like genes in the genome

of Arabidopsis thaliana (Columbia)

chr. centric euchromatin
heterochromatin
positionin  size  TE no. mudrAno. size¢  TE no. mudrAno.
Mb (CEN (Mb) (no./Mb) (no./Mb) (Mb) (no/Mb)  (no./Mb)
position)
I 13-15 30 242 14 27 748 39
(14.1-15.1) (81/Mb)  (5/Mb) (27/Mb) (1/Mb)
I I-6 6 792 42 14 315 9
(2.9-4.1) (132/Mb)  (7/Mb) (23/Mb) (0.6/Mb)
I 11-16 6 743 38 18 416 13
(13.2-14.8) (123/Mb)  (6/Mb) (15/Mb) (0.7/Mb)
v 1-4 4 523 24 14 375 4
(2.1-3.2) (131/Mb)  (6/Mb) (27/Mb) (0.3/Mb)
\Y% 10-14 5 560 30 22 600 15
(10.9-13.2) (112/Mb)  (6/Mb) (27/Mb) (1/Mb)
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Table 4.2. Chromosomal positions of expressed mudrA-like genes

mudrA- mudrA chr. expression distance to
containing ~like gene profile? CEN%
MULE designation® (Mb)
designation®”
{group no.)

WT metl
Centric Heterochromatin
Non-TIR (46) T13E11.2 - + CEN
Non-TIR (25) F12P23.9 - + 0.6R
Non-TIR (19) T103.28 - + 1.4L
Non-TIR (19) F1M23.6 - + 0.1L
Non-TIR (40) MQP15.10 - + 1.1L
Non-TIR (46) MSJ3.7 - + 1.1L
TIR (16) T3F12.128 - + 1.2R
Non-TIR (41) T15G18.X - + 1.7R
Non-TIR (25) F3F24.X - + CEN
Non-TIR (45) T8M17.X - + 0.7L
TIR (1) MJG14.16 + + 14R
?(93) T15E15.X + N.T. CEN
Euchromatin
Non-TIR (25) T12C22.11 + + 14R
Non-TIR (42) F12K21.4 + + 1.4L
Non-TIR (41) T23E23.9 + + 8.5L
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TIR (51) T12C24.24 1 + + 9.8L

?(92) F4H5.17 1 + N.T. 12.0L
? (94) T12C22.21 1 + N.T. 1.5R
Non-TIR (46) F15A23.5 2 - + 2.6R
Non-TIR (45) F7H1.17 2 - + 3.0R
TIR (27) F9B22.8" 2 + + 3.5R
Non-TIR (41) F2714.10 2 - + 6.2R
7 (91) F17A9.9 3 + + 11.1L
Non-TIR (42) F3L24.3 3 + + 10.5L
?2(95) F7018.8 3 + N.T. 12.0L
Non-TIR (41) MFC16.5 5 + + 13.1R
TIR (24) F9D12.2 5 + + 1.6L
? (96) MQK4.25 5 + N.T. 4.4L

“TIR: terminal inverted-repeat

?9. no known TE terminal structures were identified within the flanking regions; neither
were they repetitive in the genome.

“X: the corresponding clones were not annotated.

“N.T: not tested.

“R: right arm of chromosome; L: left arm of chromosome.

JCEN: located within centromere.

8also transcribed in a ddm1 line (Singer et al., 2001)

*also associated with ESTs (see text).
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Figure 4.1 mudrA-like gene distribution within the Arabidopsis genome. Arabidopsis chromo-
somes are illustrated above each graph (the black regions corresponding to CENs and white re-
gions for the knobs within chromosome 4 and 5, respectively). Solid black lines indicate the ratio
of the expressed genes to the total cellular genes per Mb. TE distributions on individual chromo-
somes were determined using a 1 Mb sliding window, and are indicated as solid gray lines. Solid
black dots indicate the approximate locations of individual mudrA-like genes.
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Figure 4.2 RT-PCR results of the mudrA-like genes within four MULE groups
(the other MULE groups were summarized in Supplementary Figure 4.1)
The Arabidopsis eukaryotic translation initiation factor 4A-1 (ETIF4A-1;
Metz et al., 1992) was used as an internal control. With genomic DNA as a
template,the amplified ETTF4A-1 spans the second intron (82 bp).
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Supplementary Table 4.1 mudrA-like genes and corresponding MULEs

in A. thaliana

b

Gl no. chr. MudrA position MULE position target site duplication (TSDs)
start end start end

6921155 1 48092 51520 46948 51920 AATTAAGTA/AATTAAA

12039051 1 46887 50443 43488 51157 AGGTAATTT/AGGTAATTT

5103850 1 7273 10148 6902 11712 ATAATTTAGT/ATAATTTAAT

12320950 1 88537 91290 71742 93051 ATTAAAATA/ATTAAAATA

12039051 1 59785 61736 59273 64509 ATTTTAAA/ATTTITAAA

2760316 1 89546 92131 88381 92825 GATTCTAAA/GATTCTAAA

9369387 1 28679 32853 27963 36275 GGTTCCAGG/GGTTCCAGG

9438236 1 80642 83582 80238 84733 TTCATTTA/TTCATTTA

9454484 1 88215 91678 86352 98619 TAAAAAAAT/TAAAAAAAT

7159339 1 9844 12812 8981 19452 TAAAAAAAT/TAAAAAAAT

5706738 1 75618 78197 56848 78862 TAGAAAAAAA/TAGAAAAAAA

6957696 1 44612 48698 44376 56770 TATAAGTTAA/TATAAATTAA

6579251 1 53324 56675 51461 63728 TATATTGAA/TATATTGAA

12324242 1 12516 14947 11840 15489 TATTAAAAA/TATTAAAAA

12320878 1 16654 19591 5532 20132 TATTTTCTA/TATTTTCTA

6449476 1 98051 102519 88460 103240 TATTTTCTA/TATTTTCTA

12322371 1 63770 66518 62620 66966 TCTACTAA/TCATACTAA

8778954 1 60376 60864 58778 61749 TCTTTAAAAA/GCTTAAAAA

6715707 1 7922 9910 6890 21239 N.A.

7243815 1 61831 66140 61025 75978 TTGTTTATA/TTGTTTATA

6728952 1 52609 58965 55537 74897 TTTTTITGAA/TTTTITGAA

8778333 1 41709 44932 N.A. N.A. NA.

6850334 I 7374 10302 N.A. N.A. NA.

5881519 1 45838 50217 N.A. N.A. NA.

6017088 1 4214 5742 N.A. N.A NA.

12320740 1 14918 19388 N.A. N.A. NA.

12322475 1 70577 71867 N.A. N.A. NA.

12323462 1 93759 959518 N.A. N.A. N.A.

8515999 1 36798 39758 N.A. N.A. NA.

5508844 1 1006 2586 N.A. N.A. NA.

5508844 1 11087 12334 N.A. N.A. NA.

5508844 1 7713 9296 N.A. N.A. NA.

5508844 1 3799 5442 N.A. N.A. NA.

6017087 1 26880 28128 N.A. N.A. NA.

9929288 1 33401 37522 N.A. N.A. NA.
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5706738
12322414
12322414
6728952
11072070
3617740
3617740
3617740
12324708
9743359
7523676
6957851
2324496
12322627
5454222
5454222
6056181
6598610
6598420
6598467
6598597
6598480
6598686
6598643
6598387
6598529
6598553
6598717
6598473
6598440
6598529
6598710
6598747
6598674
6598499
6598717
6598736
6598426
6598495
6598564
6598567

8RR N RN RN RN N NN RN N RN NN N NN NN N RN N NN e e s ke e kel R et et e el e e et e e

23497
22943
28192
95929
4699
60062
72143
103181
53847
31972
8319
46824
58318
37684
39513
74000
61722
37154
41967
3406
32219
20556
78119
3682
57925
56574
41234
46337
51937
42850
10055
48307
39615
56288
65434
25878
29785
40024
35901
10644
17506

27047
25463
309669
97108
7134
61301
73242
103741
56139
34659
9667
49163
59560
39990
43979
78213
63902
39889
47229
5543
34323
23513
80177
6072
60279
59066
43043
48532
55421
45808
12559
50202
42414
58996
67259
27842
32594
43487
33729
12561
21460

N.A.
N.A.
N.A
N.A.
N.A.
NA
N.A
N.A
NA.
N.A.
N.A
N.A
N.A.
N.A
N.A.
N.A
N.A.
36168
38702
1682
30888
19540
73741
2948
52842
55044
3377
23208
42112
31230
8782
36262
20274
55490
64318
24130
14586
38161
24625
9099
15949

N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
53103
46787
6206
35590
24231
80859
11113
61021
68536
45029
43452
35658
463540
17240
51818
43403
66955
80132
39775
33213
50428
39535
13270
22558
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N.A.

N.A

N.A

N.A.

NA.

NA.

N.A

N.A.

NA.

NA.

N.A.

N.A

N.A

N.A.

N.A.

N.A

N.A.
AAATTAAAT/AAATTAAAT
AAGTGAAGT/AAGTGAAGT
ATAATTTAAT/ATAATTTAGT
ATATTAATAT/ATATTAATAT
CATTAAAAAACA/CTTTAAAAAA
GATTATTTG/GATTATAAG
GATTTTGGA/GATTTTGGA
GTTCTGT/GTTCTGT

N.A

N.A.

TAAAAT/TAAAAT
TAAATTATT/TAAATTATT
TAGTATTAA/TAGTATTAA
TATTATTAT/TATTATTAT
TATTTTTTTA/TATTITTTTT
TATTTITTITH/TTTITTTITTTI
N.A
TTAAGACAA/TTAAGACAA
TTAATTTTT/TTAATTTTI
TTATATTTT/TTATATTTT
TTCTTITAA/TTCTITTTAA
TICTTTTTT/TTCTTGTAATT
TTTTCAAAAAVITTTTAAAAC
TTTTTA/TTITTIG




6598495
6598562
6598630
6598782
6598518
6598532
6598729
6598480
6598682
6598683
6598630
6598630
6598562
6598560
7920720
6598495
6598352
6598563
6598422
6598529
6598517
6598467
6598553
6598603
6598556
6598480
5541692
6899877
6899877
6782246
12408733
5541692
5041971
5672589
8347600
6899954
4185120
8347620
5672513
5041964
8051641

W W W W W W W W W W W W W W W NN RN DN DD NN N DN NN DN RN NN N NN NN N

17875
43321
103355
13109
27563
21077
18602
79329
2887
19217
16324
40728
25583
55378
21137
53656
6227
81489
68246
36385
50117
12454
11442
987
44112
68831
13828
31013
40839
7273
5748
29573
29217
23766
51538
80860
28536
58782
50935
18341
25569

20158
46065
106305
13936
28565
23905
20570
80118
4891
21217
19514
42813
28628
57503
24141
56719
8491
84440
70659
38012
51970
13686
13435
4080
46542
70535
16477
33060
43564
10148
9002
31780
31674
26453
53485
83657
30873
62482
55351
21804
27276

N.A.
NA.
NA.
NA.
NA
N.A.
N.A
NA.
N.A.
N.A
N.A.
NA.
NA.
N.A
N.A.
NA.
NA.
N.A.
NA.
N.A.
NA.
NA.
N.A.
N.A.
N.A
N.A.
1990
19383
19383
6902
5005
29044
28475
12959
49819
80403
27794
63335
50211
16478
N.A

N.A.
N.A,
N.A.
N.A.
N.A.
N.A.
N.A
N.A.
N.A.
N.A.
N.A.
N.A.
NA
N.A.
NA.
N.A.
N.A.
N.A
N.A
N.A.
N.A.
N.A
N.A.
N.A
N.A
N.A.
17385
44033
44033
135392
15475
36714
36664
27550
70996
98525
37106
50606
65469
28745
N.A.
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N.A.

NA.

N.A.

N.A.

N.A.

NA

N.A.

N.A

NA.

N.A.

N.A.

NA.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

NA.

NA.

NA.

N.A.

N.A.

N.A.

N.A.
AAAAAACAA/AAAAAACAA
AAAATTTTA/AAATATTTTA
AAAATTTTA/AAATATTTITA
AAAAAACAA/AAAAAACAA
ATTTTTTTA/ATTTTTTITA
CGGAGAAGA/CGGAGAAGA
GTATGTGAC/GTACGTGAC
N.A.

N.A.
TTATATTAT/TTATATTAT
TTGAAAAAA/TTGAAAAAA
TITATACTA/TTTATACTA
TTTGTTTAA/TTTGTTTAA
TTTTTTTAA/TTTTTTTAA
N.A.




5041967
3449319
5672589
6899879
12408743
12408743
12408743
6967090
6899879
8347620
8347620
8051641
12408724
6899876
5041972
4519197
6045161
7209746
6899910
6899910
8051660
8051662
6899913
6899913
6899913
6899913
6899913
1240875
8051668
7594547
7635450
6899954
6899954
12408718
12408718
6899956
9967492
4732164
2832639
4325365
4850281

Soh BB W W L W W W W W W LW W W W W W W W W W W W W W W W W W W W W W W W W W W W

46915
55246
53961
70318
28781
1468
25087
67120
31275
87685
99348
88704
26061
7195
14997
68219
49318
3525
47952
105992
32314
13851
63699
13240
22206
51538
63849
48427
29967
76901
94130
99067
30800
29982
73187
55287
15834
62566
31243
46070
99528

46333
56648
55311
73939
30610
1839
26887
69483
32621
89715
100563
88997
28777
19358
17432
71691
50980
5095
49505
106780
33432
15011
69519
14677
23601
53485
64985
50121
32270
78413
96622
100869
33200
31200
73741
57314
16328
63315
33492
50426
101266

N.A.
N.A
N.A.
N.A
N.A.
N.A.
N.A.
N.A.
N.A,
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
NA.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A
N.A.
N.A.
51696
30842
37334
99243

N.A.
N.A
NA
NA,
N.A.
N.A.
N.A.
N.A
NA.
NA.
N.A.
N.A.
N.A.
N.A.
N.A.
NA.
N.A.
NA.
NA.
N.A.
N.A.
N.A.
N.A.
N.A
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
65128
34611
51279
101373
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N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
NA.
N.A.
NA.
N.A.
N.A.
N.A.
NA.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
NA.
N.A.
N.A
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
AATAAAAAT/AATAAAAAT
ACAATTAATC/ACAATTAATT
ATATGAATAA/ATATGAATAA
ATCGTCAA/ATCGTCAA



4263373
5748495
2443899
3319365
2443899
3293581
3695386
6136349
3309276
7267276
3319339
4732164
3243214
3243214
4732168
4732168
4732168
3319365
7321075
3309276
5731752
3695386
4732169
4732169
2443899
4325365
3309259
3309259
3319359
8777493
9502397
2828187
4454587
7658323
3319339
3510341
9755607
3128140
9502158
3510344
9885848

L Y Y B U Y Y W LV T T S S S e e Y g Y N - e N O N N N -G N G N - N

101782
38380
20819
467
30294
13795
24937
8728
97328
64476
93735
83181
33453
37409
32056
73083
112134
6398
50454
68966
6273
1432
25888
74914
71627
106593
36111
7887
66446
7481
81936
17836
43354
40491
93735
10395
27422
57879
25813
40188
51952

103137
39735
23250
2435
33101
18201
26880
10284
99066
66032
97099
84374
34505
39296
35870
73805
113982
8016
51694
70662
7171
2407
26475
76133
76280
108792
38329
9579
73816
11369
83174
21299
45310
41970
97099
14266
29058
62228
27265
42587
52759

100000
33294
20148
4774
29317
12992
23139
6938
N.A.
NA.
N.A
N.A
N.A.
N.A.
N.A
N.A.
N.A.
N.A
N.A
N.A.
N.A
N.A
N.A.
N.A.
N.A.
N.A.
N.A
NA
N.A.
6768
80260
15973
42594
38408
93314
6993
26966
47220
23994
39176
37207

108448
41417
23792
23265
45473
25711
37862
24019
N.A
N.A.
N.A
N.A
N.A.
N.A
N.A.
N.A.
N.A.
N.A
N.A.
N.A
N.A.
NA
N.A.
N.A
N.A.
N.A.
N.A
N.A.
N.A
14712
96117
28240
46220
53401
98243
14980
30371
63069
28426
43127
57545
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CAGACATTT/CAGACATIT

TAAAA/TAAATAAA
TAATTTTAA/TAATTTTAA
TCAAATAAAITAAAATAAA
TTAATTAAG/TTAATTAAG
TICTTATAT/TTCTTATAT
TITATATAA/TTTATATAA
N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

AAATTCTT/AATTCTT
ACTTTTCAC/ACTTTTCAC
ATAAATAAA/ATAAATAAA
ATAATATAA/ATAATATAA
ATAGAAATA/ATAGAAATA
ATATAAAAT/ATATAAAAT
ATCTTGACT/ATCTTGACT
ATTTTCTTT/ATTTTCTIT
CITTTATAA/CTTTTATCAA
GATTTAGATT/GATTTAGATT
GTITTTTTITC/GTTTTITIC
NA.




4454587
2656025
6579250
5822965
4220630
4680765
3047060
4519196
4589411
2264308
9502158
5732428
3702730
3047060
6587796
6587796
4753195
9755632
8051637
5732428
5732428
3046849
3510337
4159702
2264305
2264314
3985953
4519196
2660661
9885845
9502397
7682776
9971623
9971623
6715701
9885848
2191181

R R B B Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y R Y Y Y Y Y SR S T Y Y S Y RV I VR ¢

113767
43880
63232
83735
7482
50695
90185
27691
32968
9021
54943
5983
2581
105283
75866
212
20416
37354
64340
49155
5983
18742
30274
11382
72784
57169
827
12788
1
69520
46439
29437
9237
44223
35878
25214
52010

112765
46363
64833
82443
10352
52841
93017
30523
35940
11438
55746
8707
5334
108084
76361
840
21358
35641
67167
51238
8707
209724
32633
112640
74771
58962
1858
14089
3013
70599
48187
30084
10475
45971
37548
26035
55512

106397
43085
60623
79428
6738
46883
89216
16931
32249
8313
47078
N.A.
N.A.
N.A.
N.A.
NA.
N.A.
N.A.
N.A
N.A
N.A.
N.A.
NA
NA
N.A
NA.
N.A.
N.A
N.A.
NA
N.A
N.A
N.A
N.A.
N.A
N.A
N.A.

114412
46864
78537
87303
10748
53854
103777
31492
47458
16268
58302
N.A.
N.A
N.A.
N.A.
N.A.
N.A
N.A.
N.A.
N.A.
N.A
N.A
N.A.
N.A
N.A
NA.
NA
N.A.
N.A.
N.A.
N.A
NA.
N.A
N.A
N.A
N.A
N.A

N.A.
TAAAAAATA/TAAAAAATA
TAATATTA/TAATATTA
TACATTTAA/TACATTTAA
TAGCATAAT/TAGCATAAT
TAGTATCAAC/TAGTATTAAC
TATATAATA/TATATAATA
TATTATATA/TATTATATA
TTAAGTATA/TTAAGTATA
TTATTTA/ATATTTA
TTATTTTTTT/TTGTTTTTTT
NA.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

“X represents the homologues that are not annotated; N. A.: not available.
bcorresponding to the positions revealed from TBLASTN survey.
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Supplementary Table 4.2 Expression profiles of the mudrA-like genes in A. thaliana

group no.

termini’

no. of
MULE

surveyed
mudrA®

expression profile”

expressed line

no.of clones
analyzed

WT

metl

WT

meti

EST?

16

24

27

51

19

23

TIR

TIR

TIR

TIR

TIR

TIR

TIR

Non-
TIR

Non-
TIR

Non-
TIR

28

19

17

13

23

15

MIG14.16
M20D23.2
F28J12.7

T11111.3
T3F12.12
F21A20.X

FSD12.2
FIN21.6

F9B22.8
T12C24 .24

F28L5.16
T22C5.27
F26C24.9
CI7L7X
T3H13. 11
F5HS8.11
MIE4.X
K2M2.17
F5F19.7

T103.28
FIM23.6
MOD1.6
T1037.7
F26B6.15
MIK22. X

F22013.X
K21C135
MFE16.4
T22111.14
F16P2.39
F1504.15

+2)

+(4)

+(2)

+(5)

89

+2)

+@)
L@

+Q)
+(5)

+

2

0

36

2

76

12

38

AV526976



25

40

41

42

45

Non-
TIR

Non-
TIR

Non-
TIR

Non-
TIR

Non-
TIR

21

16

14

13(7)

17

F26C17.4
T24G3.X
MABI6.1
F1106.3
F7M19.90
F3F24 X
T24M8.2
F12P23.9
Ti2C22.11
T32A11.X1
F7F22.11
F26C17.4
132G%.38

F7N22.10
F10C8.4
F27C12.19
T3F12.3
MQP15.10
MIF6.10
F3K12.13
T10A2.X
MSK10.13
MSJ3. X

F1013.14
T29A4 X1
T15G18.X
T23E23.9
F25024.X
F271L4.10
T25011.3
T211.8.60
MFC16.5

F12K21.10
F3L243
F18P9 X1
Fi8P14.20
T26N6.X1
F9A16.13

F27F5.15
T10J7.13
T20G20.16
FTH1.17
T14A4.16
T8M17.X

+ (10}

90

- i0

L)
+(6)
+@)

- 11

15

13

10

12

12



46 Non- 28 T211L8.30 - - 0 22 -

TIR T22C12.8 - -

F28N16.3 - -

F13A23.5 ; +@8)

T2L5.X1 - -

MSJI3.7 ; +9)

FOL112 - -

T13E11.2 - +(5)

F504.4 - )

T7B9.15 - -

FI13M2.X - -
91 ? N.A.  F17A9.9 + N.T. NA. NA.  AI998697
92 2. N.A.  F4HS.17 + N.T. N.A. NA.  AV544301
93 ? N.A.  TISEISX + N.T. N.A. N.A.  AV557094
94 ? N.A.  TI12C2221 + NT. N.A. NA.  AV552211
95 ? N.A. F70188 + N.T. N.A. NA.  AY059842
96 ? NA.  MQK4.25 + N.T. N.A. NA.  AY096512

%9 no known TE terminal structures were identified within the flanking regions; neither ?
X: the corresponding clones were not annotated.

“+: expressed. -: not expressed. The numbers represent transcript abundance within the
sequenced samples.

? inthe case of matching more than one ESTs, only one is listed.

! the mudrA-like gene sequences were identical within the surveyed regions; therefore,
only one representative is listed for each group.

N.A. not available.

N.T. not tested.
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Supplementary Figure 4.1 RT-PCR assay of the mudrA genes from ten
MULE groups (the four other groups were presented in Figure 4.2) The
Arabidopsis eukaryotic translation initiation factor 4A-1 (ETIF4A-1; Metz et
al., 1992) was used as an internal control. The amplified ETIF4A-1 segment
includes the second intron (82 bp) when using a genomic DNA template.
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Hypothesis 111

Our genome-wide identification of the Arabidopsis MULEs allows us to further
study possible TE-host relationships in the course of eukaryotic gene/genome evolution.
As of 2000, studies on this subject were largely linked to TE-mediated regulations of
gene expression and genome instability (Bennetzen, 1999; Kdiwell and Lisch, 1997). In
1999, Moran and his colleagues (Moran ef al., 1999) demonstrated that human L1-
mediated transduction could shuffle down-stream host gene segments and subsequently
create a new mosaic gene. Consistent with their study on retrotransposons, our previous
survey on the MULE diversity within the sequenced Arabidopsis genome (Chapter 3)
also suggested a link between MULE mobility and the creation of new eukaryotic genes.
Taken together, we hypothesized that from am evolutionary standpoint, MULE
transposition can be viewed as ome possible pathway for the creation of novel
eukaryotic genes featuring mosaic organization and repetition within the genome.
This mobility-mediated mechanism may facilitate the evolution of eukaryotic

multigene families.
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CHAPTER S

ACQUISITION, DUPLICATION, AND DIVERSIFICATION

OF EUKARYOTIC GENES BY DNA TRANSPOSONS

Zhihui Yu, Michael Huynh, Nadia Mohabir and Thomas E. Bureau
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5.1 Abstract

Mobility or transposition is the most prominent feature of transposable elements
(TEs). There is ample evidence directly linking such a feature to the creation of
eukaryotic gene mutation and genome instability. As such, TEs were often viewed as
selfish DNA. However, recent demonstration of retrotransposition-associated
transduction of flanking host gene segments in humans suggests a functional role of TE
mobility in gene evolution. Subsequently, it was hypothesized that eukaryotes could
utilize the mobility as a vehicle to generate new genes and multigene families. Here we
show that by transposition, Mutator-like elements (or MULEs, a family of DNA
transposons) in the model plants Arabidopsis thaliana and Oryza sativa (domesticated
rice) can capture various host DNA segments, create new genes and expression profiles,
and form multigene families. In particular, the MULE mobility in Arabidopsis was
indispensable in the evolution of two multigene families respectively encoding putative
Ubiquitin-like (Ubl)-specific cysteine proteases (AtMULE-Ulps) and related serine
proteases. As ULPs are known important for specific SUMO-targeting, and the
simultaneous reactivation of individual SUMOlation pathways is a fundamental step
involved in plant response to environmental stress, we proposed that the diversified

AtMULE-ULPs may play an important role in the reaction of host defense responses.
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5.2 Introduction

Gene duplication and exon shuffling are fundamentally important for the
development of eukaryote complexity and adaptive evolution. Gene duplication can
reduce phenotypic effects of null alleles and developmental accidents, accomplish a
functional compensation of allele genes and establish the groundwork for the evolution of
gene complexity (Ohno, 1970; Lynch and Conery, 2001). Remarkably, eukaryotes
maintain a large number of duplicated genes (Long, 2001). Studies from five sequenced
eukaryotic model genomes revealed that nearly 30 to 60% of the genes belong to
identifiable families of duplicates (Long, 2001; Kidwell, 2002). There is evidence
suggesting that genome-wide polyploidization and chromosomal duplications may have
played a major role in eukaryotic gene duplication (Ohno, 1970; Long, 2001). Exon
shuffling is the process of combining exons from different genes (Kolmn and Stememr,
2001). It is an important molecular pathway to create novel genes and gene networks
(Eickbush, 1999). Although the majority of the shuffling events were identified in
invertebrates, such a process actually has occurred widely in eukaryotes (Long, 2001). In
a number of cases, exon shuffling was achieved through host-mediated non-homologous
recombination. Recently Moran ef al (1999) demonstrated that a human L1
retrotransposon can transduce down-stream host gene segments and create novel mosaic
genes under experimental conditions. Their study indicated a mobility-mediated strategy
to create new genes.

Potentially, TE mobility facilitates not just the formation of new genes, but also
the creation of dispersed multigene families in eukaryotes. However, a genome-wide

survey of L1-mediated transductions in humans failed to provide such evidence (Pickeral

96



et al., 2000; Goodier et al., 2000). Furthermore, it is not clear whether this mobility-based
strategy also applies to Class I TEs or DNA transposons. With the vast sequence
information provided from the sequencing of the Arabidopsis and rice genomes, we
examined the MULE diversity and their potential creation of new genes and gene
duplicates in the two genomes. We show that the capture of host DNA segments occurs
frequently in the course of MULE evolution. We identified a number of MULE-
contained genes that are not associated with TE mobility. Particularly, we provide
evidence showing that MULE transposition have contributed to the diversification of
Arabidopsis ULPs.
5.3 Materials and methods

Identification of the MULEs Two different methodologies were employed for the

identification of the MULEs in A. thaliana and O. sativa. Previously, systematic
identification of the Arabidopsis MULEs from 17.5 Mb of the sequenced Arabidopsis
genome was conducted and 209 MULEs were identified (Le et al., 2000). Subsequently,
a mudrA-based strategy (chapter 4) was employed for the identification of the elements
carry a mudrA-like gene from nearly 130 Mb of the sequenced Arabidopsis genome. In
this study, we further mined the new MULEs sharing terminal sequence similarity with
the identified elements with a computer script. The rice MULEs were identified from 39
Mb of the sequenced rice genome using the mudrA-based strategy developed and
employed for the Arabidopsis MULEs. Supplementary Figure 5.1 illustrates the major
steps involved in identification of the MULEs from these two genomes.

Identification of MULE acquisition events Both BLASTN and BLASTX

(http://www.ncbinlm.nih.gov/BLAST/) analyses were employed for the identification of
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MULE acquisitions (Supplementary Figure. 5.2). Structural organization of the acquired
segments was inferred mainly from the corresponding annotations and confirmed by the
expression data. In addition, the ORFs from the rice MULEs were identified using the
computer programs for the Rice Genome Automated Annotation System (RGAAS)
(http://ricegaas.dna.affrc.go.jp; the corresponding results can be accessed at
http://www.tebureau.mcgill.ca). Both PSI- and RPS-BLAST
(http://www ncbi.nlm.nih.gov/BLAST/) analyses were conducted for the examination of
sequence relationship between the ORFs within the elements and the corresponding host
genes.

Sequence analysis at a break point Analyses of junction borders were conducted

for those elements whose acquired sequences share over 80% nucleotide sequence
identity with their genomic counterparts. Junctions were delineated by aligning the
element, an intra-group element nearly identical to the former but lacking the acquired
segment, and the host DNA segment (Supplementary Figure. 5.3). The DiAlign program
(http://www.genomatix.de/cgi-bin/dialign/dialign.pl) was used for the multiple sequence
alignment analyses.

Expression assays The expressions of the ORFs within a MULE was examined

through a survey of the expressed Arabidopsis and rice sequences
(http://www.ncbinlm.nih.gov/dbEST/index html; as of October, 2002) and by RT-PCR
approach, as described previously (Chapter 4). For RT-PCR, total RNAs were extracted
from both wild-type (C24 ecotype) and METHYLTRANSFERASE (MET!) mutant
(metl) Arabidopsis plants (T10.5, C24 ecotype; Finnegan et al, 1996) using an

RNeasy™ Plant Mini kit (Qiagen, Mississauga, ON). The first-strand cDNA was
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synthesized using an Omniscript™ Reverse Transcriptase Kit (Qiagen, Mississauga,
ON). Total RNA concentration was standardized by the quantification of RT-PCR
products (20 PCR cycles) of the control gene, eukaryotic translation initiation factor 4A-
1(Metz et al., 1992).

Mobility assay A display technique (Wright et al., 2001) developed previously

was employed for MULE mobility assay. Briefly, genomic DNA from both wild-type
(ecotype Ler) and CHROMOMETHYLASE3 (CMT3) mutant (cmf3) Arabidopsis plants
(Lindroth et al., 2001) were extracted using an DNeasy™ Plant Mini kit (Qiagen,
Mississauga, ON), subsequently digested with methylation-insensitive restriction
enzyme, Bfal and ligated with a universal adapter. A nested-PCR approach was then
employed for specific amplification of MULE-mobility associated polymorphisms. The
amplification products were cloned into a pCR 2.1™ vector (Invitrogen, Carlsbad, CA)
and sequenced using a SequiThermTM EXCEL II kit (Epicentre, Madison, WI).
5.4 Results

A total of 1392 MULESs, ranging from 0.2 to 20.8 kb, were identified and
examined (Table 5.1; Supplementary Tables 5.1 A and B). Fifty one percent of the
elements contain at least one host DNA segment with an average size of 1.38 kb (Table
5.1; Supplementary Tables 5.2-5.4). All the acquired sequences were identified to be of
nuclear origin (Supplementary Tables 5.2-.4). It is evident that the MULEs can acquire
virtually any type of genomic DNA, including both single and repetitive sequences, and
as part of coding and non-coding regions (Table 5.1, Supplementary Tables 5.2-4).
Specifically, 73% of the acquired segments share sequence similarity with a host gene of

known or predicted function (Table 5.1; Supplementary Tables 5.2-4). A total of 389
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putative ORFs (Table 5.1; Supplementary Tables 5.4 A and B) were identified within the
MULEs, of which 31% share significant sequence similarity (E-value <10-4, Li ef al,
2001) with, for example, a structural RNA gene or a previously functionally-defined gene
(Table 5.1; Supplementary Tables 5.4A and B). The remaining ORFs encode proteins for
an unknown function. Twenty four of the MULE-contained ORFs match an expressed
sequence (Supplementary Tables 5.4A and B).

To elucidate the origin of the MULE-contained genes, we analyzed the sequence
and structural organizations of the ORFs that exhibit high sequence similarity (>80%)
with a known gene. One such ORF within AtMULE382 encodes an Arabidopsis pectin
methylesterase (PME; At4g03930) (AtMULE-PME; Figure 5.1A). We determined the
AtMULE-PME structure, which is identical with that of other higher plant PMESs, by
comparing its mRNA with the corresponding genomic gene sequence (Figure 5.1B). The
conceptually translated AtMULE-PME also maintains the conserved PME domain
(Figure 5.1C; http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Twenty-four MULE-contained genes show a mosaic sequence organization,
consisting of various DNA segments including different genes (coding and non-coding
regions) and intergenic sequences (Table 5.1; Supplementary Tables 5.2 and .3). Figure 2
illustrates one of the two (At3g06940 and At3g05850) expressed mosaic MURAs. Like
MURA homologues expressed in higher plants, these two also maintain the Mutator
domain; but their N-terminal regions contain an additional DNA segment encoding a new
peptide sharing sequence homology with PB1 (Phenol and Bem!) domain (Figure 5.2), a
recently identified protein scaffold involved in numerous multiprotein-complex formation

(Eickbush, 1999).
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Redundancy appears to be a common feature of the MULE-contained genes
(Supplementary Tables 5.4A and B). The largest gene family we identified encodes
Arabidopsis Ubiquitin-like (Ubl)-specific proteases (or Ulps). In animals, ULPs are
present in only 1 or 2 copies per genome (Melchior, 2000; Suzuki ef al., 2000). The
Arabidopsis genome, however, contains 24 MULE-contained ULPs (AtMULE-ULPs) as
well as several host counterparts (4s-ULPs) that are not associated with a MULE
(Supplementary Table 5.4A; data not shown). The AIMULE-ULPs were associated with
three individual MULE groups (Supplementary Tables 5.1 and .4); most (>90%) of the
members maintain intact MULE termini and TSDs (Supplementary Table 5.1A;
Bennetzen, 1996; chapter 3). Multiple sequence alignments between the AtMULE-ULPs
revealed over 90% nucleotide sequence similarity between intra-group and lower than
50% similarity between inter-group members (data not shown). Exploring recent
observations of the activation of Arabidopsis transposons under various stress conditions,
we observed the de novo transposition of the ULP-containing MULEs in a cm3 mutant
(deficient in CpNpG methylation, Lindroth, ef al., 2001) background (Figure 5.3). This is
also the first indication of the mobility of a non-TIR MULE.

We also examined the expression profiles of the Arabidopsis ULPs by surveying
expressed sequence databases at NCBI and by conducting RT-PCR of wild-type (MET1)
and met! mutant (deficient in CpG methylation, Finnegan et al., 1996) Arabidopsis
plants. Our database survey revealed the expression of one A#-ULP (At4gl15880). We
further examined the expression of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>