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ABSTRACT

Transposable elements are the most abundant type of DNAs in eukaryotic genomes. The
first active MITE, mPing has been activated by long-term tissue culture, anther culture, gamma-
ray-irradiation. However, in this study, mPing was shown for the first time to be activated under
normal conditions in the rice cultivar Gimbozu and Nipponbare. In Gimbozu landraces with
high-copy number of mPing, mPing was highly activated, generating ~50 new insertions per
generation. This suggests that mPing is still accumulating its copies in these lines. In contrast,
very low level of mPing activity was detected in one Gimbozu and Nipponbare strain for which
low copy number of mPing is present. Comparison of de novo insertions with previously
isolated new Gimbozu and older Nipponbare mPing elements implied that the negative selection
occurred in stages: rapid elimination of insertions into exons and introns, and then slow and

gradual removal of insertions near genes.
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CHAPTER 1
INTRODUCTION

Transposable elements (TEs) are DNA sequences capable of moving throughout the
genome and often making duplicate copies of themselves during the transposition process (Craig
et al. 2002; Feschotte et al. 2002a). First discovered by Barbara McClintock in maize
(McClintock 1951), TEs have since been found in all eukaryotic genomes investigated as the
single largest component (Feschotte et al. 2002a), accounting for ~ 50% of the human genome
(Lander et al. 2001) and 50-80% of some grass species (SanMiguel and Bennetzen 1998; Vicient
et al. 1999; Meyers et al. 2001).

Eukaryotic TEs are divided into two classes based on whether their transposition
intermediate is RNA or DNA (Capy et al. 1998). Class 1 (RNA) elements transpose via an RNA
intermediate which is reverse-transcribed into cDNA that can integrate in a new genomic locus
(Capy et al. 1998). In this process, a single copy of an element can potentially generate many
new insertions, often contributing to genome expansion. For example, for maize and barley,
~60% and ~70% of their genomes are composed of class 1 elements, respectively (SanMiguel
and Bennetzen 1998; Vicient et al. 1999; Meyers et al. 2001). Class 1 elements include long
terminal repeats (LTRs) and non-LTR retrotransposons. LTR retrotransposons have LTRs in
direct orientation and are classified as either Tyl copia-like or Ty3 gypsy-like elements based on
the order of their encoded proteins (Doolittle et al. 1989; Xiong and Eickbush 1990; Kumar and
Bennetzen 1999). Non-LTR retrotransposons terminate at one end with a poly(A) tract and

consist of long interspersed nuclear elements (LINEs) and short interspersed nuclear elements



(SINEs)(Feschotte et al. 2002a). In contrast, class 2 (DNA) elements, which will be the focus of
this study, have short terminal inverted repeats (TIRs) and transpose via a DNA intermediate
using an element-encoded transposase. In the process of transposition, TIRs are recognized by
the element transposase, which catalyzes the excision and insertion of the element to a new
genomic locus (Craig et al. 2002). Based on class 2 elements transposition mechanism, the
increase in copy number by transposition occurs either during DNA replication, or when the
excision site is repaired by the host gap-repair system (Labrador and Corces 1997). Both class 1
and class 2 elements contain autonomous and nonautonomous elements. Unlike autonomous
elements that encode the required enzymes for their own transposition, nonautonomous elements
lack coding capacity. However, nonautonomous elements can also transpose and often attain
very high copy numbers because they retain the cis-sequences necessary for transposition (Capy
et al. 1998; Feschotte et al. 2002a).

MITEs are a group of nonautonomous class 2 elements that are predominantly associated
with plant genes (Zhang et al. 2000; Feschotte et al. 2002a; Feschotte et al. 2002b). Discovered
in maize, numerous MITEs families have been later identified in diverse plant and animal
genomes mostly through computer-assisted database searches (Feschotte et al. 2002a). Because
MITEs lack coding capacity and interfamily sequence similarity, most MITEs have been
classified on the basis of their terminal inverted repeats (TIRs) and target site duplications
(TSDs)(Jiang et al. 2004). Most MITEs in plants have been grouped into two superfamilies,
Tourist-like or Stowaway-like MITEs (Feschotte et al. 2002a; Jiang et al. 2004). Tourist-like
MITEs, originally isolated in maize, insert preferentially into TAA (or TTA) and the first seven
bases of their TIRs are usually GGGCCTG/GGGCATC. Stowaway-like MITEs, first discovered

in sorghum, insert preferentially into TA and the first ten bases of their TIRs are usually



CTCCCTCCGT. MITEs are nonautonomous, therefore, they require a source of transposase for
mobility which is often provided by the autonomous partner. Tourist-like and Stowaway-like
MITEs have been associated with the PIF/Pong and the mariner/Tc1 DNA transposon
superfamily for their mobilization, respectively (Bureau and Wessler 1992, 1994; Feschotte et al.
2003; Zhang et al. 2004).

Despite their structural similarity, the high copy number of MITEs distinguishes them
from other class 2 elements (Feschotte et al. 2002a). Most nonautonomous class 2 element
families are < 1 kb in length and can amplify to not more than 50 copies (Feschotte et al. 2002a;
Naito et al. 2006). In contrast, MITEs are 100 - 500 bp long and MITE families can amplify to
very high copy numbers (up to several thousand) in the genome, while each MITE family shows
intrafamily structural homogeneity (Wessler et al. 1995; Jiang et al. 2004). Phylogenetic
analysis of MITE families implies that they had rapidly and extensively amplified from a small
number of copies and then experienced inactivity and drift after that (Feschotte et al. 2002a;
Santiago et al. 2002). Because of their preferential transposition into single-copy regions of the
plant genome, MITEs could play an important role in genome evolution (Feschotte et al. 2002a).
However, the mechanism underlying the ability of MITEs to attain very high copy number is still
poorly understood.

Several decades ago, it was a common idea that TEs were selfish and junk DNA.
However, it has been revealed that the role of TEs in the genome evolution is as a main source of
new genetic variation (Kidwell and Lisch 2001; Kidwell and Lisch 2002). Specifically, TEs
have been shown to be directly or indirectly involved in genome restructuring in many different
ways such as ectopic recombination, chromosome translocations and inversions, and epigenetic

gene regulation (Kidwell and Lisch 2001; Wessler 2006). However, even with this potential



beneficial role on genome evolution, a high level of TE activity can be deleterious to individuals
or populations due to mutations they cause in the genome (Kidwell et al. 1977; Bennetzen 2000).
Thus, it is not surprising that, although TEs comprise a significant portion of some eukaryotic
genomes, most TEs are usually inactive. Part of the reason for this inactivity is because most
TEs have become defective with mutations, internal deletions, rearrangements, and/or
replacements (Jin and Bennetzen 1994; Bennetzen 2000). However, even structurally complete
TEs lack activity mainly because their activity was repressed by host defense system (Feschotte
et al. 2002a). Host genomes have successfully regulated the activity of TEs, so that only a few
TEs are transpositionally active. For example, only 30-60 L/ elements of 500,000 LINEs are
considered to be currently active in human (Sassaman et al. 1997; Lander et al. 2001). In plants,
active retrotransposons have been very rarely identified (Kalendar et al. 2000; Feschotte et al.
2002a) and only a few active DNA elements have been isolated in plants largely by mutant
analysis, such as Ac/Ds, Spm/dspm (En/I) and Mutator system of maize and the Tam elements of
snapdragon (Flavell et al. 1994; Kunze et al. 1997).

However, silenced TEs have been activated by various biotic and abiotic stresses
(Wessler 1996; Capy et al. 2000; Madlung and Comai 2004). For example, tissue culture has
been shown to induce mobilization of the tobacco retrotransposons 7Ttol, Tto2, and Tntl
(Hirochika 1993), and the rice retrotransposon Tosl7 (Hirochika et al. 1996) and Karma
(Komatsu et al. 2003). Tntl and Ttol have been also reported to be activated by wounding,
oxidative stress, pathogen infection and microbial elicitors (Wessler 1996; Madlung and Comai
2004). The Tam elements of snapdragon are temperature-sensitive DNA elements for which

activity was significantly dependent on lower than normal temperatures (Coen et al. 1986).



As the world's largest crop, providing more than one fifth of the calories consumed by
human worldwide (Smith 1998), rice (the genus Oryza), has two domesticated species, Asian
rice (0. sativa) and African rice (O. glaberrima), native plants to the tropical and subtropical
climates of southern and southeastern Asia and Africa, respectively. The species O. sativa was
domesticated from wild rice, O. rufipogon near the Himalayas, with the subspecies indica being
cultivated by the Indians and the subspecies japonica being cultivated by Chinese and Japanese
(Londo et al. 2006). The importance of rice as a main source of human nutrition has made it a
major focus of researchers. For these reasons, a significant amount of genetic and genomic
resources are available including the complete genomic sequences of indica and japonica, and
thousands of diverse cultivars. With these resources, rice has been validated as a model grass for
the study of DNA transposons because its genome contains virtually all the major element
families found in other grasses (Jiang et al. 2004). Rice has the smallest genome (430 Mb)
among the agriculturally important cereal crops (e.g, 3,000 Mb, maize and 16,000 Mb,
wheat)(Burr 2002; Jiang et al. 2004). Approximately 26% of the rice genome sequence is
derived from TEs; of this, 15% and 11% are derived from class 1 and class 2 elements,
respectively. In terms of element copy number, MITEs are the largest group (with around
90,000 elements divided into hundreds of families), comprising about 6% of the genome (Jiang

et al. 2004).



CHAPTER 2

AMPLIFICATION AND TRANSPOSITIONAL ACTIVITY OF mPing IN RICE

BACKGROUND AND RATIONALE

mPing is a typical Tourist-like MITE. Structurally, mPing is small (430 bp), with
terminal inverted repeats (GGCCAGTCACAATGG) and target site duplications of TAA (or its
complementary sequence, TTA)(Jiang et al. 2003). Discovered by database analyses of rice
genomic sequences (Jiang et al. 2003; Kikuchi et al. 2003a) and mutant analyses (Nakazaki et al.
2003). Transpositional activity of mPing has been demonstrated in long-term tissue culture
derived from the rice subspecies indica cultivar C5924 (Jiang et al. 2003), in newly derived
anther culture from the rice subspecies japonica cultivar Nipponbare (Kikuchi et al. 2003a), and
in a gamma-ray-irradiated mutant line from the japonica cultivar Gimbozu in planta (Nakazaki
et al. 2003). Despite its activity, mPing was initially found to be present at relatively low copies
(for a MITE), with < 10 copies in the subspecies indica and < 50 copies in the subspecies
Jjaponica (Jiang et al. 2003). However, subsequent study of the cultivar Gimbozu mutant line
(IM294), where mPing was active in planta, and its progenitor (EG4) showed that mPing was
present at very high copy number in these lines (Naito et al. 2006). The cultivar Gimbozu is a
Japanese rice popularly cultivated in the first half of the 20th century with many distinct but
closely related strains and landraces (Naito et al. 2006). Additional analysis of related Gimbozu

landraces revealed that mPing had amplified to over thousand copies in a few Gimbozu



landraces, while its copy number remained below fifty in the rest of the landraces (Fig. 1)(Naito
et al. 2006).

The cultivar Gimbozu and, the cultivar Nipponbare, whose genome sequence is available,
are very closely related (Naito et al. 2006). The conserved insertion sites of mPing between
Nipponbare and Gimbozu low-copy-number mPing (hereafter, low-copy Gimbozu) landraces
indicated that mPing has not been activated in these lines for about a century. In contrast, mPing
distribution among the Gimbozu high-copy-number mPing (hereafter, high-copy Gimbozu)
landraces revealed the independent amplification of over 1,000 copies in each of these landraces,
suggesting that a burst of mPing was a recent event (Naito et al. 2006). Most mPing insertions in
high-copy Gimbozu landraces were assumed to be relatively newer than insertions in most low-
copy plants, such as Nipponbare (Naito et al. 2006). Previously, extensive analysis of the mPing
insertion sites was performed for high-copy Gimbozu landraces and Nipponbare. In this study, it
was discovered that the vast majority (about 90%) of the analyzed insertions were into single
copy regions and near transcribed genes. However, there was a significant difference in the
genic proximity of the insertions between high-copy Gimbozu and Nipponbare: about 70% of the
newer mPing insertions of high-copy Gimbozu were located within 5 kb from a cDNA coding
sequence but only about 45% of the older insertions of Nipponbare were like that. Moreover, a
lower-than-expected number of mPing insertions were found in exons and introns of genes in the
high-copy Gimbozu, suggesting that negative selection had already acted to remove most
insertions in rice genes.

mPing is a nonautonomous element, which requires transposases provided by an
autonomous partner for its mobility. Two putative frans-acting autonomous elements, Ping and

Pong, have been identified (Jiang et al. 2003). Ping, discovered by sequence similarity search to



mPing, is a 5341 bp element and its terminal sequences of 252 bp and 178 bp are identical to
those of mPing except for a single base-pair mismatch, clearly indicating that mPing is a recent
deletion derivative of Ping (Jiang et al. 2003). However, mPing was shown to be actively
transposing in rice indica cell culture that lacks the Ping element. This revealed that an
additional transposase source necessary for mPing mobilization in C5924 cell culture. Blast
searches using Ping as a query led to the discovery of the Pong element. Pong is 5166 bp in
length and its two ORFs share >80% identity with Ping ORFs (Jiang et al. 2003). In spite of
their clear-cut sequence similarity to mPing, there was no experimental evidence directly
connecting Ping and/or Pong to mPing mobility until the recent data that successfully
demonstrated that rice endogenous Ping and Pong both can transpose mPing in Arabidopsis
(Yang et al. in press). This data indicates that Ping and Pong both encode fully functional
transposases necessary for the mPing mobilization.

As mentioned earlier, most TEs are tightly regulated in the genome by host defense
mechanism including epigenetic silencing, but silenced TEs have been shown to regain their
activity under various stressful conditions, which implies genome-restructuring role of TEs
against genome shock (McClintock 1984; Wessler 1996; Madlung and Comai 2004). So far,
mPing has been activated by long-term tissue culture (Jiang et al. 2003), anther culture (Kikuchi
et al. 2003a), hydrostatic pressurization (Lin et al. 2006), and hybridization with wild rice
(Zizania latifolia)(Shan et al. 2005). In the cultivar Gimbozu, mPing insertions caused mutations
in the gamma-ray-irradiated lines (Nakazaki et al. 2003). However, rapid and independent
accumulation of mPing from about 50 to over 1,000 observed in closely related Gimbozu

landraces suggests that the burst of mPing was a very recent event. Moreover, the fact that some



of mPing insertions in high-copy Gimbozu landraces were heterozygous implied that mPing may
be still transposing in these strains under normal growth condition.

In this study, transpositional activity of mPing was tested in the non-irradiated Gimbozu
landraces. A different level of activity was detected in high and low-copy strains, providing an
important clue in understanding the amplification process of mPing during the domestication of
rice. Furthermore, analysis of newly transposed mPing insertion sites, combined with the
previously characterized mPing insertions, implies that negative selection acted upon the mPing

elements that were inserted into or near rice genes.

MATERIALS AND METHODS

Plant Materials and genomic DNA extraction

Seeds of the rice (Oryza sativa) subspecies japonica cultivar Nipponbare, and the cultivar
Aikoku and Gimbozu landraces (A101, A119, A127, A157, G190 and EG4) were obtained from
the GenBank project of the National Institute of Agrobiological Science, Ibaraki, Japan. Seeds
were dehusked, cleaned with 95% EtOH and 40% bleach, and germinated at 27°C in petri dishes
with sterilized ddH,O. Three-week old seedlings were transferred into soil. To generate single-
seed derived materials, plants were self-pollinated and seeds harvested from one inflorescence
were planted and used as progeny. To generate hybrid plants between different cultivars or
landraces, female parental lines were emasculated manually by removing anthers from flowers in
the evening, and were pollinated by dehiscent male parental plants in the next morning.

Pollinated flowers were covered by bags until seeds were harvested. Genomic DNA was



extracted from leaf tissues of single plants using DNeasy Plant Mini Kit (Qiagen Inc., Valencia,

CA) following the manufacturer's instructions.

Transposon display

Transposon display was performed as described with modifications (Casa et al. 2000).
mPing specific primers for PCR reactions were designed based on the subterminal sequences of
mPing (Jiang et al. 2003). Total genomic DNA (50-500 ng) was digested with Bfal or Msel and
was ligated to an Bfal-adapter in a total volume of 50 yl containing 1 x NEBuffer 4 (20 mM
Tris-acetate, 50 mM potassium acetate, 10 mM Magnesium acetate, ImM Dithiothreitol at pH
7.9), 1 x T4 DNA ligase reaction buffer (50 mM Tris-HCI, 10 mM MgCl,, 1 mM ATP, 10 mM
Dithiothreitol, 25 pg/ml BSA at pH 7.5), 1 x BSA, 50 pmol of Bfal-adapter (5'-
GACGATGAGTCCTGAG-3' and 5'-TACTCAGGACTCAT-3"), 5 units of Bfal or Msel (New
England Biolabs Inc., Beverly, MA), and 1 unit of T4 DNA ligase (New England Biolabs.,
Beverly, MA) overnight at 37°C. Aliquots of the restriction/ligation reactions were visualized on
1% agarose gels to check the quality of DNA restriction and were diluted 4-fold with ddH,0O.

Preselective amplification was done by using a primer complementary to the adapter
(Bfal + @, 5'-GACGATGAGTCCTGAGTAG-3' or Msel + @, 5'-GACGATGAGTCCTGAGTA-
3') and another primer specific to mPing (mPing P1, 5-TGTGCATGACACACCAGTG-3").
Reactions were performed in a total volume of 20 ul containing 1.5 ul of the diluted
restriction/ligation reactions, 10 pmol of each primer, 1 x GeneAmp PCR buffer II (Perkin-
Elmer/ABI, Foster City, CA), 2 mM dNTPs, 2.5 mM MgCl,, and 1 unit of Ampli7Tag DNA
polymerase (Perkin-Elmer/ABI, Foster City, CA). PCR conditions were as follows: 72°C/2 min;

94°C/3 min; 30 cycles of 94°C/45 sec, 58°C/45 sec, and 72°C/45 sec, and a final cycle of 72°C/5

10



min. After visualizing aliquots of each PCR on 1% agarose gels stained with ethidium bromide,
the remaining volumes were diluted 10 to 100-fold with ddH,O.

Selective amplification for radioactive detection was performed in 10 ul containing 1 pl
of the diluted preselective amplification products, 10 pmol of Bfal or Msel adapter primer with
zero to three selective bases, 10 pmol of *’P-labeled element specific primer (mPing P2: 5'-
CAGTGAAACCCCCATTGTGAC-3"), 1 x GeneAmp PCR buffer II (Perkin-Elmer/ABI, Foster
City, CA), 2 mM dNTPs, 2.5 mM MgCl,, and 1 unit of Ampli7Tag DNA polymerase (Perkin-
Elmer/ABI, Foster City, CA). A touchdown protocol was used where the initial annealing
temperature was 66°C and decreased by 1°C with each cycle to 58°C (Vos et al. 1995). PCR
conditions were as follows: 94 °C/3 min; 9 cycles of 94°C/45 sec, 66-58°C/45 sec, and 72°C/45
sec; 30 cycles of 94°C/45 sec, 58°C/45 sec, and 72°C/45 sec, and a final cycle of 72°C/5 min.

For radioactive detection, 10 pl of loading-denaturing buffer (98% deionized formamide,
0.025% bromophenol blue, and 10 mM EDTA) was added to the PCR products. Samples were
denatured at 95°C for 5 min and were placed on ice immediately, and 5 pl of mixture was loaded
on the 6% denaturing (7.5 M urea) acrylamide-bisacrylamide (19:1) gel in 1 x TBE buffer (890
mM Tris, 890 mM boric acid, 20 mM EDTA at pH 8.3). After electrophoresis for 3 hours at 35
mA, the gel was transferred to filter paper, dried, and exposed to an X-ray film for 36 hours

before development.

Recovery of gel bands
To recover individual bands in transposon display (TD) gels, a needle-scratching
technique was used as described (Stumm et al. 1997). DNA fragments were excised from

radioactive gels by scratching the dried gel with tips, placing the tip in 50 xl PCR reaction mix

11



with a Bfal + @ primer and an element specific mPing P2 primer. The PCR parameters were the
same as in the preselective amplification except starting with incubation at 94°C for 5 min
instead of 72°C for 2 min. PCR products were resolved on 1% agarose, excised, purified
(QIAquick Gel Extraction Kit, Qiagen Inc., Valencia, CA), and cloned (TOPO TA Cloning Kit,
Invitrogen, Carlsbad, CA). Cloned DNA templates were sequenced by the Molecular Genetics
Instrumentation Facility (University of Georgia). Retrieved sequences from TD gels contained
the one end of element sequences and its flanking sequences. To localize the element insertions
in the rice genome, element sequences were trimmed out from the recovered sequences and only
flanking sequences were used as a query sequence for similarity search by BLAST program
against the Nipponbare genomic DNA database. Database hits that share >99% similarity were

considered matches.

Annotation of mPing flanking sequences

To identify genes near mPing insertion sites, 10 kb of flanking genomic sequence (5 kb
on each side of an mPing insertion site for each of the genomic hits) was selected from the
Nipponbare genomic DNA database and used as query for a BLAST search against the full
length cDNA database (http://cdna0O1.dna.affrc.go.jp/cDNA)(Kikuchi et al. 2003b). High-
scoring pairs (HSPs) with >50 bp and >98% identity were considered matches. Position
(upstream, downstream, or inside) and distances of cDNA sequences relative to mPing insertion
sites were determined based on position information of the hits in HSPs. If a cDNA sequence hit
crosses an mPing site (either contiguous or with a gap), the mPing insertion was considered to be
inside of the cDNA sequence. If the start of a cDNA is downstream of an mPing insertion site,

the insertion was considered to be upstream of the cDNA, and the distance between the insertion

12



site and the cDNA start was calculated. The distance of a downstream insertion from a cDNA

was calculated from the 3' end of the cDNA sequence.

RESULTS

Transposition of mPing in high-copy Gimbozu landraces heritability

To determine whether mPing is transposing in non-irradiated high-copy Gimbozu
landraces, mPing insertions among the selfed plants were compared using the transposon display
(TD) technique. TD is a modified amplified fragment length polymorphism (AFLP) technique
that allows the visualization of multiple copies of a transposon by amplifying their flanking
sequences. More important, TD aids in the detection of transpositional activity of an element as
well as providing an estimation of element copy number in the genome (Vos et al. 1995; Van den
Broeck et al. 1998; Casa et al. 2000; Takagi et al. 2007).

All the Gimbozu plants tested in this study have been propagated by self-fertilization, and
therefore the mPing loci should be identical in the progeny derived from a single plant. In
addition, the TD banding pattern of mPing should be identical among the progeny unless mPing
was transposing. If a band was present in a single progeny but absent in the parent or siblings,
then this band was considered to be a de novo mPing insertion, suggesting transpositional
activity of mPing. Subsets of putative de novo bands were further verified as real mPing
insertions and not artifacts caused by technical error. For this analysis, randomly selected bands
were cut from gels, reamplified, and sequenced. Then, primers were designed based on retrieved
flanking sequences to amplify the insertion site in the parent and all the progeny. If a locus has

an mPing insertion, PCR amplicons should be 430 bp (the length of mPing) greater than

13



expected size. Using this strategy, bands were counted as real de novo mPing insertions, if only
one progeny, where the band was recovered, has longer PCR product, and the rest of progeny
and parent have smaller ones (Fig. 2).

For each of three high-copy Gimbozu landraces (EG4, A119, and A157), the parent and
its ~10 self-fertilized progeny were tested. de novo bands were detected from all four landraces

(Fig. 3), which indicates that mPing was activated in these plants prior to radiation events.

The frequency and the inheritability of de novo mPing insertion in high-copy Gimbozu
landraces

To estimate the total number of de novo mPing insertions produced per generation per
plant, and to determine whether these de novo insertions are heritable, one high-copy Gimbozu
landrace, EG4, was selected and propagated for three consecutive generations. Specifically, the
eight progeny (S,) were generated from a single selfed parent and then, the 10 progeny (S,) were
from one selfed S, plant (PS1), and finally, the 10 progeny (S,) were generated from one selfed
S, plant (PS2). Because EG4 plants have over 1,000 copies of mPing in its genome (Naito et al.
2000), it was impractical to visualize all copies on a single gel. Therefore, to adjust for the
resolution of a gel, selective adapter primers with additional three bases were used for mPing TD
reactions. mPing TDs were performed for all three generations and 16 of 64 possible primers
were tested (Fig. 4). To estimate the total number of de novo insertions in generations S, and S,,
the average of de novo bands (per primer) was estimated and then multiplied by 64. Using this
method, ~ 60 and ~ 50 de novo insertions per plant per generations in the S, and S, generations
were determined, respectively (Table 1 and 2). The number of de novo mPing insertions that

were inherited from the S, generation to the S, generation was estimated by counting the de novo
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bands appearing in a parent (Fig. 4, PS2) that segregated in the S, progeny (Fig. 4, asterisk).
Based on this analysis, >80% (35 of 43) of the de novo bands in parent PS2 were inherited in the

S, progeny (Tables 1 and 2).

de novo mPing insertion sites in rice

To characterize the insertion sites of newly transposed mPing elements, 23 randomly
selected de novo TD bands from the 10 progeny derived from a single EG4 plant were
sequenced. The chromosomal location of each insertion was determined by BLAST searches
using the flanking sequences against the rice genomic sequences from Genbank. The proximity
of the insertions to rice genes was determined by the BLAST search of the extended flanking
sequences (total 10 kb sequences from both sides of the insertion) against the rice full length
cDNA database. All 23 insertions were located in single copy regions of the rice genome. 14 of
the 23 were located within 5 kb of a rice gene and 3 of the 23 were inserted into exons (Table 3

and 4).

Transpositional activity of mPing in low-copy Gimbozu landraces

According to the data from the Naito et al (2006), where the copy number of mPing in
different Gimbozu landraces was determined (Naito et al. 2006), Gimbozu landraces can be
separated into two groups based on the copy number of mPing: high-copy Gimbozu with over
one thousand copies or low-copy Gimbozu with less than fifty copies. Although two major
groups exist, there is variation among the low-copy Gimbozu landraces in the number of
insertions that are present (Fig. 1). In order to examine whether this copy number variation

reflects the different level of mPing activity in these strains, transpositional activity of mPing in
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low-copy Gimbozu landraces (A101, A127, and G190) and other japonica cultivars (Nipponbare
and TN67) was tested in single-seed descent plant materials (a single parent and 10 selfed
progeny for each landrace and cultivar) using TD technique. Based on this analysis, de novo
insertions were detected for G190 and Nipponbare. For both G190 and Nipponbare (Fig. 5), the
frequency of transposition was less than 0.5 de novo insertion per plant per generation. To
determine whether these de novo insertions are also germinal, one (called, locus 4097) of de
novo insertions in Nipponbare was selected and tested (Fig. 5, asterisk). The plant (P) with this
de novo insertion was selfed to generate progeny (S,) and then ten S, plants were tested for the
presence of mPing at this locus by TD. PCR analysis using the primers designed for the
sequences flanking this insertion was performed for both the parent and progeny to determine
whether locus 4097 is homozygous or heterozygous for the mPing insertion. The progeny were
segregated for locus 4097 (Fig. 5). One of the progeny containing a homozygous mPing
insertion in locus 4097 was selfed to the next generation (S;). It was found that all the tested S,
plants have mPing in locus 4097, indicating that de novo insertion in the locus 4097 was fixed in

the population.

mPing activity in hybrid plants between high-copy and low-copy plants

In the previous section, it was shown that high copy and low copy strains have different
level of mPing activity. If this difference was caused by presence of any negative regulator in
low-copy strains by which mPing or its autonomous elements are repressed, then the introduction
of this factor into high-copy Gimbozu strains by crossing with low-copy strains should affect
mPing activity presumably. To test this hypothesis, several high and low-copy strains were

cross-fertilized. Because rice is generally a selfer, it was necessary to verify that the F, plants
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were real hybrids. To this end, mPing itself was used as a marker for hybridization. Because
each rice strain has a specific distribution of mPing insertions in its genome, they can be easily
used to test hybridization by visualizing them on a TD gel. If a derived F, plant is a real hybrid,
it should contain all heterozygous mPing insertions that were inherited from both parents. In this
way, two hybrid plants were generated from A157 X G190 and EG4 X Nipponbare. The F,
generations were produced by self-fertilization of each F, plant, and mPing TD was performed to
detect any transpositional activity of mPing in the F, generations. TD bands that appear only in
one of the F, plants but not in the parents or the F, were considered as de novo insertions. de
novo bands were detected in the F, plants of both crosses, suggesting mPing is still transposing in
these F2 plants (Fig. 6). However, the level of activity was detected at much lower than

frequency in high-copy parents.

DISCUSSION

Amplification of mPing during recent rice domestication

mPing was discovered by searching the rice genome database for repeat families with
structural features of MITEs and with very low intrafamily sequence divergence (Jiang et al.
2003). However, in this initial survey, the copy number of mPing was found to be low (less than
50) in most of the rice cultivars investigated; making the available rice strains unsuitable for
understanding how MITEs attain very high copy numbers (Naito et al. 2006). Recently, with the
availability of closely related Gimbozu landraces where both high (over thousand) and low copy
numbers of mPing are present, it is now possible to investigate the earliest events in the

amplification of mPing in rice. Based on the analysis of the copy number variation among
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different rice cultivars, two steps of mPing amplification are suggested: first, from 1 to 50 copies
in most japonica strains; then, from 50 to more than 1,000 copies in a few Gimbozu strains
(Naito et al. 2006).

The first stage of mPing amplification can be applied to most low-copy strains including
Nipponbare and the majority of Gimbozu strains. The copy number variation observed in low-
copy strains can be partly explained by genomic recombination between different rice strains as a
result of breeding and hybridization during the history of rice cultivation. However, it could also
be caused by more recent mPing activity in particular rice strains. Initially, it was thought that
mPing was inactive in most rice cultivars because their mPing copy numbers seemed to have
remained low over a long period of time. In this study, transpositional activity of mPing was
detected in Nipponbare and one Gimbozu low-copy strains (G190). Although the frequency of
de novo insertions was relatively low in these strains, these de novo insertions could be fixed in
the progeny after two generations. This suggests that a gradual increase in mPing copy number
has probably contributed to the copy number differences among the low-copy rice strains. It is
notable that Nipponbare and G190 are the rice strains where mPing copy number reached the
first plateau at about fifty. Other strains with no mPing activity have less than 25 copies of
mPing in their genome.

Since no intermediate levels of amplification have been found in other rice strains, it can
be implied that mPing copy number has increased explosively from ~ 50 to 1,000 in a few high-
copy Gimbozu landraces within a short period of time. These amplification events also occurred
independently in each of the high-copy strains, which are cultivated in different geographically
isolated regions of Japan (Naito et al. 2006). Although it was clearly shown in this study that

some low-copy strains have active mPing elements, this low activity seems not enough to drive
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the rapid and explosive amplification of mPing that has occurred in high copy strains. Here,
results from this study suggest that the burst of mPing may be an on-going process in high-copy
strains. It is because mPing is currently active status in these strains and transposition events
occur at a much higher frequency in the high-copy strains than in the low copy strains trains.
Moreover, the majority of the de novo insertions are inherited into the progeny, implying that
mPing is still increasing in copy number in these strains.

Two questions are what initially triggered a burst of amplification in some Gimbozu
landraces, and what causes the differences in mPing activity among the rice plants investigated
in this study. Different mPing activity between low and high-copy strains could be explained by
the absence of a necessary component such as an autonomous element in these strains or any
negative factors present in the genome. mPing has two autonomous element, Ping and Pong.
While multiple copies of Pong are widely distributed in all the rice cultivars tested, only a subset
of cultivars contain the Ping element (Jiang et al. 2003). Furthermore, all the strains with mPing
activity have the Ping element; low-copy strains (Nipponbare and G190) have only one Ping,
while high-copy strains have more than five copies of Ping (unpublished data).

A cross between high and low-copy strains produced hybrid plants with low mPing
activity. This lower than expected mPing activity in the F, plants can be interpreted in several
different ways. First, there may be negative regulators in low-copy strains repressing the
function of the autonomous elements. This scenario is less likely because low-copy parental
strains used in the crosses were Nipponbare and G190, which contain an active mPing. Initially,
Nipponbare and G190 were selected for low-copy parental lines because it was assumed that
they do not have active mPing elements. However, low mPing activity was detected in both

strains, thus excluding the possibility of presence of repressors in their genomes (Fig. 5).
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Second, it is possible that a decreased number of autonomous elements could affect the
frequency of transposition in hybrid plants. Based on the observation that all high-copy
Gimbozu strains have more than five Ping copies (unpublished data), it can be hypothesized that
there is a threshold in the number of Ping copy numbers required to accelerate mPing
transposition. However, most hybrid plants have a lower number of Ping elements that is
probably not enough to produce high mPing transpositional activity. Finally, the number of
mPing elements present within the genome could also affect mPing activity because extant
mPing elements are used as a target of their transposase. Hence, if more mPing elements are
available for the transposase, more de novo insertions can be generated in the genome.
Furthermore, hybrid plants that have fewer mPing elements than their high-copy parents, due to
the reduction in mPing copy number, could affect the frequency of mPing transposition.
Although the transpositional frequency of mPing was estimated in both high and low-
copy strains in this study, it is insufficient to estimate the rate at which the new mPing insertions
have accumulated in the earlier stage of their amplification, because data from this study only
reflects the current levels of transposition. With the observation from different landraces, it can
be inferred that the activity of mPing must have been very low in the earliest stage and then
somehow accelerated in some Gimbozu landraces, causing the burst of mPing amplification.
However, future studies should be pursued to investigate alternate methods for the increase in

transpositional activity of mPing in the low-copy strains.

Negative selection of mPing insertions working in stages

Due to their preferential insertion into genic region, it is fundamental to understand how

the host can tolerate thousands of elements inserted into or near genes, before we can decipher
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how MITEs are able to amplify to very high copy numbers. The analysis of de novo mPing
insertions in EG4, combined with previously characterized newer insertions of EG4 and older
insertions of Nipponbare, suggests that two stages of selection have occurred. The first stage is
the rapid removal of insertions from exons and introns of the rice genes. As shown in table 4, 3
of 23 de novo insertions were inserted into exons, which is much higher than the ratio of new
insertions of EG4 (1 of 201 analyzed insertions). This indicates that mPing could preferentially
target rice genes, but potentially deleterious insertions are quickly eliminated from the
population by negative selection. The second stage of selection occurs at a much slower rate,
eliminating mPing insertions close to rice genes (within 5 kb) as seen by comparing EG4 and
Nipponbare insertion profiles: 70 % of new insertions in EG4 were inserted within 5 kb of a
gene, while about 45% of presumably ancient insertions in Nipponbare were located near genes

(Naito et al. 2006).

mPing as a tagging tool

In this study, I have shown that mPing is transpositionally active in a few rice strains
under natural growth conditions. Since mPing was discovered several years ago as the first
active DNA transposon in rice (and the first active MITE in any organism), it has been shown to
be activated by various conditions such as tissue culture (Jiang et al. 2003), anther culture
(Kikuchi et al. 2003a), hydrostatic pressurization (Lin et al. 2006), and hybridization with wild
rice (Shan et al. 2005). In the cultivar Gimbozu, mPing was shown to be active in planta in
irradiated strains, causing the mutations in the Rurm/ gene and the Hdl gene (Yano et al. 2000;

Nakazaki et al. 2003). However, in this study, it was found that mPing was transposing in non-
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irradiated Gimbozu lines indicating that mPing was already activated in these lines prior to
radiation events. This suggests that mPing could be developed as a gene tagging tool.
Transposon tagging is a technique for gene discovery and functional studies in both
plants and animals (Martienssen 1998; Klinakis et al. 2000; Springer 2000). Since the recent
availability of the rice genome sequences, substantial attention has recently been paid to
developing a tagging system in rice (Hirochika et al. 2004; Leung and An 2004; Takagi et al.
2007). The endogenous retrotransposon Tos17 as well as foreign elements, such as T-DNA or
maize DNA transposons, have been employed to generate insertional mutations on a large scale
in rice, facilitating the isolation of several important genes (Miyao et al. 2003; Hirochika et al.
2004; Kurusu et al. 2004; Leung and An 2004). However, these tagging systems require tissue
culture processes for either the introduction of the foreign elements into the rice genome (An et
al. 2005) or the activation of the silenced Tos/7 element in the genome (Hirochika et al. 1996),
in which somaclonal variation associated with the tissue culture is inevitable (Larkin and
Scowcroft 1981; Kaeppler et al. 2000). For this reason, an in planta transposon-tagging method
that does not require the tissue culture process is highly desirable. Successful endogenous DNA
transposons have extensively been utilized for gene tagging in maize, snapdragon, petunia, and
morning glory (May and Martienssen 2003; Takagi et al. 2007). Although it remains a mystery
how mPing was initially activated in these lines, the continued activity of mPing in specific rice
lines, can provide the first TE based rice gene tagging system that does not require tissue culture.
Also, the availability of high-copy and low-copy landraces in which mPing is active and the
continued activity of mPing in hybrids between high and low-copy strains will allow us to
further test various landraces and hybrids, and to eventually generate the optimal tagging

population for the development of a powerful gene-tagging system in rice.
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Figure 1. Copy number of mPing elements in Nipponbare (NP) and Gimbozu strains.
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Figure 2. Verification of de novo insertions by locus-specific PCRs using genomic DNAs from a
parent (P) and 10 selfed progeny of EG4, A119, or A157. Nipponbare (N) was used as a negative
control for the absence of mPing in the locus. The accession numbers of BAC clones containing
the de novo insertions are next to the strain names. The upper bands are 430 bp longer than the
lower bands due to the presence of mPing.



Progeny P Progeny P

A1ST A119
Msel + TCG

Figure 3. Transposon display of mPing in high-copy strains (A119 and A157) using genomic
DNAs from parent (P) and 10 selfed progeny. de novo bands detected in progeny are noted by
arrowheads. See Figure 4 for the transposon display gel of EG4.
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S0 $1 S2

Bfal + TCA

Figure 4. Transposon display analysis of mPing insertions for the EG4 generational materials.
de novo bands detected in progeny are noted by arrowheads and inherited de novo insertions are
noted by asterisks.
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Table 1. de novo insertions of mPing in the S, generation of EG4.

S, plants
Adapter Primer
1 2 3 4 5 6 7 8 9 10 (PS17)
Bfal + AAA 0 1 1 1 0 0 0 0 1 1 (D
Bfal +ACG 6 2 0 3 0 0 0 0 0 2()
Bfal +AGT 0 0 0 0 1 0 1 1 0 3(3)
Bfal +ATC 2 0 0 0 1 2 1 0 0 3(3)
Bfal +CAT 2 1 1 2 0 2 0 3 1 1 (1)
Bfal +CCC 1 0 0 0 1 3 1 1 1 2(2)
Bfal +CGA 1 0 1 1 0 0 0 0 2 1 (1)
Bfal +CTG 3 0 2 1 1 1 1 0 1 6(4)
Bfal +GAC 1 4 0 1 0 0 1 2 1 0(0)
Bfal +GCT 1 0 1 0 0 0 0 0 1 54)
Bfal +GGG 1 1 1 4 0 0 1 0 0 1(1)
Bfal +GTA 0 1 2 0 1 0 2 0 1 4(2)
Bfal +TAG 2 0 0 2 1 1 0 1 2 1(1)
Bfal +TCA 0 1 1 1 0 1 0 2 1 4(4)
Bfal +TGC 1 1 0 0 0 1 2 3 0 4(3)
Bfal +TTT 0 1 0 0 1 0 1 0 1 54)
Total 21 13 10 16 7 11 11 13 13 43 (35)
Average per primer 1.31 0.81 0.63 1.00 044 069 0.69 0.81 0.81 2.69
Total per plant 84 52 40 64 28 44 44 52 52 172
Average per generation 63.2

*S, plant (parent ) used to generate S, plants by self fertilization.

FTNumbers in parenthesis are the heritable insertions (bands segregating in S, plants).
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Table 2. de novo insertions of mPing in the S, generation of EG4

S, plants
Adapter Primer

1 2 3 4 5 6 7 8 9 10

Bfal + AAA 0 0 0 0 0 0 1 1 0 0
Bfal +ACG 1 1 1 0 2 0 2 1 0 1
Bfal +AGT 0 2 0 0 1 2 2 0 0 2
Bfal +ATC 0 1 0 2 0 2 1 0 0 1
Bfal +CAT 2 0 0 1 1 2 0 0 0 0
Bfal +CCC 1 2 0 1 0 1 0 0 3 0
Bfal +CGA 0 0 2 1 0 0 0 2 0 0
Bfal +CTG 0 1 1 0 1 0 0 2 0 0
Bfal +GAC 1 0 2 2 1 2 0 2 1 3
Bfal +GCT 0 1 1 2 2 1 1 1 1 1
Bfal +GGG 0 2 0 0 1 2 1 0 1 0
Bfal +GTA 1 1 0 0 1 0 1 0 0 0
Bfal +TAG 0 0 0 0 0 1 1 0 1 1
Bfal +TCA 0 1 2 2 2 3 2 0 3 2
Bfal +TGC 3 0 0 0 1 0 1 1 1 1
Bfal +TTT 1 2 0 2 0 2 0 0 0 0
Total 10 14 9 13 13 18 13 10 11 12

Average per primer  0.63 0.88 056 0.81 0.81 1.13 0.81 0.63 0.69 0.75

Total per plant 40 56 36 52 52 72 52 40 44 48

Average per generation 49.2
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Table 3. de novo mPing insertion sites in EG4

BAC Site cDNA Distance Coding protein

AP003339 12036 AK120073 253 Oryza sativa RIP1 mRNA for ribosome-inactivating protein 1
AP003254 25123 AKO058518 2256  NPKl-related protein kinase-like protein
AP003261 83788 AKO073884 -1734  Amino acid permease 6

AP003232 150997 AKO069400 -1121  Plectin-related protein-like
AP003266 36188 AKO073211 0 PIR7a and PIR7b gene

AP004121 6154

AP005849 106090 AKO099853 4406  Putative Cgi67 serine protease
AP004048 45607 AK107997 0 Unknown protein

ACI113930 28923

AC107619 67639 AKO063182 -4114  Full-length cDNA

AL662992 12708 AKO071063 447 Full-length cDNA

AL662999 50722

ACI117265 38040 AKO011268 2650 Putative 60S ribosomal protein L36
AP003539 16894 AKO071563 0 Full-length cDNA

AP006458 106710

AP005165 113586

AP005755 55862 AK121134 3935  Full-length cDNA

AP005579 81939 AK108547 -131 Full-length cDNA

AC134046 136472

ACI120308 24484

AL731742 143358

AP005516 68380

AP003914 47055 AK100665 3206  Full-length cDNA
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Table 4. Characteristics of mPing insertion sites

# of analyzed Insert into:
Strain
insertions Single copy(%)*  Exon Intron  0-1kb®  1-3kb®  3-5kb" >5kb®
NB 50 42(34) 1 3 9 7 2 20
EG4 221 201(91) 1 10 38 69 44 39
EG4 (de novo) 23 23(100) 3 0 3 4 4 9

a The number of insertions into single copy sequences. The number in parenthesis is the percentage of the number of
insertions analyzed.
b The distance of the insertion sites from cDNA coding sequences.
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S1 S2 S3

PS2

Bfal + T
Nipponbare

Figure 5. Transposon display analysis of mPing insertions of generational material from strain
Nipponbare. The S2 plants were derived from one of the S1 plants (PS2) and the S3 plants were
derived from one of the S2 plants (PS3) by self-fertilization. White arrowhead indicates a de
novo insertion.
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EG4 (female) X Nipponbare (male) A157 (female) X G190 (male)

Figure 6. Transposon display of mPing using DNA from hybrid plants between high and low-
copy landraces. White arrowhead indicates de novo insertions.
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CHAPTER 3

CONCLUSION

MITEs are the most abundant group of TEs in the rice genome where ~ 90,000 MITEs
are present. Because MITEs are preferentially inserted into genic regions of the genome, it has
been of interest how they are able to amplify to such high copy numbers and how host genomes
react to those potentially deleterious insertions. In this study, the analysis of an active rice
MITE, mPing, in different Gimbozu strains shows that mPing is still actively transposing in
some Gimbozu strains where mPing copy number already reached over a thousand. Potentially
harmful de novo mPing elements inserted that into genes were rapidly eliminated from
population and then, selection against the insertion near genes were acting slowly over time.
This study also showed that mPing was activated in low-copy strains, but the frequency of
transposition was extremely low. This suggests that mPing copy number had been increased
gradually in most rice cultivars but somehow the transposition rate had been accelerated in some
Gimbozu landraces, resulting in the explosive amplification of mPing elements. Lower level of
mPing activity in hybrid plants between high and low-copy strains implies that several factors
are probably involved in determining the transposition rate of mPing. Before this study, mPing
was thought to be activated by radiation event in Gimbozu. However, this study showed that
mPing was activated prior to radiation and it is still active under normal growth condition. This

is significant results to provide the possibility of mPing as a tagging tool for rice gene discovery.
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