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CHAPTER 1

INTRODUCTION

Double-strand breaks (DSBs) are one of the most common chromosomal eventsin living
cells. DSBs can happen spontaneously during DNA replication and meiosis, or accidentally
under stressful conditions such as X-rays or other mutagens. During meiosis, DSBs are closdly
associated with chromosomal recombination and segregation. In late S phase and G2 phase, a
sister chromatid can be used as the template to recover al of the information lost at the break site.
Whilein the G1 phase of somatic cells, no sister chromatids are avail able as template during the
repair process. This situation makes DSB repair a fascinating study.

The DSB repair mechanisms are highly conserved through all of the kingdoms because of
their vital importance to an organisms' survival. From prokaryotes to eukaryotes, from yeast to
Drosophila, from worms to mammals and plants, all organisms have highly efficient DSB repair
systems to fix chromosomal breaks under varied conditions. In plants, some disease resistance
genes have changed in coding potential through illegitimate recombination (WICKER et al. 2007).
Furthermore, numerous human diseases are associated with defectsin DSB repair, such asthe
Ataxia Telangiectasia-Like Disorder (ATLD) and Nijmegen Breakage Syndrome (NBS) for
mammals. These mutants with defective DSB repair have been a very good research model to
study DSB repair mechanisms.

It is believed that the DSB repair mechanisms are an important factor in plant genome

size change. Polyploidy, retrotransposon proliferation, chromosomal segmental duplication and



unequal homol ogous recombination are the most popular explanations for genome size changes
(BENNETZEN et al. 2005; VITTE and BENNETZEN 2006). Homol ogous recombination (HR),
which required significant sequence homology, and illegitimate recombination, which requires
little or no sequence homology, are two primary pathways for DSB repair. Besides their action
in DNA rearrangement, unequal homologous recombination and illegitimate recombination are
the known genome-reducing mechanisms that counterbal ance the genome size increases caused
primarily by transposon amplification and by polyploidization (BENNETZEN et al. 2005; DEvOs
et al. 2002).

Current research on DSB repair not only focuses on biochemical mechanisms, but also
sheds new light on the profound role of DSB repair in genome evolutions. The chromosomal
recombination initiated by DSBs aso could make DSB repair a powerful tool to generate
targeted mutations in any eukaryote, a very useful tool for functional genomics studies.

In this project, | initiated the study of DSB repair in four monocot plant species with
varied genome size, in order to elucidate the role of DSB repair on the evolution of genome size
and structure, through a comparative genomic method. | characterized the inaccurate repair
events at |-Sce I-induced DSB sitesin maize and rice, while future studies in the Bennetzen lab
will pursue this same research in pearl millet and sorghum. By comparing the inaccurate repair
events across these monocots, and comparison between the monocots and the dicotyledonous
plants such as Arabidopsis and tobacco, we will have a more complete picture of the effect of
DSB repair on genome evolution. Specifically, this research focused on the following:

Objective 1: Identifying and characterizing the DSB repair eventsin the cereals maize,
rice, sorghum and millet, four monocot grass species. By comparing the DSB repair events

between the species with different genome size, we can determine whether there is any



correlation between inaccurate repair outcomes and a genome size reducing mechanism, if an
inverse relationship is seen between the deletion frequency and/or size and genome size.
Objective 2: Investigating any possible positional effects on inaccurate repair by
mapping the different 1-Sce I-induced break sitesin the maize and rice genomes, then
characterizing the outcomes of inaccurate repair at the different genomic sites. Different
genomic sequence around DSB site at different location (e.g., repeat enriched heterochromatin

region, or gene rich sequence) might be associated with some distinct characteristics of DSB

repair.



CHAPTER 2

BACKGROUND, RATIONALE, AND SIGNIFICANCE

DSB might be induced by many factors, such asionizing radiation or mutagenic
chemicals. More significantly, DSB is a natural intermediate during many important cellular
processes, such as DNA repair, DNA replication, meiotic recombination, and the excision of
transposable elements. Chromosomal single-strand breaks, which frequently happen as an
obligate component of base excision repair, nucleotide excision repair, and mismatch repair, as
well as during DNA replication, in lagging strand synthesis, can also lead to the formation of
DSBs, initiating the cell cycle checkpoint, followed by the DSB repair pathways. Failureto
repair DSBsin animal cellswill cause acell cycle block and apoptosis (BREE et al. 2004; Roos
et al. 2009). Dueto the key roleit plays in these basic physiological processes, DSB repair is

essential for al organisms' survival.

2.1 Homologous Recombination Vs. Illegitimate Recombination At DSBs

The biochemistry of DSB repair iswell conserved across all of the kingdoms. Most of
our knowledge on DSB repair mechanism comes from E. coli, lower eukaryotes, and mammalian
cells. Although DSB repair in plants has been studied for along time, there are still many gaps
in our understanding. Thisis primarily due to the relatively few studies that have been

undertaken.



Generaly, DNA DSBs are repaired through homol ogous recombination (HR) and non-

homologous end-joining (NHEJ). HR is believed to require along tract of sequence homology

(>30 nucleotides), while NHEJ does not. Both pathways can repair the chromosomal breaks

faithfully or unfaithfully that generate chromosomal rearrangement. All the recombination

events that do not require recombinase (RecA in E. coli, and Rad51, Dmclin eukaryotes) and

long sequence homology are called illegitimate recombination. It includes NHEJ and slippage

strand replication (SSR). Inaccurate illegitimate recombination may lead to chromosomal

rearrangement, such as deletions or insertions.
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At present, there are 4 models
proposed for homologous recombinational
repair: double strand break repair (DSBR),
synthesis dependent strand annealing
(SDSA), break induced repair (BIR) and
single strand annealing (SSA) (Figure 1, a,
b, ¢, and d, respectively). Studieson
homol ogous recombination also provide
the models for gene conversion.

After initiation by a chromosomal
DSB, the processing of the DSB ends
determines whether inaccurate repair or
homologous recombination is used (HABER

2000). Inyeadt, if the overhangs at the



breakpoint are greater than 8 bases, the joining efficiency is greatly dependent on Rad52 (DALEY
et al. 2005). Resection of the 5’ end on the broken site leads to homol ogous recombination.
Degradation of the 5’ ends (resection) resultsin 3' overhangs on the two ends. Either one or two
3’ protruding end(s) can invade the DNA template with the binding of RPA (Replication Protein
A), asingle-strand DNA binding protein, as well as Rad52 epistasis group proteins, a group of
proteins that function sequentially and coordinate with each other during HR. The Rad52
epistasis group proteins (Rad51, Rad52, Rad54, Rad55, Rad57, Rad50, Mrell, and Xrs2 in yeast
or Nbsl in mammalian cells) are involved in mitotic recombination repair. There are very
detailed reviews on the functions of these recombination proteinsin yeast (KROGH and
SYMINGTON 2004; SYMINGTON 2002). Additionaly, in meiosis, Spoll, atopoisomerase l1-like
enzyme, isresponsible for the formation of DSB (GRELON et al. 2001); and Dmcl, ameiosis-
specific recombinase (BisHOP et al. 1992; MAsSON and WEST 2001), isaso involved in meiotic
recombination.

In yeast, the resection of 5’ ends is catalyzed by MRX (Mrell-Rad50-Xrs2) or by Exol
endonuclease, or other unidentified enzyme(s). In meiosis, MRX is suggested to be involved in
the removal of $p011, aswell as the hairpin structure at the endsin DSB. RPA will coat the
single strand DNA to remove the secondary structure. Rad52 interacts with RPA and facilitates
the replacement of RPA by Rad51, which forms nucleoprotein filaments and will be associated
with Rad55/57. Then the search for homol ogous sequences takes place. Once homology is
found, the single strand will invade the donor DNA with the help of Rad54, a protein involved in
homology search and strand invasion. After strand invasion, Rad51 is removed from DNA.
DNA replication is primed by theinvading 3' end of the broken strand. DSBR and SDSA

models require a primed DNA synthesis process. The SDSA modd is different from the DSBR



in that the first newly synthesized strands is unwound from the template and reunites with the
broken molecule, allowing the two newly synthesized strands to pair with each other. Finally,
the resolution of the Holliday Junction(s), depending on how it is resolved, will result in either
crossover products or a non-crossover outcome. Mismatch repair (MMR) machinery is aso
involved (LAFLEURIEL et al. 2007; PAQUES and HABER 1999; SUGAWARA et al. 1997). MMR
machinery inhibits meiotic recombination between divergent sequencesin yeast. The MMR
proteins participate in the recombination also. Mutationsin MMR genes increase the proportion
of gene conversion events (INBAR and KurPiEC 1999; INBAR and KupieC 2000). It is suggested
that MMR genes are involved in anti-recombination activity and prevent exchange between
highly diverged sequences. For example, in Arabidopsis, aloss of AtMSH2 increases the
recombination frequency 3 fold (LAFLEURIEL et al. 2007).

No matter what mechanism is employed for the repair of breaks, an essential feature of
homologous recombination is the formation of heteroduplex DNA followed by repair or
correction, resulting in a non-reciprocal information transfer during gene conversion and aso
resulting sometimes in a crossover product. For gene conversion, the repair process almost
aways favors the donor strand (unbroken template) to be used as template in repair.

Besides DSBR and SDSA, SSA and BIR are the other two homologous recombination
mechanisms. SSA will only happen when recombination occurs between two tandem repeat
sequences, resulting in the deletion of the sequence between the repeats. The BIR model
propose that after one 3' overhang invades the donor molecule, the primed DNA synthesis

continues al the way to that invaded chromosome end, resulting in along gene conversion tract.



Non-homologous end-joining

Ku70, Ku80, DNA-dependent protein kinase (DNA PK), Artemis (intrinsic single strand
5to 3 exonuclease activity), DNA ligase IV, Xrcc4 and Xrce-Like Factor (XLF) areinvolvedin
inaccurate repair in mammalian cells. In addition to that, in lower eukaryotes and in the V(D)J
recombination in mammalian cells, the MRN( MRX in yeast) complex is aso required for NHEJ
(CLATWORTHY et al. 2005; MooRE and HABER 1996). MRX possesses the endonuclease activity
that may be involved in the removal of the end structure and facilitates the Ku and ligase Dnl4
function in yeast (DALEY et al. 2005). Ininaccurate repair, the Ku70/K80 heterodimer will first
bind to both the DSB ends. It functions both as a bridge to the two ends, and attracts the DNA
PK catalytic subunit to the break site with the help of Artemis. By phosphorylation, the DNA
PK activates DNA ligase 1V, and attracts other adapter proteins, such as Xrcc4, and XLF in
mammalian cells. The DNA ligase IV joins the broken ends finally. The DNA end-binding
protein, Ku70/80, binds to double-strand (ds) DNA during NHEJ. In homologous recombination,
the end binding proteins such as RPA, aswell as the Rad52 and Rad51 strand annealing and
exchange proteins, bind to single-strand (ss) DNA end, and also bind the double-strand. Binding
Ku heterodimers in NHEJ competes with the 5’ resection and Rad52 binding in homologous

recombination.

d f .
—AACA __AACA__ _ AACAACA__ __A__
e TTGT —[rrgrrer — T
TTGT
f d Re-ligation Misalingment Deletion
Fill-in

Figure 2. Inaccurate repair at HO endonuclease-cleaved DSB site. The resulting 4 bp overhangs
can berelegated directly (Re-ligation). If thetwo ‘f’ marked bases pair, a 3 bp insertion will be
created (Fill-in). If thetwo ‘d’ marked bases pair, a3 bp deletion will be created (Deletion)
(PAQUES and HABER 1999) .



Asearly as 2003, George llialis's lab identified an alternated NHEJ pathway in human
cells, which is Ku-independent, DNA-PK independent (WANG et al. 2003). It was named as B
(backup)-NHEJ, in order to distinguish it with D (DNA-PK dependent)-NHEJ. Now more
features of this pathway have been uncovered. It isindependent of Rad52 epistasis group
proteins, and dependent on DNA ligase 111, PARP-1(Poly ADP-ribose polymerase 1), and
Histone Hi(TERzOUDI €t al. 2008; WANG et al. 2006). In Arabidopsis, this pathway was aso
characterized and it was dependent on the proteins in chromatin structure maintenance (KOzAK

et al. 2009). Also this pathway can complement the DSB repair when defects happened in the

D-NHEJ. Thisresearch provides new insights into DSB repair mechanisms.

The differences between illegitimate recombination repair and homologous

recombination in plants are summarized in Table 1.

Table 1. Comparisons between illegitimate recombination and homol ogous recombination in

plants

lllegitimate Recombination

Homologous Recombination

Most active in somatic DNA repair

Most active in meiotic recombination

Preferred in G1 phase of cell cycle
It can happen throughout the whole cell cycle.

Preferred for DNA repair in S and G2 phases of cell cycle

Episodic in response to DNA breaks

Pre programmed for normal segregation during meiosis,
episodic for DNA repair

Error prone, allows nucleotide alterations at the
sites of rejoining

Sequence information lost due to deletions or
insertions

High fidelity, eliminates aberrations
Sequence information restored

No complementary DNA strand as template or
micro-homology (< 9 nucleotides) between the
breaking strand and the template strand (SDSA-
like)

Complementary DNA strand as template

None or very little (<9 nucleotides) homology

Long stretch of homology (>30 nucleotides)

Direct ligation, or SDSA-like mechanism due to
microhomology

Models proposed: DSBR, SDSA, SSA, and BIR

Ku70, Ku80, DNA-PK, Artemis, DNA ligase IV,
XRCC et al.
MRN complex (Mrel1l-Rad50-Nbs1)

RPA, Rad52 epistatis group proteins (Rad51, Rad52,
Rad54, Rad55, Rad57, Mrell-Rad50-Nbs1)
Spoll and Dmcl in meiosis only

The two pathways are complementary and competitive. The contributions of each

pathway depends on the point in the cell cycle, the developmental stage and interspecies

differences (PASTINK et al. 2001). Inlower eukaryotes, such as yeast, homologous

9




recombination is the principal DSB repair mechanism. |llegitimate recombination has been
found to be the prominent pathway in the somatic cells of the higher eukaryotes, mammals and
plants (OREL and PUCHTA 2003; SANKARANARAYANAN and WAssom 2005). In plants, a Rad52
homolog has not been found, which may partly explain why inaccurate repair, instead of
homologous recombination, is the prominent pathway of DSB repair in plants (Boyko et al.
2006b). Inaccurate repair can happen throughout all the stages of the cell cycle, especially
during GO/G1, while homologous recombination is preferred during S and G2 phases when a
complementary sister templateis available. The preferencesin DSB repair in plants are organ
specific (Boyko et al. 2006a), and are subject to developmental control (Boyko et al. 2006b)
and environmental factors, such as temperature and day length (Boyko et al. 2005). The highest
recombination frequency was found in the lateral half of leaves correlating with the level of
metabolic activity (BoYyko et al. 2006a). As the plants grow older, the frequency of inaccurate
repair isincreased and the frequency of homologous recombination is decreased till the
inaccurate repair becomes the principal DSB repair mechanism (Boyko et al. 2006b). The
decrease of homologous recombination corresponds to the increase of mutation frequency from 2
days post germination to 31 days post germination in Arabidopsis (BoYKo et al. 2006b).
However, a higher mutation rate in tobacco corresponds to a higher recombination rate when

compared with Arabidopsisin another report (FILKOwsKI et al. 2004).

2.2 DSB Repair Proteins and Plant Genome Stability

Because DSBs are common intrinsic intermediates in several cellular processes and they
can aso be easily induced by many extrinsic factors, cells must be able to repair DSBs correctly

and efficiently. The direct role of DSB repair isto maintain genome integrity. A significant

10



feature of DSB repair is whether there is a complementary template strand available for the
broken chromosome. Homologous recombination is relatively error free, while illegitimate
recombination is error prone. Any deletions or insertions at the broken ends might lose or
interrupt the original sequence information. Depending on where the DSB happens, changesin
gene expression patterns, creation of novel alleles, or large chromosomal rearrangements are all
possible. Deletion and insertion at arepair site will cause either a decrease or increase in the
inherited genome size if this change happensin cells that contribute to the germ line. This may
contribute significantly to the explanation of genome size variation in evolution.

DSBs can happen in both germ line cells and somatic cells. In germ line cells, defectsin
DSB repair will affect meiotic recombination and will often lead to serious reproduction defects.
In somatic cells, genetic deficiencies in DSB repair will increase the X-ray sensitivity, but are
usually viable with minor growing defects.

Research indicates that at |east one recombination event per chromosome ensures proper
segregation during the anaphase of meiosis. Mutationsin any of the proteinsin the repair
pathways of DSB or the signaling pathways of chromosomal breaks checkpoint would result in
different levels of genome instability. In Arabidopsis, proteins homologous to those in yeast that
areinvolved in the inaccurate repair pathway have been found, such as AtKu70, AtKu80, AtLig4,
AtXreccd, AtMrell, and AtRad50, with protein functions varied through evolution. Arabidopsis
aso has homol ogous proteins in homol ogous recombination, such as AtDmcl, AtRad51B,
AtRad51C, AtRad51D, AtXrcc2, and AtXrcc3, but it appears to lack a Rad52 homolog
(OsaKABE €t al. 2005). Rad52 is akey protein in homologous recombination. Furthermore, the

AtKu70 levels, aprotein involved in NHEJ pathway, but not AtRad51, strongly correlate with
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the DSB levelsin Arabidopsis (Boyko et al. 2006b). This suggests that NHEJ is the primary

DSB repair pathway in Arabidopsis.

Table 2. Plant mutants studied for their effects on DSB repair

Mutants Plant phenotypes References

Dmc1 Expressed in pollen mother cells and megaspore mother cells in ovules in Arabidopsis. (CouTEAU et al.
Defects in bivalent formation. Subsequent unequal chromosome segregation and 1999; DENG
irregular spore generation, and induced changes in male meiotic progression in rice. and WANG

2007; KLIMYUK
and JONES
1997)

Spoll Required for initiation of meiosis and normal synapsis. Mutants in Arabidopsis have (GRELON et al.
morphology similar to wild type but with significantly reduced seed numbers. 2001)

Rad50 Higher expression in flowers and dividing cells. Mutants in Arabidopsis are sterile and (BLEUYARD et
hypersensitive to methyl methanesulfonate (MMS). al. 2004;

GALLEGO et al.
2001; GALLEGO
and WHITE
2001)

Rad51 Required for meiotic homology recognition, affecting meiotic chromosome pairing, (L1 et al. 2007;
synapsis, crossovers and normal meiotic disjunction, while dispensable for vegetative OSAKABE et al.
development. Mutants in Arabidopsis are completely sterile. In maize, mutant are male 2002)
sterile and have significantly reduced seed number. Mutants have reduced numbers of
bivalents and chiasmata, reduced homology pairing and increased non-homologous
synapsis in meiosis. This gene is essential for the repair of radiation-induced DSBs
during vegetative growth.

Rad51B More highly expressed in buds and flowers, essential for mitosis. Mutant plants are (OsAKABE et al.
smaller than the wild type, but viable and fertile with increased sensitivity to radiation. 2005)

Rad51C Required for meiotic synapsis. Mutants are completely male and female sterile. Normal (L1 et al. 2005)
vegetative and flower development without detectable abnormality in mitosis.

Xrcec3 Required for meiosis but does not affect homologous chromosome synapsis in (BLEUYARD and
Arabidopsis. Mutants are sterile with normal vegetative development. WHITE 2004)

Rad54 More highly expressed in flower buds. Mutants are viable and sterile, increasing (OsAKABE et al.
sensitivity to y irradiation and cisplatin. Reduced homologous recombination efficiency 2006)
in Arabidopsis.

Mrell Mutants are viable with growth defects, completely sterile with abundant dicentric (PuiziNa et al.
chromosomes. Extensive fragmentation of chromosomes and absence of synapsis 2004)
during meiosis in pollen mother cells. No effect on chromosomal fusions. Partially
compensated by spoll in Arabidopsis.

Nbs1 Arabidopsis mutants exhibit normal growth and are fertile but show increased sensitivity | (WATERWORTH
to mitomycin C. Nbs1 plays a role in DNA damage signaling and the checkpoint et al. 2007)
pathway. The double mutant of AtNbs1-1 and AtATM (Ataxia-Telangiectasis Mutated) is
sterile, with incomplete chromosome pairing and synapsis and chromosome
fragmentation in metaphase of meiosis.

Ku70 and NHEJ pathway, forming functional heterodimer with Ku80, binds to the DSB ends. (WEST et al.

Ku80 Possessing ATP dependent helicase activity for both ssSDNA and dsDNA in Arabidopsis. | 2002)(TAMURA
Important for activation of DNA-PK complex. Mutants have increased generation of et al. 2002)
DSB after exposure to bleomycin and MMS. No report on the fertility of Ku mutant plants
yet..

Xrccd ArXrcc4 binds to the BRCT domain of Arabidopsis DNA ligase 1V, and transcription (WEST et al.
increased under irradiation treatment. 2000)

DNA IV Enzyme involved in NHEJ. Induced by y irradiation, interacts with Xrcc4. (WEST et al.

ligase 2000)

RADS51 in DSB repair
Rad51 is aeukaryotic homologue of RecA, the bacterial recombinase that has a DNA-

dependent ATPase activity. Y east Rad51 was shown to form right-hand helical polymerson
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both the dsDNA and ssDNA in an ATP-dependent manner and extend the DNA conformation
(SUNG and ROBBERSON 1995). Rad51 belongs to the Rad52 epistasis group proteins, which
include main factors in homol ogous recombination repair and meiotic recombination. Besides
Rad51, the Rad51 family members (homologous to RecA) also include Dmcl (meiotic specific
recombinase), Rad55 and Rad57. Rad55 and Rad57 are involved in the stabilization of the
Rad51-ssDNA complex in yeast.

Rad51 isinvolved in homologous chromosome pairing (PAwLoOwsKI et al. 2003) in the
meiotic recombination pathway. The early recombination nodules (RNs) are hypothesized to
mark the non-crossover sites. RNs disappear between zygotene and late pachytene. Itis
believed that Rad51 is a component of early RNs (BisHop 1994). The late RNs, which are
densely stained and associated with tripartite synaptonema complex (SC), exist throughout
pachytene. From their distribution and frequency, it is believed that late RNs mark crossover
sites (BisHoP 1994).

Rad51 has been shown to be involved in both somatic and meiotic DSB repair in
Drosophila (Yoo and McKEE 2004; Yoo and MCKEE 2005). It is dispensable for vegetative
development but indispensable in meiosisin Arabidopsis (L1 et al. 2004). Rad51 isinvolvedin
mai ze meiotic homologous recombination (PAWLOWSKI et al. 2003), and chromosome synapsis
(FRANKLIN et al. 2003). rad51 mutantsin different species are varied in their phenotypes. For
example, in Drosophila, rad51 females are viable but sterile, while no effect is seen on male
fertility and X-Y segregation in male meiosis. In Arabidopsis, rad51 plants are viable but
completely sterile due to their defects in both male and female meiotic recombination (L1 et al.
2004). In maize, homozygous double mutants in two Rad51 homologues (ZmRad51A1 and

ZmRad51A2) are male sterile, and show reduced production of female gametes. But the
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surviving female gametes were similar to the wild type in meiotic crossover frequency (LI et al.
2007). The species variation of rad51 mutant phenotypes serves to underline the importance of
studying Rad51 in different speciesin order to elucidate its function.

Besides its role in meiotic recombination, Rad51 functions in maintaining genome
integrity. Rad51 displays adynamic redistribution in nuclear foci at the DSB site in somatic
cells. The nuclear distributions of Rad51 initiated by DSBs are closely related to the sites of
chromosomal DSBs sites in maize (PAwLOwsKI et al. 2003), and in mammalian cells
(MLADENOV €t al. 2006). Thelevel of Rad51 increases up to several folds in response to X-ray
and methyl methanesulfonate (MMYS) treatment. The heterozygous rad51 mutants are more
sensitive to X-ray and MM S treatment compared to wild type. In maize, the frequency of
deletion-associated repair events increases up to 40 fold in the homozygous rad51 double
mutants (there are two copies of this gene) relative to the wild type in MuDR-induced DSBs (LI
et al. 2008). Therad51 mutants increase genomic instabilitiesin somatic cells. Studies on
inaccurate repair events in maize rad51 mutants help to explain the relationship between
homol ogous recombination and inaccurate repair.

Rad51 paralogs

In mammals and Arabidopsis, five paraogs of Rad51 have been identified with 20-30%
sequence identities with Rad51, and they are Rad51B, Rad51C, Rad51D, Xrcc2, and Xrcc3
(GODTHELP et al. 2002; OsAKABE et al. 2002). The expression levels of Rad51 family genes
were higher in reproductive tissues, such as the young flower buds, than in vegetative tissues.
Rad51, Rad51C and Xrcc3 were found to be highly expressed in roots but low in stems and
|leaves among the vegetative tissuesin Arabidopsis (OsAKABE et al. 2002). The function of

Rad51B in Arabidopsisis believed to be similar to its role in mouse, except that the Arabidopsis
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rad51b mutant is viable without a growth defect phenotype, while the homozygous mouse
rad51b mutant islethal in an early embryonic stage (OSAKABE et al. 2005). In Arabidopsis, the
Rad51C/Xrcc3 complex was shown to be required for meiosis, and the Rad51B/C/D/Xrcc2
complex may function in somatic cells (OsakABE et al. 2005). The C-terminus of AtRad51B
interacts with the C-terminus of AtRad51C in Arabidopsis. Xrcc3 interacts with Rad51 and
Rad51Co (OsAKABE et al. 2002).

Mrell and Nbsl in DSB repair

Mrell and Nbsl, together with Rad50, form the MRN(X) (Mrell-Rad50-Nbsl) protein
complex, which isinvolved in broken end resection in both inaccurate repair and homol ogous
recombination, and is aso involved in the removal of Spoll in meiotic recombination. It has
been shown that MRN affects synapsis of homologous chromosomes in Arabidopsis (PuizINA et
al. 2004) and the checkpoint in DSB repair. Mrell and Rad50 both have ATPase activities that
are important for tethering on DNA and a strong DNA bind activity is achieved with the help of
Nbsl (DALEY et al. 2005).

Therole of the MRN complex in DSB repair is complicated. It has been reported that it
isrequired for inaccurate repair in mammalian cellsin vitro in addition to Ku, DNA protein
kinase, and the DNA ligase/Xrcc4 complex (HUANG and DYNAN 2002). Mutationsin Mrell and
Nbsl are responsible for the Ataxia Telangiectasia-Like Disorder (ATLD) (STEWART et al. 1999)
and the Nijmegen Breakage Syndrome (NBS), respectively (VARON et al. 1998). The
association of MRN complex activities with the ATLD and NBS alleles provided evidence that
MRN playsarolein inaccurate repair. However, hypomorphic mutationsin mrell or nbsl did
not show clear DSB repair deficiencies in human or mouse cells (D1 VIRGILIO and GAUTIER

2005).
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In addition to this, although a3’ to 5 nuclease activity is associated with Mrell in vivo,
the Mrell protein was shown to have a5’ to 3' activity only invitro. A structura role of the
complex that bridges the two DNA ends during DSB repair was more pronounced than its
nuclease activity in yeast mitotic DSB repair (DUDASOVA et al. 2004). The MRX complex in
yeast may assist Ku and Dnl4 during non-homol ogous end-joining (NHEJ) (DALEY et al. 2005).

Due to its complicated and fundamental roles, multiple phenotypes are seen in mrell
mutants. It isdifficult to separate its function in somatic DSB repair from itsrole in meiotic
recombination in higher eukaryotes. The sterility of mrell homozygous mutants poses another
difficulty in studying its function in plant. The Arabidopsis mrell homozygous T-DNA
insertion mutants are viable but with multiple growth defects, and are infertile due to extensive
fragmentations of chromosomes (PuizINA et al. 2004). Abundant dicentric chromosomes and
chromosomal fragments can aso be observed during mitosis. Study of the ku70/80 and mrell
mutants did not show a reduced frequency of chromosomal fusion, implying that the plants have
aKu/Mrell-independent DNA end-joining activity. Studieson the spoll and mrell double
mutants showed a partially recovered sterility compared with the mrell mutant and suppressed
chromosomal fragmentation, implying that Mrell participates in the Spoll-initiated DSB repair
during meiosisin Arabidopsis (PUizINA et al. 2004).

Nbsl is one of the three components of the MRN complex. Nbsl is redistributed to the
DSB sites together with Mrel1l/Rad50 upon exposure to ionizing radiation in human cells
(SoMmEYA et al. 2006). Arabidopsis and maize Nbsl are homologues to mammalian Nbsl
(WATERWORTH €t al. 2007). Nbsl hasthe FHA and BRCT binding domain at the N-terminal
end, and the Mrell binding domain at the C-terminus. Deletion of the C-terminal domain results

in the accumulation of Mrel1l/Rad50 in the cytoplasm instead of entering into the nucleusin
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response to irradiations. The functions of Nbsl in DSB repair and meiotic recombination have
been studied in yeast, mammalian cells, and plant cells, but the exact roles are not clear. Nbsl
hastwo ATM (Ataxia-Telangiectasia Mutated) phosphorylation sites at Ser278 and Ser343 that
are phosphorylated in the presence of Mrell/Rad50 with irradiation-induced DSBs
(CerosaLETTI and CONCANNON 2004). Thisindicates a cell cycle checkpoint role of Nbsl.
Nbsl stimulates the DNA binding and nuclease activity of Mrell/Rad50. The rolesof Nbsl in

plant cells need to be further elucidated.

2.3 DSB Repair M echanisms And Chromosomal Rearrangement

Besides its main role in maintaining genome stability, DSB repair functions in shaping
genome structure and size. So far, numerous predicted outcomes of inaccurate NHEJ events
have been identified in plants, such as the Ac/Ds transposon excisions (GORBUNOVA and LEVY
2000; YAN et al. 1999), and within-transposon deletions (Y AN et al. 1999), T-DNA integrations
(GHEYSEN et al. 1991; MAYERHOFER et al. 1991; TzFIRA et al. 2003) and within-gene deletions,
such as at the maize Wk allele (WESSLER et al. 1990). The huge variations created by inaccurate
repair contribute significantly to gene evolution.

As mentioned before, DSB repair pathways are highly conserved in different species, as
are the effects of different DSB repair mechanisms on chromosome rearrangement. For
inaccurate repair, either deletions or insertions are associated with the break repair site. The
inserted sequence may either be apparently random or showing homology to a chromosome
segment. Microhomologies (less than 4 nucleotides) between the cutting ends and nearby

sequences are common for NHEJ (PAQUES and HABER 1999). The frequent small deletions
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and/or insertions are the hallmark of illegitimate recombination (MA and BENNETZEN 2004).
Large deletions or insertions are a so possible but not as frequent as the small ones.

Among the four different potential pathways for homologous recombination, the DSBR
model and the SDSA model types of recombination can generate both crossover and non-
crossover events and result in gene conversions, leading to a non-Mendelian segregation ratio. A
change in the allélic frequencies may have profound effects on genome evolution. SSA happens
when recombination occurs between two repeat sequences and results in deletion of the sequence
between the repeats and one copy of the repeat. Depending on the locations of two repeat
segments, either at homologous or ectopic locations, SSA would result in different effects. The
naturally-occurring events have been identified in Arabidopsis (DEvos et al. 2002). Inthe BIR
model, after one 3' overhang invades the donor molecule, DNA synthesisis primed and
continues to the end of the invaded chromosome, thus copying the entire template strand. This
has been observed between plasmid DNA and yeast chromosomes during an artificial
transformation experiment.

Recombination is a prominent feature of both meiosis and somatic DSB repair.
Chromosomal recombination is avery active research field because of its basic biological
importance, such asin gamete generation, and its significant role in genome evolution.
Nowadays, people have found more and more evidence of DSB-initiated recombination and its
resultant changes on gene functions and structures. The ideathat DSB repair contributes to

genome size variation is widely accepted.
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2.4 Comparative Study Of The Effect Of DSB Repair On Genome Evolution

Species-specific DSB repair events arerelated to genome evolution
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Figure 3. Small deletions, possibly caused by
DSB repair, were identified in haplotypic
comparison across the rice genome (MA et al.
2004).

How inaccurate repairs affect genome
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structure and sizeis afascinating topic. Large-
Size deletions appear to berarein plant DSB
repair events, perhaps as a protective function to
avoid the loss of important genes. The nature of
DSB repairs in maintaining genome integrity is
closely related with cells' survival ability under
natural selection and environmental adaptation.
Also, this small deletion pattern of inaccurate
repairs has been identified in other species, such

asin human cells (HonMA et al. 2007).
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DSB repair plays asignificant rolein
genome evolution (BENNETZEN 1998;
BENNETZEN 2002; BENNETZEN 2007,
BENNETZEN et al. 2005; KIRIK €t al. 2000;
MA et al. 2004). Frequent small deletions
(1-9 nucleotides) that have been suspected
to be caused by DSB repair exist throughout
the rice genome in both indica and japonica
subspecies, when compared with the African

rice, Oryza glaberrima (MA et al. 2004).
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Figure 4. The frequency of insertions and
deletions at double-strand breaks identified
in Arabidopsis and tobacco (KIRIK €t al.
2000).



The Hohn and Puchta labs were the first to study the outcomes of engineered double
strand break repair in plants (PUCHTA et al. 1993; PUCHTA et al. 1996). Comparative studies on
the I-Sce I-induced site-specific DSB repair events in Arabidopsis and tobacco, which has a 20
times larger genome size than Arabidopsis, indicate that all the DSB repair eventsin Arabidopsis
are associated with deletions, with no insertions identified. In tobacco, up to 40% of the DSB
repair events were associated with insertions. The differences of DSB repair were postulated to
help explain the 20-fold variation in the genome sizes between Arabidopsis and tobacco, two
eudicot species (KIRIK et al. 2000; SALOMON and PUCHTA 1998).

In another study on Arabidopsis and tobacco, the authors found that the homol ogous
recombination rate in tobacco is 75 fold higher than that in Arabidopsis, and proposed that
tobacco utilize homol ogous recombination to repair DSBs more frequently than Arabidopsis
(FiLkowsk1 et al. 2004). So far, there are no data available concerning the relative rates of
inaccurate repair frequency in these two species, so more detailed conclusions are not possible.

How species perform DSB repair may be closely related with genome size change, but
this issue needs more experimental evidence. In my thesisresearch, | used the same I-Sce |
enzyme as Dr. Puchta’ s lab used to introduce DSBs in maize, rice, sorghum and pearl millet,
grasses with very different genome sizes. For example, riceis ~400 Mbp, maize ~2500 Mbp,
and sorghum ~780 Mbp. The genome size of peal millet was estimated to be ~2450 Mbp (2n =
14), with aC-value of 2.36 pg (ALLouls et al. 2001; MARTEL et al. 1997). By comparing
inaccurate repair events among these monocots, and between the monocots and the dicots, we

may be able to draw conclusions on the effect of DSB repair on genome size evolution.
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Extrinsic factors affect genome evolution

Recombination is one of the most dominant features involved in genome evolution
(GAUT et al. 2007). Studiesin plants could uncover more detail s about how DSB repairs,
especially homol ogous recombination, affect genome evolution. It was indicated that
recombination frequency is negatively correlated with metabolic rate and positively correlated
with the concentration of peroxide produced in plants (Boyko et al. 2005). However, this
conclusion was not in agreement with the observations in another study done by the same lab, in
which a higher somatic recombination rate in lateral halves of the |eaves corresponded to a
higher metabolic rate compared with the medial halves of leaves (Boyko et al. 2006a). The
recombination rate measured on the recombined reporter transgene activity (B-glucuronidase or
luciferase) was observed to be negatively correlated with the day Iength in one study, possibly
because of higher transgene activity and higher endoreduplication levelsin plants grown at
longer days, with a 15-fold difference in the recombination frequency observed between plants
grown at the shortest and the longest days (Boyko et al. 2005). The incongruent observations
under different conditions complicate the study on the mechanisms of DSB repairsin plants.
Another interesting study suggested that the low-frequency of loss of intact BARE-1
retrotransposons by unequal homol ogous recombination was correlated with a stressful
environment (high atitude and dryness) (KALENDAR et al. 2000), but this study did not control
for population history.

In addition to the effect on genome size, DSB repairs may play an important rolein the
evolution of gene function. In response to the stressful environment, such as disease or day
length changes, genomic DNA may evolve by adaptation and natural selection. Studies on cereal

Vrnl loci in wheat and barley indicates that spring Vrnl alleles are derived from winter alleles
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illegitimate recombination (CockrAM et al. 2007). Inthe analysis of the different mutant aleles
of maize waxy gene (W), it was found that spontaneous insertions ranging from 1 to 131 bp
happened between the deletions endpoints, and those deletion termini were clustered within a
1000 bp region, a hot spot characterized as having a high GC content and significantly lower free
energies to stabilize secondary structure formations in physiological conditions (WESSLER et al.
1990). It was not known whether the inaccurate DNA repair plays a significant role in Wx

evolution, but the nature of the haplotype variability is suggestive of such arole.

2.5 Research Methods Inducing DSBs In Plants

In thisresearch, | utilized I-Sce |, a rare-cutting endonuclease encoded by the group |
intron of the mitochondrial LSU gene of Saccharomyces cerevisiae. This“homing”
endonuclease was first discovered during analysis of the ® genetic system of yeast mitochondria.
In this research, it was used to introduce DSB in maize, rice and other cereal genomes. It hasa
long (18 bp) recognition site (Figure 5), which has not yet been found to be represented in any
plant genome (data not shown). Assuming random organization of the sequence, the frequency
of occurrence of 18 bp sites is one per 4™ (6.87 x 10™°), which is equal to one site per 70, 000
Mbp, about 25 times the size of the maize genome, and 20 mammalian-sized genomes (JASIN
1996). Cleavage by I-Sce | produces 3' overhangs of four bases. In thisresearch, we obtained
the I-Sce | ORF sequence from Dr. Puchta.

5’ -ATTACCCTGITAT |CCCTA-3
3 -TAATGCGGACTAATAGGGAT-5’

Figure 5. The recognition and cleavage sites of the I-Sce | endonuclease.
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Besides I-Sce I, other endonucleases such as the HO rare-cutting endonucleases, zinc-
finger proteins (LLOYD et al. 2005), and transposase (L1 et al. 2008) have been used to induce
DSBsin plants, as well as other organisms.

In this research, two T-DNA constructs were made: one has the I-Sce | recognition site
flanked by the cauliflower 35s promoter (p35S) and CodA gene; the other has the I-Sce | coding
region under the control of the maize Ubi-1 promoter and nos 3' terminator (CHRISTENSEN and
QUAIL 1996). Thetwo T-DNA segments were inserted into the pTF101.1 binary vector,
respectively. Thetarget site T-DNA construct and the I-Sce | ORF were obtained from Dr.
Holger Puchta, who had been using I-Sce | to introduce DSBs via transient transformation in
Arabidopsis and tobacco cells (SALoMON and PUCHTA 1998). The Ubi-1 promoter sequence and
the nos 3’ terminator were obtained from Dr. Peter Quail (CHRISTENSEN and QUAIL 1996). The
Plant Transformation Facility of lowa State University generated these transformant lines with
the constructs that | assembled, putting them into maize and rice. The sorghum and pearl millet
transgenic lines were recently made by Dr. Thomas Clemente at the Core Research Facility of

the University of Nebraskain Lincoln.

2.6 Significance

DSB repair isavery important chromosomal behavior. This project isthefirst to study I-
Sce I-induced DNA repair eventsin amonocot species. Thiswill aso be the first study to
determine whether there are differencesin DNA repair within plant species at different genomic
locations, or whether repair is performed differently at different timesin somatic development.
The study of DSB repairs in maize mutants is meaningful in filling the many gaps in our current

knowledge of these DNA repair genesin plants.
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However, this study is not limited to these points. The hallmark of this study is that we
are using an experimental method to test and confirm our hypothesis that inaccurate repairs play
an important role in shaping genomes by characterizing and comparing the inaccurate repair
eventsin four different monocots that have varied genome sizes. Since the first time inaccurate
DNA replication or repair was proposed to be a genome shrinkage mechanism in Drosophila by
Petrov and colleagues (PETROV et al. 1996), this phenomena have been studied in dicot species,
Arabidopsis and tobacco (FiLkowsk! et al. 2004; KIRIK et al. 2000). Experimental evidence
from monocot speciesis provided in this study. This allows usto draw more accurate
conclusions regarding the effects of DSB repair on genome evolution by comparing with the data
from dicots.

This study focuses on grass family species, which are closely related but with huge
genome size variations. Using the monocot species as our study model gives some benefits.
First, rice is used as amodel monocot plant. It has the one of the smallest genome sizes and its
full genome sequenceis available to the public. Second, the extensive synteny among the
grasses (Devos 2005; Devos and GALE 1997) likerice, maize, barley, wheat, sorghum, and
several millets, provides additional benefits of comparative genomic study. Third, since many
agriculturally important plants belong to this family, the resultant high priority of their
sequencing proj ects makes either whole genome sequences and/or BAC libraries available. This
is helpful in finding the chromosomal locations of target site T-DNA insertions, as needed in the

study of any possible position effects on DSB repair.

24



2.7 References

ALLouls, S, X. Q1, S. LINDUP, M. D. GALE and K. M. Devos, 2001 Construction of aBAC
library of pearl millet, Pennisetum glaucum. Theor and Appl Genet 102: 1200-1205.

BENNETZEN, J. L., 1998 The structure and evolution of angiosperm nuclear genomes. Curr Opin
Plant Biol 1: 103-108.

BENNETZEN, J. L., 2002 Mechanisms and rates of genome expansion and contraction in flowering
plants. Genetica 115: 29-36.

BENNETZEN, J. L., 2007 Patterns in grass genome evolution. Curr Opin in Plant Biol 10: 176-181.

BENNETZEN, J. L., J. MA and K. M. DEVOS, 2005 Mechanisms of recent genome size variation in
flowering plants. Ann Bot 95: 127-132.

BisHop, D. K., 1994 RecA homologs Dmcl and Rad51 interact to form multiple nuclear
complexes prior to meiotic chromosome synapsis. Cell 79: 1081-1092.

BisHor, D. K., D. PARK, L. Xu and N. KLECKNER, 1992 DMC1: A meiosis-specific yeast
homolog of E. coli recA required for recombination, synaptonemal complex formation,
and cell cycle progression. Cell 69: 439-456.

BLEUYARD, J. Y., M. E. GALLEGO and C. |. WHITE, 2004 Meiotic defectsin the Arabidopsis
rad50 mutant point to conservation of the MRX complex function in early stages of
meiotic recombination. Chromosoma 113: 197-203.

BLEUYARD, J. Y., and C. . WHITE, 2004 The Arabidopsis homologue of Xrcc3 plays an essentid
rolein meiosis. Embo J 23: 439-449.

BoYko, A., J. FiILkowskI, D. HubsoN and |. KovALCHUK, 2006a Homol ogous recombination in

plantsis organ specific. Mutat Res 595: 145-155.

25



Boyko, A., J. FiLkowskI and |. KovALCHUK, 2005 Homologous recombination in plantsis
temperature and day-length dependent. Mutat Res 572: 73-83.

Boyko, A., F. ZEmP, J. FiLkowskI and |. KOVALCHUK, 2006b Double-strand break repair in
plantsis developmentally regulated. Plant Physiol 141: 488-497.

BREE, R. T., C. NEARY, A. SAMALI and N. F. LOWNDES, 2004 The switch from survival responses
to apoptosis after chromosomal breaks. DNA Repair (Amst) 3: 989-995.

CEROSALETTI, K., and P. CONCANNON, 2004 Independent roles for nibrin and Mrell-Rad50 in
the activation and function of Atm. JBiol Chem 279: 38813-38819.

CHRISTENSEN, A. H., and P. H. QUAIL, 1996 Ubiquitin promoter-based vectors for high-level
expression of selectable and/or screenable marker genes in monocotyledonous plants.
Transgenic Res 5: 213-218.

CLATWORTHY, A. E., M. A. VALENCIA-BURTON, J. E. HABER and M. A. OETTINGER, 2005 The
MRE11-RAD50-XRS2 complex, in addition to other non-homologous end-joining
factors, isrequired for V(D)Jjoining in yeast. J Biol Chem 280: 20247-20252.

CoCKRAM, J,, |. J. MACKAY and D. M. O'SULLIVAN, 2007 The role of double-stranded break
repair in the creation of phenotypic diversity at cereal VRN loci. Genetics 177: 2535-
2539.

CouTeAu, F., F. BELZILE, C. HORLOW, O. GRANDJEAN, D. VEZON €t al., 1999 Random
Chromosome segregation without meiotic arrest in both male and female meiocytes of a
dmcl mutant of Arabidopsis. Plant Cell 11: 1623-1634.

DALEY,J. M., P.L. PALMBOS, D. Wu and T. E. WILSON, 2005 Nonhomologous end joining in

yeast. Annu Rev Genet 39: 431-451.

26



DENG, Z. Y., and T. WANG, 2007 OsDMC1 is required for homologous pairing in Oryza sativa.
Plant Mol Biol 65: 31-42.

Devos, K. M., 2005 Updating the 'crop circle'. Curr Opin Plant Biol 8: 155-162.

Devos, K. M., J. K. BROWN and J. L. BENNETZEN, 2002 Genome size reduction through
illegitimate recombination counteracts genome expansion in Arabidopsis. Genome Res
12: 1075-1079.

Devos, K. M., and M. D. GALE, 1997 Comparative geneticsin the grasses. Plant Mol Biol 35: 3-
15.

D1 VIRGILIO, M., and J. GAUTIER, 2005 Repair of double-strand breaks by nonhomol ogous end
joining in the absence of Mrell. JCell Biol 171: 765-771.

DuUDASOVA, Z., A. DubAs and M. CHoVANEC, 2004 Non-homol ogous end-joining factors of
Saccharomyces cerevisiae. FEM S Microbiol Rev 28: 581-601.

FiLkowskl, J., O. KOVALCHUK and |. KOVALCHUK, 2004 Dissimilar mutation and recombination
ratesin Arabidopsis and tobacco. Plant Science 166: 265-272

FRANKLIN, A. E., I. N. GOLUBOVSKAYA, H. W. BAss and W. Z. CANDE, 2003 Improper
chromosome synapsis is associated with elongated RAD51 structures in the maize
desynaptic2 mutant. Chromosoma 112; 17-25.

GALLEGO, M. E., M. JEANNEAU, F. GRANIER, D. BoucHEZ, N. BECHTOLD €t al., 2001 Disruption
of the Arabidopsis RAD50 gene leads to plant sterility and MM S sensitivity. Plant J 25:
31-41.

GALLEGO, M. E., and C. I. WHITE, 2001 RAD50 function is essential for telomere maintenance in

Arabidopsis. Proc Natl Acad Sci U SA 98: 1711-1716.

27



GAUT, B. S, S. 1. WRIGHT, C. RizzoN, J. DVORAK and L. K. ANDERSON, 2007 Recombination: an
underappreciated factor in the evolution of plant genomes. Nat Rev Genet 8: 77-84.

GHEYSEN, G., R. VILLARROEL and M. VAN MONTAGU, 1991 Illegitimate recombination in plants:
amodel for T-DNA integration. Genes Dev. 5: 287-297.

GODTHELP, B. C., F. ARTWERT, H. JOENJE and M. Z. ZDZIENICKA, 2002 Impaired DNA damage-
induced nuclear Rad51 foci formation uniquely characterizes Fanconi anemiagroup D1.
Oncogene 21: 5002-5005.

GORBUNOVA, V., and A. A. LEVY, 2000 Analysis of extrachromosomal Ac/Ds transposable
elements. Genetics 155: 349-359.

GRELON, M., D. VEZON, G. GENDROT and G. PELLETIER, 2001 AtSPO11-1 is necessary for
efficient meiotic recombination in plants. Embo J 20: 589-600.

HABER, J. E., 2000 Partners and pathways: repairing a double-strand break. Trends Genet 16:
259-264.

HONMA, M., M. SAKURABA, T. KoizuMml, Y. TAKASHIMA, H. SAKAMOTO et al., 2007 Non-
homol ogous end-joining for repairing 1-Scel-induced DNA double strand breaksin
human cells. DNA Repair 6: 781-788.

HUANG, J., and W. S. DYNAN, 2002 Reconstitution of the mammalian DNA double-strand break
end-joining reaction reveals arequirement for an Mrell/Rad50/NBS1-containing fraction.
Nucleic Acids Res 30: 667-674.

INBAR, O., and M. KupIEC, 1999 Homol ogy search and choice of homologous partner during
mitotic recombination. Mol Cell Biol 19: 4134-4142.

INBAR, O., and M. KupIEC, 2000 Recombination between divergent sequences leads to cell death

in a mismatch-repair-independent manner. Curr Genet 38: 23-32.

28



JASIN, M., 1996 Genetic manipulation of genomes with rare-cutting endonucleases. Trends Genet
12: 224-228.

KALENDAR, R., J. TANSKANEN, S. IMMONEN, E. NEvo and A. H. SCHULMAN, 2000 Genome
evolution of wild barley (Hordeum spontaneum) by BARE-1 retrotransposon dynamicsin
response to sharp microclimatic divergence. Proc Natl Acad Sci U S A 97: 6603-6607.

KIRIK, A., S. SALOMON and H. PUCHTA, 2000 Species-specific double-strand break repair and
genome evolution in plants. Embo J 19: 5562-5566.

KLiMYUK, V. 1., and J. D. JONES, 1997 AtDMC1, the Arabidopsis homol ogue of the yeast DMC1
gene: characterization, transposon-induced alelic variation and meiosi s-associ ated
expression. Plant J 11: 1-14.

Kozak, J., C. E. WEST, C. WHITE, J. A. DA COSTA-NUNES and K. J. ANGELIS, 2009 Rapid repair
of DNA double strand breaks in Arabidopsis thaliana is dependent on proteins involved
in chromosome structure maintenance. DNA Repair 8: 413-419.

KROGH, B. O., and L. S. SYMINGTON, 2004 Recombination proteinsin yeast. Annu Rev Genet 38:
233-271.

LAFLEURIEL, J., F. DEGROOTE, A. DEPEIGES and G. PICARD, 2007 Impact of the loss of AtMSH2
on double-strand break-induced recombination between highly diverged homeologous
sequences in Arabidopsis thaliana germinal tissues. Plant Mol Biol 63: 833-846.

L1, J., L. C. HARPER, |. GOLUBOVSKAYA, C. R. WANG, D. WEBER €t al., 2007 Functional analysis
of maize RAD51 in meiosis and double-strand break repair. Genetics 176: 1469-1482.

L1, J., T.-J. WEN and P. S. SCHNABLE, 2008 Role of RAD5L1 in the repair of MuDR-induced

double-strand breaks in maize (Zea maysL.). Genetics 178: 57-66.

29



L1, W., C. CHEN, U. MARKMANN-MULISCH, L. TIMOFEJEVA, E. SCHMELZER €t al., 2004 The
Arabidopsis AtRAD51 geneis dispensable for vegetative development but required for
meiosis. Proc Natl Acad Sci U SA 101: 10596-10601.

L1, W., X. YANG, Z. LIN, L. TIMOFEJEVA, R. XIAO et al., 2005 The AtRAD51C geneisrequired
for normal meiotic chromosome synapsis and double-stranded break repair in
Arabidopsis. Plant Physiol. 138: 965-976.

LLoYD, A., C.L. PLAISIER, D. CARROLL and G. N. DRews, 2005 Targeted mutagenesis using
zinc-finger nucleasesin Arabidopsis. Proc Natl Acad Sci U S A 102: 2232-2237.

MA, J., and J. L. BENNETZEN, 2004 Rapid recent growth and divergence of rice nuclear
genomes. Proc Natl Acad Sci U SA 101: 12404-12410.

MA, J., K. M. Devos and J. L. BENNETZEN, 2004 Analyses of LTR-retrotransposon structures
reveal recent and rapid genomic DNA lossin rice. Genome Res 14: 860-869.

MARTEL, E., D. DENAY, S. SILJAK-YAKOVIEV, S. BROWN and A. SARR, 1997 Genome size
variation and basic chromosome number in pearl millet and fourteen related Pennisetum
species. J Hered 88: 139-143.

MASSON, J.-Y ., and S. C. WEsT, 2001 The Rad51 and Dmc1 recombinases. a non-identical twin
relationship. Trends Biochem Sci 26: 131-136.

MAYERHOFER, R., Z. KONCzZ-KALMAN, C. NAWRATH, G. BAKKEREN, A. CRAMERI et al., 1991 T-
DNA integration: a mode of illegitimate recombination in plants. EMBO J 10: 697-704.

MLADENOV, E., B. ANACHKOVA and |. TSANEVA, 2006 Sub-nuclear localization of Rad51 in
response to DNA damage. Genes Cells 11: 513-524.

MOORE, J. K., and J. E. HABER, 1996 Capture of retrotransposon DNA at the sites of

chromosomal double-strand breaks. Nature 383: 644-646.

30



OREL, N., and H. PucHTA, 2003 Differencesin the processing of DNA endsin Arabidopsis
thaliana and tobacco: possible implications for genome evolution. Plant Mol Biol 51:
523-531.

OsAKABE, K., K. ABE, H. YAMANOUCHI, T. TAKYUU, T. YOSHIOKA €t al., 2005 Arabidopsis
Rad51B isimportant for double-strand DNA breaks repair in somatic cells. Plant Mol
Biol 57: 819-833.

OsakABE, K., K. ABE, T. YOSHIOKA, Y. OsSAKABE, S. TODORIKI €t al., 2006 Isolation and
characterization of the RAD54 gene from Arabidopsis thaliana. Plant J 48: 827-842.

OsAKABE, K., T. YOSHIOKA, H. ICHIKAWA and S. TokI, 2002 Molecular cloning and
characterization of RAD51-like genes from Arabidopsis thaliana. Plant Mol Biol 50: 71-
81.

PAQUES, F., and J. E. HABER, 1999 Multiple pathways of recombination induced by double-
strand breaks in Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 63: 349-404.

PASTINK, A., J. C. EEKEN and P. H. LOHMAN, 2001 Genomic integrity and the repair of double-
strand DNA breaks. Mutat Res 480-481: 37-50.

PawLowskI, W. P., . N. GoLuBovskAYA and W. Z. CANDE, 2003 Altered nuclear distribution of
recombination protein RAD51 in maize mutants suggests the involvement of RAD51 in
meiotic homology recognition. Plant Cell 15: 1807-1816.

PETROV, D. A., E.R. LOZOVSKAYA and D. L. HARTL, 1996 High intrinsic rate of DNA lossin
Drosophila. Nature 384: 346-349.

PucHTA, H., B. DuJoN and B. HOHN, 1993 Homologous recombination in plant cellsis enhanced
by in vivo induction of double strand breaks into DNA by a site-specific endonuclease.

Nucleic Acids Res 21: 5034-5040.

31



PUCHTA, H., B. DUJON and B. HOHN, 1996 Two different but related mechanisms are used in
plants for the repair of genomic double-strand breaks by homologous recombination.
Proc Natl Acad Sci U S A 93: 5055-5060.

PUIZINA, J., J. SIROKY, P. MOKROS, D. SCHWEIZER and K. RIHA, 2004 Mrell deficiency in
Arabidopsisis associated with chromosomal instability in somatic cells and Spol1-
dependent genome fragmentation during meiosis. Plant Cell 16: 1968-1978.

Roos, W. P., T. NIKOLOVA, S. QUIROS, S. C. NAUMANN, O. KIEDRON et al., 2009 Brca2/Xrcc2
dependent HR, but not NHEJ, is required for protection against O6-methylguanine
triggered apoptosis, DSBs and chromosomal aberrations by a process leading to SCEs.
DNA Repair 8: 72-86.

SALOMON, S., and H. PUCHTA, 1998 Capture of genomic and T-DNA sequences during double-
strand break repair in somatic plant cells. Embo J 17: 6086-6095.

SANKARANARAYANAN, K., and J. S. WAssoMm, 2005 Ionizing radiation and genetic risks: X1V.
Potential research directions in the post-genome era based on knowledge of repair of
radiation-induced DNA double-strand breaks in mammalian somatic cells and the origin
of deletions associated with human genomic disorders. Mutat Res 578: 333-370.

SOMEYA, M., K. SAKATA, H. TAUCHI, Y. MATSUMOTO, A. NAKAMURA €t al., 2006 Association
of ionizing radiation-induced foci of NBS1 with chromosomal instability and breast
cancer susceptibility. Radiat Res 166: 575-582.

STEWART, G. S,, R. S. MASER, T. STANKOVIC, D. A. BRESSAN, M. |. KAPLAN et al., 1999 The
DNA double-strand break repair gene hMRE11 is mutated in individuals with an ataxia-

telangiectasia-like disorder. Cell 99: 577-587.

32



SUGAWARA, N., F. PAQUES, M. CoLAIAcovO and J. E. HABER, 1997 Role of Saccharomyces
cerevisiae Msh2 and Msha3 repair proteins in double-strand break-induced recombination.
Proc Natl Acad Sci U S A 94: 9214-9219.

SUNG, P., and D. L. ROBBERSON, 1995 DNA strand exchange mediated by a RAD51-ssDNA
nucleoprotein filament with polarity opposite to that of RecA. Cell 82: 453-461.

SYMINGTON, L. S,, 2002 Role of RAD52 epistasis group genes in homol ogous recombination and
double-strand break repair. Microbiol Mol Biol Rev 66: 630-670

TAMURA, K., Y. ADACHI, K. CHIBA, K. OGUCHI and H. TAKAHASHI, 2002 Identification of Ku70
and Ku80 homologues in Arabidopsis thaliana: evidence for arolein the repair of DNA
double-strand breaks. Plant J 29: 771-781.

TeERzoUDI, G. ., S. K. SINGH, G. E. PANTELIAS and G. ILIAKIS, 2008 Premature chromosome
condensation reveals DNA-PK independent pathways of chromosome break repair. Int J
Oncol 33: 871-879.

TzFIRA, T., L. R.FRANKMAN, M. VAIDYA and V. CiITovsKY, 2003 Site-specific integration of
Agrobacterium tumefaciens T-DNA via double-stranded intermediates. Plant Physiol 133:
1011-1023.

VARON, R., C. VISSINGA, M. PLATZER, K. M. CEROSALETTI, K. H. CHRZANOWSKA et al., 1998
Nibrin, anovel DNA double-strand break repair protein, is mutated in Nijmegen
breakage syndrome. Cell 93: 467-476.

VITTE, C., and J. L. BENNETZEN, 2006 Eukaryotic Transposable Elements and Genome Evolution
Specia Feature: Analysis of retrotransposon structural diversity uncovers properties and
propensities in angiosperm genome evolution. Proc Natl Acad Sci U SA 103: 17638-

17643.

33



WANG, H., A. R. PERRAULT, Y. TAKEDA, W. QIN, H. WANG et al., 2003 Biochemical evidence
for Ku-independent backup pathways of NHEJ. Nucleic Acids Res 31: 5377-5388.

WANG, M., W. Wu, W. Wu, B. RosIDI, L. ZHANG €t al., 2006 PARP-1 and Ku compete for
repair of DNA double strand breaks by distinct NHEJ pathways. Nucleic Acids Res 34:
6170-6182.

WATERWORTH, W. M., C. ALTUN, S. J. ARMSTRONG, N. ROBERTS, P. J. DEAN et al., 2007 NBS1
isinvolved in DNA repair and plays asynergistic role with ATM in mediating meiotic
homologous recombination in plants. Plant J 52: 41-52.

WESSLER, S., A. TARPLEY, M. PURUGGANAN, M. SPELL and R. OKAGAKI, 1990 Filler DNA is
associated with spontaneous deletions in maize. Proc Natl Acad Sci U SA 87: 8731-8735.

WEsT, C. E., W. M. WATERWORTH, Q. JANG and C. M. BRAY, 2000 Arabidopsis DNA ligase IV
isinduced by gamma-irradiation and interacts with an Arabidopsis homologue of the
double strand break repair protein XRCCA4. Plant J 24: 67-78.

WEsT, C. E., W. M. WATERWORTH, G. W. STORY, P. A. SUNDERLAND, Q. JANG €t al., 2002
Disruption of the Arabidopsis AtKu80 gene demonstrates an essential role for AtKu80
protein in efficient repair of DNA double-strand breaksin vivo. Plant J 31: 517-528.

WICKER, T., N. YAHIAOUI and B. KELLER, 2007 Illegitimate recombination is amajor
evolutionary mechanism for initiating size variation in plant resistance genes. Plant J 51:
631-641.

YAN, X., l. M. MARTINEZ-FEREZ, S. KAVCHOK and H. K. DOONER, 1999 Origination of Ds
elements from Ac elementsin maize: evidence for rare repair synthesis at the site of Ac

excision. Genetics 152: 1733-1740.



Y00, S., and B. D. MCKEE, 2004 Overexpression of Drosophila Rad51 protein (DmRad51)
disrupts cell cycle progression and leads to apoptosis. Chromosoma 113: 92-101.

Y00, S.,, and B. D. MCKEE, 2005 Functional analysis of the Drosophila Rad51 gene (spn-A) in
repair of DNA damage and meiotic chromosome segregation. DNA Repair (Amst) 4:

231-242.

35



CHAPTER 3

THE INTRODUCTION OF AN ENGINEERED DSB SYSTEM INTO SEVERAL GRASS

SPECIES

In this chapter, | describe the methodology that | used to generate DSBs in the genomes
of four grasses with very different genome sizes. The technology that was developed can be

applied to any other grass speciesin future studies.

3.1 Construction Of T-DNA Binary Vectors

T-DNA binary vector constructsfor thel-Scel ORF and its 18 bp recognition site

Thetarget site vector, pTFBNE, was Pullés

EcoR 88
Sc (889

generated by inserting the I-Sce | recognition K| G

Sral ()
Xmal (87)
site flanked by the p35S promoter and the BanH @8
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plant transformation. The binary vector

Figure 6. The pTF101.1 vector used for
plant transformation.
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pTF101.1 was chosen because it can be efficiently used in Agrobacterium bacteria-mediated
transformation in monocots (FRAME et al. 2002) at lowa State University. Thel-Scell
recognition site was excised from the pBNE3I vector as an EcoRI and Hindl Il fragment of about
3 kb. Vector pBNE31 was obtained from Dr. Puchta (PUCHTA et al. 1996; SALOMON and
PUCHTA 1998). The p35S promoter and nos 3’ terminator driving CodA gene expression were
present so that Puchta and coworkers could select for mutations that affected CodA expression.
Thiswas not a useful feature for my planned project, because the CodA selection is not robust in
grasses (SALOMON and PUCHTA 1998).

The I-Sce | enzyme expression vector, pTFScel, was generated in 3 steps. The pAHC17
vector was obtained from Dr. Quail. First, thenos 3’ terminator sequence from the pAHC17
vector was cut by BamHI and EcoRlI (295 bp), and ligated into the pTF101.1 vector, thus
generating pTFNOS. Second, the Ubi-1 promoter sequence was excised as a 2,017 bp
BamHI/HindlIl fragment from plasmid pAHC17 (CHRISTENSEN and QUAIL 1996). This
promoter from a maize ubiquitin gene was chosen to drive the I-Sce | ORF because it was found
to be expressed at high levelsin all tissues tested (CHRISTENSEN and QUAIL 1996) and in both
maize and rice (CORNEJO et al. 1993). The Ubi-1 promoter fragment was ligated into pTFNOS,
generating pTFNOSUBI. Finadly, the I-Sce | ORF segment, which was cut from pCISCEI
(SaLoMON and PUCHTA 1998) with BamHI, was ligated into pTFNOSUBI, generating pTFScel.
There were two possible insertion directions of the [-Sce | ORF, so | restriction mapped clonesin
order to select one with the I-Sce | ORF in the appropriate orientation so that it would be

expressed under the Ubi-I promoter.
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Figure 7. Schematic diagrams of the T-DNA components for the two binary vectors that were
produced. Bar was the first selectable marker: seeds from parental transgenic plants were
selected on medium containing phosphinothrycin (PPT, active ingredient of the herbicide Basta).
CodA, the second selectable marker, is a gene encoding cytosine deaminase, but was not used for
selection in this study. p35s, cauliflower mosaic virus 35s promoter. 2xp35S the double
strength cauliflower mosaic virus 35S promoter. nos 3', the nopaline synthase terminator. The
Ubi-1 promoter fragment contains 899 bp of promoter sequence, 83 bp of 5 untranslated exon
and 1010 bp of first intron sequence from the maize Ubiquitin-1 gene. TEV, tobacco etch virus
translational enhancer. Q (SaLoMoN and PUCHTA 1998). RB, T-DNA right border; LB, T-DNA
left border.

Confirmation of the T-DNA binary vector structure by restriction enzyme digestion
and sequencing

The structures of the two T-DNA vectors were confirmed by restriction enzyme digestion
and by insert boundary sequencing. The sequence analysis also confirmed that there were no
mutations at the engineered sites within the constructs. Thisis especialy important for the

vector pTFScel with the I-Sce | ORF for the enzyme expression because there were two possible

directions for the I-Sce | ORF insertions.
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Figure 8. Confirmation of two T-DNA constructs by restriction enzyme digestion.

The insertions of these T-DNA constructs into the binary vectors were also confirmed
through sequencing, using a Big Dye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). The primersused arelisted in Table 3. Sequencing reactions were prepared asin
Table 4. The sequencing program was 94 °C for 3 min; 39 cycles at 94°C for 30 sec, 58°C for
20 sec, and 60°C for 4 min; followed by 60°C for 8 min.

Table 3. Primers used for vector sequencing

Primers for sequencing pTFBNE Primers for sequencing pTFScel
pTF101R GGCTCGTATGITGTGTGGAAT pTF101R GGCTCGTATGITGTGTGGAAT
S ? GCGCGAAGCTTCAGCTGACGCGTACACAACA IScel3' TTGGAATTTGI TACGCAGACC
Sy 2 GCGGGAAGCTTGAACTCGCCGTGAAGACTGG tfsceR1 CGAACACTATCTCCTCCGAAA
BNEtar5 CGGGTCGACGGTACCTATTA Ubiantl AGATGACCCGACAAACAAGTG
BNEtar3 TCGACGGATCCTAGGGATAA Ubiant2 CAGACCACATCATCACAACCA
As2 CGCTCTAGAGCCCCTCTTCGCCTGGTAAC Ubiant3 CAATTTCTGGATGCCGACAG
A2 GCGTCTAGACATTTTCAGCCGGCAGGATA Ubiant4 AGGCTGGCATTATCTACTCGAA
A2 TTGACTCTAGAGGATCAACG pTFhin5 TGACCTGCAGGCATGCAAGCTT
pTFhin5 TGACCTGCAGGCATGCAAGCTT

& The primer sequences were obtained from SALOMON, S., and H. PUCHTA, 1998. The other
primers were designed by PRIMER3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).
* The grey shaded primers were used for sequencing of vector pTFBNE in the reverse direction.
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Table 4. Big Dye sequencing reaction conditions

1 X Reaction
H,O 3.5l
5X Sequencing Buffer 1l
Primer (5 pmol / ul) 1.5l
Big Dye 1l
DNA template 3l

All of the sequencing performed within this thesis research was analyzed on the AB13730
that is available at the UGA Center of Research Equipment. The vector sequences are in

Appendix A.

3.2 Generation Of Transgenic Lines Of Maize, Rice, Sorghum, And Pearl Millet

These transformation experiments resulted in two types of transgenic plants: one with the
I-Sce | recognition site and another with I-Sce | enzyme expression. For maize and rice, these
transformants were all generated by the lowa State University Plant Transformation Facility
(http://www.agron.iastate.edu/ptf/). For maize, constructs were transformed into line Hi 11,
yielding lines called A112 with the I-Sce | target site (81 plantlets from 12 transgenic events) and
lines called A113 with the I-Sce | ORF (79 plantlets from 12 transgenic events). For rice,
constructs were transformed into rice cultivar Nipponbare, generating lines called R32 with the
I-Sce | target site (16 transgenic events, 95 plantlets) and lines called R33 with the I-Sce | ORF
(12 transgenic events, 127 plantlets). Transgenic seedlings obtained from lowa State University
were transplanted to soil and allowed to fully mature.

The T-DNA constructs for sorghum and pea millet were the same but were carried on
different binary vectors: pPTN819 with the target site and pPTN820 with the I-Sce | expression
construct. These constructs were assembled by Dr. Thomas Clemente at the University of
Nebraskain Lincoln, who aso performed all of the transformation. The transgenic sorghums

and pearl millets were obtained as TO seeds instead of plantlets. For sorghum, lines with the
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target site were generated from 9 different events while lines with 1-Sce | ORF were generated
from 4 different events. Thirty sorghum parent plants from 9 different events with the target site
insertion and 17 plants from 4 different events with the I-Sce | ORF insertion were planted and
screened for the insertion using the methods described in chapter 3.3. The transgenic pearl
millets were also available but they were not included in my thesis research due to time

limitations.

3.3 Genotyping Of Parental Transgenic Lines In Maize, Rice, And Sorghum

All of the parental transgenic plants were screened to confirm the presence of the
appropriate T-DNA insertions before crosses were made for generating the hemizygous
recombinant progenies that would induce DSBs through 1-Sce | digestion.

Materials and methods

Sample collection

About 1 month after planting the maize and rice plantlets into soil in the greenhouse, 20
to 25 leaf punches from one or two leaves were sampled using a standard-size paper puncher (0.7
mm in diameter) for each plant. The leaf disks were collected directly into 1.5 ml centrifuge
tubes. The samples were frozen in liquid nitrogen and stored at -80°C before freeze-drying.

DNA isolation

Two steel beads were added to the tubes to grind the leaf tissue into a powder by vibrant
shaking by aMix Mill MM 330 (Qiagen). Tota genomic DNA from the leaf samples was

isolated according to the protocol on http://www.agron.iastate.edu/ptf/service/ana ysis.aspx with

2X CTAB as extraction buffer and without phenol extraction. The genomic DNA was dissolved

in 50 pl of TE buffer (10 mM Tris-HCI, 1mM EDTA, pH = 8.0).
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PCR

PCR was done using primers specific to each of the T-DNA insertions (S11 and A4 for the
target site, and 1Scel5’ - CCGTTCTCGTGATGAAGGTAA and |Scel 3 -TTGGAATTTGTTACGCAGACC for the
enzyme ORF). The touchdown PCR program used was 94°C for 1 min, 6 cycles at 94°C for
30sec, 64°C for 25 sec, 64-57°C for 50 sec (decrease 1°C per cycle); 34 cycles of 94°C for 20
sec, 57°C for 25 sec, 72°C for 50 sec; and 72°C for 10 min, then 4°C. The results confirmed that
about 95% of the maize and rice transformants received from lowa State University were
carrying T-DNA insertions (Figure 9).
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Figure 9. PCR confirmation of the p TFBNE T-DNA insertionsin A112 linesin maize with the
target site, and pTFScel T-DNA insertionsin the A113 linesin maize with the I-Sce | ORF.
About 95% of maize and rice transformants were confirmed to be carrying T-DNA insertions.

RT-PCR

For the transgenic lines with the I-Sce | ORF driven by Ubi-I promoter, RT-PCR was
done with the same pair of primersto confirm the expression of I-Sce | enzyme. RNA was
extracted from leaf tissue using Trizol (Invitrogen). RT-PCR was done using the Invitrogen
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SuperScript 1 First-Strand Synthesis SuperMix followed by regular PCR using primers specific

tothel-Scel ORF: IScel5’ and 1Scel3'. As can be seen in Figure 10, most of the I-Sce | ORF

transgenes were expressed.

Figure 10. RT PCR confirmation of the expression of the I-Sce | ORF in the maize A113 lines.

3.4 Induction Of DSBs By Crosses Between The Two Transgenic Lines

Individual plants from target site insertion lines were crossed with individual plants from
enzyme expression lines to obtain F, seed. A variety of crosses were made, depending on the
availability of the pollen and female flowers during devel opment.

For maize, both the T-DNA insertion lines were also maintained via crossesto the B73
inbred. A total of 864 maize F, 161 rice F1, and 99 sorghum F; were produced. In these F;
individuals, the expression of 1-Sce | should initiate a site-specific cut where the enzyme

recognition site was integrated into the genome.
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Figure 11. Diagram of the experimental design.



CHAPTER 4

MAPPING THE LOCATIONS OF T-DNA INSERTIONS IN MAIZE AND RICE

4. 1 |solation Of Genomic Sequences Flanking T-DNA Insertions By TAIL-PCR

TAIL (thermal asymmetric interlaced)-PCR uses two or three nested-specific primersin
consecutive reactions together with an arbitrary degenerate (AD) primer having alower Tm
(melting temperature), so that the relative amplification efficiencies of specific and non-specific
products can be thermally controlled (Liu and HUANG 1998). TAIL-PCR was used to amplify
the flanking sequences of inserted target sites. Specific primers facing outward from the T-DNA
ends were designed and paired with an AD primer to amplify both the left T-DNA border (LB)
and right T-DNA border (RB) insertion site, followed by a second round of PCR with one nested
specific primer and the AD primer. Ten to twenty nanograms of genomic DNA was used as
template. Genomic sequences flanking the T-DNA insertions were amplified according to Liu et
al. (Liu and WHITTIER 1995).

Tableb5. The primersused in TAIL-PCR

Arbitrary degenerate primers Specific primer to T-DNA borders
RiceAD8° (G/C)TTGNTA(G/C)TNCTNTGC tailRB1 ACACAACATACGAGCCGGAAG
RiceAD9°® (A/T)CAGNTG(A/T)TNGTNCTG tailRB2 CATACGAGCCGGAAGCATAAA

MaizADO ® NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT | talRB3 GGTTTGCGTATTGGAGCTTGA
MaizAD1°® NGTCGA(G/C)(A/T)GANA(AIT)GAA | tailLBl TACCCAACTTAATCGCCTTGC
MaizAD6"  (A/T)GTGNAG(A/T)ANCANAGA tailLB2 AGCTGGCGTAATAGCGAAGAG
MaizeW4° AG(A/T)GNAG(A/T)ANCANAGA tailLB3 CCTGAATGGCGAATGCTAGAG
tailLB4 GCAATTCGGCGTTAATTCAGT

3Shaet al 2004 (SHA et al. 2004) ; ° Liu et al 1995 (LIU et al. 1995) ; © Settles et a 2004
(SETTLES €t al. 2004).
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Thermal Asymmetric Interlaced-PCR (TAIL-PCR) LB:Left border

RB:Right border
AD LB T-DNAinsertion RB AD

= I == SP:Spectfic primer
SP1 SP1 . i i
‘:-spz sz: AD: Arbitrary degenerate primer
«—SP3 SP3 —>»

Figure 12. Diagram of the TAIL-PCR method used in this project.

5.0=—
20—

1.0= AD + SP3

0.1=—

Figure 13. An example of TAIL-PCR products from lines A112 and lines R32 after the third
round PCR. Different lanes represent the different amplifications using different AD primers
paired with specific primers either for |eft border or right border. Samples are from independent
events of transgenic lines for maize (A112) and rice (R32).

Table 6. TAIL-PCR thermocycling conditions

Primary reaction Secondary reaction
Step Temperature  Time Step  Temperature  Time
1 94 2 min 1 94 2 min
2 95 1min 2 94 20 seconds
3 94 20 seconds 3 62 1 min
4 62 1 min 4 72 2 min 30 seconds
5 72 2 min 30 seconds 5 94 20 seconds
6 Go to Step 3 5 times 6 62 1 min
7 94 20 seconds 7 72 2 min 30 seconds
8 25 3 min 8 94 20 seconds
9 Ramp to 72 + 0.3 ‘C/seconds 9 44 1 min
10 72 2 min 30 seconds 10 72 2 min 30 seconds
11 94 20 seconds 11 Gotostep2 11times
12 62 1 min 12 72 5 min
13 72 2 min 30 seconds 13 4 End
14 94 20 seconds
15 62 1 min
16 72 2 min 30 seconds Tertiary reaction
17 94 20 seconds Step  Temperature  Time
18 44 1 min 1 94 2 min
19 72 2 min 30 seconds 2 94 20 seconds
20 Goto Step1l 14 times 3 44 1 min
21 72 5 min 4 72 2 min 30 seconds
22 4 End 5 Gotostep2 30
6 4 End




To determine the positions of target site T-DNA insertions, the amplified 200-700 bp of
T-DNA flanking sequences were cloned and sequenced. The sequences (Appendix C) were used
to search NCBI (http://www.ncbi.nlm.nih.gov/mapview/static/MV PlantBlast.shtml ?4577) for
nucleotide similarities by the BLASTN algorithm. All therice T-DNA border sequences
obtained were able to be specifically mapped to a unique chromosome. However, BLASTN
using the maize T-DNA border sequences to the NCBI databases usually resulted in no

significant similarity. The http://www.maizesequence.org, http://www.plantsequnce.org and

http://www.tigr.org/plantProjects.shtml were used to find the neighboring genomic background

for maize target site T-DNA insertions.
To determine whether any of these insertions interrupted genes or were found inside
repeats, cONA databases and repeat databases were searched using the flanking sequences by the

BLASTN agorithm.

4.2 Target Sites Mapped In The Maize Genome

Table7. In-silico mapping of the target sitesin the maize genome by BLAST
Event Genome Location Annotation

A112-15 IAC206877.1_Contig42 [Zea mays putative Fourf gag/pol protein
Chromosome 4

A112-16 AC194174.3-Contig45 |Zea mays Fourf gag/pol protein
Chromosome 7

A112-17 IAC200869.2:1-177895  [Similarity to transposable elements
Chromosome 5

A112-20 * IAC210165.1-Contig27 [Similarity to 22-kDa alpha zein gene cluster
Chromosome 8, 4, 10

A112-4 * AC200659.3 Hypothetical protein in Oryza
Chromosome 6

A112-1 * IAC206313 Putative gag/pol precursor
Chromosome 6

A112-14 * AC148110.2 Putative reverse trascriptase in Zingiber officinalis
Chromosome 5 (Ginger)

A112-18 * IAC194174.3-Contig4d5 [Zea mays putative Fourf gag/pol protein
Chromosome 4

* indicates the hits with highest score, but the chromosomal |ocations were not unique or the
annotation was in process.
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For rice, 12 of the 16 independent target site transformation events were characterized
and the features flanking the target sites for all 12 were hypothetical proteins. The For maize,
since 70-80% of genome is non-gene coding sequence, | expected higher probabilities that the
independent target site insertions were located in repeated sequences. At present, 8 independent
events have been characterized in maize: 4 were classified as putative gag/pol sequence, 2 were
transposable element related, 1 putative reverse transcriptase, and 1 was annotated as a candidate
gene for ahypothetical protein. For 5 of the independent maize target sites, BLAST failed to
give a specific location, probably due to the currently incomplete genome database. The T-DNA

flanking sequences need further check in detail.

4.3 Target Sites Mapped In The Rice Genome

The T-DNA border sequences obtained from TAIL-PCR were searched by BLAST
against the NCBI database

(http://www.nchbi.nlm.nih.gov/genome/seq/BlastGen/Bl astGen.cgi 2taxid=4530) of Oryza Sativa,

to map the T-DNA target site insertions. The output is summarized in Table 8.

Twelve target site T-DNA insertion in rice were successfully mapped on chromosome 1,
3,5,7,8,9, 11. Among al the target sites being mapped, 4 target sites were mapped on the
chromosome 8, and 3 were mapped on the chromosome 3. T-DNA insertions toward

Chromosome 8 and 3 appeared more frequent than expected.

48


http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4530

Table 8. In-silico mapping of the target sitesin the rice genome by BLAST

Event Genome Location Annotation

R27 fomomosones |2 e e seer et et
215 foomosomes 12020 bp At e upohetcn rolen
Ra220  [omomosones [L=1208 &S bt octens
R32-21 (Chromosome 3 i:ggigbgpa;f ézssiiddee::hhyyppootthheet'i?caelll pprrootf;innss
o222 [omomosones |10 b8 &S bt ctens
o225 [omomosome 11 [12028 bR At e bypol e cten
R32-32 Chromosome 7 10,513 bp at 5’ side: hypothetical proteins

17,661 bp at 3’ side: hypothetical proteins
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CHAPTER 5

CHARACTERIZATION OF INACCURATE DSB REPAIR IN MAIZE AND RICE

5.1 Screening F1 To Find Individuals With Both [-Sce | ORF And Its Target Site

Because both the I-Sce | ORF and I-Sce | target site transgenics were expected to be
hemizygous for the presence of the transgene, a cross between two of these lineswill only yield
25% of the progeny with both of the necessary components to promote the desired DSB events.
Hence, twelve or more F; seed from each cross were planted if enough F; seed were collected.

Multiplex-PCR was used to identify those hemizygous F; progenies with both an I-Sce
ORF insertion and its target site. In such lines, DSBs should occur due to I-Sce | expression and
the presence of itstarget cleavage site in these F; progenies. If accurate repair occurs, either by
homologous recombination or NHEJ, the restored enzyme recognition site will be cut again until
an inaccurate repair occurs. The break site cut by I-Sce | that was not repaired at all would block
the cell cycle and causethe cell to die. Therefore, eventually, al repair events identified would
be inaccurate repair events.

A total of 220 maize F4, 47 rice F1, and 24 sorghum F; were identified as having both the
enzyme and its target site by multiplex PCR. A segregation ratio of 1 (both the target site and
the enzyme ORF) to 2 (either the target site or the enzyme but not both) to 1 (no insertions at all
— wild type) was expected and observed, indicating that most of the Agrobacterium mediated T-

DNA insertions were single copy in each Tg transgenic plant.
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— Target site
—» |-Sce | ORF

Figure 14. Multiplex PCR was used to identify F; with both insertions. Two primer pairs were
used. One primer pair (S;1 and A4) was used to amplify the target site; the other primer pair
(ISce5 and 1Sce3’) was used to amplify the I-Sce | ORF.

5.2 Target Site-Specific PCR Amplification, Cloning And Sequencing

Primers flanking the DSB site were used to amplify the DNA sequence at the target site
using the DNA extracted from leaf. The original target site sequence was used as control, and it
gave an amplification product of about 650 bp with the primer pairs that were employed. The
PCR amplification products were cloned into the TOPO TA vector (Invitrogen TOPO cloning kit)
for sequencing. For each amplicon, at least 8 clones were randomly selected for sequencing. A
comprehensive description of the inaccurate repair events will be acquired in thisway. A total of
192 clones were sequenced for maize, 384 clones were sequenced for rice, and 192 clones were
sequenced for sorghum.

Because PCR was performed on DNA from leaf tissues, and the timing of inaccurate
repair was not initially known, there was no way to predict at first whether clones from a specific
F1 would have al the same inaccurate repair event or would have different events because of
somatic sectoring. By characterization the repair eventsidentified in different clones from one
individual, I could acquire some understanding of how often different somatic repair events
happened in one individual plant. When the same sequence was found in different clones from

the same individual, this was interpreted as the outcome of a single event, athough there was
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also asignificant possibility that some of these could have been derived from separate
occurrences of theidentical event. Hence, quantization of the relative frequencies of events was
not perfect, and would under-represent the most common class of inaccurate DSB repair
outcomes. Figure 15 presents an example of the length polymorphism of the PCR products due
to inaccurate repairs identified by the PCR analysis of individual colonies that were derived from
target site PCR amplicons of asingle F; plant. This confirmed the success in our methods of

using I-Sce | to induce an inaccurate site-specific DSB repair event.

Figure 15. The spectrum of inaccurate DSB repairs identified by colony PCR using primers S;1
and A4 on maize samples.

5.3 Comparison Of Inaccurate Repair Events Among The Grasses Studied

In order to characterize the outcomes of inaccurate DSB repair, the sequences at the
induced DSB repair sites were obtained through the sequencing of 8 clones from each F; that
contained both the I-Sce | ORF and itstarget site. These clones were derived from PCR across
the target site, and the PCR product was then cloned into the TOPO TA vector without size
selection of the PCR product. Species-specific difference and genomic location differences were
also characterized.

Characterization of thel-Scel cleavage site for each doubly hemizygous F;

All of the obtained transgenic sequences were aligned with the uncut target sequence by
the program Clustal W, and 4 types of inaccurate repair events were identified (Figures 23

through 29 in Appendix B). These were deletions, insertions, insertions associated with
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deletions, and single nucleotide substitutions. The number of clones bearing each type of repair

event was summarized for each species. Theresultsin Table 9 indicate awide range of events

from a small number of F; plants analyzed (23 for maize and 47 for rice). Hence, there were

usually several different inaccurate repairs from each F; plant, indicating that the inaccurate

repair events were somatically sectored within individuals. The absence of inaccurate repairs

detected in some resultant clones further indicated that either many accurate repairs were

occurring in these lines, or that 1-Sce | was only cutting the target site at sometime latein

development in most F;. By excluding the clones that were redundant within asingle individual

F1, | could then summarize the independent inaccurate repair events.

Table 9. Summary of the clone sequencing result in maize and rice

Classification of DSB Repair in

Maize
67 ODeletions
Binsertions
Orixed

3l 16 g

Classification of DSB Repair in

Rice
82 ODeletions
Binsertions
Otixed
185 1ls
10

67 had deletions of 1 to 434 bp

6 had insertions

16 had both insertions and deletions
3 had single nucleotide substitutions
65 had no detected sequence change

82 had deletions of 1 to 493 bp

10 had insertions

8 had both insertions and deletions

1 had a single nucleotide substitution
185 had no detected sequence change

The independent inaccurate DSB repair events associated with simple deletions were
summarized in Table 10 and 11. In both maize and rice, more than 50% of the deletion events
were found being associated with micro-homology (1-4 bp) at the broken ends. In maize, 35/61
(57.4%) deletion events were associated with micro-homology (Table 10). In rice, 42/65 (64.6%)

deletion events were associated with micro-homology (Table 11). It appears that the broken
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ends formed in rice at DSB were easier to find a micro-homology sequence by random base-

pairing according to a SSA-like model of NHEJ pathway.

Simpleinsertions were aso identified in both species (Table 12 and Table 13). There

were 5 eventsidentified in maize, and 10 eventsidentified inrice. Although rice had a higher

frequency of small insertions than maize, the size increased and the frequency of insertions at the

DSB repair site in both species are much |ess than the size deleted and the del etion frequency.

This appears a common pattern of DSB repair and a strong evidence of inaccurate DSB repair as

a genome size decreasing mechanism in maize and rice.

Table 10. Compilation of independent DSB repair events associated with ssmple deletions at the

[-Sce |l sitein maize F;

Deletion Homology Deletion Homology
Fvent (bp) (bp) Fvent (bp) (bp)
A11215-7_A11321_10_9 EO02 1 0 A1131-8_A11216-8_11_4 D12 9 4
Al11324-4_A123-2_7 5 EO08 1 0 Al11324-4 A1123-2_7_1 A0S 9 4
Al11324-4 A1123-2_25 5 E10 2 1 Al11324-1_A11215 4 2 B05 9 4
A1138-4_A11215 7 _2_B10 2 0 A11215-7_A11321_10_2 FO1 9 4
Al11324-1_A11215 11 8 HO7 2 0 Al11324-4_A1123-2_7_3 CO8 10 2
Al11324-4 A1123 10 3 C11 2 0 A1138-3_A11217 10 _4 D06 10 3
A11324-4 _A1123-2_7_8 HO8 2 0 A11324-4 _A1123 10 5 E11 11 3
A1131-3_A11216-8_12_1_CO01 2 0 A1138-4_A11215 12 6 _F11 12 1
A11324-4 A1123-2_21_3 CO09 2 0 Al11324-4 A1123-2_25 13 0
Al11324-4 A1123-2 21 8 HO9 2 1 Al11324-4 A1123-2_25 4 D10 13 0
Al11215-1 A11313_10 2 1 Al1131-8_A11216-8_11 7_G12 15 1
Al11217-7_A1139 16_8 F04 3 1 Al11315-7_A11321_10_11 _GO02 15 1
Al1131-3_A11216-8 12 8 D04 4 0 Al1138-3_A11217 5 4 EO05 17 1
A11324-4_A1123-2_25 8 H10 4 0 A1138-4_A11215 7_1_A10 17 4
A1138-4_A11215 7 5 E10 5 4 A1138-4_A11215 7_4 D10 17 1
Al11324-4 A1123-2_21 2 B09 6 0 Al11324-1_A11215 10 _7_G06 18 2
A11217-7_A1139_16_2_E02 6 0 A1138-3_A11217 3 1 GO1 20 4
A11324-1_A11215_4_1_A05 7 1 A11324-4 _A1123-2_7_7_GO8 20 4
A1138-3_A11217 3 4 _G04 7 0 Al1131-8_A11216-8 11 5 E12 20 4
Al11215-1_A11313_10 2 B12 7 2 A1138-3_A11217 5 4 D05 26 0
A1138-4_A11215 12 7 G11 8 0 A11215-7_A11321_1_1 _A01 28 1
Al11324-4 A1123_10 6 _F11 8 1 Al1224-4 A1123 10 1 All 34 0
Al1138-4_A11215 7 7_G10 8 1 Al11216-8_A1139 11 45 3
A11324-4 _A1123-2_21_6_F09 8 0 A1131-3_A11216-8_12_5_DO1 57 0
A1138-4_A11215 12 1 _All 8 0 A1131-8_A11216-8_11 8 H12 65 0
Al11324-1_A11215 10 1_A06 8 0 Al1131-8_A11216-8 11 2 B12 65 3
Al11324-4_A1123_10_2_B11 9 4 A11321-10_A11215-10_3_CO08 179 4
A1138-4_A11215 7_8 H10 9 4 A11215-7_A11321_10_3 GO1 300 0
A1138-3_A11217 10_1 A06 9 4 A1138-3_A11217 5 3_CO05 338 0
A1138-3_A11217 3 7_H03 9 4 Al11215-1_A11313 10 5 E12 434 0
9 4

A1138-4 A11215 12 8 H11l




Table 11. Compilation of independent DSB repair events associated with ssmple deletions at the

[-Scel siteinrice F;

Deletion Homology Deletion Homology
Fvent (bp) (bp) Fvent (bp) (bp)
R3212-5_B3_E04_024 1 0 R329-4_D07_057 1 0
R3222-10-C05_043 2 0 R3220-16_C3_C11_091 11 2
R3222-16_C1_D10_074 2 0 R3220-16_C1_B10_078 17 0
R3225-1_D9_D10_074 2 0 R3220-16_C3_A11_095 17 4
R3213-1-1_C09_075 3 1 R3220-16_C1_A10/F10_080 17 4
R328-3_C04_028 3 1 R3215-2_A10_080 17 3
R3218-3_A11_095 4 0 R3218-3_B11 093 17 3
R32LR_G10_F12_086 4 1 R3220-16-c3_F11_085 17 0
R3218-3_C11_091 5 2 R3213-1-1_A09_079 18 0
R327-1_A7_B02_014 5 4 R328-3_F04 022 18 0
R3222-4 H04_018 5 0 R3212-5_E08_056 20 3
R327-1_A6_C01_011 7 0 R3220-16_D01_009 20 3
R3212-5 B04 B05 045 8 3 R328-3_H04 018 20 3
R3221-15-_C7_DO01_009 8 3 R3220-16_C1_C10_076 20 1
R3225-1_D7_H09_065 8 3 R3212-5_B3_A04_032 20 1
R327-1_A08_A03 031 8 3 R3222-24 D4_EO7 20 1
R3220-5 B11_CO08 060 8 3 R3222-4_C8_A02/G02_016 22 1
R3221-15-1_GO02_004 8 3 R3220-16_C3_B11_093 37 4
R3212-5_A08_064 8 3 R3212-5 B5_GO06/E06/C06/F06 37 4
R3220-16_F01_005 8 3 R327-7_G03_019 38 1
R3222-10-HO05_033 8 3 R3218-3_F11_085 38 0
R3232-2-3_H10_066 8 3 R328-3_B04_030 38 0
R329-14 A06_048 8 3 R328-3_A04_032 44 2
R3212-5_G08_052 9 0 R3232-2-3_G10_068 46 3
R3220-16_C1_E10_072 9 0 R3213-1-1_B09_077 109 3
R3221-15-1_E02_008 9 0 R3220-16_B12_F09_069 114 0
R3225-1_D9_A10_080 9 2 R3220-5_B09 B07 061 114 0
R32LR_G10_H12_082 10 1 R3213-1-1_D09_073 118 1
R3220-5_F12_086 10 0 R3213-1-1_F09_069 119 0
R3213-1-1_G09_067 10 1 R3220-16_A01_015 156 2
R3218-3_G11_083 10 1 R3222-10_E05_039 188 3
R3221-15-1_F02_006 10 1 R3225-1_D9_F10_070 493 0
0

R3221-15-1_A02_016

Table 12. Compilation of independent DSB repair events associated with ssimple insertions at the

[-Sce |l sitein maize F;

Event Insertion Filler DNA Seauence
A11221-10_A11215 10 5 52 TTTGCCGAGTGCTTCAAACACTCGCCAAAGAAGCTTATTCCAGTAGTGACGA
Al1138-4_A11215_12 4 12 ATTACCTATTAC (Copy upstream sequence)
A1138-3_A11217_10 5 1 T
Al11324-4 Al1123-2 25 1 1 T
A11324-1 A11215 3 5 1 T
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Table 13. Compilation of independent DSB repair events associated with ssmple insertions at the
I-Sce | siteinrice F;

Event Insertion (bp) Filler DNA Sequence

R3220-16_C1
R327-1_A8
R3222-10_D1
R3222-24_D03
R3228-3_E04
R3215-2_F10
R3220-16_B01
R3213-1-1_HO09
R3220-5_D12
R328-3_D04

4444 -4g > 4>

R RPRPRPRNRRERE

ATAGG

| summarized the insertions associated with deletions, and deletions associated with SNPs
in Table 14 and Table 15, and named them as mixed event. Again, in both species, the trend of
size decreasing was much greater than the trend of size increasing. In maize, the total size
deleted due to these mixed events was much greater than rice (2,231 bp vs. 797 bp). The higher
frequency of mixed event identified in maize (13/82 in maize vs. 8/84 inrice) and its significant
large contribution to the size decreased was a significant difference of DSB repair pattern
between maize and rice.

Table 14. Compilation of independent DSB repair events associated with both deletions and
insertions at the I-Sce | sitein maize Fy

Size Changes Deletion Insertion

Event Filler DNA Sequence

(bp) (bp) (bp)
A1131-3_A11216-8_11_3 +5 -23 +28 TTATACTCGACGGATCCTAGGGCAATGA
A11220-5_A11316_8_4 -2 -2 +0 With SNP
A11215-1_A11313_10_3 -2 -2 +0 With SNP
A11324-4_A1123-2_25_2 -8 -8 +0 With SNP
A1131-3_A11216-8_11_2 -17 -37 +20 TTACCAACAACAACAAACAA
A11324-1_A11215_4_5 -18 -42 +24 AACAATTACCAACAATTACCGTCA (copy downstream sequences)
A11324-1_A11215 4 8 -30 -30 +0 1 bp microhomology; SNP
Al1215-1 A11313 10 1 236 236 +0 TGTTATaggaagttcatttcatttggaga; micro-homology with ‘CC’, a part of the

target site flanking sequence

A1131-3_A11216-8_12_6 -251 -251 +0 micro-homology

ACAACAAACAACAAACAATTATTCATCTGCAGGACGGAAATTATCGAC

AL131-3_A11216-8_11_ 7 384 487 +103 AAACAACATTACAATTACAATTACATTTACAATTACAAACAATTATTAAC

GC

Insert 103 bp and with end microhomology
A11321-10_A11215-10_2 -423 -429 +6 AAGATTT
Al1131-3_A11216-8_11_5 -437 -465 +28 GTTAATAAAATGAGCTCTTATACTCGCC
A11217-7_A1139_16_5 -428 -466 +38 GAGCTCTTATACTCGACGGTACCTATTACCCTGTAAAT
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Table 15. Compilation of independent DSB repair events associated with both deletions and
insertions at the I-Sce | siteinrice F;

Size Changes Deletion Insertion

Event (bp) (bp) (bp) Filler DNA Sequence

R3212-5_B5 -24 -29 +5 TAATT

R3225-1_D7 -20 -31 +11 AATGAAATGAA

R3220-16_C3 -48 -64 +16 AGAATTAATTCTCGAG

R3220-16 B12 428 -442 +14 AATCCCACTATCCT; 2 bp end-microhomology

R3220-16_HO1 -346 -350 +4 CTTC

R3220-16 C3 11 7 +18 TAGGTACCGTCAGTGGAG

R3215-2 E10 +13 11 +24 TTTACAACAATTACCAACAATTAC (copy downstream sequence)
R3225_1_D9 H10 +39 5 144 CCAATGACTCCCGCCGTATGAAAGCAATACTCTAACATAACAGGG

2 bp microhomology ‘CA’

To further characterize the inaccurate repairs associated with insertions, | searched the
filler sequences by BLAST to the available databases. This analysis can help determine whether
these insertions are micro-homology dependent, what kind of sequences they were and where
they came from in the genome.

Since most of the insertions were 1-2 bps, it made no sense to search for homology to
these tiny sequences. | selected the larger inserted sequences (at least 12 bp) for BLAST
analysis. The largest insertion identified so far was a 103 bp insert in the maize genome (Table
14).

In both maize and rice, the inserted sequences had end microhomology (1 - 4 bp) between
the broken ends. Also, there were 2 eventsin maize (Table 12 and Table 14) and one event in
rice (Table 15) had the inserted sequence information from the neighbor sequences flanking the
break site. All the other insertionsin maize did not detect any significant homology in the NCBI
nr genome databases. For thericeinsertions BLASTed, R3225-1 D9 H10 (Table 15) hit Oryza
sativa (japonica cultivar-group) genomic DNA, a segment on chromosome 11 with the highest
similarity. Features flanking this part of subject sequence were both hypothetical proteins.
Interestingly, the target site insertion R32-25, from which this insertion was derived, was aso

mapped on chromosome 11 (see Chapter 4). Thisinserted segment also had ahigh similarity to
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sequences annotated as part of NADH dehydrogenase subunit 1 and subunit 5. Multiple
genomic sequences in rice bear this same similarity to the NADH dehydrogenase, such asin the
rRNA-45S ribosomal RNA on chromosome 12, in hypothetical proteins on chromosome 10, 6, 3
and 1, and in other locations. Hence, this appears to be atiny mobile fragment of DNA that had
undergone multiple rounds of amplification/transposition during rice genome evolution.

Comparing the data obtained for the monocots maize, rice, and sorghum with the
published data on dicots (tobacco and Arabidopsis)

By comparing the inaccurate DSB repair data from several species, | hope to discover
whether monocots and dicots follow the same pattern in the relationship of inaccurate DSB
repair to genome size variation. | separated the events into two classes, size increasing and size
decreasing, in comparison to the original segment size before DSB repair. Theratio of size
increasing to decreasing was calcul ated for each species studied to seeif there was any
relationship between DSB repair tendencies and genome size variation. A correlation analysis
between deletion frequency and the size of deletion corresponding to different genome size was
made and statistical significance wastested. Thus, | can provide evidence regarding the
relationship between the DSB repair and genome size variation during evolution. By excluding

the redundant clones, the number of independent inaccurate repair events was obtained for each

species (Table 16).
Table 16. The percentage of independent repair events identified in maize and rice F,
Number of Independent Repair Events Maize Rice

Deletion only 61 65

Insertion only 5 10

Deletion and insertion 13 8

SNP 3 1

Total 82 84
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The percentage of the four types of inaccurate repair events identified in this experiment

isshown in Figure 16.
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Figure 16. The percentages of the four types of inaccurate DSB repair outcomes were not found
to be significantly different between maize and rice by y°-test (0.05 < p < 0.1).

In both maize and rice, deletions were found to be the most frequent inaccurate repair
event (74.4% in maize and 77.4% inrice). Maize had a higher frequency of mixed (deletions
plus insertions) events than rice (15.9% in maize vs. 9.5% inrice). Interestingly, in sorghum, a
species more closely related to maize than rice, but without the ancient polyploidy event that
happened in maize (GAUT et al. 2007; WALBOT and PETRoOV 2001), | did not identify such ahigh
frequency of mixed repair event either among the 24 sorghum F; that were cloned and sequenced
(Figure 29). It can be concluded that the smaller genome tends to have asimple repair pattern
than the larger genome.

In order to seeif the full spectra of inaccurate DSB repair events have any relationship
with genome size variation, | summarize the detected size change eventsin Table 17. | did not
find significant correlations between the size changes caused by the inaccurate repair and

genome size variation by Chi-squared Test (Test Statistics < y° gt = 2, o = 01= 4.605). This means
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that either there is no relationship, or that the relationship is too subtle to detect with a data set of
thissize. However, if one summarizes the actual nucleotide gain or loss across these 79 unique
indelsin maize and 83 unique indelsin rice, one sees a preponderant net loss of DNA segment.
The total DNA removed by these 79 indels in maize was 4,161 bp (the maximum deletion size
was 434 bp), and the total DNA removed by these 83 indels in rice was 2,932 bp (the maximum
deletion size was 493 bp). Clearly, the number of deletions at the repair site was not inversely
proportional to their size in both species. No significant relationships were observed between the

sizes of deletions and genome size variation between maize and rice by Chi-squared Test either

(Table 17).

Table 17. Comparison of the effect of inaccurate DSB repairs on maize and rice genomes
Number of Inaccurate DSB Repair Events Maize Rice

Genome Size Decrease (Deletions) 73 71

Genome Size Increase (Insertions) 6 12

No change (SNPs) 3 1

Total 82 84

To further characterize the deletion repair events, the size distributions of genome size
decrease events (including simple deletions and del etions associated with insertions) in each
species were summarized, and are presented in Table 18. Asone can see, small deletions
ranging from 1-9 bp were the most common inaccurate repair event in both species. This agrees
with the characteristics of haplotype diversity identified in rice (MA et al. 2004), as mentioned in
Chapter 2. These results provide experimental evidence that the deletions induced by DSBs are
the most significant feature of illegitimate repair and small deletions are more frequent than large
deletions. Furthermore, this analysis did show that maize tend to have more small deletions,

while the smaller rice genome had higher frequency of large deletions than maize (Figure 17).
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Table 18. Thedistribution of deletion sizesidentified in maize and rice F;

1-9 bp 10-20 bp 21-100 bp >100 bp Total
Maize 38 17 8 10 73
Rice 27 24 10 10 71
Total 65 41 18 20 144
50 50 s
w40 1 38 Maize #A0 1 Rice
%0 S0l 7 24
D D
520 17 %20
2 2 10 10
510 o 8 10 510
z z 00
0 - 0 . v v .
19 10-20 21100 >100 19 10-20 21-100 >100
Size of Deletions (Nts) Size of Deletions (Nts)

Figure 17. Size distributions of independent del etion events identified in maize and rice.

If we divide the sizes changing into two groups: 1-9 bp and >9 bp, such as Table 19, and

test if the probabilities of small deletions of 1-9 bp is different between maize of rice, we can

conclude that the probability of deletion size greater than 9 bp in rice was significant higher than

that in maize at a = 0.05 significance level. This conclusion supports the hypothesis that plants

with small genome size tends to have higher frequency of large deletions, first proposed from

observations in Arabidopsis and tobacco (KIRIK et al. 2000).

Table 19. Re-grouping deletion sizes identified in maize and rice F;sfor statistical analysis

Size change 1-9 bp | Size change > 9 bp Total
Maize (large genome size) 38 35 73
Rice (small genome size) 27 44 71
Tota 65 69 144

Test Statistics = (144 / 65*69* 73* 71)”* (38*44-27*35) = 1.82, df =1, Z 4005 = 1.645.
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5.4 Identifying Unigue DSB Repair Events Through Single-Seed-Descent

Because of the multiple different repair events observed in someindividual plants, it was
not possible to precisely quantitatively measure the relative frequencies of different classes of
DNA repair outcomes. When several clones from asingle plant yielded the same inaccurate
DSB repair event, it was possible that they were separate clones of the same event or ararer case
of separate clones of the same outcome that happened twice or more independently. Moreover,
because of the PCR approach that was taken, large deletions that removed at |east one primer site
or big insertions that made PCR less efficient would have been missed by this analysis. In order
to rectify these problems, single-seed-descent was used so that only one event was recovered
from each F; plant. Thiswould allow more accurate quantization and aso allow recovery of any
type of rearrangement that was transmitted in that single descendent seed.

Maize F; with both transgenic constructs were used as female parent and crossed with
B73 in order to get next generation seed. The comparable rice F; was self-crossed to get F,
seeds. It was expected that 50% of resultant maize seed and rice seed would carry one unique
inaccurate DSB repair event, while 25% of rice F, could contain two inaccurate DNA repair
events, depending on the timing of the inaccurate repair during rice development. Only one
inaccurate DNA repair event was sought per F, parental plant. | checked the progeny to seeif
any F; repair events were inherited, and what kind of repair event was inherited. Considering the
segregation ratio, at least four progeny seeds descended from one F; individual were planted to
make sure that at |east one of them would having an inaccurate DSB repair sequence. For maize,
the progeny would bear a single repair sequence derived from its F; female gamete. While for
rice, due to the self cross, 25% of the F, should bear two repair sequences derived from each of

the parent, and some would only have one repair sequences derived from only one of the parent.
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A target site amplification were carried out after the isolation of the genomic DNA from
these progenies, which were grown up till 2 weeks old for leaf tissue collection only. A total 79
mai ze progeny from 23 maize F; were obtained, and 40 (40/79, ~50%) were identified have the
target site. A total of 119 rice F, from 18 rice F; were obtained and 89 (89/119, ~74.8%) were
identified with target site. The segregation ratios agreed with my expectations.

Target site-specific PCR amplification products were purified using the Qiagen QiaQuick
kit and sequenced finally. Forty maize progeny with target site amplification by primer pair of
pTFBNEF-CTAACAGAACT CGCCGTGAAG and pTFBNER-GGTGT CCAGGT GAATATGTGG were
sequenced and 44 of 89 rice F,s with the target site amplification using the same primers were
sequenced.

The results indicated that, although the progenies were carrying the target site sequence,
most of them were carrying the integrated target sequences without any inaccurate repair event.
Thisindicated that most of the repair events observed in somatic tissues were not transmitted,
suggesting either some unknown gametic transmission problem or that the I-Sce | cutting did not
commonly yield inaccurate repair events in the cells that eventually gave rise to the gametophyte.
Whether this is due to more accurate DNA repair in thislineage of cells or to alower activity of
I-Sce | (perhaps due to specificitiesin Ubi-1 promoter expression) was not known. The

sequences of the few identified inaccurate repair events are depicted in Figure 18.
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Maize:

* 280 *
Ref er ence B AAAAAT GAGCT CTTATACT CGACGGAT CCTAGGE
A1131-3_A11216-8_6_3 :

320 * 340

AAAAAT CAGCT CTTATACTCCACGCAT CCTACCEREEE R A T e (CGAGCCTCGTCCTCTCOp.

A1138-3_A11217_2_4 M AAAAATCACGCTCTTATACTCCACGCAT CCTACCE R A T/A AT CGAGCGTGTCCTCT e : 324
A1138-3_A11217_2_1 M AAAAAT CACCTCTTATACTCCACGCAT CCT ACGEEE AAV e eV TACECTACCEICCAGCCTCTCCTCTOMN 331
A1138-3_A11217_1_1 M AAAAAT CACCTCTTATACTCCACGCAT CCT ACCE R AAV e eV Y\ TACCTACCEECCAGCCTCTCCTCTOMN 332
A1138-4_A11215_3 M AAAAATCACGCTCTTATACTCCACGCATCCTACCE e Y (¥ \nlcacccee TAAW-ee Py TACETACCEICCAGCCTCTCCTCTORN 348
AAAAATCACCTCTTATACTCCACGCATCCTACCg taggt accg CCAGCCTCTCCTCTC
Rice
Ref erence MECTTCTTGCTAATTCTTGTAAAAATCAGCTCTTATACTCCACCCATCCTACCCATAAS CTA e = : 323
R329-14_2_EO07_055 MCTTCTTCCTAATTCTTGTAAAAATCACCTCTTATACTCCACECATCCTACCCATAANCECACCOIN-YATACHEEEIEEEE = : 315
R3213-1-4 5_A09 079 : GTTGTTGGTAATTGTTGTAAAAATGAGCTCTTATACTCGACGGATCCTAGGGATA ---------- ce =T el : 315
R3213-1-4_2_F08_054 : A :
R3213-1-4_4_H08_050 : A eGTACCGTooAECe : 324
R3212-5-7_2_C08_060 : ¢ B =C B =AC! B B} A OACeCCA CCTACCCTed\ceoce : 324
R3212-5 l_GO7_051 [ C B =G B =AC P =C, - - - - ACAlEeCCA. ECTACCCTedA\cec : 317
R3218-3-2_1_D08_058 :

CTTCTTCCTAATTCTTGTAAAAATCACCTCTTATACTCCACggat cct agggat aa agg tag c Ang
Figure 18. Inaccurate DSB repairs that were transmitted to progeny in maize and rice.

For maize, atotal 5 different inaccurate repair event were identified in the F; maize
progenies. A11138-3 A11217 2 had two progenies with different mutations. One progeny,
A11138-3 A11217 2 4 had an 8 bp deletion, and the other progeny A11138-3 A11217 2 1
had a 1 bp deletion at different position. In Rice, R3213-1-4 had 3 progenies identified with 3
different mutated target sites. Please note that there was an up to 25% chance of existing two
different repair sequencesin asinglerice F,. Also, due to the use of multiple pollen donors for
generating rice F1, the source of pollen donors was not recorded for rice study.

I dentification of large deletionsin single seed descent progeny

Since most our sequence characterization result were relied on PCR amplifications, for
those complex repair events, such as large indels, or chromosomal translocations induced at the
DSB site, which would be escaped from PCR or even more complicated assays like Southern
Blot, it would be difficult to characterize them. However, it isthese repair events that can
contribute significantly to the genome size variations and structural changes, but not the small
indels. Because of this, it isvery important and necessary to find how frequent of these large
indels events happened at DSBs. In order to do this, | used the single-seed-descent progenies

derived from the F; individual with DSB repairs to identify those large indels.
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The problem isthat for those failed in the target site-specific PCR, we have no clue to
know if there was atarget site present or not in a segregated population. | need to know first
which individual had the target site T-DNA integration but failed in the target site-specific PCR
dueto that large indels induced at DSB site eliminate the primer binding site. Two sets of CodA-
specific primers (CodAFW1-CCGTAATCCTGCAAATTCAAC and CodARV 1-
GCTTTGGTCACGATGATGICT, CodAFW2-TTTGTAGTCGATGGCTTCTGG and CodARV 2-
CGTTGAATTTGCAGGATTACG) were designed and used to confirm if there are target-site T-
DNA presentsin al the progenies of F; that | had planted (both maize and rice) and failed in
their first round of target site-specific PCR amplification using primers of pTFBNEF and
PTFBNER or S;; and A4. If both the CodA amplifications have clear products, then | used the
primer pair S; + A; to amplify the target sites, followed by primer pair S;p+ Ao for asecond
nested PCR amplification. These primers were used in Puchta's paper and they are further away
from the target site than the S;; and A4 primers. Their PCR products are about 3,000 bp for S; +
A;insizeand 2,300 bp for Sy + A1 if no deletions happened. The S;p+ Ao PCR products are
nested within the S; + A; products. | then directly sequenced S;o + A0 PCR products after
purification PCR products using the Qiagen QiaQuick Kit.

Please note here that most or all small inaccurate repair events should have been
amplified using the close pair of primers (Sy; + A4 or pTFBNEF + pTFBNER) during the first
PCR screening. What | expected to miss were large insertions, large deletions or other large
chromosomal rearrangements.

The results indicated that two large deletions were found in the single-seed-descent
progenies, one large 1,746 bp deletion with insertion in maize (Figure 19) and one 1,127 bp

deletion in rice (Figure 20). The event identified in maize turned out to be a mixed event. A 2
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bp (‘TA’) micro-homology happened between the 5 broken end and theinitial filler DNA
sequence. Besidesthe large deletion size, the filler DNA segment has the first 18 nt homologous
to a segment of reference sequence, and the following 15 nt of filler DNA was homologous to
the 15 nt before the first homologous DNA segment in reference. Therest filler DNA was not
found where they came from yet. The one event identified in rice was asimple large deletion
(Figure 20).

From the single-seed-descent event in maize and rice, | can also give an estimate of the
frequency of the PCR failed to amplify the target site in F; due to the limitations of PCR to
amplify the large deletions or insertions at the DSB repair site. In maize, three lines of progeny
of 23 F, did not give any target site — specific PCR products (13%). Inrice, 1 lines of F, from 19
F1 did not have any target site — specific PCR products either. Therefore, we may roughly
conclude that about 13% inaccurate DSB repair site in maize are too large and beyond
characterization in this study due to PCR limitations. Similarly, 1/19 (5.3%) inaccurate repair
sequences failed to be characterized in rice in this study. These failure frequencies can also
indicate how frequent the large indels induced by DSB in maize and rice. Not surprisingly,
mai ze tended to have more largeindels at DSB repair site than rice. This agrees with my

sequencing result based on the PCR amplifications on F; plants.
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740 * 760 * 780 * 800 * 820 * 840
ACE ey RV co R Ico R YV VIOV e VY AATACACATTCCACT CTCTAAAAAGCTACGT TCCTACT GAATCTAAGCCCATCCATCGCAGTCTAAG : 839
[TAT CCATTCAAGCCTTGCTTCATAAACCAAGCCAACT AR : 521
TATCCGACGATTCAAGCCTTCCTTCATAAACCAAGCGCAAGTA

Reference
A11215-7_A :

* 860 * 880 * 900 * 920 *
Reference : ATTCAAATCCAGCATCTAACAGAACTCCGCCCGTCGAAGACTCCGCCAACACTTCATACACACGTCTTTTACCACTCAATCACAAGAACAAAATCTTCCTCAACATCEETG @ 944
- 1 . -

* 960 * 980 * 1000 * 1020 * 1040 *

Reference : GAGCACGACACTCTGGTCTACTCCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACT TTTCAACAAAGGATAATTTCGGGAAACCTCCTC : 1049
T : _

* 1080 * 1100 * 1120 * 1140 *

Reference : CGCGATTCCATTGCCCAGCTATCTCTCACTTCATCGAAACGGACACTAGAAAAGCAAGGTCGCCTCCTACAAATCCCATCATTCCCATAAAGCAAAGCCTATCATTCAA @ 1154
P R R N rYN—eee———————————————————————————————————————— . -

1160 * 1180 * 1200 * 1220 * 1240 * 1260
Reference : GATCTCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGT TCCAACCACGTCTTCAAAGCAAGTGEATTGATET : 1259
2 e : -

* 1280 * 1300 * 1320 * 1340 * 1360
Reference : GACATCTCCACTGACGTCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCTCGACGETACCTATTACCCTGTT : 1364
- e : -

* a0 * 1400 * 1420 * 1440 * 1460 *

Reference : ATCCCTAGGATCCGTCGAGTATNCNESIYRRRRIASEACEAT TACSARCANCAACEAACAASRARCAACAT TACAR T TASAT T TISAATTATCGATGTCGAAT : 1469

AL1215-7_A § =mmmmmmmmmmommmoooos —G@TGAC@@ATCTCCACT@CA%GCC . 589
TAAGAGCTCATTTTTACA A CA A A CA A A C AC

* 1500 * 1520 * 1540 * 1560 *

1480
Reference : AACGCTTTACAAACAATTATTAACCCCCGCT TACCAGCCCAAGACGCCCTGTCGCCACATTCATCTCCACCACGCCAAAAAT CACGCCCCATTCATCCCCAATCCEEC @ 1574
- 1 . -

1580 * 1600 * 1620 * 1640 * 1660 * 1680
Reference : GTGATGCCCATAACTGAAAACAGCCTGGATCGCCGAACAAGGTTTAGTTATACCGCCGTTTGTGGAGCCACATATTCACCTGGACACCACGCAAACCGCCCGACAA @ 1679
- : -

* 1700 * 1720 * 1740 * 1760 *

1780
Reference : CCCGAACTCGCAATCAGTCCCGCACCCTCGTTTCAAGCCATTCAACCCTCCCCCCACCCCAAAGCCETTATTAACCCATCGACCATCTCAAACAACCCCCATGCCAAACG @ 1784
- 1 . -

* 1800 * 1820 * 1840 * 1860 * 1880 *

Reference : CTGAAATGGCAGATTGCCAACGGCATTCAGCATGTGCGTACCCATGTCGATGTTTCGGATGCAACGCTAACT GCGCTGAAAGCAATGCTGGAAGTGAAGCAGGAA : 1889
T : _

* 1920 * 1940 * 1960 * 1980 *

Reference : GTCGCGCCGTGGATTGATCTGCAAATCGTCGCCTTCCCTCAGGAAGGGATTTTGTCETATCCCAACGGTGAAGCGTTGCTGEAAGAGECGTTACGCTTAGGGECA @ 1994
T s : .

2000 * 2020 * 2040 * 2060 * 2080 * 2100
Reference : GATGTAGTGGGGGCGATTCCGCATTTTGAATTTACCCGTGAATACGGCGTGGAGTCGCTGCATAAAACCTTCGCCCTGECGCAAAAATACGACCETCTCATCGAC @ 2099
2 e : -

* 2120 * 2140 * 2160 * 2180 *

Reference : GTTCACTGTGATGAGATCGATGACGAGCAGTCGCGCTTTGTCGAAACCGTTGCTGCCCTGGCECACCATGAAGGCATGEGCECCCGAGTCACCGCCAGCCACACE @ 2204
T : .

* 2220 * 2240 * 2260 * 2280 * 2300 *
Reference : ACGGCAATGCACTCCTATAACGGGGCGTATACCTCACGCCTGTTCCGCTTGCTGAAAATCTCCGETATTAACTTTGTCGCCAACCCGCTGGTCAATATTCATCTG @ 2309
2 e : -

* 2340 * 2360 * 2380 * 2400 *

Reference : CAAGCACGTTTCCATACCTATCCAAAACGTCCCGCCATCACCCCCCTTAAACGACGATCCTCCACTCCCCCATTAACCGTCTCCTTTCCTCACCATCATCTCTTCCAT @ 2414
- 1 . -

2420 * 2440 * 2460 * 2480 * 2500 * 2520
Reference : CCGTGGTATCCGCTGGGAACGGCGAATATGCTCGCAAGTGCTCCATATCGECCTGCATGTTTCCCAGTTCATGCGCTACCEGCACATTAACGATGCCCTCAATTTA @ 2519
R - : -

* 2540 * 2560 * 2580 * 2600 * 2620
Reference : ATCACCCACCACAGCGCAAGGACGTTCAATTTGCAGGATTACCECATTGCCCCCCEAAACACCCCCAACEIT SIS ST IECTTCATGCG : 2624
2 e [TGATTATCCTGCCCECTCAMAT Qe TN e e Y NP Y

TCATTATCCTGCCCGCTGAAAATG T

Figure 19. Thelarge deletion identified in maize progeny. The two boxes indicate the homology
between the filler DNA and the reference sequence.
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220 * 240 * 260 * 280 * 300 *
IATCTCGCCCGTAGCCCATCAACTGGCAAACATCG
AT CTCGCCCCTAGCCCATCAACT CCCAAACAT CCATEEE
ATCTCGCCCGTAGCCCATCAACTCGCAAACATCCA

320 * 340 * 360 * 380 * 400 *

CCAAAGCAGACGTTAATCCCGCGACTCCAGCATCTCTTTAACCCCCCTGATGCCCCCACCTTTTGCATACCTATCCAAACCTCCTTGCACATCAATATTCACCACC

* 440 * 460 * 480 * 500 *

CGGCTTCCCCACAAAGTTAATACCCCACATTTTCAGCAAGCCCAACACCCCTGAGCTATACGCCCCCTTATACCGACT GCATTGCCCTCCTGTCCCTGECEETCACT -

* 660 * 680 * 700 * 720 *

640
TTTTCCCCCACCCCCAACCTTTTATCCAGCCACTCCACCCCCTATTCACCCCTAAATTCAAAAT CCCCAATCCCCCCCACTACATCTGCCCCTAAGCETAACCCC

740 * 760 * 780 * 800 * 820 * 840

TCTTCCAGCAACCCTTCACCGTTGCCGATACGACAAAAT CCCTTCCTCAGCCAAGCCCACCATTTGCACGATCAATCCACCCECGCCACTTCCTCCTTCACTTCCAGC

* 860 * 880 * 900 * 920 *

ATTCGCTTTCACCCCACGTTAGCCTTCCATCCCAAACATCCACATGCCTACCCACATCCTCGAATCCCCTTCCCAATCTCCCATTTCAGCCGTTTCCCATCGCCCCTTCT

* 960 * 980 * 1000 * 1020 * 1040 *

TTCACATCGTCATGGCTTAATAACCCTTTCCCCTCCCCCCACCCETTCAATGCCTTCAAACAGCGTCCCCCACTCGATTCCAGTTCCETTECTCCCGECEETTTCCETG -

* 1080 * 1100 * 1120 * 1140 *

CGTCTCCACGCTCAATATCTGCCTCCACAAACGGCCCTATAACTAAACCTTCTTCGCCATCCAGCCTCTTTTCAGTTATGCCCATCACCCCGCATTCCCCATCAATG

1160 * 1180 * 1200 * 1220 * 1240 * 1260

CGCCCTCGATTTTTCCCTCCTGCACATCGAATCTCGCCACACGCCCCTCTTCCCCTCCTAACCCCCCCTTAATAATTGTTTCTAAACCCTTATTCCGACATCCATAATTCT

* 1280 * 1300 * 1320 * 1340 * 1360

AAATCTAATTCTAATCTTGTTTGTTCTTTCTTCTTGTTGCTAATTGCTTGTAAAAATGACGCTCTTATACTCGACGCATCCTAGCGCATAACAGCCTAATAGETACCG

* 1380 * 1400
GTCCTCTCCAAATCAAATCAACTTCCTTATATAG TCATCCCTTACCTCAG
CTCCTCTCCAAATCAAATCAACTTCCTTATATAG TCATCCCTTACCTCAG
CTGTCCTCTCCAAATCAAATCAACTTCCTTATATAGAGCAACCCTCTTCGCCAAGCATAGT CGCATTCTCCCTCATCCCTTACGT CAGTCCGAGATCTCAC

* 1460 *

Figure 20. The large deletion identified in onerice F, individual .
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CHAPTER 6

CLONAL ANALYSISTO DETERMINE THE TIMING OF INACCURATE DNA REPAIR

EVENTSAT I-SCE | SITESDURING MAIZE DEVELOPMENT

In order to determine the time of 1-Sce I-induced inaccurate repair events, sector analysis

was carried out on ears from the pollination of the hemizygous F; with B73 pollen. Unlike

Sector on A1138-4/ A112 15
Figure21. An example of a
selected set of seeds for sector
anaysis.

animals, plant germ cells differentiate from apical
meristems after along period of vegetative growth. An
inaccurate repair event in the L2 cells of the shoot apical
meristem can be transmitted to the next generation
(IrisH and JENIK 2001). Six to eight seeds from several
selected F; individuals with different target sites were
planted and were pollinated by B73. For each of the
ears harvested, one to three rows of seeds surrounding
the cob were planted and tested for inaccurate DNA
repair events. Each seed selected could represent a
specific repair event that happened in F; gametophytic
cells or could represent common clones of an event that
happened earlier in development and would be inherited

as a sector on the ear.
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From the frequency of different inaccurate repair events detected within one sector, | can
determine how late in maize development an inaccurate repair event occurred. In addition, each
event not in a sector (that is, each different event or identical identified from non-sectorial sites
on the ear), will indicate the relative ratios of different kinds of rearrangements. Because the
target siteis hemizygous in the F1, only half of the seed progeny from this cross are expected to
contain the target site.

For three seed selections on three separate ears, the following results were obtained:

(1) A1138-4/ A112 15: Fourteen of 30 progeny had the same 16-bp insertion at the

target site.

(2) A1138-3/ A112 17: Sixteen of 30 progeny had the same 1-bp deletion at the target

site.

(3) A113 24-4/ A112 3-2: Thirteen of 30 progeny had the target site but no inaccurate

repair.

From the presence of the same repair events identified within two randomly selected
sectors on two separate ears, | can conclude that the I-Sce | induced cut and inaccurate repair

events happened early in development, prior to the commitment to gametophytic devel opment.

70



CHAPTER 7

DISCUSSION, CONCLUSIONS, LIMITATIONS AND FUTURE DIRECTIONS

7.1 Discussion

In this study, 1-Sce I-specific repair events were induced and the specific inaccurate repair
events (deletions, insertions, and insertions with deletions) were compared between maize and
rice. Some data were also generated for sorghum. Extensive deletions were identified in both
maizeandrice. Ricetended to have ahigher frequency and larger size del etions than maize.
Also, the small genome size of rice and sorghum had a smaller number of insertions associated
with deletions than the large genome of maize.

Comparing to Puchta s results (KIRIK et al. 2000) on Arabidopsis and tobacco, the
deletion sizesidentified in maize and rice (most less than 500 bp) averaged much smaller than
what was identified on Arabidopsis (212 to 2,207 bp) and tobacco (222 to 2,294 bp). This may
be because the primers | used (S;; and A4) are much closer to the target site. But Kirik and
coworkers (KIRIK et al. 2000) did not mention which PCR primers they used for their reaction |-
Sce | siteamplification. Because of the apparent size of their PCR products, | believe they used
the S; and A; primersinstead of S;; and A,4. Clearly, long distance PCR makes it more likely
that one can identify larger deletions. The minimum deletion identified by Puchtalab (KIRIK et
al. 2000) was over 200 bp. The reason they failed to identify < 200 bp deletions was due to

excision of an amplification product of this size and smaller from an agarose gel after PCR. This
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was necessary because, in their mixed transient transformation experiment in tissue culture cells,
the great majority of the I-Sce | sites were probably not cut by I-Sce I, so they would have had a
huge background of unchanged sequence at the site if they had taken all of the products of their
PCR for analysis. In my study, we identified the inaccurate repair events by sequencing I-Sce |
target sites because we knew that all had been in the same cells with an I-Sce | enzyme.
Therefore, our sequencing results were more representative. In another study from Puchta lab
(SaLoMON and PUCHTA 1998), the deletions sizes identified in tobacco ranged from 88 to 1,322
bp. In order to compare my results across species in amore comprehensive manner, | believe a
more extensive sequencing of long PCR amplification products across the target site will be
necessary.

In tobacco, 40% of the repair events were associated with filler DNA (KIRIK et al. 2000) ,
whilein my studies, the frequency of filler DNA was 22% (18/82) in maize, and 21% (18/84) in
rice. Therange of inserted DNA sizesin tobacco was also dlightly larger in their studies (4 to
121 bp) than the insertion size | found in maize (1 to 103 bp).

Besides the above difference, Dr. Puchta slab used atransient expression of 1-Sce | to
induce the cut, while | used a stable enzyme expressing line of 1-Sce l. This differencein the

experimental conditions should aso be considered comparing these results.

7.2 Conclusions

e |Inaccurate DSB repair often occurs in maize, rice and sorghum.

e Deéletions occur more frequently than insertions at the inaccurate repair sites. Small

deletions occur more frequently than large deletions. Deletion sizeis larger than
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insertion size. In this small study, the two species with small genome sizes, rice and
sorghum, tended to have less complex inaccurate repair outcomes than the species with

large genome size, maize.

e Thesizedistributions of deletion repair eventsin rice and maize are similar to those
observed in dicot species. As observed for Arabidopsis, the small genome of rice tends
to have more frequent large deletions compared with the large genome of maize.
However, the size changes due to inaccurate repairs are not necessarily responsible for

genome size variation in monocot species.

7.3 Limitations

|-Scel expression in somatic plant cells

In our construct, 1-Sce | expression is under the control of the maize Ubi-I promoter,
which was reported to be a very strong and widely expressed promoter in grasses like maize
(CHRISTENSEN and QUAIL 1996) monocots. Our results indicate that the enzymeis strongly
expressed in the leaf in most of the transgenic plants. However, the transgenic gene I-Sce |
expression is not guaranteed to be completely successful in all the plants or in all tissues during
devel opment.

Epigenetic modification, such as histone acetylation, methylation, or phosphorylation, as
well as the recruitment of other ATP-dependent chromatin remodeling complexes could affect |-
Sce | gene expression. Also, the I-Sce | sequence used in this study originated from yeast. Itis

hard to predict which modification will prevent I-Sce | expression in a specific individual. For
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example, DNA methylation of the promoter region, or the I-Sce | ORF, or packing the I-Sce |
structural gene into heterochromatin might inhibit the expression of the I-Sce | gene.

The genomic insertion location could also have an effect on I-Sce | gene expression.
Even inserting near a gene might inhibit function though, if, for instance, the I-Sce | ORF is close
toa3 UTR of some strongly expressed genes, the expression of 1-Sce | might be negatively
subjected to the effect of an inversely orientated promoter by the creation of antisense RNA.

Limitationsin using PCR to obtain therepair sequences at the break site

Clearly, PCR is an efficient method to identify sequences at the I-Sce | target site. Itis
much faster, less expensive and more sensitive than other techniques, such as Southern analysis.
It must be pointed out that the two limiting factors of the PCR method to identify mutations at
the cutting site would be the loss of the primer binding site by alarge deletion or the inability to
obtain a PCR product because of avery largeinsert. The first issue can be overcome by
designing and using primers further away from the break site. Fortunately, the I-Sce I-induced
small deletionsin repair are much more frequent than the large deletions, and the pattern appears
to be similar for insertions. Therefore, this should not be a big defect in this experiment.

Quantitative analysis of the inaccurate repair events

Because this study focuses on inaccurate DNA repair events in plant somatic cells, there
might be many different independent inaccurate repair events happening even in one plant. The
inaccurate repair events we identified by PCR followed by clone sequencing would represent the
most frequent and developmentally earliest eventsin the leaf cells sampled. The earlier the I-Sce
| expression, the more somatic cells developed later will possess the same repair event. If more
cellswill bear the same repaired sequence, the chance of identifying it in PCR reactions will

increase. Those inaccurate repair events that happen later in development would have less
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chance to be identified, depending on the number of colonies selected for sequencing. Our
analysis of clonal sectors of inaccurate repair on the maize ear attempted to solve this problem,
but uncovered only early events that did not appear to sector on the ears examined.

Based on our preliminary result, among the 2 X 96 clones we sequenced for maize, 34%
(65 out of 192) of them did not show any polymorphism. In research in which the same enzyme
was used on the human lymphaoblastoid cells, the author identified 29 mutant clones among 929
sequenced, equal to 3.1% inaccurate repair events (HONMA et al. 2007). Three possible
explanations were proposed. First, there were not cut because I-Sce | was not efficiently
expressed in these cells. Since different somatic cells may have different physiological
conditions, it is possible that the I-Sce | was not actively expressed in some cells. Second, the
cellswith DSBs entered into apoptosis instead of the repair pathway. Third, perfect joining
happened and cannot be distinguished from the original recognition site. For these same reasons,
we cannot measure the relative frequency of accurate versus inaccurate DNA repair eventsin our
studies, although we are able to measure the timing of the events and the relative frequencies of

different types of inaccurate repair.

7.4 Characterization Of Inaccurate Repair Events In mrell, nbsl and rad51 Mutants

Most homozygous mrell, nbsl, and rad51 mutants in plants have clear defectsin
reproduction due to their important roles in meiotic recombination. The maize homozygous
mutants in mrell and rad51 are sterile, while the nbsl maize mutants are fertile. Each of these
mutations has now been introduced into transgenic plants with an I-Sce | target site (C. Well,
Purdue Univ., pers. comm.). To characterize the inaccurate repair events in these mutants, first

we need to introduce the target site into the heterozygous mutants by crossing the target site T-
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DNA insertion line with the heterozygous mutants. Because the I-Sce | target siteisaso
hemizygous, the probability of obtaining the ideal plantsis 25%. The hemizygous mutant plants
identified with mrell’, nbsl , or therad51 and carrying the target site are then crossed with the
I-Sce | enzyme T-DNA insertion line in order to induce DSBs in the plants. The characterization
of inaccurate repair events in these lines would be the same as the methods described above. The
DNA repair mutations would be heterozygous at this point, and may have a dosage effect on
DNA repair outcomes. We expect that the inaccurate DSB repair will be qualitatively different
in these mutants compared with the wild type, perhaps with a different frequency of insertions
versus deletions or different sizes of deletions.

Dr. Schnabl€e' s lab characterized the MuDR-induced double-strand break repair eventsin
maize rad51 mutant plants (LI et al. 2008). The Mutator transposon initiates a chromosomal
DSB when it excises for transposition and is subsequently integrated at a new site through a“ cut
and paste’” mechanism. Schnable and coworkers (L1 et al. 2007) found that Rad51 plays a
significant role in meiotic recombination, but not in somatic DSB repair in maize. The
frequency of NHEJ events was increased in the rad51 mutants that were defectivein HR. The
size change at the excision site in the rad51 mutants ranged from -352 bp to +74 bp (L1 et al.
2008).

In another study on RAD51 in diploid yeast cells, the researchers found that the presence
of an active Rad51 protein inhibits the large inverted repeat-induced SSA pathway and proposed
that RAD5S1 isto protect eukaryotes from genome rearrangement (DOWNING et al. 2008). These
interesting results indicate that many more studies are needed to define the roles of DNA repair

and recombination genes in the creation and/or prevention of genomic rearrangements.
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APPENDIX

A. THE SEQUENCES OF T-DNA CONSTRUCTS: PTFBNE AND PTFSCEI

>pTFBNE (sequence start from the right border)
AACAGCTATGACATGATTACGAATTCCAATCCCACAAAAATCTGAGCTTAACAGCACAGTTGCTCCTCTCAGAGCAGAATCGGGTATTCAACACCCTCATATCAACTACTACG
TTGTGTATAACGGTCCACATGCCGGTATATACGATGACTGGGGTTGTACAAAGGCGGCAACAAACGGCGTTCCCGGAGTTGCACACAAGAAATTTGCCACTATTACAGAGG
CAAGAGCAGCAGCTGACGCGTACACAACAAGTCAGCAAACAGACAGGTTGAACTTCATCCCCAAAGGAGAAGCTCAACTCAAGCCCAAGAGCTTTGCTAAGGCCCTAACAA
GCCCACCAAAGCAAAAAGCCCACTGGCTCACGCTAGGAACCAAAAGGCCCAGCAGTGATCCAGCCCCAAAAGAGATCTCCTTTGCCCCGGAGATTACAATGGACGATTTCC
TCTATCTTTACGATCTAGGAAGGAAGTTCGAAGGTGAAGGTGACGACACTATGTTCACCACTGATAATGAGAAGGTTAGCCTCTTCAATTTCAGAAAGAATGCTGACCCACAG
ATGGTTAGAGAGGCCTACGCAGCAGGTCTCATCAAGACGATCTACCCGAGTAACAATCTCCAGGAGATCAAATACCTTCCCAAGAAGGTTAAAGATGCAGTCAAAAGATTCA
GGACTAATTGCATCAAGAACACAGAGAAAGACATATTTCTCAAGATCAGAAGTACTATTCCAGTATGGACGATTCAAGGCTTGCTTCATAAACCAAGGCAAGTAATAGAGATT
GGAGTCTCTAAAAAGGTAGTTCCTACTGAATCTAAGGCCATGCATGGAGTCTAAGATTCAAATCGAGGATCTAACAGAACTCGCCGTGAAGACTGGCGAACAGTTCATACAG
AGTCTTTTACGACTCAATGACAAGAAGAAAATCTTCGTCAACATGGTGGAGCACGACACTCTGGTCTACTCCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTAT
TGAGACTTTTCAACAAAGGATAATTTCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGC
CATCATTGCGATAAAGGAAAGGCTATCATTCAAGATCTCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACC
ACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTT
GGAGAGGACACGCIIEEEEGG TACCTAACOOICIANEEENAGGATCCEBIBEAG TATAAGAGCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTAC
AATTACATTTACAATTATCGATGTCGAATAACGCTTTACAAACAATTATTAACGCCCGGTTACCAGGCGAAGAGGGGCTGTGGCAGATTCATCTGCAGGACGGAAAAATCAGC
GCCATTGATGCGCAATCCGGCGTGATGCCCATAACTGAAAACAGCCTGGATGCCGAACAAGGTTTAGTTATACCGCCGTTTGTGGAGCCACATATTCACCTGGACACCACG
CAAACCGCCGGACAACCGAACTGGAATCAGTCCGGCACGCTGTTTGAAGGCATTGAACGCTGGGCCGAGCGCAAAGCGTTATTAACCCATGACGATGTGAAACAACGCGC
ATGGCAAACGCTGAAATGGCAGATTGCCAACGGCATTCAGCATGTGCGTACCCATGTCGATGTTTCGGATGCAACGCTAACTGCGCTGAAAGCAATGCTGGAAGTGAAGCA
GGAAGTCGCGCCGTGGATTGATCTGCAAATCGTCGCCTTCCCTCAGGAAGGGATTTTGTCGTATCCCAACGGTGAAGCGTTGCTGGAAGAGGCGTTACGCTTAGGGGCAG
ATGTAGTGGGGGCGATTCCGCATTTTGAATTTACCCGTGAATACGGCGTGGAGTCGCTGCATAAAACCTTCGCCCTGGCGCAAAAATACGACCGTCTCATCGACGTTCACTG
TGATGAGATCGATGACGAGCAGTCGCGCTTTGTCGAAACCGTTGCTGCCCTGGCGCACCATGAAGGCATGGGCGCGCGAGTCACCGCCAGCCACACCACGGCAATGCACT
CCTATAACGGGGCGTATACCTCACGCCTGTTCCGCTTGCTGAAAATGTCCGGTATTAACTTTGTCGCCAACCCGCTGGTCAATATTCATCTGCAAGGACGTTTCGATACGTAT
CCAAAACGTCGCGGCATCACGCGCGTTAAAGAGATGCTGGAGTCCGGCATTAACGTCTGCTTTGGTCACGATGATGTCTTCGATCCGTGGTATCCGCTGGGAACGGCGAAT
ATGCTGCAAGTGCTGCATATGGGGCTGCATGTTTGCCAGTTGATGGGCTACGGGCAGATTAACGATGGCCTGAATTTAATCACCCACCACAGCGCAAGGACGTTGAATTTG
CAGGATTACGGCATTGCCGCCGGAAACAGCGCCAACCTGATTATCCTGCCGGCTGAAAATGGGTTTGATGCGCTGCGCCGTCAGGTTCCGGTACGTTATTCGGTACGTGGC
GGCAAGGTGATTGCCAGCACACAACCGGCACAAACCACCGTATATCT

>Ubi-FRAGMENT1 _on the left border sice
AATAATGGAAAGGGCAAACCAAACCCTATGCAACGAAACAAAAAAAATCATGAAATCGATCCCGTCTGCGGAACGGCTAGAGCCATCCCAGGATTCCCCAAAGAGAAACACT
GGCAAGTTAGCAATCAGAACGTGTCTGACGTACAGGTCGCATCCGTGTACGAACGCTAGCAGCACGGATCTAACACAAACACGGATCTAACACAAACATGAACAGAAGTAG
AACTACCGGGCCCTAACCATGGACCGGAACGCCGATCTAGAGAAGGTAGAGAGGGGGGGGGGGGGAGGACGAGCGGCGTACCTTGAAGCGGAGGTGCCGACGGGTGG
ATTTGGGGGAGATCTGGTTGTGTGTGTGTGCGCTCCGAACAACACGAGGTTGGGGAAAGAGGGTGTGGAGGGGGTGTCTATTTATTACGGCGGGCGAGGAAGGGAAAGC
GAAGGAGCGGTGGGAAAGGAATCCCCCGTAGCTGCCGGTGCCGTGAGAGGAGGAGGAGGCCGCCTGCCGTGCCGGCTCACGTCTGCCGCTCCGCCACGCAATTTCTGG
ATGCCGACAGCGGAGCAAGTCCAACGGTGGAGCGGAACTCTCGAGAGGGGTCCAGAGGCAGCGACAGAGATGCCGTGCCGTCTGCTTCGCTTGGCCCGACGCGACGCT
GCTGGTTCGCTGGTTGGTGTCCGTTAGACTCGTCGACGGCGTTTAACAGGCTGGCATTATCTACTCGAAACAAGAAAAATGTTTCCTTAGTTTTTTTAATTTCTTAAAGGGTAT
TTGTTTAATTTTTAGTCACTTTATTTTATTCTATTTTATATCTAAATTATTAAATAAAAAAACTAAAATAGAGTTTTAGTTTTCTTAATTTAGAGGCTAAAATAGAATAAAATAGATGT
ACTAAAAAAATTAGTCTATAAAAACCATTAACCCTAAACCCTAAATGGATGTACTAATAAAATGGATGAAGTATTATATAGGTGAAGCTATTTGCAAAAAAAAAGGAGAACACAT
GCACACTAAAAAGATAAAACTGTAGAGTCCTGTTGTCAAAATACTCAATTGTCCTTTAGACCATGTCTAACTGTTCATTTATATGATTCTCTAAAACACTGATATTATTGTAGTAC
TATAGATTATATTATTCGTAGAGTAAAGTTTAAATATATGTATAAAGATAGATAAACTGCACTTCAAACAAGTGTGACAAAAAAAATATGTGGTAATTTTTTATAACTTAGACATG
CAATGCTCATTATCTCTAGAGAGGGGCACGACCGGGTCACGCTGCACTGCAGGCATGCAAGCTTGCATGCCTGCAGGTCAACATGGTGGAGCACGACACACTTGTCTACTC
CAAAAATATCAAAGATACAGTCTCAGAAGACCAAAGGGCAATTGAGACTTTTCAACAAAGGGTAATATCCGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTTA
TTGTGAAGATAGTGGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGCCATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCC
CACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATAACATGGTGGAGCACGACACACTTGTCTACTCCAAAAATAT
CAAAGATACAGTCTCAGAAGACCAAAGGGCAATTGAGACTTTTCAACAAAGGGT

>Ubi-FRAGMENT2_on the right border side
CAGGCCAGCGGCGGCGCTTCTTGTTCATGGCGTAATGTTCTCCGGTTCTAGTCGCAAGTATTCTACTTTATGCGACTAAAACACGCGACAAGAAAACGCCAGGAAAAGGGC
AGGGCGGCAGCCTGTCGCGTAACTTAGGACTTGTGCGACATGTCGTTTTCAGAAGACGGCTGCACTGAACGTCAGAAGCCGACTGCACTATAGCAGCGGAGGGGTTGGAT
CAAAGTACTTTAAAGTACTTTAAAGTACTTTAAAGTACTTTGATCCCGAGGGGAACCCTGTGGTTGGCATGCACATACAAATGGACGAACGGATAAACCTTTTCACGCCCTTTT
AAATATCCGATTATTCTAATAAACGCTCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAAACTGAAGGCGGGAAACGACAATCTGATCCAAGCT
CAAGCTCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAAT
GTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACAT
GATTACGAATTCTCATGTTTGACAGCTTATCATCGGATCTAGTAACATAGATGACACCGCGCGCGATAATTTATCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAA
ATGTATAATTGCGGGACTCTAATCATAAAAACCCATCTCATAAATAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAATCATCGC
AAGACCGGCAACAGGATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCAGGTCGAC AGTACTCGACTTATTATTTCAGGAAAGTTTCGGAGGAGA
TAGTGTTCGGCAGTTTGTACATCATCTGCGGGATCAGGTACGGTTTGATCAGGTTGTAGAAGATCAGGTAAGACATAGAATCGATGTAGATGATCGGTTTGTTTTTGTTGATT
TTTACGTAACAGTTCAGTTGGAATTTGTTACGCAGACCCTTAACCAGGTATTCTACTTCTTCGAAAGTGAAAGACTGGGTGTTCAGTACGATCGATTTGTTGGTAGAGTTTTTG
TTGTAATCCCATTTACCACCATCATCCATGAACCAGTATGCCAGAGACATCGGGGTCAGGTAGTTTTCAACCAGGTTGTTCGGGATGGTTTTTTTGTTGTTAACGATGAACAG
GCTAGCCAGTTTGTTGAAAGCTTGGTGTTTGAAAGTCTGGGCGCCCCAGGTGATTACCAGGTTACCCAGGTGGTTAACACGTTCTTTTTTGTGCGGCGGGGACAGTACCCA
CTGATCGTACAGCAGACATACGTGGTCCATGTATGCTTTGTTTTTCCACTCGAACTGCATACAGTAGGTTTTACCTTCATCACGAGAACGGATGTAAGCATCACCCAGGATCA
GACCGATACCTGCTTCGAACTGTTCGATGTTCAGTTCGATCAGCTGGGATTTGTATTCTTTCAGCAGTTTAGAGTTCGGACCCAGGTTCATTACCTGGTTTTTTTTGATGTTTT
TCATCACTTCTTCTGTAGAGGTTTCTTCTTCCTCTTCTTTGTATTCTAGGTACAGTACT TCTAGAGTCGACCTGCAGAAGTAACACCAAACAACAGGGTGAGCATCGA
CAAAAGAAACAGTACCAAGCAAATAAATAGCGTATGAAGGCAGGGCTAAAAAAATCCACATATAGCTGCTGCATATGCCATCATCCAAGTATATCAAGATCAAAATAATTATAA
AACATACTTGTTTATTATAATAGATAGGTACTCAAGGTTAGAGCATATGAATAGATGCTGCATATGCCATCATGTATATGCATCAGTAAAACCCACATCAACATGTATACCTATC
CTAGATCGATATTTCCATCCATCTTAAACTCGTAACTATGAAGATGTATGACACACACATACAGTTCCAAAATTAATAAATACACCAGGTAGTTTGAAACAGTATTCTACTCCGA
TCTAGAACGAATGAACGA
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B. THE ALIGNMENT OF DIFFERENT TY PES OF REPAIR SEQUENCES
Target Sit(la

Q
Ref er ence A GAGGACACGCTCGACGGTACCTATTACCCTGT 1ATCCCTAGGATCCGTCGA(TATAAGAGCTCA ACATTACAATTACATTTACA BN
A11324-1_A11215_4_1_A05 [ CACCACACCCTCCACCCTACCTATTACCCTCTTATCCCTACCATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAAC_TTACAATTACATTTACA . 603
A11324-4_A1123-2_25 . @ e AAG 597
AL1324-4_A1123_10_2_B11 601
A1138-4_A11215_12 6_F11 [f: 598
A11324-4_A1123-2_21_2_BO9jf: 604
AL1216-8_A1139_11 : 565
AL138-4_A11215_7_2_B10 608
A11324-1_A11215_11_8_HO7 608
AL1324-4_A1123_10_3_C11 608
AL1324-4_A1123-2_7_8_Hog f§: 608
A1131-3_A11216-8_12_1_CO1f}: 608
AL1324-4_A1123-2_21_3_CO9lf: 608
AL138-4_A11215_12_7_Cl1 602
A11215-7_A11321_10_9_E02 609
A11324-4_A1123-2_7_5_EO08 609
AL1217-7_A1139_16_8_F04 607
A1138-3_A11217_3_1_CO1 590
A11324-4_A1123-2_7_7_CO8 590
A1131-8_A11216-8_11_5_E12[}: 590
AL131-8_A11216-8_11_8_H12l}: 545
A1131-3_A11216-8_12_8 CO4[\: @ [CCCTAGGATCCGTCGAGTATAAGAGCTCATTTTTACAACAAT TACCAACAACAACAAACAACAAACAAC . 606
AL1324-4_A1123-2_25_8_H10)\: @ee CACGCTAC! CCCTACCATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACA . 606
AL1324-4_A1123-2_21_8_Hooll: @ee CACGCTACH [ATCCCTAGGATCCGTCGAGTATAAGAGCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACA! SIIES
A11215-1_A11313_10 : 608
AL1324-4_A1123-2_25_5_E10[: 608
AL138-4_A11215_7_5_E10 605
A1138-4_A11215_7_8_HL0 601
A1138-3_A11217_10_1_A06 601
AL138-3_A11217_3_7_H03 601
A1138-4_A11215_12 8 H11 [ 601
A1131-8_A11216-8_11_4_C12f}: 601
AL1324-4_A1123-2_7_1_A08 601
AL1324-1_A11215_4_2_B05 601
A11215-7_A11321_10_2_FO1 601
A1138-3_A11217_10_4_C06 600
AL1215-1_A11313_10_2_B12 603
A11324-4_A1123_10_6_F11 602
AL138-4_A11215_7_7_C10 602
AL1217-7_A1139_16_2_E02 604
A11324-4_A1123-2_7_3_C08 600
A11324-1_A11215_10_7_C06 592
A1138-3_A11217_5_4_D05 584
A1138-3_A11217_3_4_co4 [ 603
A11324-4_A1123-2_21_6_FO9lf: . 602
A1138-4_A11215_12_1 A1l [ d¥ee SACGG CCCTAGGATCCGTCGAGTATAAGAGCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACA MNP
AL1324-1_A11215_10_1_A06 [ e SACGG CCCTAGGATCCCTCGAGTATAAGAGCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATETACA! SIIPS
A11324-4_A1123_10_5_E11 599
A1138-3_A11217_5_5_E05 593
AL138-4_A11215_7_1_A10 593
A11324-4_A1123-2_25_4_C10[: 597
A1131-8_A11216-8_11_7_C12[}: 595
AL1215-7_A11321_10_11_Co2J}: 595
A1138-4_A11215_7_4_D10 593
A11324-4_A1123_10_1_All 576
AL1215-7_A11321_1_1_A01 582
A1131-3_A11216-8_12_5_CO1f}: 553
A1131-8_A11216-8_11_2_B12[}: 545
A11321-10_A11215_10_3_Co8f}: -
AL1215-7_A11321_10_3_CO1 310
A1138-3_A11217_5_3_C05 272
A11215 1_A11313_10_5_E12 C 176

GAGGACACGCTCGACGETACCTATTACCCTGTTATCCCTAGGATCCGTCGAGTATAAGAGCTCATTTTTACAACAAT TACCAACAACAACAAACAACAAACAACAT TACAATTACATTTACA |

Flgure 22. Deletions at the repair site identified in maize F; were aligned with the reference
sequence. There are total 61 independent deletion repair events identified in maize.

* 520 * 540 * 560 * 580
Ref erence G T ACC T AT TACCC T G | NTCCCTAGGATCCCT]
A11321-10_A11215_10_5_E08 : |Gy ool RrNee®I{eiCTTTCCCCAGTGCTTCAAACACTCCCCAAAGAAGCTTATTCCACTAGTCACCAG[Coa I cENfoes]
GTACCTATTACCCTGT TCCCTAGGATCCGT

* 520 * 560 * 580

TATAACACCTCATTTTTACAACAATTACCAACAACAACAAAI

Ref erence BICTACCTATTACCCT] A
A1138-4_A11215_12_3_C11 : [ejpleejrypylece)) A

GTACCTATTACCCT TTA C CCTAGCATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAAC

500 * 520 * 540 * 560 *
A1138-3_A11217_10_5_E06 MIIACACGCTCCACCCTACCTATTACCCTCTTIFATCCCTAGCATCCCTCCACTATAAGACCTCATTTTTACAACAATTACCAACA

N e P2 By N B A T N [ I A CACGCT CCACGCTACCTATTACCCT CTTIFATCCCTAGCATCCCTCCACGTATAAGAGCTCATTTTTACAACAATTACCAACA
Al11324-1_A11215_3_5_E04 Bl ACACGCTCCACC
Ref erence M ACACCCTCCACCCTACCTATTACCCTCTT]

ACACGCTCCACCCTACCTATTACCCTCGTTt ATCCCTAGCGATCCGTCCGAGTATAACAGCTCATTTTTACAACAATTACCAACA

Figure 23. Insertions at the repair site identified in maize were aligned with the reference
sequence.
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Mixed_1

500 * 520 * 540 * 560 *

A1131-3_A11216-8_11_3_A03
Ref erence

ACACCCTCTTATACTCCACCCATCCTAGCCCAATCACACCCTACCTATTACCCTCGTTATCCCTACGCGATCCCTCCACTATAAC

Mixed_2
500 * 520 * 540 * 560 *
Ref er ence B CACGCTCGACGGTACCTATTACCCT@T TATCCCTAGGATCCGTCCAGTATAAGAGCT CATTTTTACAACAAT TACCAACAA
SRR L R VN RS L IS o o F A A\ CACCCTCGACGGTACCTATTACCCEET THICCCTAGGATCCGTCGAGTATAAGAGCT CATTTTTACAACAATTACCAACAA
PR3 R -V KN < I LI o/ -l A\ C A CCCTCCACGGTACCTETABBCCTATTATCCCTAGGATCCGTCGAGTATAAGAGCT CATTTTTACAACAATTACCAACAA
A11324-4_A1123-2_25_2_B10 : [YdNecej[eciecey: CCTATTATCIICTAGCATCCGTCGAGTATAAGAGCT CATTTTTACAACAATTACCAACAA
ACACGCTCGACGGTACCTATTACCCTATTATCCCTAGGATCCGTCGAGTATAAGAGCT CATTTT TACAACAATTACCAACAA
Mixed_3
500 * 520 * 540 * 560 *
Ref er ence ;. INCEIEEACCCTACCTATTACCCTGTTATCCCTAGGAT CCCT CCATI S i Y i S IY
A1131-3_A11216-8_11_2_A02 : [Nl - - - - - - - - - GTATAAGAGCT CATTTTTACAACAATTACCAACAA
ACACGCTCCGA GTATAAGAGCTCATTTTTACAACAATTACCAACAA
580 * 600 * 620 * 640 *
Ref er ence B C A A CAAACAA S CAAACAACATTACAATTACATTTACAATTATCGATGTCGAATAACGCTTTAQ
A1131-3_A11216-8_11_2_A02 : ([N Y YNV TTACCAACAACAACAAACAAYY Y. NS N Ry Ry Ry Y Ry (e Y (ci[e Yy Y ecoggyYe
CAACAAACAA CAAACAACATTACAATTACATTTACAATTATCGATGTCGAATAACGCTTTAC
Mixed_4
* 520 * 540 * 560 * 580
Ref er ence . OEORESCCTCTTATCCCTAGGATCCGTCGAGTATAAGAGCTCATTTTT- - - - <= == - - [ACAACAA
A11324-1_A11215_4_5_EO05 : (USSP YRPNe- - - - - - - - - - - - - AACAATTACCAACAATTACCGT CAINSLYYLY.
GTACCTATTAC ACAACAA
Mixed_5
* 500 * 520 * 540 * 560
Ref er ence GAGAGGACACGCTCGACGGTACCTATTACCCT GTTATCCCTAGGATCCGTCGAGTATAAGAGCT CATTTTTACAACAATTA

A11324-1 _A11215 4 8 HO5 : |OOYOINCONSNCOOREE. ~ - - - oo - smm oo mmmomens

CACACCACACCCTCCACGCTACCTATTACCCTCTTATCCCTACGCATCCCTCCAGTATAACAGCTCATTTTTACAACAATTA

Mixed_6
* 200 * 220 * 240 * 260 *

Ref erence . oSS RS RIEESs A CCTAT CTGTCACTTCATCCAAAGCACAGTAGAAAAGCAAGGT GECTCCTACAAAT GCCATCATTGCGATAAA
P R Ay I e e e T 0 N B e T CC T CCCAT TCCAT TCCCOR R i R :

TCCTCCCATTCCATTCCCC

* 300 * 320 * 340 *

Ref erence . GGAAAGGCTATCATTCAAGATCTCTCTGCCCACAGTGETCCCAAAGAT GGACCCCCACCCACGAGEAGCATCETCCAAAAAGAAGACCTTCC
AL1215- 1_ALL1313_10_1_AL2 © == - - mmmmmmmmmmmmm o m o m o n e n e e e e e oo :

* 380 * 400 * 420 * 440 *
Ref erence . AACCACGTCTTCAAAGCAAGT GGAT TGATGTGACATCTCCACTGACGTAAGGCATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCT
AL11215-1_ALL1313_10_ 1 AL2 © == - mmm e mmmm e e e e :

* 480 * 500 * 520 * 540 *

Ref erence

: (GCGACACGCTCGACGCTACCTATTACCCTGTTATC- - - - - == === mmmm e mmm o =
A11215-1_A11313_10_1_A12

560 * 580 * 600 * 620 * 640
Ref erence e e eeeeeeeeeeeeemeeeeeeee—eaan

CCTACCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAAC

82

ACACGCTCTTATACT CCACCCAT CCT ACCCCAAT CARE R ICCCTACCATCCGTCCACTATAAG
CACGCTACCTATTACCCTCTTATCCCTACGCATCCCTCCACTATAAG

GTATAACACCTCATTTTTACAACAATTA

---------------------------------- AGACCCTTCCTCTATATAAGCA

[CCTACCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACKS
A11215-1_A11313_10_1_A12 : ACTTCATTTCATTTCCCCTTATACCACTCCATTGEojpalceryjeee]yoerte;p.yy.veYeof o/ N NNNYACIX.Y.y gy ool e/ Y Xel.V (0l v.VYe

551
546

574
572
572
566

574
537

636
619

564
546

567
537

276
203

368

460

524
254

582
346



Mixed_7

Ref erence

Al131-3_A11216-8_12_6_D02 °

Ref erence

A1131-3_A11216-8_12_6_D02 :

Ref erence

Al131-3_A11216-8_12_6_D02 °

Ref erence

A1131-3_A11216-8_12_6_D02 :

Ref erence

Al131-3_A11216-8_12_6_D02

Mixed_8

Ref erence

A1131-3_A11216-8_11_4_A04 :
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_Al11216-8_11_4_A04
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_A11216-8_11_4_A04 :
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_A11216- 8_11_4_A04 :
A1131-3_A11216-8_11_7_BO3 :

Ref erence

A1131-3_A11216-8_11_4_AO4 5
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_Al11216-8_11_4_A04
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_A11216-8_11_4_A04
A1131-3_A11216-8_11_7_B03 :

Ref erence

A1131-3_A11216-8_11_4_A04 :
A1131-3_A11216-8_11_7_B03 :

* 200

oj[eejfeceryyfed ygceoo i coy o fcl (¢ Q| TATTCTCAAGATACTG- - - - - -- - - - - - -

[CCTCCTCCCATTCCATTGCCCAGCTATCTGTCACT
Ic G X > o

220

CCTCCTCGCATTCCATTGCCCAGCTATCTGTCACTT

280 * 300

NV VN R e VYV XSV IXeEe TATCATTCAACATCTCTCTGCCCACAGT CECTCCCAAAGAT CCACCCCCACCCACCACCGAGCATC

JATGCCATCATTCCCATAAAGCAAACH
ATGCCATCATTCGCCATAAAGCGAAACGCC

380 400 * 420 440 *
CTCGCAAAAAGAACACCT TCCAACCACCTCTTCAAAGCAACTCCATTCATCTCACATCTCCACT CACCTAACCCATCACCCACAATCCCACT

* 56 *

CCAACACCCTTCCTCTATATAACCAACTI'CATTTCATTTCCACACCACACCCTCCACCCTACCTATTACCCTCTTATCCCTACCATCCCTC v

640 * 660

580

*

680

83

600

700

620

CG-------- TCCAGTA JAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAAT TS
————— (@3 yelc) p AR AACACCTCAT TTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAAT TS

AACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAATT

720

BT TACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAATTATCCATCTCCAATAARM
Bl | TACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAATTATCCATCTCCAATAARNM
CACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACATTTACAATTATCCATCTCCAATAA

257
257

348
284

439

530

613
362

173
171
171

628
244
244



Mixed_9

Reference :
A11321-10_A11215_10_2_BO08 :
A1131-3_A11216-8__11 5 BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO08 :
A1131-3_A11216-8__11 5 BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO8 :
A1131-3_A11216-8__11 5 BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO8 :
A1131-3_A11216-8__11 5 BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO8 :
A1131-3_A11216-8__11_5_BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO8 :
A1131-3_A11216-8__11_5_BO :
A11217-7_A1139_16_5_FO01

Reference :
A11321-10_A11215_10_2_BO8 :
A1131-3_A11216-8__11_5_BO :
A11217-7_A1139_16_5_F01

CAAGATCTCTCTGCCCGACAGT CCTCCCAAAGATGCACCCCCACCCACCAGCAGCATCGTGCGAAAAACGAACACCTTCCAACCACCTCTTCAA & 382

100 * 120 * 140 * 160 * 180

* 380 * 400 * 420 * 440 *

* 480 * 500 * 520 *
473
* 580 * 600 * 620 *
564
141
127
136

CTCGAGTATAAGAGCTCATTTTTACAACAA

Figure 24. Both insertions and deletions (Mixed event) at the repair site identified in maize
were aligned with the reference sequence.

Ref erence
A11324-1_A11215_4_3_C05

A11215-7_A11321_10_1_EO1 :
A11215-7_A11321_10_4_HO1 :

00 * 520 * 540 * 560 * 580

[TCCACCCTACCTATTACCCICTTATRCCCTAECATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAARS
TCGACGCTACCTATTACCCIGTTATCCCTAACGAT CCGTCGAGTATAAGAGCT CATTTTTACAACAATTACCAACAACAACAAARS
TCCACGCTACCTATTACCOAGTTATCCCTAGCAT CCGTCCAGTATAACACGCT CATTTTTACAACAATTACCAACAACAACAAARS
[TCCACCCTACCTATTACCCOICGTTAGCCCTAGCATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAARE

TCCACGCTACCTATTACCCt GTTAt CCCTAgGATCCCTCCAGTATAAGACCTCATTTTTACAACAATTACCAACAACAACAAA

581
581
581
581

Figure 25. SNPs at the repair site identified in maize were aigned with the reference sequence.



Ref erence
R3218-3_A11_095
R3212- 5_E08_056
R3220- 16_C01_009
R328-3_F04_018
R3212- 5_B3_E04_024
R3222- 10_C05_043
R3220- 16_C1_C10_074
R3225-1_C9_C10_074
R3218-3_C11_091
R327-1_A6_C01_011
R3221-15-1_A02_016
R329-4_C07_057
R3213-1-1_C09_075
R328-3_C04_028
R3220- 16_C1_C10_076
R3212-5_B3_A04_032
R3222- 24_C4_E07
R32LF_C10_F12_086
R32LF_C10_F12_082
R327-1_A7_B02_014
R3222- 4_+04_018
R3212-5_B4_B05_045
R3221-15_C7_C01_009
R3225- 1_LC7_F09_065
R327-1_A8_A03_031
R3220- 5_B11_C08_060
R3221- 15-1_C02_004
R3212- 5_A08_064
R3220- 16_F01_005
R3222- 10_F05_033
R3232- 2-3_F10_066
R329- 14_A06_048
R3212- 5_C08_052
R3220- 16_C1_E10_072
R3221-15-1_E02_008
R3220- 5_F12_086
R3220- 16_C1_B10_078
R3213-1-1_A09_079
R328-3_F04_022
R328-3_A04_032
R3220-16_C3_C11_091
R3225- 1_LC9_A10_080
R3220- 16_C3_A11_095
R3220- 16_C1_A10_080
R3213-1-1_C09_067
R3218-3_C11_083
R3221- 15-1_F02_006
R3215-2_A10_080
R3218- 3_B11_093
R3220- 16_C3_F11_085
R3222-4_C8_A02_016
R3220- 16_C3_B11_093
R3212-5_B5_C06
R327-7_C03_019
R3218-3_F11_085
R328-3_B04_030
R3232- 2-3_C10_068
R3220- 16_A01_015
R3220- 16_B12_F09_069
R3220-5_B9_B07_061
R3213-1-1_B09_077
R3213-1-1_F09_069
R3213-1-1_C09_073
R3222- 10_E05_039
R3225-1_[C9_F10_070

Figure 26.
sequence.

Reference

R3221-15-1_B02_014

R328-3_E04_024
R3215-2_F10_070

R3220-16_B01_013
HOS_065

R3213-1-1_
R3220-5_p12_0%0
R328-3_D04_026

BNE_REV

R3220- 16_C1_H10_066

R327- 1_A8_F03_021

R3222-10_D1_B05_045
R3222- 24_D3_A06_048 :

* 460 * 480

* 560 * 580 *

B TCCCTACGCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACHE
QI TCCCTAGCATCCCTCGAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACEH
BRI TCCCTACGCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACKE
QI TCCCTAGCATCCCTCGAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACEE
BRI TCCCTACGCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACHE

B TCCCTAGCATCCGECCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAAG

QI TCCCTAGCATCCCTCCAGTATAACABCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACES
B TCCCTACGCATCCCTCCAGTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAACHE

TCGCAACGACCCTTCCTCTATATAAGCAAGTTCATTTCATTTGCAGAGGACACCCTCCACCETACCTATTACCCTCTTATCCCTAGCATCCCTCCA CAAC

Deletions at the repair site identified in rice F, were allgned W|th the reference

* 140 * 160

CATAJAIe
l
CTCTTACACTCCACCCATCCTACGGCATaaacaCCG

AN "TCAA :
TAATACG ACCC! CcgAGCCTg CCTCTCCAAa! CGAAaTCAact T CcTtaTAT

Figure 27. Insertions and SNPs at the repair site identified in rice were aligned with the
reference sequence.

85

BICT) ACCATCCCTCCACTATAACACCTCATTTTTACAACAATTACCAACAACAACAAACAACAAACAA

592
588
572
572
572
591
590
590
590
587
585
581
581
589
589
572
572
572
588
582
587
587
584
584
584
584
584
584
584

584
584
583
583
583
582
575
574
574
548
581
583
575
575
582
582
582
575
575

555
555
554
554
554
546
472
478
478
483
473
474
404

99

583
583
584
584
584
584
584
588

213
217
215
215
216



Mixed 1

Reference
R3215-2_E10_072
R3220-16_HO1_001

Reference
R3215-2_E10_072

R3220-16_HO1_001

Reference
R3215-2_E10_072

R3220-1% HOL 001

Reference
R3215-2_E10 072
R3220-16_HO1_001

[ACATCTC

TCT

Reference
R3215-2_E10_072
R3220-16_HO01_001

Mixed 2

Ref er ence_Rever se
R3220-16_C3_E11_087
R3225-1_D9_H10_066

Mixed 3

Ref erence_Rever se
R3212-5_B5_A06_048
R3220-16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_C09_067

Ref erence_Rever se
R3212-5_B5_A06_048
R3220-16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_C09_067

Ref erence_Rever se
R3212-5_B5_A06_048
R3220- 16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_G09_067

Ref erence_Rever se
R3212-5_B5_A06_048
R3220- 16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_G09_067

Ref erence_Rever se
R3212-5_B5_A06_048
R3220-16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_C09_067

Ref erence_Rever se
R3212-5_B5_A06_048
R3220-16_C3_G11
R3220- 16_B12_A09_079
R3225-1_D7_C09_067

Figure 28. Both insertions and deletions (Mixed event) at the repair site identified in rice were

[TAATAGCTAC( 173
184
213
100 * 120 * 140 * 160 * 180 *

aat gaaat gaacttccttat at agaggaagggt ctt gcgaaggat agt gggatt gt gcgt cat ccctt acgt cagt ggagat gt cacat caat cca

* 300 * 320 * 340 * 360 * 380

ACCACT CTCCGCAGACACATCT!
ACCACT CTCCGCAGACGACGATCT!

cttgctttgaagacgtggttggaacgtcttctttttccacgat gctcctcgt gggt gggggtccatctttgggaccact gt cggcagagagatctt

* 400 * 420 * 440 * 460 *

[CAATCATAGCCTTTCCTTTATCCCAATGATCCCATTTGTAGCAGCCACCTTCCTTTTCTACTGTCCTTTCCATCAACTGACACATACCT CCCCAA

[CAATCATAGCCTTTCCTTTATCCCAATGATCCCATT TGTAGCAGCCACCTTCCTTTTCTACTGTCCTTTCCATCAACTGACACATACCT CCCCAA
gaat gatagcctttcctttatcgcaatgatggcatttgtaggagccaccttccttttctactgtcctttcgatgaagtgacagat agct gggcaat

* 500 * 520 * 540 * 560 *
[CCAATCCCAGCACGCTTTCCCCAAATTATCCTTTCT TGAAAACTCTCAATAGCCCTTTCCTCTTCTGACACTCTATCTTTCACATTTT TCCAGT A
[CCAATCCCAGCACGCTTTCCCCAAATTATCCTTTCTTCGAAAACTCTCAATAGCCCTTTCCTCTTCTGACACTCTATCTTTCACATTTTTCCACGTA
[CCAATCCCACGCACCTTTCCCCAAATTATCCTTTCTTCAAAACTCTCAATACGCCCTTTCCTCTTCTGACACTCTATCTTTCACATTTTTCCACTA!

[CCAATCCCGAGCACCT TTCCCCAAATTATCCTTTCTTCAAAAGTCTCAATACCCCTTTCCTCTTCTGACACTCGTATCTTTCGACATTTTTCCACTA

ggaat ccgaggaggtttcccgaaattatcctttgtt gaaaagtctcaatagccctttggtcttctgagactgtatctttgacatttttggagtaga

580 * 600 * 620 * 640 * 660 *
[CCACACGTET CCTCCTCCACCATCTTCACCAACATTTTCTTCTTGTCATTCGAGTCCTAAAACACTCTCTATCAACTGTTCCCCACT CTTCACCGCCGA
[CCACACTET CCTCCTCCACCATCTTCACCAACATTTTCTTCTTGTCATTCGAGTCCTAAAACACTCTCTATCAACTGTTCCCCACT CTTCACCCGCGA
[CCACACTET CCTCCTCCACCATGCTTCACCAACATTTTCTTCTTGTCATTGAGTCCTAAAACACTCTCTATCAACTGTTCCCCACGT CTTCACCGCGA

[TCGTCCTCCACCATCTTCACCAACATTTTCTTCTTGTCATTCAGTCCTAAAACGACTCTCTATCAACTGTTCCCCACGT CTTCACGGCCA

[ECAGAGTET CCTCCTCCACCATCTTCACCAACATTTTCTTCTTGTCATTCGAGTCCTAAAACACTCTCTATCAACTGTTCCCCACT CTTCACCCCGA

ccagagt gTCCTCCTCCACCATCTTCACCAACATTTTCTTCTTGTCATTCGAGTCCTAAAACACTCTCTATCAACTGTTCCCCACGT CTTCACCGCGCGA

aligned with the reference sequence.
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480

200
200
168

300
300

400
400

S00
S00

587
00
241

192
168
144
156
172

288
264
240

268

384
360
336

364

480
456
432

460

576
552
528

556

672
648
624
244
652



* 2380 * 300 * 320
Refenence B TGRAGCTCTTRATACTCGRACGGRATCCTAGGGATREACRAGGGTART A GA 320
534-6_F02_ 0086 B TGRAGCTCTTRTRACTCGRACGGRTCCTAGGGATAT--GGGTARTA 318
702-5_FO03_ 021 B TGAGCTCTTRTACTCGRACGGRATCCTAGGGATRRA———————. -BTE 313
600-6_RO3_ 073 B TGRGCTCTTRTACTCGRCGGRTCCTAGGGATA-CAGGGTARTA 313
702-4_E02_008 L TGRGCTCTTRTRACTCGRCGGRTCCTAGGGA————— GGGTRRTA 313
534-5_C04_028 B TGRGCTCTTRTACTCGRCGGRTCCTAGGG——ARCAGGGTARTA 318
600-1_D0O7_057 B TGRGCTCTTRTACTCGRCGGRTCCTAGGG——ARCAGGGTARTA 318
T02-21_ROT_063 BETGAGCTCTTRATACTCGRCGGRATCCTAGGG————-———— GTEATR 312
600-1_HO7_0439 BETGAGCTCTTRATACTCGRCGGRTCCTAGGG————-———— LETEATE s 312
702-7_L04_ 026 BETGAGCTCTTRATACTCGRCGGRTCCTAGG—————-————————— 2 ; 305
702-2_R01_015 BETGAGCTCTTRATACTCGRCGGRTCCT-——-ATARCAGGGTARTA s @ 316
702-5_BO3_029 BETGAGCTCTTATACTCGRACGGRTCCT ———————-— AGGGTARTH 311
702-29 HO9 065 AR TGAGCTCTITATACTCGRACGGE-TCCTAGGGATARCAGGGTARTE 318
T02-5_E03_023 | [CHMEENpRepN ey e e B — — — — — — — — — — —— TIRACAGGGTARTR 230
S84-8_HO4_ 018 : |CENNENpReps ey e e — — — — — — — — —— — TALCAGGGTRATR 1 288
584-13 FO& 032 : (eumeipReypeieyr ey — — — —— —— —— — — — — —— — — : 263
T02-2 BO1 013 : el — — — — — — — — — — — — e —————————— : 253

T02-5 G038 018 & e oo [T e : 259
TO2-2 €01 D1l f mmmmm oo PR
gttgttgttggtaattgttgtaaa ggtacegtoga

Figure 29. Deletion repair sequences identified in sorghum were aligned with the reference
sequence. Thiswas used as a species reference for maize and rice.

87



C. THETARGET SITE T-DNA BORDER SEQUENCES THAT WERE USED FOR BLAST

The T-DNA border sequencesin maize for BLAST

>A112-1_RB _ADl1_DO05

CCCGTAGACGTAGCAGITTGTTTGCTTAACCCAATATTAGCCCATGT TCTTATTTAGT GAACCATGACCCCAAGCTGITTTTTCCG
TTATCACTCCATGACCAAACACATAAAAATAAATGCT TAGATAATTTCCTTGT TAGACATAAAGT GTACCCGGGCT TAAAACGAGA
ATCTTGAGT TATATCTCCTTCCAAAACCGTGTCCTTGT TTGGT TGATGCAAGCTGATGTCCCTTATCCAGT TTTGCCTCTTCTTAA
GGATCATGICGTTATTTTATCAACCTAACT TAGGAAAGGACTGCCCAATCTTTTTCTTGAATTTGATGCCTTTGGT TTCCTCATAT
CTATCAAAGGCATATCAACTTAATCTTATGATTATTTTCCCTCCGTATCTAGT CAGATACTAATCCCTGACCTTGTAATCTCTGCG
ATGGCGCATAGAAATATGCT TGGACT GAAGTAACAGT CTCCCATCATACTCCTTTCATCAAGT TTAGGT TTTGECTATATCGTGI TC
ATCTCACTCGACCCATTCAATTAAGAGGGAT CCGCAAAAGT TGAGT AAGT AT GT GCGAT GAGCTCAGT CCAAACCTTTTCAAATCC
TCTAAGAAAACATTTTTACTAGATCATGAATGCTCTTGGAAAAAACACT TCCACTCCCCACTAAGATTTTCCTTTGGT TCACCTCA
GITTTCTCAAAATCTGI TCAACAGT TTCAAAAAT CGGT TCAACCGGACCTAAAACCGGT TCAACCGGT TTTTGCACTGT TCACCTC
TGTCTCTTTCTAACCT GCCAGT CTGCCAGT CAATCCT GT CAGAAAGT CGTGTGCAGATTTTTGGAAAACCGGT TCAACCGATTTTG
GCCTGCECTCAACCGGT TTTGGAGT CGGTCGAGT CTCCGGECT GAGT CTCCCAGT GAACCG

>A112-1_RB2_ADl_ (01
CCAGCAGT CTAGT AAGAAT TTTCTGACATTTCTAAAAAT CAACT CATAGGGAT TATAT GTTCTACATCT GAAAAAATCAAAATAAA
AATCCAAGAT GTGAAAAGATAAAT GCT ACATGAGATAGT GCTTCAACT CTTTTCAGCACT GATGT TCTTGTACTTCTAAAAAATCA
AATCAACTGTATTCAATCTTACAAATTTTACAGATAGT AATAACAT TAGAAAAAAT AATCTTCTTCCAAAACATATCGAATGTGAC
CATACCCAT TCAGAAGCT CACGGGT GTGAAGCT GGT CCATGAATTGATATCATAGT GTATGATCATTTCT GATGT GGTAAAGGCCC
CCATTTAACCTACACACT AGACAGACAAT GATCCAT GGATGAGGT AGCCATGCCAACCT GATTCTCAACGGT TTCCTCAATGACAA
CTTGGOCCCAGCACCAACACCTGTA

>A112- 3_RB2_W_D06

CAATCGTCTATGTCGTTTCCGCCTTCGT TTAACTATCAGT GTTTGATAAATTGT GGTGTAAACAAATTGACGCTTAGACAACTTAA
TAACACATTGCGGACGT TTTTAATGTACT GAATTAACGCCGAAT TGCTCTAGCAT TCGCCAT TCAGGCT GCGCAACT GTTGEGAAG
GGCGATCGGT GCGGEGECCT CTTCGCTAT TACGCCAGCT GECGAAAGGGEGEGAT GT GCT GCAAGGCGAT TAAGT TGGGT AACGCCAGSG
TTTTCCCTTTATGCTTCCGGCTCGTATGA

>A112-3_RB_AD9_F09

GCGTCAATGTCGT TTCCGCCTTCAGT TTAACTATCAGTGT TTGATAACACATTGACGCT TAGACAACTTAATAACACATTGCGGAC
GITTTTAATGTACTGAAT TAACGCCGAAT TGCTCTAGCAT TCGCCAT TCAGGCT GCGCAACT GT TGCGAAGGGECGAT CGGT GCGGEG
CCTCTTCGCTAT TACGCCAGCT GGCGAAAGGGECEGAT GT GCT GCAAGGCGAT TAAGT TGEGT AACGCCAGCGGT TTTCCCAGT CACGA
CGTTGTAAAACGACGGECCAGT GCCAAGCTAAT TCGCTTCAAGACGT GCTCAAATCACTATTTCCACACCCCTATATTTCTATTGCA
CTCCCTTTTAACTGTTTTTTATTACAAAAAT GCCCTGGAAAATGCACTCCCTTTTTGTGITTGTTTTTTTGTGAAACGATGITGTC
AGGTAATTTATTTGICAGTCTACTATGGT GGCCCAT TATATTAATAGCAACT GTCGCTCCAATAGACGACGTCGATTTTCTGCATT
TGTTTAACCACGTGGATTTTATGACATTTTATGCTTCGGGCTCGTATGA

>A112-4 LB2_ADO_1_Gl1
ACTGGGCAGATAGTAATTAAAACGTACACGT CCCCTGCTTGCT TGTATCTTCAT CACGACGCT CACATCTGCCTTATCTCCTATCG
CTGCCACGACCT CAAGCCGOCGAACACCATACT CGAGGCCT GCTCGAGT CGCTTTCAACT CATGGCCAT GGAGT COGCCT CAGCCT
CTGTCTTCCACTCGGT TGCTCCTCTGCT GGCTACGCAGAGCCT TCACT AGCCAT GGCCGCGCCCT CTCT GGT ACCGAGCT CGCCCA
TACCAAGCT CCCTCAGCGT CCOGT CCAT GGT CCTCCT CCACT CGOCCT GRCCAT GCT TGCCT GCOGCGCCACACTGAGT TTCTGGA
GTCTGGCACGGT GAACT GGGGAGAGAAGCAGCCAAGCAGCT CCCT CACGCCGOGRCT TCCTCCT TCAGCT CGGOGCTCATCTCCCT
CTCTGCTCGGACCGT GCCCAGCT CCGCGCGT CGCAGT TCGCCCCAGCT CGT TGTCCT GCCT CCT TTGCT CACCGOGT CGGCCACTC
GCTGATGCTCCAACT CATCAGTCGT TGT TGTCTCAT CCGCGT CAGCACGCGACTATGGT CGTGT TCATCGAATTCGCCAACGCTTT
GTTGCTGATTCGACT GTCGTCGCT TCGCGT GT TGT CGAGCCOGT CGAGCCTCGT TCTTCT CTGCTOGCT CTCGTCGAACACCAAAC
TCGATAA

>A112- 14- 3_LB_W_UPPER H10
AACTGAGTATAGTAATTAAAACGT COGCAAT GTGTTATTAAGT TGTCTAAGCGT CAATTTGT TTACACCACATTAAAAACGCCCTT
CCCAATAGT TTAAACT GAAGGCGGGAAACGACAAT CT GATCCAAGCT CAAGCT CCAAT ACGCAAACCGCCT CTCCCCGCGCGT TGS
COGATTCATTAAT GCAGCT GGCACGACAGGT TTCCCGACT GGAAAGCGGGCAGT GAGCGCAACGCAAT TAATGTGAGT TAGCTCAC
TCATTAGGCACCCCAGGCT TTACACT TTATGCT TCOGGCT CGTAT GGOGAGT GACAAACAAAT CCTAGAACGCCTAACT TTGTGGT
ACCTGTTCCCTCTGGCTAGAT CTCCOGAACAAAAACGGGACGGAAACAT GAAAAT CAGCAGCT TCCAAAAGCAT TGACACATTGAC
ACCTGGAACCGT CTGGACT CTGGCCAAAGGT TTCAATCATGT CTTGGCCGGGT CCTATAACAGCCGGACCGCCACCCACCTTGGTC
CTATCACTATTGTGTTTCATGT TTCAACGGAATGTCTCCCACTCTGATGTCTTCACT TTCCCCAACTACATTAACCAATA
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>A112- 15-1_RB_AD9_D04

TCGTCATGTCGTTTCCGCCT TCAGAGCACCT ATAGGGGCT CGAT GGCCAGCAGCAGGGGGECT CATGGCT GGGCAATGTGCGATGA
CAGATCTAGACCT ACGAT CGAT GGAGCAGCGCAAGACAAAAT TGCACCAACGATATCAACGAT GCATGATAATAGGCTAATCTGCT
AATATCATTTGTATGTAAAGAGCAACAAT AGCAT GTGCATAGAACATAAAAGAT CATCATCGT GGCATTTAGAATTATGOGAGAAA
AATAACATACTATTTCTTACTATGAGATTAATCTAGT GCAAACCATCTATTATACTAGATCATTTGAAACTTCTACAATTATAGTG
TGTTTGGT TAGCAGCACAAACACCTAAAACGGT TGGAGCAAGCGGACT GAAGGCGOCCCGGT GATGGT GGAGT AAAACCTATACGT
ACGATTCAGTGTGTTATAGCAATATTCCTGCTTTTCTTAAACT TACCATAAGAAACAGCTAGTCCTCGTTCC

>A112-15-1 LB3_AD1_1 F10

CAATGGAACTATTAGT AATTAAAACGT CCGCAATGTGTTATTAAGT TGT CTAAGCGGCAT GGGGGAGCAACCCGGT CCACGCGCTC
TTCACGT GGCCTCCACAGCGCCCGGEOCCCGT CGTCGCACAGCCACAAGCT CCGCCGCATCTTTTTCTCTTCTCCGCCTTTCOGGTG
CCTTTAATTATTTTATTTATTTATTTCGCATATTGTTTTTTATTATTTTCTCGGOGAAT AAGT ACAACGACCCATGCACATCGTGT
GGCCAGTGTTTGCTTCTTCTCACTCGACCAATA

>A112-16_LB2_AD9 Q06
ACTGGCGTATAGTAAT TAAAACGT COGCAATGTGT TATTAAGT TGTCTAAGOGT CAATTTGT TTACACCACT ACCGCCGOCCATCA
TCOCT CAAACGGOCGCGTAAT AGAT CGAGCCT COCTCACTACACT GGTCGOCTGT TTATATATACAGCACCAACACCT GAAAT GCAC
CAGGT GGGATTGT CCAAAAGGAGGCCAGCT AAATAGCT CACCGGAGT TTGGAAT CGTAGGGGAGGATAT GTGGACT CCATAATAAT
ACCAACCAACATATCAAGCACT CCAAAT CTTATAATTACTAACCTATAT ACAAT GT TGT GAAAAT CACACCCAGGGAAAACACAGT
CAACAGTTTTCGGT CCTAATTTGCGCT TCTTGT TAAT TGGCACAT TCACT TTAGCCAAACAACCCCAGGT TTTTTTTATAGGAGAT
ATTTAATTTTCTCTTTTCCCATTCCTGGAAGGGAGTGATTTTTTTGTTCTTTGTGGAAACT TAATTCAGGATATGGAATGCCGTTA
AGA

>A112- 18_LB2_AD1_G05

TCTGGGGTATTAGTAAT TAAAACGT CCGCAATGTGT TATTAAGT TGTCTAAGCGT CAAT TTGT CTAAGCGT CACCGCCGTAGACAT
GATCACGATGTTCCAGT GT TGGGAT CTTCAACT GCAGGT TGGT GGGGGT GATCACCGT TGCT CGOCTCATGGGATTCATATCTTCA
CCAGGT GGGT TGGGCGGCAGGAGT CCAAGAAAGAGCT CACCGGAGT CTGGAAT CGTAGT GGAGCATATGTGGACTCCATAATAGTA
CCTACCAACATATCAGGTACTCCAGATCTTATAAT TAAGAACCTATAT ACAATGT TGT GAAAAT CATACCT AAGGAAAACACAGTC
AACAGTTTTCGGTCCTAATTTGCGCTTCTTGTTAATTGGCACAT TCACT TTAGCCAAACAACCCCAGGT GTGCAAATAGGAGATAT
TTAATTTTCTCTTTTCCCATTCCTCGAATGGTGTGATTTTTTTGTTCTTTGT GGGAACT TTATTCAGGATATGGCATGCCGTCAAG
ATCGTCTCACCCCACCATTCTGTAGATAGT TTTGAAGT CTCTAACAT GGOGT TAACCAAATCAGT TAGAGTACGGTTCTTTCTCTC
AACAACCCCAT TGGATTGT GGT GAGTATGGCGGT GTCCACT CATGAATAAT ACCATGT TCCACACAAAAAT CAGAAAAATCACCTG
AAAAATATTCTCCACCACGAT CAGACCTTAACCGTTTAGT TTTTCTCTCGAGT TGATTTTCCACTTCAGCTTTGTAGGTCTTCAAA
TAATGCAAAGCTTCGTCTTTTGACT TTAGT AGATACACAT AATAAAAT CTAGT AGAAT CATCGATAAAAGT AATAAAATATCATTT
GOCTCCCTTAGTCAATATTCGTCGT CCCCCOCCCCACAAACAA

>A112-20-1_LB2_ADL_Cl0
ACTGGGOGTATAGTAAT TAAAACGT CCGCAAT GTGTTATTAAGT TGTCTAAGCGT CAATTTGT TTACACCACAACCATTAAAAAAG
GGTAAATTTTAGCGAAGGGGGCAGCT ACAGT TGGCAGT TGGCGGGGAACT TGCT TTAGGAAAT AAT GAAAAGCGAGCACT CGAATC
TACACCCCACTGCTCTGTAAAT TTGAGACTAACCACCAGACCT AACGT ACCGT GTTTAGAAATAAACAATAATTATATTTGAATAA
ATATCTCAATACCTATGATATATAATAACCGT AGCAAAGCACAT GCAACT GTCTAGT TTATATATAAGT GGTGTTTGGT TATGGGC
AAATATAGACAGT GGGAGGGAATATTATATCAGACACT GGATAT CTGTCACCAAAT TTTTTTACAAGT TGATCCATGTTTTCTAAT
CTTCACCGCTACT GAATAAT TAAAGATTGTTAGTACT TCCTCCGTTCTTTTTTATTTGTCATGGT TTAGT TCAAACGOGAAAAACA
TCCGATAACAAAGATAGTATATGT TGGGGACT TGT TCTCAAAT GCTAT GAATCAAGAACAAGGCAACATAAAATATTAAATGTCAA
AGCCCTTOGT CCTTCGGATCATTATTTCOCTTCGGATATAATGAAT CTAGGAGGACGAAGGT CATGAAAGACATGCCTTCATGATT
ATGATAAAAGATGAAGAACAT TCATACAAAGT ACAGAAAGT AACATAAT TTTTTGTAAACAT TATCATTAATCTATTTCCATTTAT
ATTATTTGTGCAAACAATAGT AGATTACAAAT GTACCT TCGGCT TGAAAGGAGT GAGAATACAAGT GTAACACAAAAGCGAAT GCC
AAGT CAGOGT GGACAGTACGGGAGTACTGTTCATCTATTTATAGGCACGGGAC

>A112- 20_LB2_AD1_G08

CACTGGGCGATATCGT AAT TAAAACGT CCGCAATGTGTTAT TAAGT TGT CTAAGCGT CAATTTGT TTACACCACAACCATTAAAAA
AGGGTAAATTTTAGCGAAGGGGGCAGCTACAGT TGGCAGT TGGCGGGGAACT TGCT TTAGGAAAT AAT GAAAAGCGAGCACT CGAA
TCTACACCCCACTGCTCTGTAAAT TTGAGACT AACCACCAGACCTAACGT ACCGT GT TTAGAAATAAACAATAATTATATTTGAAT
AAATATCTCAATACCTATGATATATAATAACCGTAGCAAAGCACATGCAACT GTCTAGT TTATATATAAGTGGTGTTTGGTTATGG
GCAAATATAGACAGT GGGAGGGAATATTATATCAGACACT GGATATCTGTCACCAAATTTTTTTACAAGT TGATCCATGTTTTCTA
ATCTTCACCGCTACTGAATAATTAAAGAT TGTTAGTACTTCCTCCGTTCTTTTTTATTTGTCATGGT TTAGT TCAAACGCGAAAAA
CATCCGATAACAAAGATAGTATATGT TGGGGACT TGTTCTCAAATGCT AT GAAT CAAGAACAAGGCAACATAAAATATTAAATGTC
AAAGCCCTTCGTCCTTCGGAT CATTATTTCCCT TCGGATAT AAT GAAT CTAGGAGGACGAAGGT CATGAAAGACATGCCTTCATGA
TTATGATAAAAGAT GAAGAACAT TCATACAAAGT ACAGAAAGT AACATAATTTTTTGTAAACATTATCATTAATCTATTTCCATTT
ATATTATTTGTGCAAACAAT AGTAGATTACAAAT GTACCT TCGGCT TGAAGGAGT GAGAATACAAGT GTAACACAAAAGCGAATGC
CAAGT CAGCGT GGACAGT ACGGGAGT ACTGT TCATCTAATTTATAGGCACGGGACG
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The T-DNA border sequencesinricefor BLAST

>R32_7-1_RB_ADL_DO5

COGTCAATGTCGT TTCCGOCTTCGT TTAACTATCAGT GTTTGAAGACGT TAATGCCGGACT CCAGCAT CTTTTTAACGCGCGT GAT
GOCGCGACGT TTTGGATACGTATCGAAACGT CCTTGCAGAT GAATAT TGACCAGCGGGT TGGOGACAAAGT TAATACCGGACATTT
TCAGCAAGCGGAACAGGCGT GAGGTATACGCCCOGT TATAGGAGT GCAT TGCCGT GGT GTGGCT GGOGGT GACT CGCGOGCCCATG
CCTTCATGGT GOGCCAGGGCAGCAACGGT TTCGACAAAGCGOGACT GCT CGTCATCGAT CTCATCACAGT GAACGT CGATGAGACG
GTCGTATTTTTGOGCCAGGGOGAAGGT TTTATGCT TCGGCTCGTATAGAT TGAGCAACT TATAATTTTTTTTTACT TCCCCAAAGC
CCTCCACAAATAAGCGGGGT GAGGT GTAGAGAGACACGAAA

>R32_7-12_RB_AD6_D06
CCGTTAAATGTOGTTTCOGCCTTCAGT TTAACT AT CAGT GTTTGAAGACGT TAAT GOCGGACT CCAGCAT CTCTTTAACGCGOGTG
ATGCOGCGACGT TTTGGATACGT ATCGAAACGT CCTTGCAGAT GAATAT TGACCAGCGGGT TGGOGACAAAGT TAATACCGGACAT
TTTCAGCAAGOGGAACAGGOGT GAGGTATACGCCOCGT TATAGGAGT GCATTGOCGT GGT GT GGCT GEOGGT GACT CGCGOGCCCA
TGCCTTCATGGT GCGOCAGGGECAGCAACGGT TTCGACAAAGCGCGACT GCTCGT CATCGAT CTCATCACAGT GAACGT CGATGAGA
CGGTCGTATTTTTGOGCCAGGGOGAAGGT TTTATGCT TCGGCT CGTAT TAACGACCAT CTAACTGCT TTTTATTGOCAAATGCCCT
GCOCAT GCATCGGT GT GGEGGEGEEGT TGAAAGCCAAACC

>R32_7_RB3_ADL_H02_002
TCOGGNCGGNNGT TCCGCCT TCGT TAACTATCAGT GTTTANGNCT GNANT TCNNANNNT TACCANGAT CCAGGCNAANCNT TNACGT
TAACANCNAGTAGCGCAATATATAT GCTGTCGCTTGATCATGT TACAGCAGCAT TGCT TGCAT T GT GAGGT GGGGGT GATGCCACT
TTTTTGACAGCAAGT AAAGGAAGGAAACAGAGGCT CAAGAGAGATAGAGAAAAT TAAAGT GGATGT GGTTGCT TGATTGTGCAACG
TACGTAAATAGGCAGGTACT CCATTTGAAGT TGAAGGCAT TACCGCATTAGCTAGTCATTTGAT TTGATGCGCTTTAAGGCCCTCG
CACGCAGGAGCATATATATAATTAAGCAT GAAT CGAT GGAT GCATGGATCCACGT ACGGT TGACT COGCGNGGT GGCGCTAGCTAG
CTTGATTGCTTGCTTAAAAT CAAGT CACCGGAAT GCGT GTGACACGCAT TTCTTTCACCGGAAT AAGCAT AACGT COGTCATTCGA
TOGAGTOGT CGTCCCGCT CCCGCAT GROGOGT GOGTACGGGT ACACGT TGOGOGCGGCT TCATCATCCAGGCCT TTTGACCCT GCA
GACGOCGCGOGCCGACCACGACGT TGCACT CCCAAT CACCT CCTGOCGOGT GCGTGCTCTATTCCTTTTCCTTCCTATCTCTATCC
TAACATGTGTCTGCCCCCAAATTCATCTCACTCGACCAA

>R32_8_LB4_ADL_E02_008
CAANCGCATGTGTATTAGT TGTCTAAGCGTCAATTTGTTTTTCCTTTCGTCTTGCTGT TGGT GCAAACT AGGGAGAAGGTTGCCCA
TACTTTTACCAATCATTTTCGT CAAGTGT TTCCCTAGAAGCAGCGCAGGCAGOGCACCAATGT TGTTTCGT ATAACCGGOCAGOGA
AAGTAGT AGGT GAGAAATATGGGTCTCCTCTCTTACCAATAT TCATCCAACCT ACTAGTAACAT ACAACAAAGAGAGAAATTTCGG
ATAGGAATAAGTTCGTCTGAGGT CCCT TAACT TGTCAACGAAT CCGATTTTCATCCT TCAACCGGAAAACCAGAT ACAACAGGTCC
CTCAACTATTAAAACCGGT GCAGAT AAGGT CCCTCGGOGGT TTAGATGECGGT TTTGGECT GACGT GGOGCCTACGT GGCAAATTCG
ACTCGGTCTTCATATGACATGGCACT TACGT GGCAAT TTGATCOGAAAAAAT AATAAACCCT GTGGGACCCACATGTCTGTTTCAC
ATACAAAATAATAATAAAAAAAAT GGT GGGACCCACGT GGECCCCACAT GTCATGCT GOCAT CCOOCCT TCATCCNACT CGACG

>R32_9 LB4_ADO_E05_ 039
TCANCGCATNTGTATTAGT TGTCTAGCGT CAAT TTGT TTACACCACCAT ATATGCTGCNACCCCACCT GATNGGCT GT TGNGACAA
AGGGCGTGTGTAAGAAAGANT ANANCT TTTACAGAAT CGTAGCAT TCNAGCNNNAGT TTTCTACNT TTTNCANNNNCGAATTCANN
GGATCTNGATGANNCT TGTNAAAT GT TTGGAGAGAAGCAGCAGCTAT CAAAAGCT CCNCAAANAGNCT CAGATCCTCTNCCT TCGA
AGNCNTCGT GCCTCTGCCAAAT CONTGNGONGT GT TGAAGNCACAT GAGT TCAAAAGGNAT AGCGACT TTCAAGGNAGAGGATCCT
GATTCTTTACTTAGGOGTCTAGGCT GTTTACCATAGT TTCTCGOCATTGCAGT TTCTCTCCAAAT TTTTAGCT TTNCNAATANNCT
ANTTTTTTTNTTANATTTTTCTNNNTNNACNANANNT NTGGANT NNNANNT TANNNNNCTNGNNNANNNNNNNAAANNCGGTNT TT
NTTTNAATANCAAAAN

>R32_12-2_RB_AD6_D10
GCGTTAAATGTOGT TTCOGCCT TCAGT TTAACTAT CAGT GT CCACT ACGGTAGAAGCCGGT CTTTATTAAGT GCAAATGAATTTGG
ATCATAACTCAACAT CGACCT ACGGTAGAAGCT GGTCTTTATTAAGT GCAAAT GAAT TTGGAT CACAACT CAACAT CGATGAGGAA
AATGACGTTTTTGGGT GGTTGATGATGAAATCAAT CAAT GGOGGT AATATAGGGT COGAT TTTGGCATGGT TTATCCCGT GAGGGA
TGAGACATCAGGGGAAGAAGACAATGTTTCTTTTTCT GT TGT GGACT CCACGAAACGAT AT TAAACT CTCAACCGATTTTGTAGGA
TOCCATCTCTCATCATCATGT TCCACACCATAAGT TAATTAGGT TTTTTTTTGTTTATTACAGTAAAGTCTATTTATTGTCTTTAT
ATTTTGOGCAATGTCCATTTTTCATATTGAACT GCAAAGCAAT TATTTTTCACCCAAAACAT TTAAAACCATAGCAAAGTACAACA
TTCTGAAGAAAACAT TAGCT AGAATTGTGAAAAACAT GAAAAAAACCCT ACTCGTATTAACT GCCT CACCGT CACATCAAT GCCAT
GGCAAAGACCAAAT CAATAT TGTCACGTAAGCGT CGCOGGACT TGGCT GGCCT GGCAGATAGGAAGGCT TTGGAGGGGTTGGGT TG
GGCTGGGT TGGAAAAT GAAAT GGCCCAAAGGAAAT AGAGCACGCT GGGGT TAGATGAAGT TATTTTTCACAAGAAAAAGGAT TAGA
TGGCTCCAT CTCAGCCATAGAAAACAGT AGAT GGOGGAGCT TTCGCAAT CTACCT GGTGAGCCAT GGCAAACT CCT GGOGAT COGG
ACTCACTGAATAGGGT ATGAT GACTACAGGCAAGT CGGAAATAGAAGT
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>R32_13-1_RB W_D12

AACTGACTATGGTCGT TCCCGCCTTAGT TTAACTATCAGT GGT TTGAGATTAGAAAAT AAACGAAGGGT TAGGATTAAATAGAAAA
GAGCGAATGAATGGT TAGAACT TAACGATGT CTTTTAGTAGGT GAAAAATTATTTCCTATTCCTATTAGCCAAACACT GCCTAGSG
AGTGACGCGATTCGGAT TAATAGAAT TTGCGCATGGCCACT TAATAAT AACGAGAGGAAACTACT GATCAAGT GGTTTCATCGAGGA
TAGTTATAACTCTAATATATTGTAATCATATGAATTAAGAAAAAGCGATTATCAGT GT TTCAAGGATGTAGGCTTCGACTAGACGC
CGTTCATAAATATCATGCTTAGIGTCTTTTATGCTTCGGCCTCGTATGATAGAGAATGTATTAAAGGT TTTCTTCTTTACAAAACA
ACATCACGTATAGATAAACATAGGT TCTAGAATTATGGT TTATAATATTTTT TGGAGAGT GGAACCAACATGTGATTGTCAAAATG
TGT GCEEEEEEEEEGAT TTGGTAATTCTCGAGGGT TAATTAATTTTTTCCCGT TATTATATCCTATTATTATTATCG

>R32_14-1_LB ADl_GI2

ACTGGGGATATAGTAAT TAAACGT COGCAATGT GTTATTAAGT TGTCTAAGCGTCAATTTGT TTACTGCTCTTTACTATTTGATCG
AAGAGGCCAAATGATCCTTGCTTTCTTTTTCTTTGAGAT CATTCCCGACT TGATGCGAAGGGTAGCT GTCTTTCCTTAGCCGCCGG
ACAGATAGT AAAAGT CAAGAGCTAGAGGT GATAGGT CGGATCCTTCCTCTTATTCAAGT CAATTGT GAATGCTGTGTACATACGTA
TAAACCACTTTTTTAATTCTTAATAT CAGACAAGTAAAAACAAT TGAACT TTCATTGAGT AAGTGTTATCAAGT TTTCCTCAAAAA
AAAAAACCT TGGAAAAAAAGGT GGGT TTGGGT TTCGGT TTGGAGGGEGAAGGGT TGAACCT CCACCT TTGGECGGGGECCGGAACCCC
TTAACAAAAAGGAAAAACT GGCAAAGGGGAAACACCAAACCAT AAAAAAAAT TGT GGAAT TTGGAAT TGEGAAGGCCACCGT TTAA
AAATCTTCCGAACT GAAAAAAAAAAAAACCCCCCGT TAAAAT CCAGGGCT GGCAAGGOCCT GGCTTAAATTTTGGCT TTACTCCCC
CCCCCCCCA

>R32_14-1_RB_ADO_E02

TAGGGGACTATGGTCGT TCCCGOCTTTCGT TTAACTATCAGT GTTTGAT TGT GAAACAATATTTCCAGT TCTCTTTCATGAATGGT
CATAGCAACTAATTTCTCTAGT TTGTTGGCAATGCT TAAAT TGCCAGAAT AATCCAGAT AGAAGCATCCAATTTCATCTCAAAGCA
AATGTCTCTGTTCAATCATAATATTAATTTGTATTTACTATGAGAACAAATATTGCTCAATGCTAAGT TTTATTGCAACTTATGTC
ACTTGTGTTCACTCACTCGACGAAT GCCAGCAACGGT TTCGACAAAACGCGACT GCTCGT CAT CGATCTCATCACAGGGAACGTCG
ATGAGACGGT CGTATTTTTGCGCCAGGGCGAAGGT TTTATGCT TCCCCCGCCGT ATGAATGT TATTTTGOGT TTTAAAGGAGAAAA
AAAAAATTCATTCCTGT AGGCGAGT GCCCGAACCCAAGATTTTTTTTTTTTTITGAATTTTTTTCCTTTTTTTAAAAAAAGGGEGCGAG
AGAGGGGEEG

>R32_15_LB4_ADO_E09 071

CAANCGCATGNGTATTAGT TGTCTAAGOGT CAATTTGT TTACACCACAATAT CTGOCCGT CGAGGATNGAACCAAGCCATTCGCTG
TGTTATTCTTCACGTTCGTCTGGTTCCGTCCT CGTGT CTAGCAAAT TCCCT TCAACT GAGAT GCAGCAT GGCAAAGCGOGGT GATA
AAGACGT GAGCGT CCGGCGAAAGCGT TTTCGGGT ATCGAGAGAT GGAAGCT ATGAGCCGOGT TTCATTTCAT CGGOCATGACGCGG
TCOGATCATTTCAGGATCGCACT GOGT GTCGAT GAGGAGCT CGCGGAT ACCGOCGT CCCACGT CCT GATGT CGGCAAGTAGGCTTTG
AAGTTCTTCGATGOCAT TCOCGGGCAAAACCCT TCGTGNCATCTTTCACT GGCAT CGCTGAANGT AAAACCAGNT TCNCCOCCTCC
GGAAGANGT TGGT CCOGGGT TTTGNGGT TAACT TCTTTTCGAANAAT TCNGAGGGT TTTCCCCNAANT NT TGGCCGGGGAAATTGG
GTTGAAACNGNANAAAAANGAAACCT NCGAGGGGNNGCCOCNT NNGGGGGGEGEGECCNCCCCNANNAANNNT TTTTNNTNNGGGGT TC
CCNGNTTTCCCNAAAAAANNCCCNAAATTTNTAAAAAAAAA

>R32_17-1_RB_AD6_E06

GACGGTAAATGTCGT TTCCGCCTTCAGT TTAACTATCAGTGTTTAAACT GATAGT TTAAACACT TGOGGATGACAAATTGACGCTT
GGATATATTGTGGT GTAAACAAATTGACGCT TAGACAACT TAATAACACAT TGCGGACGT TTTTAATGTACTGAAT TAACGCCGAA
TTGCTCTAGCATTCGCCATTCAGGCT GOGCAACT GT T GGGAAGGGOGAT CGGT GCGGGECCT CTTCGCTAT TACGCCAGCT GGCGAA
AGGGGGAT GT GCTGCAAGGOGAT TAAGT TGGGT AACGCCAGGGT TTTCCCAGT CACGACGT TGTAAAACGACGGCOCAGT GOCAAGC
TAATTCGCTTCAAGACGT GCTCAAAT CACTATTTCCACACCCCTATATTTCTATTGCACTCOCTTTTAACTGTTTTTTATTACAAA
AATGCCCTGGAAAATGCACTCCCTTTTTGTGT TTGT TTTTTTGT GAAACGATGT TGTCAGGTAATTTATTTGTCAGTCTACTATGG
TGGCCCATTATATTAATAGCAACT GT CGGTCCAATAGACGACGT CGATTTTCTGCATTTGT TTAACCACGT GGATTTTATGACATT
TTATGCTTCCGGGCTCGTATGG

>R32_17_LB_AD1_H03

AACTAATATAGTAATTAAAACGT CCCCAATGTGT TATTAAGT TGTCTAAGCGT CAATTTGT TTACACTACAATATATCCTGATCCA
ACGCTTATTCCTAGGTTTTTCTGCTAGECCCGTTTTTTTTCTAGTIGTTCTACATCTTCCTTCCACGACACCACCATTTTTTCTCATC
CTAAATAGCTAGCTGTAAATTAAACCGT CGT CAAAACAT GAAAAAT GAAAAAAAAACCTAGCCGATTTTGT TGTGCAATTAGT TGC
ACAAAACTACTTGATCTACAACTTTTTTTAAAAAATGGAATTATATCAGT TGAAGAAACTAAGT TCAATTTTACAAATTATTAACG
CAACTGTGTAGTTCTTATATATAAAAAAAAATAAACACCAGT TTAATATTTATATATTTGATCAATTAATCTACACCATTACAATT
TATTACAGI TAAGTCAGTTCTCTTAAGTTATTTACTCATTCCTTTGGTTTTGTACTTGGT TATACATTCCTGCACGAATGI TCGTA
ACCCATGACGTACGT TTTTGGAGAATAGT CATGTGT TATGCATGATCT TCATTCTAGCAAATAAACTATATATTCTTC
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>R32_18-1_LB_ADO_H04
ACTGGGATATAGTAATTAAACGT COGCAAT GTGTTATTAAGT TGTCTAAGCGT CAATTTGT TTACACCAGCCTCATCCTTCTCCTC
CTCGCTTCTTCTCTCTTCTCCCTCCT CAGCGAT GACAACGT CGATCTTGCTACCCTGGT TGCCT TCCTCTCTGCTGACCTCACCAA
TTCOGGCGGGOCCATGAT GT CACCAGCCT TCACACT CTCACT GATGOCCT CCAATCTGGT GT AGGAAGGGGAAGAAGAT GGAGGGC
GCAATTGGCAT TGGGGACGT CATCGAT TGGT TCTCT GGCAACCGGAGAT GGGAT CGCAGGAAGAGAGAGAGGAGGAGGAT GGTGAC
CTTGGGGCAGAGGAGT CGAGGGAGGAGGAT GGTGAAT GT GGGGCGGAGT CAT CGAGGAAGGGAGGGAT AAGGT GGATGGCGACTGT
CTGACGAAGACGAGGGAGAAAACGGAT CTGAGAAAACAGAAAAT GGT TGGGT TGTATAT T TATCCOGT AGCAGCAAAAACACCTGT
A

>R32_20-13_LB_ADl_HO5
AATGGGGGTATAGTAAT TAAAACGT CCGCAAT GTGTTATTAAGT TGTCTAAGOGT CAATTTGTTTACACT TTCTTOGGT GGOGCGC
TGCTTCCT T CGATGGCT GECGGGT GBCAGGCT GGT GGCT GGCAGT GGCAGGT GBCGGAGT AGCGGGT GGOGGCT GGT GGACGGGGA
GGAGT CGAGTACT CGAGCGGGT CAT CGAGAGAAAGGGAT CGGGAGGGAAGGGGAT CBGCGEOCGAT CBGGAGCGACGGTAT TAGEG
AATCAGGAGAGGAGACTAGGGT TTTTGT TGEGCT GGECCTCTAGCCCTTTATTAT GTGACT GTGOGGCT AACACCCAAAGGCCCCC
CGCTCATATGTTCTCGCTCGT GAGCAGCT CGCGOGCCOGCT CGATCT CAAACGAGCTGACATGCCACCTTTTTTTTTTTTGGAAAC
CGAGTCGAATTTGT CACGAT TTGAGGGGGCT GAAGAAACATGATT

>R32_21-1_LB_ADL_HO6
AACGGGTATAGTAATTAAAACGT CCGCAAT GTGTTATTAAGT TGTCTAAGCGT CAATTTGT TTACACACAATTTATCCCCAATATG
GCATCACTTGCTATTCATCCATACGCT GAAATCAGCCT TGTTTATTTCAGGAACATAACAT TGAGCGCT GTATCAACTGGAAATCC
TTTTGCATAGAAAAT GGCCT CAGCCT TCAGT TTACAAACT AGAAAAGCT AAAGGCT CGGT AAAATCCTTTTCCAAAAAGCAGCT CA
CCAGTCACCACCAAAT TACCAATTGGT GTGTGATTCCGTCCTTTGGT TAGT GAAACT ATGCATAT GTACAAACAAGGAGGAACATC
GTGAAGGGGACT GTGCGGAGAAAT TTTGCACACATAT GGT ACAAACCAAGGAGGAACAT CAT GAAGGGGACTATACGGATAGGATA
GGATGCGACTCGT TGGT TGTGGCAAAT GACAAGCT CGGAT GTGGGAAAT GGTAGACT TTCTCACAAATCTTATCAACAACT GAAAA
TCAGTTTTAGTGTATTTTCTTTAGGCAAAT GTGTACGGAT ACCATTGCT CCTTGGAGCTATAGT GCAGCAT GTTAGCTGOGGAGT T
CACTGGAAAGATTTTTTTTTTTTTGGGGAAATAGT TAAT TTAATTTCCT CGGGAAAGGGAACCACCCCCAAAAACCTATTTTTAGT
TTTTTTTCGGATAAAATCACATAAATA

>R32_22-24 LB ADl_HO8
ACTGGCATATAGTAATTAAAACGT COGCAATGT GTTATTAAGT TGTCTAAGCOGTCAATTTGT TTACACTCCTTCGGTGGCGOGCTG
CTTCCTTCGATGGCT GEOGGGT GGCAGGCT GGT GGRCT GGCAGT GGCAGGT GGCGGAGT AGCGGGT GGOGGCT GGT GGACGGGGAGG
AGTCGAGT ACT CGAGCGGGT CATCGAGAGAAAGGGAT CGGGAGGGAAGGGGAT CGGCGECCGAT CGGGAGCGACGGTATTAGGGAA
TCAGGAGAGGAGACTAGGGT TTTTGT TGGGECT GGGCCT CTAGCCCTTTAT TAT GT GACT GTGOGGCT AACACCCAAAGGCCCACAG
CTCATATGTTCTCGCTOGT GAGCAGCT CGCGAGCCAGCT CGATCTCT AACGAGCT GACAT GOCAGCT CGGCT CGT TAGGAAACCGA
GCCGAGCT TGT CACGAGCCGAGOGAGCTAACGAGCCAT GAGAT TTCT GTCCACCCCTAGAGAT GTCCCCGT CCOGT TCATCTCACT
CGACAAAA
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CAGGCCGGAGGGAGEGAGEGT TAATGAATGT GTGTATAAGAAGT TAAGGT AAATTAGT AAAAT AAAAAT AAGAT GTGAAAGAGAGG
AGGGAATTAATATTAATCTCGACT TTGCACACAT GACATAAT GACAT TGAGGCGT TATGAGT GAAAACT TAACAGT AACACTTGCG
AACTTTCGATGACAT TGAAACAACCAAT TTTCCAAAT AACT AT TGT GCCOOCCAAAT TAAAAAACACACACGCAGCTAGCCAAGAT
GTCGTGOCAAATATATATCGACCT GTGCT TGAGTATTCCAGTAGTATTGTACAGCACGGCACCT GTAAACGGEGECT CGCAGCGEGGT
GCGGGGTCCGGT TGEGT CAGAGCAGCAGAAT COCAAAAT GGT CCOGGAT TCTCTCATAACGAAACT GOOGCGAGT CGGGAACTTCC
CGGGTTGGTAAAAGATTCCCOOCCOGTTTATGCAACAGT AGGAGCAAACCGGGT AGAATTAATACCCCTCTCCTCTCTCATAATT
AAGGACACCAATACGT TGACACGT TTTTTCCOGGGGECTGT TTTAAGAACCTACTAACCCCAAT TCTCTACAATCCOCAT GGAAGAA
GCCTGAATCATGCAAAGAGAATTTTACTATTGATATATATCATTGGAACTT
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