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Abstract i

Abstract

The aim of this work was to isolate and characterize new suppressors, based upon SUVH2
overexpression phenotype, resulting in tagging of genes involved in chromatin regulation in
Arabidopsis thaliana. A novel strategy using T-DNA mutagenesis was successfully
established by introducing a second T-DNA in the background of SUVH2 overexpression
plants to isolate dominant suppressor mutations. The mutant T-DNA was driven by a weak
nos promoter to avoid Tran inactivation and silencing of the SUVH2 overexpression
construct. bar gene, under the control of nopaline synthase (nos) promoter, provided
resistance against herbicide spray containing phosphinothricin. Suppressors with a single
locus were identified by checking the segregation ratio of progeny in T2 generation as well as
by appearence of a single band in southern blot. The first genetic screen was carried out using
heterozygous over expression plants, as homozygous line was sterile. Using
posttranscriptional gene silencing, the obtained homozygous overexpression plants in F1
generation were used in 2™ screen for T-DNA mutagenesis.

The expression of SUVH2 transgene was verified in the background of the mutant T-DNA
using immunocytology and real-time PCR analysis and methylation status was examined
using Southern blot analysis. All three tests proved that the expression of the transgene was
not influenced by the introduction of another T-DNA used for transformation, therefore ruling
out the possibility that the isolated mutations were false positive. Genetic crosses involving
SUVH2 overexpression plants with randomly inserted SALK line further validated these
results.

Novel mutations showing dominant suppressor effect on SUVH2 overexpression phenotype
were identified and the genomic sequences flanking the T-DNA were isolated by I-PCR. Most
of the identified loci were novel, not having been identified from the other genetic screens.
Based upon the immunocytological data, the mutants were categorized into two classes
depending upon the ectopic distribution of H3K9me?2 is retained or reverted back to that of
wild type in the background of SUVH2 overexpression. The most interesting candidate
protein that was found in the genetic screen was mutation in the bromodomain containing
protein. It requires immediate further attention. The presence of a nuclear targeting signal, a
bromo domain and the presence of a putative RNA binding motif makes this protein a very
interesting candidate for further analysis. Genetic crosses using the commercially available

SALK line confirmed the suppressor effect and the insertion point of all the isolated mutants.
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Taken together this work led to the establishment of a new genetic screen to isolate dominant

suppressor mutations, which could elucidate the signal cascade leading to heterochromatin

formation in Arabidopsis thaliana.
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Zusammenfassung

Das Ziel dieser Arbeit war die Isolierung und Charakterisierung neuer Suppressoren,
unter SUVH2-Uberexpression. Diese Suppressoren sollen zur Identifikation von Genen
fiihren die an der Regulierung der Chromatinstruktur in Arabidopsis thaliana beteiligt
sind. Eine neuartige Strategie der T-DNA-Mutagenese wurde durch die Einfiihrung einer
zweiten T-DNA in die SUVH2 Uberexpressions-Pflanzen erfolgreich etabliert. Diese
Pflanzen sollten dazu dienen dominante Suppressor-Mutanten zu isolieren. Die mutierte
T-DNA stand unter Kontrolle des schwachen nos-Promotors um Trans-Inaktivierung
und Silencing des SUVH2 Uberexpressions-Konstrukts zu vermeiden. Herbizidresistenz
gegen Phosphinothricin wurde durch das bar gene unter der Kontrolle des nos-
Promotors erzeugt. Die Suppressoren mit einem einzelnen Locus wurden durch
Uberpriifung des Teilungsverhiltnisses der Nachkommen in der T2-Generation und
durch das Auftreten einer einzigen Bande im Southern-Blot ermittelt.

Der erste Screen wurde mit heterozygoten Uberexpressions-Pflanzen durchgefiihrt, da
die homozygote Linie steril war. Durch die Verwendung von posttranskriptionellem
Gen-Silencing konnten homozygote Uberexpressionspflanzen in der F1-Generation
erzeugt werden, die im zweiten T-DNA Mutagenese-Screen verwendet wurden.
Die Expression des SUVH2 Transgens in den Pflanzen die mit mutierter T-DNA
behandelt wurden, wurde durch Immunzytologie und real-time PCR-Analyse
nachgewiesen. Der Methylierungs-Status wurde mittels Southern-Blot-Analyse
Uberpriift. Alle drei Tests bewiesen, dass die Expression des Transgens nicht durch die
Einfihrung der zusatzlichen T-DNA, die fiir die Transformation verwendet wurde,
beeinflusst wurde. Dies schloss die Moglichkeit aus, dass die isolierten Mutationen falsch
positiv waren. Kreuzungen der SUVH2 Uberexpressionspflanzen mit einem SALK-
Stamm mit zufallig inserierter T-DNA validierten diese Ergebnisse zusatzlich.

Neue Mutationen die einen dominanten Suppressor-Effekt auf die SUVH2
Uberexpressionpflanzen haben konnten identifiziert werden und die flankierenden
genomischen Sequenzen der T-DNA wurden durch I[-PCR isoliert. Die meisten der
identifizierten Loci waren bisher unbekannt, da sie nicht von anderen genetischen
Screens identifiziert werden konnten. Basierend auf den immunzytologischen Daten
wurden die Mutanten in zwei Gruppen eingeteilt. In der ersten wurde die ektopische
Verteilung von H3K9me?2 beibehalten wahrend sie in der zweiten Gruppe zum wildtyp

der SUVH2 Uberexpression zuriickkehrt. Der interessanteste Kandidat, der durch den
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genetischen Screen gefunden wurde, war eine Mutation eines Gens, das fiir ein bis dato
unbekanntes Protein mit Bromodomadne codierte. Dieses Protein verdient weitere
Aufmerksamkeit, vor allem da es eine Kernlokalisierungssequenz, eine Bromodomane
und ein mutmafiliches RNA-Bindungsmotiv besitzt. Kreuzungen mit dem kommerziell
erhéltlichen SALK-Stamm bestéatigten die Suppressor-Effekte und die Insertionsstelle
aller isolierten Mutanten. Zusammengefasst fiihrte diese Arbeit zur Etablierung eines
neuen genetischen Screens um dominante Suppressor-Mutationen zu isolieren die dabei
helfen konnen die Signalkaskade die zur Bildung von Heterochromatin in Arabidopsis

thaliana fuhrt aufzuklaren.
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1.Introduction

DNA is the basic genetic material in all living cells. Although the DNA sequence in all cells
of an individual is identical, each cell maintains its identity during differentiation, by
expressing or repressing specific sets of genes. One of the hot topics, in modern research is to
find out how such tight control of gene expression and repression is initiated and maintained.
DNA is tightly packed around an octamer of histones (two H2A-H2B dimers and an H3-H4
tetramer) to form a nucleosome. Histones act as a spool around which the DNA winds. This
enables tight compaction, required to fit the large amount of DNA in the nuclei of eukaryotic
organisms. The lightly packed part of chromatin constitutes the euchromatin, which is rich in
genes and under active transcription. In contrast heterochromatin is the more condensed part
of chromatin, which is transcriptionally inert. Heterochromatin can be further differentiated
into facultative and constitutive heterochromatin depending upon whether the replicating
material remains transiently or permanently in condensed form.

In plants, genetic control of histone modifications are much more complex as compared to
other eukaryotes. This could partially be attributed to the sessile nature of plants, as they have
to cope and adapt to various environmental factors and accordingly maintain a dynamic state
of chromatin (Pfluger ef al., 2007). This assumption is also supported by the fact that most of
the genes in Arabidopsis are part of multigene families, which allows easy fine-tuning of their
expression. For instance there are 47 SET-domain proteins (Baumbusch et al., 2001; Ng et
al., 2007), 12 histone acetyltransferases and 16 histone deacetylases (Probst et al., 2004).
Single mutations affecting only one of the genes in Arabidopsis seldom lead to a severe
phenotype owning to functional redundancy. This could be useful to study lethal mutations,
which would eliminate the individuals in other model systems (Matzke and Schied 2007).

The modulation of chromatin structure is critical for fine-tuning and differential gene
expression. The accessibility and recruitment of the regulatory factors to chromatin
determines whether the underlying DNA can either achieve a closed, condensed and
transcriptionally inert state or an open, less condensed, transcriptionally active state. Different
transcription states can be achieved not only by covalent histone modifications, but also by
variation in the local chromatin structure (Quina et al., 2006).

The key regulators of chromatin structure, which can potentially modulate gene expression,
include the Nucleosome Assembly Proteins (NAP), which are important for incorporation of
core histones (Lafos and Schubert, 2009), ATP-dependent chromatin remodelers, which can
alter the position and the conformation of nucleosomes and histone variants, which are

generally associated with actively transcribed regions as was shown in Drosophila. In



Introduction 2

Drosophila, histone H3 is replaced by the variant H 3.3, which is found to be abundant in
actively transcribed regions (Walter.M, personal communication). The histone variant H2A.Z,
which is generally found in the regions of active transcription, specifically associates with
regions of low methylation, suggesting a possible protective role in gene silencing (March-
Diaz and Reyes, 2009). Modulators like activators or repressors, which bind and mark the
chromatin, followed by recruitment of other remodelling factors to nucleate or maintain a
particular chromatin state. However, histone modification and DNA methylation are the two
most important and conserved covalent modifications for the regulation and proper function

of chromatin.

1.1 Epigenetics and its role in plant development

During plant development there is a tight control of gene expression in a time-dependent
fashion. The expression patterns are established and maintained during the successive rounds
of cell division. PcG proteins play an important role in controlling the expression of homeotic
genes. Two groups of PcG proteins form independent protein complexes called PRC1 and
PRC2. The PRC2 complex is responsible for the establishment of the repressive H3K27me3
(trimethylation of lysine 27 of histone H3) mark on its target genes and this complex is
conserved in plants as well as in animals. However, in contrast to animals, biochemical and
interaction studies suggest the presence of three PRC2-like complexes with distinct and
overlapping roles in Arabidopsis development (Kohler et al., 2003; Chanvivattana et al.,
2004; Wood et al., 2006). The key component of the PRC2 complex is Enhancer of Zeste
E(Z), which encodes a SET domain-containing histone H3 methyltransferase protein
responsible for mono-, di- and trimethylation of H3K27 (H3K27mel to me3). In Arabidopsis,
E(Z) proteins are represented by a small gene family consisting of CURLY LEAF (CLF),
SWINGER (SWN), and MEDEA (MEA). These genes act in a partially redundant manner in
regulating the target genes (Chanvivattana et al., 2004; Schubert et al., 2006; Wang et al.,
2006). The PRCI1 complex is shown to be responsible for maintenance of silencing initiated
by the PRC2 complex. Absence of the PRC1 complex in Arabidopsis suggests that PcG
regulation is much more dynamic in plants as compared to animals.

Trithorax proteins are localized to the same loci as PcG proteins but act in an antagonistic
fashion by stimulating transcription. Trithorax proteins catalyze the trimethylation of H3K4
(Czermin et al., 2002). There are five homologs of TRX proteins in Arabidopsis, of which
ATX-1 and ATX-2 have been studied in detail. Histone methyl transferase activity of ATX-1

specific for H3K4me3 mark has been shown (Alvarez-venegas et al., 2003). In contrast to
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animals, the major epigenetic changes in plants not only occur at the early embryonic stage
but also during post-embryonic developmental transitions thus emphasizing the important role

of chromatin remodeling in providing higher flexibility during the entire life cyle of plants.
1.2 DNA methylation and its significance in gene silencing

DNA methylation is a typical epigenetic mark for transcriptional gene silencing in many
organisms. It is correlated with silencing of transposons, genomic imprinting and X
chromosome inactivation. In mammals DNA methylation is preferentially found at symmetric
or CpG methylation. DNMT1 and DNMT3 are the two-methyltransferase enzymes, required
for maintenance and de-novo methylation in animals (Margot et al., 2003). In Neurospora,
dim-2 is the only gene responsible for methyl transferase activity and mutation of this gene
leads to complete elimination of DNA methylation (Kouzminova and Selker, 2001).

In Arabidopsis, DNA methylation occurs in both symmetrical and asymmetrical motifs, thus
leading to methylation at specific sites such as CG, CHG, CHH (where H = C, G, A or T).
DRMI1, DRM2, METI, DRDI and CMT3 are the principal Arabidopsis DNA
methyltransferase enzymes, which transfer and covalently attach methyl groups onto cytosine
residues in the DNA. MET1, a homolog of the mammalian DNA methyltransferase DNMT1,
is responsible for CG methylation or symmetric methylation. The maintenance of DNA
methylation is primarily carried out by MET], as it recognizes methylation marks during
replication from the hemimethylated parent substrate and transfers them to the daughter strand
(Henderson and Jacobsen, 2007; Tariq et al., 2003). In the mutant background of met!,
phenotypic defects appear only after several generations of inbreeding indicating functional
redundancy among different methyl transferases (Mathieu et al., 2007).

Mutations in MOM1 (Morpheus molecule 1) have been shown to release transcriptional gene
silencing (TGS) in the absence of any detectable alteration of DNA methylation (Amedeo et
al., 2000; Vaillant ef al., 2006). This might indicate an alternative pathway of silencing,
which is independent from DNA methylation. Recently it was suggested that MOM1 might
participate in maintaining the silent state of target loci by recognizing specific patterns of
cytosines and histone modification controlled by the RNA-directed DNA methylation
(RdDM) pathway. It was also postulated that MOM1 maintains H3K9me?2 at an intermediate
level, allowing chromatin to remain in a more dynamic state (Numa et al., 2009;
Yokthongwattana et al., 2110).

DDMI1 (Decrease in DNA methylation) is a member of the SWI/SNF2 family of proteins. In a

null-mutant background of ddml, substantial reduction of DNA methylation is achieved,
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emphasizing the important role of this chromatin-remodeling enzyme (Law and Jacobsen,
2009). DDM1 binds to the nucleosome and promotes chromatin remodeling in an ATP-
dependent manner, indicating its indirect role in DNA methylation (Brzeski and
Jerzmanowski, 2003). The loss of functional alleles of ddml leads to transcriptional
reactivation of transposons and repeats in heterochromatic regions. This could be attributed to
H3KO9 redistribution throughout the genome as compared to wild type, where this mark is
mainly restricted to heterochromatin, resulting in a general shift from a repressive H3K9 mark
to an active H3K4 mark in the heterochromatic region (Gendrel et al., 2002). In the null-
mutant background of ddml, the phenotypic defects became successively stronger in
progressive generations (Kakutani et al., 1996). MBD (methyl binding domain protein)
proteins associate with both methylated DNA as well as histone deacetylases in plants as well
as in animals emphasizing their crucial role in the crosstalk between DNA methylation,
histone modification and heterochromatin formation. DDM1 was shown to be responsible for
localization of AtMBD proteins at specific nuclear domains (Zemach et al., 2005).
Asymmetric methylation is mainly controlled by DRM1 and DRM2 (Domain Rearranged
Methyltransferase). They are mammalian homologs of the Dnmt3 group, whose members are
responsible for the establishment and maintenance of asymmetric methylation (Henderson
and Jacobsen, 2007). siRNA plays an important role in directing these methyl transferases,
which are responsible for de novo methylation of the target sequences. RNAi-mediated DNA
methylation is crucial for DNA methylation in a symmetric as well as in an asymmetric
context (Law and Jacobsen, 2009).

CMT3 (Chromomethylase) is a DNA methyltransferase, which is unique to Arabidopsis and
plays an important role in maintaining non-CG methylation (Bartee et al., 2001; Cao et al.,
2003; Jackson et al., 2002).

In the mutant background of drdl (Defective in RNA directed DNA methylation), RNA -
induced non-CpG methylation was completely eliminated at the target promoter, implicating
involvement of DRD1 in RNA-directed de novo methylation (Kanno et al., 2004). DRD1 acts
in concert with the RNA polymerase 1V/RDR2/DCL3/AGO4-mediated RNAi pathway, to
guide DRM2 to carry out de novo asymmetric DNA methylation (Chan ef al., 2006; Law and
Jacobsen, 2009).

1.3 The role of non-coding RNA in gene silencing in Arabidopsis thaliana

Recently, the role of noncoding transcripts in gene silencing and heterochromatin formation

has gained considerable importance. In particular, it was shown that noncoding RNA
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regulates the expression of the major floral repressor gene FLC. This repression was mediated
by localized demethylation of the antisense transcript without affecting the transcription of the
sense transcript. Upregulation of noncoding antisense transcripts leads to downregulation of
FLC expression. This is the earliest step in silencing prior to Polycomb group proteins (Liu et
al., 2010; Swiezewski et al., 2009). The role of RNA polymerase II in siRNA-mediated
silencing was shown by demonstrating that it codes for noncoding transcripts, which acts as a
scaffold in the siRNA-mediated pathway. The scaffold also interacts with Argonaute 4 to
recruit SiRNA to homologous loci resulting in TGS. The Ago4/siRNA/RISC complex could
then recruit DNA methyltransferases such as DRM2 for de novo methylation or histone
methyltransferase resulting in epigenetic modification. POL II transcripts also recruit Pol 1V
and Pol V to different heterochromatic loci resulting in siRNA-mediated TGS. DRDI is
required for the production of Pol II transcripts (Zheng et al., 2009). RDM4 is a conserved
protein, which interacts with Pol II and Pol V and thus serves as a important component in the
RNA-mediated silencing pathway (He et al., 2009).

Recently arginine methylation has been shown to play an important role in various processes
such as DNA repair, signal transduction, RNA processing, and transcriptional regulation.
Arginine methylation is carried out by the enzyme arginine methyltransferase (Bedford and

Richard, 2005).

1.4 DNA demethylation in the Arabidopsis genome

Methylation status of various genes is dynamically regulated by methylation and
demethylation. DEMETER and ROSI1 have been studied in detail for their role in active
demethylation in Arabidopsis. Demethylases remove 5-methyl cytosine residues by their
glycosylase and lyase activity. DEMETER is expressed in the central cell of female
gametophyte. It is required for the maternal expression of two imprinted genes - MEDEA and
FWA. MEDEA and FWA remain silent as a result of DNA methylation. On the other hand,
ROSI actively removes 5-methyl cytosine from the hypermethylated transgene (Agius et al.,
2006; Morales-Ruiz et al., 2006). Recently demethylase activity of another protein ROS3 was
shown. The binding site of this protein colocalizes with ROSI1, indicating that both of them
are in the same genetic pathway. ROS3 has a RNA binding motif and therefore might be
involved in RNA mediated target sequence recoginition for its demethylase activity (Zheng et
al., 2008). In a recent study, it was shown that a putative histone demethylase jmjC domain
protein IBM1 (Increase in Bonsai Methylationl) prevents ectopic distribution of non-CG

methylation in genic regions of Arabidopsis, which is absolutely essential for normal
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development. It was also postulated that increase of DNA methylation in the mutant
background of ibml could be due to an increase in H3K9 methylation. Interestingly RNAi
components involved in DNA methylation were not involved in DNA hypermethylation in the

ibm I mutant background (Miura et al., 2009; Saze et al., 2008).

1.5 Influence of histone modifications on regulation of gene expression

The N- terminal tails of the histones H3 and H4 histones are protruding out from the
nucleosomes and can be post translationally modified at several amino acid positions. The
modificaion of the tail includes acetylation, methylation, phosphorylation, ADP-ribosylation
and ubiquitination (Strahl and Allis, 2000). Dependent on the type and position of the
modification, the chromatin can either be in a transcriptionally active, open conformation or a
transcriptionally inactive, closed condensed form. Thus combinations of these modifications
constitute an epigenetic histone code. The Histone code is not universal but varies from
species to species. The effect of all these modifications are interpreted by the chromatin
associated proteins, which actually decide whether a transcriptionally active or silent state has
to be maintained at a local level (Jenuwein and Allis, 2001). In contrast to animals, none of

these proteins are known in plants.

1.6 Types of histone modifications

1.Histone Methylation: Histones are methylated at specific lysine or arginine residues.
Methylation at specific residues marks the chromatin as either transcriptional active or
inactive, dependent on the type and place where the modification has taken place.
Methylation of histones at H3K9, H3K27 and H4K20 are typical marks of the repressed
chromatin state (Fischle et al., 2003; Lachner ef al., 2001), whereas methylation of H3K4 and
H3K79 are marks of an active chromatin state (Vakoc et al., 2005). Further, a different degree
of methylation (mono-, di- and tri —methylation) results in tight control and modulation of this
process. These marks are sometimes species-specific, as the mono-, di- and tri-methylation of
K9 and K27 of histone H3 (H3K9mel to me3 and H3K27mel to me3) are specific marks for
heterochromatin in Drosophila (Ebert et al., 2004). In Arabidopsis, H3K9mel and me2,
H3K27mel and me2 and H4K20mel are preferentially enriched in heterochromatin regions.
In contrast, the histone modification marks H3K9me3, H3K27me3 and H4K20me2 and me3

were found exclusively in euchromatic regions (Naumann et al., 2005).
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2. Histone acetylation / deacetylation: Another well-studied modification is the acetylation /
deacetylation of histones. This process is carried out by histone acetyltransferases (HAT) and
histone deacetylase (HDACs). HDAC6 was shown to be involved in maintaining CpG
methylation (Probst et al., 2004). HAT transfers an acetyl residue from Acetyl-CoA to the
amino group of lysine whereas deacetylases reverse this reaction. Acetylation is linked to
transcriptional activation as it neutralizes the positive charge, reducing the affinity between
histone and the negatively charged DNA. This alters the accessibility for various nucleosomal
DNA-binding transcription activators, other chromatin remodeling complexes and chromatin
modifying enzymes (Pandey et al., 2002).

3. Phosphorylation: Aurora kinases are serine /threonine kinases that are known to be
essential for cell proliferation. Three aurora kinases (A, B and C) have been identified, and
have been shown to play an important role in chromosomal condensation and cell cycle
progression during mitosis and meiosis. These enzymes phosphorylate histone H3 at Ser10
(Kawabe et al., 2005; Kurihara et al., 2007). Like histone methylation, histone
phosphorylation is also a species-specific mark, as seen in Drosophila, where H3S10
phosphorylation is a typical euchromatic mark (Ebert et al., 2006; Zhu, 2009). However, in
Arabidopsis it is mostly heterochromatic (Fischer et al., 2006).

4.Histone demethylation: Histones can also be demethylated by specific histone demethylases
at methyllysine and methylarginine residues. Aminooxidases like Jumonji (Jmjc) domain-
containing proteins and LSD1 are responsible for lysine demethylase activity. LSD1 is an
amine oxidase that catalyze lysine demethylation in a FAD-dependent (flavin adenine
dinucleotide dependant) manner, whereas the hydroxylation reaction carried out by Jumonji
(Jmjc) domain-containing proteins, requires the presence of Fe (II) and a-keto glutarate to
generate formaldehyde and succinate (Zhu, 2009). Arginine demethylation is carried out by
PADI4 (peptidyl arginine deaminase I4). It converts arginine in the histone H3 tail to
citrulline (Bedford and Richard, 2005; Tanikawa et al., 2009)

1.7 SET domains proteins in Arabidopsis thaliana

SET domain proteins have histone methyl transferase activity. These proteins were first
described in Drosophila and the name SET is derived from suppressor of variegation
SU(VAR)3-9, Enhancer of Zeste E(Z) and Trithorax protein. It was shown that interaction of
SU(VAR) 3-9 with HP1 is required for the establishment and maintenance of heterochromatin
in Drosophila. The orthologues of SU(VAR)3-9 are conserved in different organisms

(Figurel). In case of fission yeast, the Clr4 methyltransferase complex is responsibe for DNA
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methylation and heterochromatin assembly in conjunction with the RNAi pathway (Zhang et
al., 2008). Similarly, the human SUV39H (the human homolog of SU(VAR)3-9) can partially
complement and rescue the silencing defect of SU(VAR)3-9 mutations in Drosophila
(Schotta et al., 2002). It was also shown that SU(VAR)3-9 and HP1 from Drosophila
specifically associate with the heterochromatin when expressed in Arabidopsis, indicating
functional conservation of the proteins in different organisms (Naumann et al., 2005).

There are 47 SET-domain proteins in Arabodopsis (Baumbusch et al., 2001, Qian and Zhou,
2006; Ng et al., 2007). The different types and places of modification of lysine residues could
possibly explain the existence of such a large family of SET-domain proteins. They are
grouped into four classes, Enhancer of Zeste E (Z) homologues, Ashl homologues, Trithorax
(Trx) homologues and Suppression of variegation SU(VAR)3-9 homologues.

Enhancer of Zeste E (Z) homologues in Arabidopsis are CURLY LEAF (CLF), SWINGER
(SWN) and MEDEA (MEA). CURLY LEAF and SWINGER act in a redundant fashion to
control leaf and flower morphology as well as flowering time (Schubert et al., 2006).
MEDEA (MEA) is an imprinted gene, which represses endosperm development in the
absence of fertilization (Arnaud and Feil, 2006).

ASHI homologues are a group of proteins that are homolog to ASH1 and are characterized by
the presence of a cysteine-rich post-SET domain. In Drosophila, ASH1 (absent, small, or
homeotic disc 1) has been shown to be required for H3K4 methylation (Byrd et al., 2003).
Consistent with these results, it was hypothesized that these group members are involved in
H3K36 methylation in Arabidopsis (Zhao et al., 2005).

Members of the group of Trithorax homologues were shown to be involved in positive
regulation of homeotic gene expression, like their Drosophila counterparts. ATX1 was the
first protein reported from this group to have H3K4 methyltransferase activity (Santos-Rosa et
al., 2002). These classes of proteins are characterized by the presence of highly conserved
domains such as PWWP, FYRN, FYRC and others.

SU(VAR)3-9 is a highly conserved protein and homologues are present in a wide range of
organisms, where they catalyze the formation of the repressive H3K9me2 mark, via their
SET domain (Bannister et al., 2001). The SET domain of SU(VAR)3-9 is responsible for
H3K9me?2 activity in chromo centers of Drosophila, which facilitates the recruitment of HP1
to SU(VAR)3-9 through its chromodomain (Schotta et al., 2002). The interaction between
SU(VAR)3-9 and HP1 is an interdependent process (Bannister et al., 2001; Rea et al., 2000).
In conjugation with SET domain there are many other prominent domains, which are present

in SU(VAR)3-9 and its homologues. Chromo domain is commonly found in proteins
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associated with remodeling and manipulation of chromatin. Chromo domain containing
proteins are involved in binding of methylated histones and also play an important role in the
RNA-induced transcriptional silencing complex. SRA (SET and RING associated) and MBD
domain containing proteins could directly bind to methylated DNA and therefore could play
an important role in crosstalk between histone and DNA methylation. The presence of ankyrin
repeat is one of the most common protein-protein interaction motifs found in nature. The

additional domains present along with SET domain might provide a hint about their possible

functional role of these proteins in different organisms.
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Figure 1.1: Comparision of the homologues of SU(VAR)3-9 protein. Homologues from H.sapiens,
X.tropicalis, M.musculus, S. pombe, A.thaliana , D.melanogaster, C.elegans and D.rerio are shown. The highly

conserved PreSET and SET domains, responsible for specific histone methyltransferase activity, are present in
all the organisms.

In mammals a similar interaction of DNA methyltransferase Dnmt3a with the mammalian
homologue of SU(VAR)3-9, SUV39H1 was shown, also involving HP1{3, the mammalian
homologue of HP1 (Fuks et al, 2003). This shows that SU(VAR)3-9-mediated
heterochromatin formation is a highly conserved process in different organisms.

Comparision of the domain structure in different organisms also revealed that this proteinis

highly conserved as seen in Figurel.1.
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There are 10 homologues of SU(VAR)3-9 protein in Arabidopsis. They all have a typical
YDG domain upstream of the pre-SET domain. SUVH4/Kryptonite is one of the well-studied
members of this class of proteins. It represses expression of superman, a floral homeotic gene
through its H3K9 methyltransferase activity. This mutant was isolated in a genetic screen,
where, an inverted repeat of the superman gene was introduced in a wild type background.
This resulted in silencing of the transgene as well as the endogenous locus and formation of
an epigenetic allele known as clark kent (c/k—st) allele. clk-st plants showed a defect in the
number of floral organs. EMS mutagenesis was performed to score for the suppressor
phenotype. It led to identification of cmt3, suvh4 ago4, drml and drm2 (Jackson et al., 2002).
Suvh4 and cmt3 mutations also suppress the hypermethylation phenotype of ibm/-mutation
indicating that they work in a common pathway in a complex (Saze ef al., 2008).

Out of 10 SUVH proteins, SUVH2 has been shown to have profound effect on
heterochromatin formation in Arabidopsis. This statement is further substantiated by the fact
that all the heterochromatin marks were reduced in the null-mutant background of SUVH2.
Remarkably a pronounced effect was visibe in H4K20 monomethylation. Accordingly
overexpression of SUVH?2 leads to ectopic heterochromatization (Naumann et al., 2005). Till
date, in vivo HMTase activity has been demonstrated for SUVH2, SUVH4, SUVHS5 and
SUVHG6 (Naumann et al., 2005 Ebbs and Bender, 2006; Jackson et al., 2004). It was also
shown that SUVH2 shows a dose-dependent effect and overexpression of SUVH2 leads to a
mini plant phenotype. Such pivotal role of SUVH2 in Arabidopsis makes this protein an
interesting and important candidate to further investigate its role in heterochromatin
formation. Genetic interaction-studies with known DNA methyltransferases revealed a direct
regulatory link between SUVH2, MET1 and DDM1. Hence a genetic screen was established
to find dominant modifiers of the SUVH2 overexpression phenotype. This would in turn help
to identify components, which could directly or indirectly interact with SUVH2 in a protein
complex, leading to heterochromatin formation in Arabidopsis.

Apart from the 10 SUVH proteins, there are four SUVH related proteins, some of which are
specifically localized to the nucleolus. SUVR4 was shown to have H3K9mel-activity,

involved in control of rRNA expression (Thorstensen et al., 2006).

1.8 Role of SET domain genes in flower development in Arabidopsis
thaliana

Vernalization is the process in which annual plants acquire competence to flower after long

cold spells. VRN2 is required for silencing of the FLC locus by the polycomb group of
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proteins through acquisition of H3K27 di- and tri-methylation. So, VRNI is implicated in
maintenance of the silent state (Bastow et al., 2004; Henderson and Jacobsen, 2007). EMF1
and EMF2 are embryonic flower genes, whose loss of function leads to flowering, bypassing
the vegetative shoot growth (Yoshida et al., 2001). LHP1 is shown to be responsible for leaf
morphology and onset of flowering but does not play any role in heterochromatin formation

as its Drosophila counterpart (Mylne et al., 2006).

1.9 Influence of transcriptional gene silencing (TGS) and post
transcriptional gene silencing (PTGS) in regulation of gene expression

Transgene silencing is the major reason for variability in transgene expression and could be
attributed to either TGS (transcriptional gene silencing) or PTGS (post-transcriptional gene
silencing (Paszkowski and Whitham, 2001). Since this variability in expression does not
result from changes in the DNA sequence of the transgene, these changes could be attributed
to epigenetic effects.

Transcriptonal gene silencing is characterized by the hyper methylation of the promoter
sequence and inhibition of transcription, whereas in post transcriptional gene silencing there
could be methylation of the coding region and potential post-transcriptional degradation of the
RNA (Mittelsten Scheid et al., 1998). When a transgene is present in multiple copies in
tandem or inverted repeats in close proximity to each other, transcriptional gene silencing
(TGS) is triggered. TGS is mitotically and meiotically stable (Steimer et al., 2000). It is
characterized by DNA hypermethylation, histone methylation and deacetylation, indicating
the formation of a local heterochromatic environment (Hofmann 2004).

Post-transcriptional gene silencing (PTGS) may results from the presence of an antisense
transcript, inverted DNA repeats, RNA virus or overexpression of a transgene (De Wilde et
al., 2000). The silencing effect is much more pronounced in the presence of transgene loci in
homozygous state (Vaucheret et al., 1998). In a way, PTGS helps to control which genes are
active and how much expression is optimum for normal growth. The first step in this process
is initiated by Dicer, which cleaves double stranded RNA into shorter fragments of 21-22
nucleotides. These fragmented nucleotides are responsible for mRNA cleavage and epigenetic
modification of homologous DNA sequence. Fragmented RNAs are further amplified by the
action of SGS2 and SGS3 proteins. SGS2 is a RNA dependent RNA polymerase (RDR6) and
SGS3 protein has no functional similarity to any other known protein indicating that it is a
plant specific protein required for silencing (Zheng et al., 2010). The generated RNA is then
incorporated into the RISC complex, pairs with complementary mRNA, and cleaved by
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Argonaute, the catalytic component of the RISC complex. PTGS is therefore a natural defense
mechanism to prevent viral replication as well as to prevent self-propagation of transposons
(Peragine et al., 2004).

TGS and PTGS are independent mechanisms, but in a molecular pathway both mechanisms
might have common players like DDM1 and METI1 that could methylate target DNA
sequence. Both types of silencing leads to the production of sequence specific RNA

complementary to the region, which undergoes silencing.

1.10 Available systems for identification of TGS suppressors in Arabidopsis

thaliana

There are many already established silencing systems to isolate TGS suppressor mutations in
Arabidopsis. Suppressor mutants of transcriptional gene silencing were isolated for the first
time using a transgenic silencing system developed by Mittelsten Scheid ef al., (1998). In this
screening, hygromycin was used as a reporter system in multiple copies and it resulted in a
repeat-dependent hypermethylation and silencing of the construct. Due to the repetitive nature
of the construct, this line showed stable inactivation of the reporter gene for many
generations, resulting in sensitivity to hygromycin. After EMS mutagenesis, mutants were
selected based upon reactivation of the hygromycin reporter. The reporter gene could only be
transcribed in the background of the mutants defective in transcriptional gene silencing. Eight
mutations were isolated and were called som1-8. Later, five of them were found to be ddml
alleles. Ddm 1 mutations are strong TGS suppressors in Arabidopsis. In a similar screen using
T-DNA as a mutagen, MOM1 was isolated (Amedeo et al., 2000).

Another screen used additional copies of the CHS gene (chalcone synthase). When these
copies were introduced in the wild type ectotype, they resulted in homology-dependent
silencing and complete silencing of all homologous copies of the CHS genes (Davies et al.,
1997). hogl-mutation (Homology-dependent gene S- silencing) could release silencing of the
homology-dependent silencing state. The HOG1 gene codes for the S-adenosyl-homocysteine
hydrolase, that is required for DNA methylation-dependent gene silencing (Rocha et al.,
2005). In another genetic screen, si// mutation was identified. This mutation is allelic to
HDAG (histone deacetylase 6) and leads to release of transcriptional gene silencing (Probst et
al., 2004).

One of the well-studied silencing systems is based on the enzymes involved in the tryptophan

biosynthetic pathway. The enzyme PAI (phosphoribosyl anthranilate) has a specific
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genomic arrangement in the Arabidopsis ecotype Wassilewskija (WS). There are three
independent loci that can potentially code for this enzyme. However PAIl and PAI4 are
arranged as a tail-to-tail inverted repeat. This complex arrangement leads to methylation of all
the loci in an RNA -directed gene-silencing mechanism (Melquist et al., 1999). As a result of
methylation, the PAI2 locus remains completely silent. Despite hyper methylation in the
coding region, the PAII gene is expressed leading to the synthesis of an active PAIl enzyme.
Even after met/ and ddml mutations were introduced in this ecotype, they could only
partially demethylate the complex loci indicating a possible role of RNA-directed DNA-
methylation (Malagnac et al., 2002). In the same genetic screen, second-site mutations could
also be isolated, that released silencing from the PAI2 locus in the background of a mutated
PAIl gene and resulted in identification of eleven alleles of CMT3 and seven alleles of
SUVH4 (Bartee et al., 2001).

In recent studies carried out in our lab, tandem repeats of a 35S-driven luciferase transgene
were used, which resulted in complete silencing of the luciferase transgene. EMS mutagenesis
was performed in this background, and mutants were selected and identified based upon
reactivation of luciferase transgene in the F2 generation. Extensive screening resulted in

identification of a large number of transcriptionally silent mutants (Hofmann 2004).

1.11 Aim of the work

Heterochromatin plays an important role in gene regulation, in maintaining the integrity of the
chromosome and in silencing of retrotransposons. One way to gain insights into the function
of heterochromatin formation in Arabidopsis is to generate plants or identify mutants that
contain defined phenotypic alterations. Overexpression of the heterochromatin protein
SUVH2 results in a miniplant phenotype due to excessive heterochromatization. This
provides a useful platform to design and screen for dominant mutations involved in
heterochromatin formation based on the loss of the miniplant phenotype. Once such mutations
have been identified, their role in heterochromatin formation can be assessed. Therefore
detailed analysis of these mutants and corresponding genes would provide better
understanding of heterochromatin formation in plants.

The aim of this work was to establish a screening system based on the SUVH2
overexpression phenotype in order to identify dominant suppressor mutations. Such mutations
could result in identification of novel unknown suppressors, which could play an important

role in the heterochromatic silencing process in Arabidopsis. It will also help to identify direct
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and indirect interacting proteins of this pathway, which could potentially control the functions
of SUVH2. In a previous study carried out in our lab it was shown that SUVH2 functionally
interacts with well-known methyltransferase MET1 and DDMI. In this study the screening
procedure was fine-tuned in order to obtain seeds from a sterile homozygous overexpression
line after PTGS of the SUVH2 transgenes. This helped to screen for mutations in F1 plants at
at a faster rate, after T-DNA transformation of insertional mutagen using Basta T-DNA
construct. A large number of dominant mutations were isolated, which were initially
differentiated into two types based upon H3K9 staining pattern. Type 1 in which ectopic
H3K9 distribution was retained and type 2 in which the ectopic H3K9 level was reduce to
wild type level in the SUVH2 overexpression background. One of the interesting mutations
represents a T-DNA insertion in the gene for global transcription factor 2 (GTE2). The
insertion was identified and Southern blot analysis was performed to confirm the presence of
a single insert of the mutater T-DNA in the genome. With two independent SALK lines
inserted in this gene, the suppressor effect was confirmed by crossing the SALK line to the
starting overexpression line and scoring for a dominant suppressor effect in the next

generation.
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2. Materials and Methods

2.1 Materials used

2.1.1 Chemicals, solvents, enzymes and oligonucleotides

All laboratory chemicals and organic solvents were of analytical grade and obtained from
Sigma-Aldrich (Deisenhofen, Germany), Diagonal (Miinster, Germany), AppliChem
(Darmstadt, Germany), Duchefa (Haarlem, Netherlands), CarlRoth (Karlsruhe, Germany) and
Merck (Darmstadt, Germany) unless otherwise stated. Restriction enzymes, T4 DNA Ligase,
ribonuclease A and DNA polymerase were used from Boehringer (Mannheim, Germany),
MBI Fermentas (St. Leon—Rot, Germany), GibcoBRL (Eggenstein, Germany), Roche
Diagnostics (Mannheim, Germany) and Promega (Madison, USA).

Radioactive chemical (a-[*’P]-dATP) was obtained from ICN Pharmaceuticals (Irvine, USA).
Oligonucleotides were synthesized by MWG-Biotech (Ebersberg, Germany). A list of all the
oligonucleotides used in this study is given in appendix 2. Antibodies were obtained from

MoBiTec (Gottingen, Germany), Eurogentec (Seraing, Belgium) and Dunn (Germany).

2.1.2 Cultivation conditions of Arabidopsis thaliana

For all molecular biological studies, the model organism Arabidopsis thaliana ecotype
Columbia was used. The genome of this organism is completely sequenced by the
Arabidopsis Genome sequencing project (Arabidopsis Genome Initiative 2000). The soil used
for the cultivation was a mixture of ED73 soil and vermiculite in the ratio of 3:1. The
cultivation of Arabidopsis thaliana was done in a green house under short day and long day
conditions. Under short day conditions, 8 hours of light at a temperature of 23 °C and 16
hours of darkness at 20 °C was maintained. The relative humidity was kept constant at 60 %.
In order to induce flowering, plants were subjected to long day conditions (16 hours of light
and 8 hours of darkness). The axenic cultivation of Arabidopsis thaliana was carried out on a
modified MS salt medium (Murashige and Skoog, 1962) and to prepare solid medium 8 g/l of

bacto-agar was added.

2.1.3 Microorganisms

The bacterial strain Escherichia coli DH50 was used for all the culture experiments. The

relevant genetic markers on this strain are: F-O- endA1 hsdR17 (rk-mk+) supE44 thi-1 recAl
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gyrA96 relA1 A(lacZY A-argF) deoR U169 (¢80d lacZAM15)(Woodcock et al., 1989).

2.1.4 Bacterial growth media

LB medium (10 g/l Bacto tryptone, 5 g/l NaCl) was used for the growth of Escherichia coli,
Agrobacterium tumefaciens, and for the selection of clones. To prepare solid medium 15 g/l
of Bacto-agar was added. For the plasmid selection, the antibiotics ampicillin (100 mg/l) and
kanamycin (50 mg/l) were used. LacZa recombinants and blue-white colonies were selected
on plates containing 40 pl X-gal (50 mg/l). Agrobacterium tumefaciens GV3101 (Roberts et
al., 2003) was cultered in the presence of antibiotics gentamycin (10 mg/l) and rifampicin
(100 mg/l) were added. All components of the culture medium were purchased from

DifcoLab (Detroit, USA).

2.1.5 Vectors
Vector Features Reference
AMP', MCS, LacZa Cloning vector /
pGEM®-3Zf(+) M13-Primer binding site Promega (Madison, USA)
Kan', MCS, T-DNA borders, Binary vector / transformation
using Agrobacterium tumefaciens
pCB302 bar Xiang et al. (1999)
Kan', MCS, T-DNA borders, Binary vector / transformation
using Agrobacterium tumefaciens
pBIl.dtr-myc SUVH2 Nauman et al. (2005)

Table 2.1: AMP'- Ampicillin resisistence, MCS - Multiple cloning site, LacZao - Alpha complementation for
selection of clones containing the desired insert, M13 - Primer binding site - to prime DNA synthesis for
sequencing reactions and Kan'- Kanamycin resistence.

2.2 Methods

2.2.1. Isolation of plant total DNA

The extraction of genomic DNA from Arabidopsis was carried out according to the protocol
of Brandstadter et al., (1994). Three to five leaves of Arabidopsis thaliana (approximately
1 g) were taken in a 2 ml eppendorf tube, frozen in liquid nitrogen, crushed with a precooled
glass tube and then resuspended in 1 ml of extraction buffer (100 mM Tris-HCL, pH 8,5;
50 mM EDTA; 500 mM NaCl; 10 mM B-mercaptoethanol; 1.5 % SDS). The samples were
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incubated at 65 °C for 10 minutes. Subsequently, 300 pl of potassium acetate (3 M potassium
acetate; 2 M acetic acid) were added to each individual tube and the samples were incubated
in ice for at least 10 minutes. Samples were then centrifuged for 15 minutes at 20,000 rpm
and the supernatant was collected in a new eppendorf tube. In order to precipitate proteins,
samples were subjected to 500 pl phenol-chloroform-isoamyl alcohol mixture (25:24:1)
extraction. After vortexing the samples, they were centrifuged at 6,000 rpm to separate the
upper aquous phase containing the DNA and the lower organic phase. The supernatant was
transferred to a fresh tube and DNA was precipitated using 600 ul of isopropanol, after
centrifuging the samples at 15,000 rpm for 10 minutes. The DNA pellet was washed with
70 % ethanol, dried and resuspended in 100 ul TE buffer (1 mM EDTA; 10 mM Tris-HCL,
pH 8.0; 100 g/ml RNase A).

2.2.2 Plasmid DNA isolation from E. coli and A. tumefaciens cells

Plasmid DNA was isolated using Nucleospin Plasmid kit from Macherey-Nagel (ABgene,
Germany). Bacterial cultures, obtained from a single colony were grown overnight in LB
medium under shaking conditions. The cells were harvested by short centrifugation and were
resuspended in 250 pl of solution of A1 (50 mM TrisHCIL; 10 mM EDTA, pH 8.0; 100 pg/ml
RNAse). Cell lysis was then achieved by mixing with 250 pl of solution A2 (200 mM NaOH;
1 % SDS). A3 buffer (3 M KOAc, pH 5.5) was added for neutralization. The supernatant
obtained after centrifugation at 12,000 rpm for 10 minutes was loaded onto an anion exchange
column and briefly centrifuged. DNA bound to silica and the flow through was discarded. The
column was washed with A4 buffer, containing ethanol. Plasmid DNA was eluted from the
column, by adding TE elution buffer followed by centrifuging at high speed (12,000 rpm) for

1 minute. The DNA concentration was measured spectrophotometrically.

2.2.3 Amplification of DNA fragments via polymerase chain reaction (PCR)

Polymerase Chain Reaction was performed using a standard protocol (Seiki, 1990) with Taq-
polymerase (GibcoBRL, Germany) or Pfu-polymerase (Stratagene, Germany). A typical
temperature profile used during the study was:

a) Denaturation 95 °C (30-45 sec)

b) Annealing 45 - 65 °C (30-45 sec)

c¢) Extension 70 - 72 °C (1 kb/min)
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As PCR progresses, the generated DNA itself is used as a template for the next round of
amplification, leading to an exponential increase in product concentration. Hence it is a very
sensitive method and requires a very small amount of template. PCR can be extensively
modified to perform a wide array of genetic manipulations. A typical reaction mixture with a
total volume of 20 pl consists of 2 ul of 10x PCR buffer, 200 uM dNTP mix, forward primer
0.1-0.3 uM, reverse primer 0.1-0.3 pM and 1 U Taq polymerase. The PCR reaction was
carried out in a Biometra PCR machine (T-GRADIENT).

2.2.4 Transformation of E.coli

Aliquots of 50 pl of the competent E.Coli strain DH5a (Invitrogen, Karlsruhe, Germany) were
thawn on ice. 5 pl of the ligated plasmid was used for transformation in E.coli cells. After
incubating the bacterial cells with plasmid on ice for 20 minutes, heat shock treatment at
42 °C for 15 sec in a water bath was done. This allows the adhering plasmids to pass through
the cell wall. 250 pl of LB medium were added and the cells were incubated at 37 °C on a
shaker for 30-40 minutes. The mixture was then plated on a solid LB agar plate containing
appropriate antibiotics to selectively amplify plasmids containing the DNA of interest
carrying a resistance marker. The plates were incubated overnight at 37 °C and the obtained

colonies were checked for the presence of an insert using PCR.

2.2.5 Agarose gel elctrophoresis

The electrophoretic separation of DNA was carried out in horizontal 1 % agarose gels at a
voltage of 1 to 6 V/cm. The agarose gels were made in TAE buffer (40 mM Tris-acetate, pH
7.8; 2 mM EDTA) and agarose and contained 0.01 % ethidium bromide. Prior to loading the
samples on the agarose gel, 0.2 volumes of stop buffer (20 mM Tris-HCL, pH 8.0; 120 mM
EDTA; 50 % glycerol; 0.1 % (w/v) bromophenol blue) were added. As a size marker 1kb
DNA ladder was used for sizing and quantifing of the samples.

2.2.6 Purification, cloning and sequencing of DNA fragments
The desired DNA fragments were amplified by PCR and cloned directly using TA cloning

technology. Since many enzymes including Taq DNA polymerase have terminal transferase

activity and add a single, 3'-A overhang to each end of the PCR product, the PCR product can
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be cloned directly into a linearized cloning vector that has a single 3'-T overhang on each end.
Such vectors are called T-vectors. pGEM®-3Zf(+)-Vector (Promega, Germany) was used in
all the subcloning experiments.

The PCR product with "A" overhang was mixed with this vector in high proportion. The
complementary overhangs of a "T" vector and the PCR product hybridized resulting in ligated
plasmid. The ligation was carried out with an insert to vector ratio of 3:1 in the presence of
1 U DNA ligase in a total volume of 10 pl and incubated overnight at 16 °C.

Sequence specific cleavage of double stranded DNA with restriction enzymes was caaried out
by incubating the DNA with appropriate restriction enzymes (1 U up to 5 U) and buffer in a
total volume of either 20 or 50 pl. Depending upon the enzyme, the reaction mixture was
incubated for 2 to 12 hours and the DNA fragments were loaded directly on a 1 % agarose
gel. For purification of DNA and removal of the restriction enzymes after digestion, the DNA
band was excised from the gel and the fragment was purified using Gel Extraction Kit
(Qiagen, Hilden, Germany). If proof reading activity was required, Pfu polymerase was used
to amplify the DNA during the PCR reaction. In such cases, however, addition of an "A"
overhang was necessary and was done by adding 5 pmol of dATP in the presence of ligase
and appropriate buffer, before subjecting the DNA to TA cloning.

Sequencing was carried out according to the Sanger method (1977). For the sequencing PCR
reaction, 5 pul of the purified plasmid DNA, which corresponds to 1-1.5 ug, was used as a
template. In addition 0.1 pl (10 pmol) of the corresponding primer, 2 pl Big-Dye kit (Applied
Biosystems, Darmstadt, Germany) and 1 pl of the corresponding buffer, in a total volume of
10 pl, were used as a reaction mixture in a T-Gradient (Biometra ®, Gottingen) or a T3
Thermocycler (Biometra®, Goéttingen). After the PCR was completed, the DNA was
precipitated using 1/10 volume of 3 M sodium acetate (pH 4.8) and 3 volumes of 96 %
ethanol. The samples were centifuged at 13,000 rpm for 20 minutes. The obtained pellet was
washed with 70% ethanol, dried and stored at -20°C. Analysis of the sequencing data was
done by ABI 3130x/Genetic Analyzer with the Sequence Analysis Software v5.2 (ABI
Applied Biosystems, Darmstadt).

2.2.7 Preparation and transformation of Agrobacterium tumefaciens
Competent cells of A.tumefaciens, were prepared by inoculating 2-4 ml of overnight culture

of Agrobacterium tumefaciens GV3101 in 100 ml of LB medium containing 100 pg/ml of

rifampicin and 10 pg/ml gentamycin. This bacterial strain harbours a helper Ti plasmid
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derived from pTiC58 providing gentamycin resistance and a C58C1 bacterial chromosome
carrying rifampicin resistance gene. The culture was further grown for 8-10 hours in a shaker
(160 rpm) at 28 °C. The cells were sedimented by centrifuging at 3,000 g for 10 minutes
under cold conditions. The obtained pellet was resuspended in 1 ml of fresh LB medium and
200 pl aliquots were frozen in liquid nitrogen and stored at -70 °C.

An aliquot of competent cells was thawed on ice for transformation (Hendrik and Willmitzer,
1998) and 1-5 pg of plasmid DNA were added. They were further incubated on ice, in liquid
nitrogen and at 37 °C as a heat shock treatment. Each of these treatments was carried out for
five minutes. After addition of 1 ml of LB the medium, the cells were grown for 2-4 hours
under shaking conditions (160 rpm) at 28 °C.

For the selection of transformants, the culture was plated on LB agar containing 100 pg/ml of
kanamycin, 100 pg/ml of rifampicin and 10 pg/ml gentamycin. The plates were incubated for

2 days at 30 °C in dark.

2.2.8 Transformation of Arabidopsis thaliana

The Agrobacterium mediated transformation of Arabidopsis thaliana was done according to
the “flower immersion” method commonly referred to as “floral dip” method (Clough and
Bent, 1998). Agrobacterium was grown overnight in 50 ml of LB medium containing
100 pg/ml of kanamycin, 100 pg/ml of rifampicin and 10 pg/ml gentamycin. This was used as
an inoculum for 500 ml LB medium containing the same concentration of the antibiotics,
grown again for another 24 hours at 28 °C. Subsequently, the cultures were centrifuged
(20 min, 4,000 g) and the bacterial pellet was dissolved in 100 ml of 5 % sucrose solution
containing 0.05 % Silwet L-77. The inflorescence and the leaf rosette of very early flowering
plants were dipped in this solution. The plants were then kept in the dark for 24 hours and

later transferred to long day conditions.

2.2.9 Crossing of Arabidopsis thaliana (flower emasculation and preparation for
fertilization)

In the first step, the recipient, designated as female flowering plant, on which crossing has to
be performed, was selected. All the flower parts were removed without disturbing the ovary.
Nearby flowers, which were either too young or too old, were removed to prevent
contamination or self-fertilization. Anthers from the male recipient was taken out and brushed

on the prepared ovary of the emasculated plant. This process was repeated on the next day to
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increase the success rate of the crossings. A successful crossing is indicated by elongation of

the silique within one or two days.

2.2.10 Southern hybridization

The DNA samples (1-3 pg) were digested overnight with an appropriate restriction enzyme.
(enzymes that cut only once in pCB 302 vector were chosen for this experiment.) The
digested samples were precipitated using 1/10 volume of 3 M NaCl and 3 volumes of 96 %
ethanol. The samples were centrifuged at 13,000 rpm for 10 minutes. The obtained pellet was
washed with 70 % ethanol, dried and stop buffer was added. These samples were loaded on a
1 % agarose gel, which was run overnight for gradual electrophoretic separation of the DNA
fragments.

The DNA on the gel was denatured by placing the gel in a denaturing solution (1 M NaOH
and 1.5 M NaCl) for 30 minutes. Later pH was adjusted using neutralization buffer (1 M Tris-
HCI, pH 7.4; 1.5 M NacCl) for 60 minutes. DNA from the gel was transferred to an uncharged
nylon membrane using 20x SSC (0.3 M sodium citrate buffer, pH 7.4; 3 M NaCl) in a
capillary blot fashion. The membrane containing the transferred DNA was UV-crosslinked, in
order to covalently attach the DNA to the membrane.

The probe for hybridization was made using Mega Prime DNA-labeling kit (Amersham
Pharmacia, Germany) with 50 uCi a-[P dATP as advised by the manufacturer. Non-
incorporated nucleotides were subsequently removed from the membrane-bound DNA by Gel
filtration chromatography using ProbeQuant® G-50 Micro Columns (Amersham Pharmacia,
Geramany). The amount of incorporated radioactivity was checked using QC4000 XER
(Bioscan, USA). The hybridization was carried out using ExpressHyb®-buffer (Clontech,
USA) as instructed by the manufacturer. The analysis of the autoradiography was carried out

using the Phosphoimager (Molecular Dynamics, Krefeld).

2.2.11 Inverse PCR

Inverse PCR (I-PCR) was used to locate the inserted mutater T-DNA in the genome. As
compared to a standard PCR reaction where the two designed primers are directed towards
each other leading to amplification of a template, the primers in I-PCR are facing in opposite
direction. The primers for this experiment were designed to bind the ends of T-DNA borders.

Genomic DNA was prepared from the leaves of Arabidopsis carrying the T-DNA. DNA was
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dissolved in 100 pl of 10mM Tris pH 8 and was digested by different restriction enzymes
(MBI Fermentas, Germany), in presence of respective buffers which were four base pairs (bp)
cutters, at 37 °C overnight in a separate reaction. The digested DNA was ligated using T4
DNA ligase (MBI Fermentas, Germany) at 16 °C for 24 hours. The ligated DNA was used as
a template (Mathur et al., 1998). The fragments containing the junction point between the T-
DNA and the chromosome, i.e. the insertion point, would circularize and the primer pairs
would then point towards each other. A standard PCR reaction was then used to allow
amplification of the specific junction fragments. Products from this PCR were subjected to
nested PCR using primers binding downstream of the first set of primers. The fragments were
eluted from agarose gel and either subcloned into pGEM-T vector for sequencing or
sequenced directly using the forward primer used in the second PCR. Subsequently the
adjacent genomic sequences of the DNA were compared with the whole genome of
Arabidopsis thaliana in the BLAST (Altschul et al., 1997) program of TAIR

(http://www.arabidopsis.org/) to identify the insertion position.

2.2.12 Spectrophotometric determination of DNA or RNA concentration

The purity and concentration of DNA or RNA concentration and purity was measured
spectrophotometrically at 260-280 nm. Two pl DNA/RNA sample was dissolved in 98 pl
sterile water. The ratio between the values obtained at 260 and 280 nm allows an estimation
of nucleic acid purity. Pure DNA or RNA preparations have OD¢/OD5s ratio of 1.8 or 2.0
respectively (Sambrook et al., 1989).

2.2.13 Isolation of RNA

Total RNA from leaf material of Arabidopsis thaliana, was isolated by the Trizol®- method
(GibcoBRL, Germany). Three-five leaves were collected in 2 ml eppendorf tubes, frozen in
liquid nitrogen and finely crushed using a precooled glass rod. One ml of Trizol® was added
to each tube and vortexed thoroughly. After 5 minutes of incubation at room temperature
240 pl of chloroform were added, mixed and incubated again at room temperature for 5
minutes. In order to separate the aqueous and the organic phase, samples were centrifuged at
6,000 rpm for 10 minutes. The upper aqueous phase containing the RNA was transferred into
a fresh eppendorf tube and RNA was precipitated with 1 volume of isopropanol and

centrifuged at 15,000 rpm for 10 minutes. The obtained pellet was washed with 70 % ethanol,
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dried and dissolved in 20 pl of DEPC water.

2.2.14 RT-PCR analysis

The semi-quantitative RT-PCR experiments were performed with the RT-PCR Kit (Promega,
Mannheim) according to the manufacturers specifications. Two pg of RNA was used as
starting material for cDNA synthesis by incubating it with10 mM dNTP, 10 pmol random
hexamers and 200 U M-MLV reverse transcriptase (M-MLV RT) for 2 hours at 37 °C in a
total volume of 25 pl. One pl of the RT reaction was used as a template for the subsequent
PCR. The PCR conditions were adjusted to the primers and the size of the amplicon.

18SrDNA was used as a control.

2.2.15 Quantitative real-time PCR

Reverse transcriptase PCR is mainly semi quantitative due to the insensitivity of ethidium
bromide and therefore, real-time PCR was used to achieve more reliable information about
the total mRNA levels. The real-time PCR was performed in a 96-well plate with the icycler
real-Time PCR Optical Detection System controlled by iCycler™ iQ Optical System
Software Version 3.0a (Bio-Rad, Germany). A 20 pl reaction was set up, containing cDNA 1x
Platinum®SYBR“Green qPCR SuperMix-UDG (Invitrogen, Germany) 250 pmoles of each
gene-specific primer (Ay ef al., 2009). SYBR“green is a fluoroscent dye that binds to double
but not to single stranded DNA. The amount of fluorescence emitted, will therefore indicate
the amount of double stranded DNA formed in the 96-well plate. By determining the melting
point of the amplicon and obtaining a sharp peak in the melting curve the fluorescence from
unwanted sources was decreased. To calculate PCR efficiencies, three different cDNA
dilutions were applied. To determine and compare the relative gene expression rate of the
overexpression of SUVH2 in isolated insertional mutater background relative to the
expression in controls, the formula described by Pfaffl, 2001 was used. 18S rRNA was used
as a reference gene. Subsequent to the normal quantitative PCR, the determination of a
melting curve of the amplified PCR products was carried out. Controls without reverse
transcriptase and without template were performed to exclude the amplification of unspecific

products.
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2.2.16 Immunocytological analyses of H3K9me?2

Fresh leaves from Arabidopsis ecotype Columbia were used for immunocytological studies.
Leaf pieces were fixed in 4 % formaldehyde in PBS on a glass slide, covered with cover slips
and squashed. Slides were dipped in liquid nitrogen and were transferred into PBS
immediately after removing the cover slip. The slides were pre-incubated at 37 °C in 2 %
BSA for 60 minutes and later incubated overnight with H3K9 a-dimethyl antibody (ab 1220,
Abcam, USA) prepared in 2% BSA in 1:100 fold dilution. Detection of antibodies was
performed by Alexa-488, which, was conjugated to the secondary antibody (Molecular
probes, Invitrogen, Germany).

All preparations were counterstained with 4',6-diamidino-2-phenylindole (DAPI, 2 pug/ml)
and imaged with a Zeiss Axioskop microscope (Carl Zeiss Inc,) equipped with an

epifluorescence attachment.

2.2.17 Mutagenesis of Arabidopsis thaliana

A T-DNA mutagenesis approach was used to obtain dominant suppressors of the SUVH2
overexpression phenotype. Since homozygous lines of SUVH2 were almost sterile in the first
screen, the heterozygous overexpression line was used. In the transition from the vegetative
phase to the inflorescence state, the SUVH2 overexpression line #6 plants were transformed
with Agrobacterium tumefaciens containing pCB302 resulting in random integration of the T-
DNA in the genome of Arabidopsis. In the second screen, homozygous overexpression plants
that were produced after post-transcriptional gene silencing were used for mutagenesis

experiment.

2.2.18 Bioinformatics

For the database search of DNA and proteins blastn and blastp (www.tigrblast.org,

www.ncbi.nlm.nih.gov/BLAST) were used. For the analysis of Arabidopsis genes, the TAIR

database (The Arabidopsis Information Resource, www.arabidopsis.org) was used. Sequence

analysis was done with the program BIOEDIT (Biological sequence alignment editor for

WINO95/98/NT/2K/XP, www.mbio.ncsu.edu/Bioedit/bioedit.html). For the creation of image

files, Adobe Photoshop was used. Primers designed with http:/frodo.wi.mit.edu/primer3.
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3. Results

3.1 Prominent role of SUVH2 in heterochromatin formation in Arabidopsis
thaliana

SUVH2 was shown to have three important domains, which play a crucial role in
heterochromatin formation (Figure 3.1). The N-terminal domain probably helps in substrate
recognition. The SRA/YDG [(Tyrosine (Y), Aspartic acid (D), Glycine (G)] domain is
responsible for binding to methylated DNA (Naumann ef al., 2005). Recently it was shown
that SUVH2 preferentially binds to methylated CG sites (Johnson et al., 2008). Hence
SUVH2 could possibly interact with MET1. Through genetic interaction studies, sequence
specific methylation of genomic DNA was shown to be dependent on DDM1 and METI1
(Naumann et al., 2005). DDM1 was also shown to bind proteins containing a methyl CpG
binding domain protein and this interaction might play a role in their localization (Zemach et

al., 2005).

CpA/CpT/CpC CpG

DDM1
\ v

N-Terminal YDG SET

Figure 3.1: Central role of SUVH2 in heterochromatin formation in Arabidopsis. SUVH2 with its N-
terminal domain and YDG domain can influence DNA methylation of the specific target sequence through
interaction with the DNA methyltransferase genes, DDM1 and MET1. The SET domain is responsible for
specific lysine methylation on the histones leading to repressed chromatin states.

The SET domain of SUVH2, located at the carboxyl terminus of the protein is responsible for
its methyltranferase activity. When SUVH2 was overexpressed, there was a significant

increase in all the heterochromatin marks i.e, H3K9mel and me2, H4K20mel, and mono and
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H3K27mel and me2, compared to wild type. Accordingly all the heterochromatin marks were
significantly reduced in the null mutant background thus emphasizeing the importance of

SUVH?2 in heterochromatin formation in Arabidopsis thaliana.

3.2 Overexpression of SUVH2 leads to a mini-plant phenotype

Out of 10 SUVH genes of Arabidopsis thaliana, which are homologous to the SU(VAR)3-9
protein, SUVH2 has been shown to have profound influence on heterochromatin formation.
Overexpression of SUVH2 with a strong cauliflower mosaic virus (CaMV) 35S promoter led
to severe developmental defects as shown in the Figure 3.2. In the heterozygous background
of overexpression of SUVH2, the leaves were curly and the plants were smaller as compared
to wild type plants [Figure 3.2 (b)]. The effect was much more pronounced in the
homozygous background, giving rise to a mini-plant phenotype [Figure 3.2 (c)]. Plants

remained quite small and were also sterile (Naumann et al., 2005).

+/+ 35S:: SUVH2/+ 35S:: SUVH2/ 35S:: SUVH2

Figure 3.2: Overexpression of the histone methyltransferase SUVH?2 protein in Arabidopsis thaliana leads
to a severe growth defect. (a) In comparison to the wild type (+/4), (b) When SUVH2 is overexpressed with the
strong 35S promoter, it results in a curly leaf phenotype in heterozygous (35S:: SUVH2/+) plants; (c) and a
mini-plant phenotype in homozygous plants (35S::SUVH2/35S::SUVH2).

The effect of SUVH2 overexpression could be observed in early stages of development. In the
overexpression background of SUVH2, the cotyledons were curled compared to that of wild
type cotyledons (Figure 3.3), which was a useful criterion for identifying and selecting

SUVH2 overexpressing plants during the screening for dominant suppressors.
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+/+ 35S:: SUVH2/ 35S:: SUVH2

Figure 3.3: SUVH2 dependent phenotypic defects are visible in early stages of growth. Overexpression of
SUVH?2 has a dramatic effect on the phenotype of Arabidopsis at a very early stage of growth. As shown the first
cotyledons of the overexpression plants are curled in comparison to the wild type.

3.3 Target and mutant constructs used for establishment of a screening
system

For the overexpression construct of SUVH2 in Arabidopsis thaliana (ecotype Columbia),
CaMYV 35S promoter was used. This vector also had a myc tag and a Npt II cassette. Myc is a
polypeptide tag derived from the c-myc gene product, and can be very useful in protein
localization experiments as antibodies against this tag are commercially available. The Npt II
cassette serves as a selection marker and provides resistance against the antibiotic kanamycin
[Figure 3.4 (a)]. Transgenic plants containing SUVH2 overexpression constructs were
therefore selected based on kanamycin resistance on sugar free MS medium containing 50
mg/IL of the antibiotic (Naumann et al., 2005). This T-DNA was designated as target
construct as the components involved in heterochromatin formation were intended to be

identified based upon the T-DNA containing SUVH2 overexpression construct.
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Figure 3.4: Structure of the target (SUVH2 overexpression) and mutater (bar gene) T-DNA constructs. a)
The transgenic SUVH?2 construct is driven by a strong constitutive CaMV 35S promoter. The NPT II gene is
under the control of a weak nos promoter and acts as a selection marker for the identification of transgenic
plants. b) The bar gene in the mutater T-DNA is under the control of a weak Nopaline synthase (nos) promoter.
The bar gene provides resistance against the herbicide Basta and thus acts as a selection marker for the
identification of transgenic plants. The arrows indicate the respective direction of transcription with in the
expression cassette. LB and RB represents left and right border of the construct.

For insertional mutagenesis in SUVH2 overexpression plants, another T-DNA of the mini
binary vector pCB302 was used (Xiang et al., 1999).This T-DNA was referred as “mutater T-
DNA”. This T-DNA was successfully used, for the identification and isolation of insertional
dominant suppressors of the SUVH2 overexpression associated mini plant phenotype. The
mutater T-DNA not only disturbs the expression of the gene into which it is inserted but also
acts as a marker for subsequent identification of the mutation. For the selection of the
transgenic plant, a bar gene expression cassette was used [Figure 3.4 (b)]. A weak NOS
promoter controls the expression of this gene. The bar gene codes for phosphinothricin
acetyltransferase (PAT) providing resistance against the herbicide phosphinothricin,
commonly referred to as Basta. For the selection of transgenic plants, seedlings were grown
on soil till cotyledon stage and then sprayed with 1:5000 dilution solution of the herbicide
Basta ® (Hoechst Schering AgrEvo GmbH). The treatment was repeated at intervals of 3-5
days until a sufficient selection of transgenic plants was evident. The plants were maintained

at 23 °C under short-day conditions.

3.4 Principle of T-DNA mutagenesis to isolate dominant suppressor
mutants of the SUVH2 overexpression dependent mini plant phenotype

In the process of heterochromatin formation, SUVH2 might interact with another gene here
referred to as gene X in a complex pool of proteins, giving rise to curly/mini plant phenotype.
(Figure 3.5). In such a background when another T-DNA is transformed, it randomly gets
incorporated into the genome. If the introduced T-DNA disturbs the function of the gene X,
which interacts with SUVH2, this interaction is lost, due to the insertion of mutater T-DNA

leading to a wild type phenotype.
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Figure 3.5: Principle of a identification of dominant suppressor. The overexpression of SUVH2 results in
ectopic heterochromatization and curly leaf phenotype. When one of the components (encoding gene X)
involved in heterochromatin formation is disturbed by insertion of T-DNA, it might result in less
heterochromatin formation and accordingly the overexpression phenotype reverts back to wild type.

3.5 Screening of dominant suppressors involved in chromatin regulation

3.5.1 Mutant screen in heterozygous SUVH2 overexpression plants

In the first screen, 35S::mycSUVH2/+ heterozygous plants were used to transform pCB302
plasmids using an Agrobacterium tumefaciens mediated transformation. The floral dip
method was used and a transformation efficiency of 0.1-1% was achieved. All the
transformed plants were transferred to long day conditions. In the next generation, seedlings
were grown on soil, and the cotyledons were screened for the phosphinothricin resistance, by
challenging them with Basta spray [Figure 3.6 (a)]. Spraying was repeated after 5-6 days in
order to confirm the presence of mutater (bar T-DNA) construct expressing the bar gene and

providing resistance.
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Screening scheme- Case :1 (Single T-DNA insertion)
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Figure 3.6: Transformation of SUVH2 overexpression plants with a Basta T-DNA construct. a) The
pCB302 vector containing the bar gene was used as an insertion mutagen in SUVH2 heterozygous plants
(abbreviated as S2o0e). The Nopaline synthase (nos) promoter was used to drive the expression of the bar gene in
this construct, conferring phosphinothricin resistance and therefore allowing selection of transgenic plants
containing a Basta T-DNA construct. b) The heterozygous SUVH2 overexpression line # 6 was used for the
transformation process. In T1 generation plants were selected for the dominant suppressor effect by scoring for
wild type phenotype.

In a first screen heterozygous plants were used for transformation as homozygous over
expression plants were sterile [upper panel of Figure 3.6 (a) and (b)]. Due to segregation of
progeny in the next generation, plants with different genotypes were obtained as shown
[lower panel of Figure 3.6 (a)]. Suppressed plants containing both T-DNAs, were subjected to
further analysis [lower panel of Figure 3.6 (b)].

In the T1 generation, the plants were screened for dominant suppressors of the SUVH2 over
expression phenotype. A loss of phenotype would possibly indicate that a potential suppressor
gene, which could interact, with SUVH2 in heterochromatin formation has been disturbed by

insertion of the bar T-DNA

3.5.2 Analysis of the presence of the SUVH2 transgene in the T1 generation

Due to segregation of the SUVH2 transgene, in the T1 generation, progeny with different
genotypes were obtained and all the suppressed plants (no curly leaf phenotype) were checked
by PCR analysis to differentiate between dominant suppressors and wild type plants [Figure
3.7 (a) and (b)]. The transgene specific primers, mycSAL and SUVH2574R were used for the
detection of the SUVH2 overexpression construct. This was necessary to avoid amplification
of sequences from the endogenous SUVH2 locus present in all plants subjected to PCR

analysis.
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Figure 3.7: PCR analysis of the suppressed Basta resistant plants to confirm the presence of the SUVH2
transgene. In T1 generation, plants with different genotypes containing mutater T-DNA were obtained after

Basta treatment (35S::SUVH2 /35S::SUVH2, 35S::SUVH2/+, +/+) [Figure 3.7 (a)]. Curly resistent plants
were not processed further and suppressed plants with no curly leaf phenotype were subjected to PCR analysis in
order to check for the presence of the SUVH2 transgene [Figure 3.7 (b)].

3.5.3 Selection of suitable independent lines containing single copies of inserted mutater
T-DNA

Suppressed SUVH2 transgenic positive plants (T1) were self-pollinated to obtain plants in T2
generation [upper panel of Figure 3.8)]. The pattern of segregation of the Basta resistance
selectable marker was followed in succeeding generations. The generations of T-DNA-
transformed plants were named TO (Agrobacterium-treated plants), T1 (First generation of
Basta-resistant plants), and T2 (first segregating generation). The independent lines, which
showed a Mendelian segregation pattern of 3:1 (resistant and loss of phenotype: sensitive and
curly), indicated the presence of a single insertion of the mutater T-DNA in T2 generation.
All the resistant progeny were completely supressed and the sensitive plants, which died after

spray, had a SUVH2 overexpression phenotype [lower panel of Figure 3.8].
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Case :1 (Single T-DNA insertion)
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Figure 3.8: Identification of single inserts by segregation of Basta resistance. Progenies of suppressed plants
obtained in T1 generation were selfed and the segregation ratio was analyzed in the following generation. A
segregation ratio of 3:1(resistant : sensitive) with respect to Basta treatment indicated the presence of single
locus, which was later confirmed by Southern blot analysis.

A total of 1956 Basta resistant plants were screened, out of which 692 (T1) plants had wild
type phenotype and the remaining (1294) plants had curly phenotype and were not processed
further (Table 3.1). From all the 692 transformants, genomic DNA was isolated and was
checked for the presence of the SUVH2 transgene by PCR analysis. One hundred and twenty
three transformant out of 692 contained the SUVH2 transgene. Fifty-seven independent lines
of T1 generation were self pollinated to obtain plants in the next generation and were
screened by segregation analysis for the presence of single insert. Five independent lines were

chosen for further analysis.
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Results :T1 generation Screening results
Basta resistant plants
o 692
Mini/Curly - 1264 1956
Wild type - 692
Total - 1956
123
123 /692 plants contains SUVH2 transgene 692
57 /123 plants have been checked in T2 generation

EON

5 putative mutants out of 57 suppressed plants in T1 57
generation

Table 3.1: Summarized data from the 1% screen indicating the mutation frequency obtained from the
progeny of Basta resistant transformants. A large number of Basta resistant plants were analyzed. Progeny
containing the SUVH2 transgene from the T1 generation were further analyzed by self-pollinating and scoring
for suppressor effect in next generation. Five putative suppressors were identified out of 57 SUVH2 transgene
containing plants and corresponding genes were identified.

3.5.4 Identification of multiple inserts of mutater T-DNA by a complex segregation
pattern

During Agrobacterium mediated transformation, the T-DNA could undergo complex
rearrangements and may be integrated in multiple copies in the genome. The high segregation
ratio after Basta spray could possibly indicate the presence of multiple inserts. This is also
evident by the phenotypic appearance of the plants in the T2 generation. As shown [lower
panel of Figure 3.9 (b)] apart from appearance of plants which were completely suppressed,
multiple inserts could lead to the appearance of curly and Basta resistant plants in
heterozygous/ homozygous state. Presence of such siblings indicates the integration of
multiple independent T-DNAs in the genome, which did not tag the regions involved in the
SUVH2 mediated gene-silencing pathway.
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Case :2 (Multiple T-DNA insertion)
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Figure 3.9: Identification of complex and multiple integrations, by phenotypic analysis and segregation of
Basta resistance. The obtained progeny of the suppressed plants in T1 generation were self-pollinated and the
segregation ratio was analyzed in successive generations. A segregation ratio of 15:1 (resistant: sensitive)
indicated the presence of two independent loci. Multiple and complex integrations of mutater T-DNA resulted in
different irregular segregation patterns and generally identified by high segregation ratio of resistance: sensitive
plants, resulting in appearance of curly resistant progeny in T2 generation.

Therefore based on phenotypic appearance of curly resistant plants, it is possible to
differentiate between locus containing single or multiple insert. Only putative single inserts

were studied further.

3.5.5 Mutant screen with homozygous SUVH2 overexpression plants using PTGS of the
SUVH2 transgene

When the transgene is overexpressed in the early stage of development it might cross a
threshold limit of expression leading to specific degradation of the product resulting in
posttranscriptional gene silencing (Schubert et al., 2004; Vaucheret et al., 2001). This
mechanism was much more pronounced in homozygous SUVH2 overexpression plants
[Figure 3.10 (a)] especially under drought conditions [Figure 3.10 (b)]. A new shoot typically

appears from the hypocotyl region as shown in Figure 3.10 (c). The post transcriptionally
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silenced plant has the same genotype as the parental line but is fertile and therefore can be
transformed with Agrobacterium containing the mutater DNA. PTGS is lost in the next
generation, and all the plants restore the SUVH2 overexpression phenotype [Figure 3.10 (d)].
However in progeny where the mutater T-DNA had disturbed the function of a gene,
encoding a functional component of heterochromatin formation, and which could possibly

interact with SUVH2, suppressed plants were obtained in T1 generation [Figure 3.10 (e and
f].

E = = Resistant : sensitive plants 3:1

Figure 3.10: The influence of PTGS on fertility of homozygous SUVH2 overexpression plants. (a) Over
expressed SUVH2 plants undergoes Post Transcriptional Gene Silencing (PTGS) especially under water deficit
stress conditions. (b) This results in appearance of another shoot as shown in the Figure. (¢) The shoots, which
have undergone PTGS, are fertile, and therefore could be transformed with mutater T-DNA. (d) In the next
generation PTGS is lost again resulting in appearance of only curly plants characteristic of homozygous
overexpression line. (e and f) However plants, which have undergone PTGS could be transformed with Basta T-
DNA construct and screened for resistant suppressed plants, containing single Basta T-DNA insert.

In comparison, all control plants that had not undergone transformation showed the SUVH2
overexpression phenotype. A PCR analysis was performed in order to confirm the presence of
SUVH2 transgene. The PCR positive Basta-resistant plants were self-pollinated and the

segregation ratio of the progenies were checked in succeeding generation. The segregation
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ratio of 3:1 indicates the insertion of a single copy of mutater T-DNA in a particular locus of

the genome.
Basta resistant plants 994
Putative mutants 176 (T1 generation)
Single T-DNA insert 10 (OUT OF 85)
Remaining plants 91 (in progress)

Table 3.2: Summary of the data from 2"' screen indicating the mutation frequency obtained from the
progenies of Basta resistant transformant. A suitable population size of the transformant was analyzed. 10
progenies out of 85 suppressed plants appeared to have single inserts as indicated by segregation ratio and were
further characterized by Southern blot analysis.

A total of 994 Basta resistant plants were screened, out of which 176 (T1) plants had wild
type phenotype and the remaining (818) plants had curly phenotype and were not processed
further (Table 3.2). Only a fraction of 85 transformant out of 176 suppressed plants, were
analyzed in next generation. In 10 independent lines a segregation ratio of 3:1 was obtained.

They were further confirmed by Southern blot analysis for the presence of single inserts.

3.6 DNA methylation status of the SUVH2 transgene using methylation
sensitive Southern blot analysis

Occurrence of more then one T-DNA in the transformant might lead to repeat induced gene
silencing because of homology between border sequences of the T-DNAs. In addition
multiple inserts of mutater T-DNA could also lead to the silencing of the SUVH2 transgene.
Repeat induced gene silencing is characterized by DNA hypermethylation of the transgene.
Hence in order to check whether the SUVH2 transgenes are methylated and could be in a

silenced state, a Southern blot analysis with methylation sensitive enzyme was carried out.
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Figure 3.11: Southern blot analysis indicates the absence of methylation in the SUVH2 transgene. Four
putative mutants were subjected to DNA blot analysis along with the control. The total DNA was digested with
the methylation-sensitive restriction enzymes Hpall (CCGG) and its isoschizomer Mspl. After transfer, the blots
were probed with **P-labeled SUVH2 transgene.

Genomic DNA from the putative suppressor mutations was isolated and digested with the
methyl-sensitive endonucleases Msp I and Hpa II. The mutant lines 122 and 239 were single
inserts, whereas lines 32 and 326 contained multiple copies of the mutater TDNA. Although
the enzymes are isoschizomers and therefore have a common recognition sequence (CCGG),
they differ in their ability to cleave at 5-methyl-cytosine. When the external C in the CCGG-
sequence is methylated, none of the enzymes (Msp I and Hpa II) can cleave the sequence.
However, Mspl and Hpall differ in their ability to cleave at the second C residue in the
recognition site. Hpa II is sensitive to methylation and does not cleave while Msp I can cleave
the sequence when the internal C is methylated.

When an unmethyled DNA is cleaved with these two enzymes, due to large number of
restriction sites, relatively low molecular weight fragments are observed as compared to

methylated DNA. This provides a good hint of the DNA methylation status of the target
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locus. When SUVH2 transgene was subjected to restriction by Msp I and Hpa II, as compared
to control no higher molecular weight fragments were seen in lines with single or multiple
inserts compared to control, indicating that the transgene was not methylated and therefore

not silenced (Figure 3.11).

3.7 Real-time analysis of SUVH2 overexpression in control plants

The variability and reproducibility of the SUVH2 transgene expression was checked using
quantitative real-time PCR. Many individual control plants of each class were examined as
shown in the Figure 3.12. The control includes the parental SUVH2 overexpression lines of
heterozygous, homozygous parental and, homozygous F1 plants obtained after PTGS and the
plants, which have undergone post transcriptional gene silencing (PTGS) were checked. The
results clearly demonstrate that expression of the controls is quite reproducible, and they have
minimal intra variability between the samples. Additionaly, the results show that the relative
values of heterozygous plants were nearly half of the homozygous plants. The expression
profile of homozygous plants obtained after posttranscriptional gene silencing, was much

lower then the original homozygous plants (Figure 3.12).
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Figure 3.12: Expression analysis of different classes of SUVH2 overexpression lines. Relative levels of
expression were determined by real-time PCR using SYBR fluorescent dye. Values were normalized to the
expression of 18S rRNA. The graph shows the relative expressions of different lines with respect to the
heterozygous overexpression plants. The numerical values on the X-axis represent the number of individual
plants analyzed for each class of indicated genotype.
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3.8 Real-time data of the SUVH2 overexpression in selected isolated
mutants

The relative expression of the SUVH2 transgene from the isolated mutants was measured and
compared with the starting overexpression line. As shown in Figure 3.13, the expression
pattern of the putative suppressors was not uniform and lower then the starting line. However
the expression of the transgene in all the mutants was higher then the post transcriptionally
silenced negative control. Lower expression of the SUVH2 transgene could possibly result in
identification of false positive suppressors hence only those putative mutants expressing high

levels of SUVH2 were analyzed further.
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Figure 3.13: Expression analysis of putative dominant suppressors of SUVH2 overexpression. Relative
levels of expression were determined by real-time PCR using SYBR fluorescent dye. Values were normalized to
the expression of 18S rRNA. The graph shows the relative expression of different independent putative mutants
with respect to the heterozygous overexpression line.

3.9 Immunocytological studies of SUVH2 overexpression in the background
of the selected mutants

When SUVH2 is overexpressed, it leads to ectopic heterochromatization and severe
phenotypic defects. When, interphase nuclei of wild type Arabidopsis were stained with
H3K9me?2 specific antibody, which is a typical heterochromatin mark, the staining localized
only in the chromo centers as shown in the Figure 3.14. However in the plants containing
SUVH2 overexpression construct, this mark is not only present in the chromocenters but

spreads all over the interphase nuclei. When the plants are suppressed post-transcriptionally,



Results 40

the level of H3K9me2 staining is reduced back to wild type. This is also supported by the
real-time expression data of the plants, which have undergone PTGS, as they have a very low
level of expression of SUVH2 transgene. However in next generation, PTGS is reset again
leading to the appearance of the curly leaf phenotype and to the restoration of expression

characteristic of SUVH2 overexpression phenotype.

Qe line 6

35S*::mycSUVH2
358*::mycSUVH2

PTGS line 6
355%::mycSUVH2

358*::mycSUVH2

Wild col

PTGS homo
355*::mycSUVH2
35S*::mycSUVH2

Figure 3.14: Immunocytological analysis of H3K9me2 patterns in wild type, the SUVH2 overexpression
line, PTGS line, and the SUVH2 overexpression line after PTGS in next generation. Representative images
are shown indicating ectopic distribution of the H3K9me2 mark in SUVH2 overexpression plants in comparison
to wild type and PTGS plants, where the signal is restricted only to the chromocenters.

Five of all the isolated mutants were stained with H3K9me2 antibody in the background of
SUVH2 overexpression and the mutants were categorized in two groups. The first group
retains the ectopic distribution pattern as observed in SUVH2 overexpresion plants, while the
second group resembles wild type plants. Surprisingly, when real-time expression data and
staining data were examined together, it became evident, that some of the suppressors
immunocytologically appeared similar to overexpression lines (in showing ectopic

distribution) even though the expression values were lower then the starting overexpressing
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lines (Figure 3.27). Therefore the real-time expression data of such mutants were taken as a

threshold and all mutants with similar or higher values were considered for further analysis.

3.10 Identification of transgenic Arabidopsis plants containing a single
insertion of mutater T-DNA using Southern blot analysis

Southern blot analysis was carried out in order to determine the number of independently
segregating mutater T-DNA in the insertion lines. Selected transgenic lines whose progeny
showed Mendelian characteristics were subjected to Southern blot analysis. bar gene was
used as a probe for hybridization, in order to determine the number of T-DNA insert. The
probe was made by PCR amplification using bar gene specific primers. The PCR fragment

was run on a 1% agarose gel and subsequently purified.
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Figure 3.15: Figure indicating the principle of Southern blot analysis. Digestion with HindIII present in
MCS I (Mulitiple Cloning Site) cuts the T-DNA only once in the T-DNA and in several places in the genomic
region spanning the T-DNA. bar gene is used as a probe for hybridization to identify the number of copies of the
inserted T-DNA in the genome.

Genomic DNA from individual transgenic lines was digested with restriction enzymes present
in either MCS1 (Multiple Cloning Site 1) or MCS2 (Multiple Cloning Site 2). An enzyme
was chosen, which cleaves the T-DNA only once as shown in figure 3.15. After hybridization
and washing, single bands were detected in most lines thus confirming that these lines
contained only a single copy of the T-DNA. Alternatively, appearance of more than one band

indicates the presence of multiple copies of the transgene.

3.11 Identification of the genomic DNA sequences flanking the mutater T-
DNA using inverse PCR

The insertion point of the mutater T-DNA was determined by Inverse PCR (I-PCR) I-PCR
analysis was carried out by designing primers to locate the left border of the mutater T-DNA
inserted randomly in the genome of Arabidopsis thaliana. After repeated attempts, the
sequence derived from the independent lines was of sufficient length and quality to determine

the position of integration in the Arabidopsis genome. BLAST homology search on the
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Arabidopsis database (TAIR) was used to exactly determine the position of the obtained

sequences on the Arabidopsis chromosomes.

3.12 Genetic crosses of 35S::myc SUVH2/SUVH2 with non-specific
homozygous SALK line

The decreased levels of SUVH2 expression in the putative mutants as compared to the control
lines could be due to various factors. In order to reconfirm that insertion of the respective T-
DNA in the putative gene was responsible for loss of the SUVH2 overexpression phenotype,
a control cross with three different commercially available SALK lines was performed and
analyzed [Figure 3.16 (a, b and c)]. These SALK lines were predicted to have inserts in
different locations in the genome. The nonspecific genes were chosen on the criteria that their
gene products were potentially targeted to organelles other than the nucleus and thus very
unlikely to interact with SUVH2 in heterochromatin formation. The seeds from the respective
SALK lines were sown and the plants were molecularly characterized for the presence of T-
DNA insertion in the respective genes. Two rounds of PCR were carried out to show that
plants were homozygous for the insertion. In the first round of PCR, the T-DNA border-
specific primer and the gene specific primer were used. Appearance of bands confirmed the
presence of T-DNA in that particular position of the genome. In the next round, gene specific
primers were used on same set of genomic DNA probes indicating homozygosity of the T-
DNA as no PCR bands were obtained, in contrast to wild type controls.

The pollen from homozygous nonspecific control T-DNA (male parent) was used to cross the
stigma of the PTGS-derived homozygous overexpression plants (female parent). Crossing
results of the next generation were analyzed. All the plants in the F1 generation should either
be curly or suppressed, depending on the nature of the (dominant or recessive) suppressor.
The SALK lines were only checked for the presence of that T-DNA, which had disturbed the
respective genes and not for additional segregating inserts. Even though a strong 35S
promoter drives the expression of the T-DNA in the SALK lines and is thus more prone to
TGS (Transcriptional Gene Silencing), as the SUVH2 transgene is also driven by a similarly
strong promoter, all progeny in F1 generation were curled as shown in Figure 3.16 indicating

the functionality of the test system.
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Figure 3.16: Genetic crosses, indicating the functionality of the screen for dominant suppressors. The
homozygous starting line was independently crossed to three SALK lines with randomly inserted T-DNAs. (a) In
the first SALK line, the T-DNA was inserted in the At5g24350 gene (SALKO036369), whose gene product is
involved in the secretory pathway, (b) The second had a disturbed At3g27200 gene (SALK049657), whose gene
product is involved in aminoacid glycosylation and is targeted to chloroplasts and (c) the third had a disturbed
At3g27200 gene (SALKO049657), whose product is targeted to plastids and predicted to be involved in electron
carrier activity. Curly progenies in F1 generation were obtained in all the crosses clearly demonstrating that
transformation of another T-DNA in the background of SUVH2 otverexpression plants did not lead to silencing
of the SUVH?2 transgene.

The results of the non-specific crossings clearly demonstrate that the suppressed phenotype of
the putative mutants obtained during the screening in T1 generation was not strongly affected

by TGS of the SUVH2 transgene.

3.13 Identification and characterization of line 122

3.13.1. Identification of the insertion locus in the mutant line 122

PCR amplification and sequencing of the left border of the T-DNA inserted in the mutant line
122 indicated that the insertion had occurred within the promoter region of At3g56370. Itis a

putative gene located in the T5P19 contig of chromosome 3, as shown in Figure 3.17 (a and
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b). The positions of the SALK line T-DNAs are also indicated. The site of Basta T-DNA
insertion was precisely mapped on the Arabidopsis chromosomes (Appendix 2). Thus, the
sequence analysis indicated that the putative gene At3g56370 has been disturbed by the

insertion event.
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At3g56370 encoding a putative ATP binding serine/threonine kinase protein
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Figure 3.17: Genomic location of the T-DNA responsible for the suppressor effect in line 122. a) The
transgenic insert consists of a single copy of the bar expression-cassette, driven by weak nos promoter. b)
Integration site on chromosome 3. The numbers on top refer to the BAC clone T5P19. The numbers below are
the accession numbers of neighboring genes. The position of the T-DNA insertion in the two commercially
available SALK lines is also indicated.

According to the TAIR gene prediction, the At3g56370 gene encodes a putative
transmembrane receptor protein of 964 amino acids having serine/threonine kinase activity
aand therefore might be involved in ATP dependent phosphorylation of the downstream target
proteins. The protein also has multiple leucine rich repeats (Figure 3.18), which, are
suggested to function in protein-protein interactions (Nam and Li, 2002). Therefore it could
be predicted that this protein might be involved as a transmembrane receptor protein in

serine/threonine kinase receptor signaling pathway.
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Figure 3.18: Distribution of different domains in the protein structure of At3g56370. Two domains leucine
rich repeats and phosphotransferase are quite prominent. The presence of leucine rich repeats which would
mediate protein -protein interaction and the phospho transferase domain is responsible for kinase activity.

3.13.2 RT-PCR analysis to check the expression of At3g56370

Plants with homozygous mutation in the At3g56370 gene were identified by PCR, using
gene-specific and T-DNA-specific primers as described above. The homozygous plants
showed no morphological and developmental alterations apart from the loss of the SUVH2

overexpression phenotype compared to wild type controls.
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Figure 3.19: RT-PCR analysis indicating loss of function allele of the gene At3g56370. Expression analysis
indicating transcript accumulation only in the control using gene specific primer, confirmed that T-DNA
insertion resulted in complete disruption of the expression of the kinase gene. 18SrRNA gene (At2g01010)

served as a loading control.

The RT-PCR revealed complete absence of the At3g56370 transcript in plants indicating that
it is a null alleleas shown in Figure 3.19. The expreesion levels were compared to the levels of
18S rRNA. This reinforced our hypothesis that the down regulation of the expression of this

gene could lead to the dominant suppressor effect.

3.13.3 Presence of single insert of mutater T-DNA was confirmed by Southern blot
analysis

In T2 generation of line 122, plants showed a segregation ratio of 3:1, indicating the presence
of a single locus. However the confirmation of this result was done by Southern blot analysis
using bar gene as a probe [Figure 3.20(a)]. The genomic DNA was digested with HindIII, as

only one restricted site was present in mutater T-DNA. A single band was seen in the
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Southern blot confirming the presence of a single copy of inserted T-DNA in the genome. The
full length of the gene with 1.2 kb of upstream promoter sequence was cloned in pGEM

vector and will be further used for complementation and overexpression studies [Figure 3.20

(b)].
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Figure 3.20: Southern blot analysis of mutant line 122 confirming the presence of single insert and cloning
the gene for further analysis. a) Six independent progeny from the line 122 were subjected to Southern blot
analysis. The genomic DNA was digested with HindIII and after the transfer; the blot was hybridized with **P
labelled bar coding sequence. Molecular size markers in kb are indicated on the left. b) The entire coding
sequence of the gene along with the endoenous promoter including 1.2 kb upstream genomic region was cloned
in pGEM vector using TA cloning for further analysis.

The insertion of a single copy of mutater T-DNA, resulted in complete loss of At3g56370
transcript making this line a promising candidate among other novel dominant suppressor

mutation of the SUVH2 overexpression phenotype.

3.13.4 Real-time expression and immunocytological analysis of SUVH2 in the mutant
line 122

The presence of another T-DNA could influence the expression of the SUVH2 transgene and
hence the expression was quantified by real-time PCR analysis. SUVH2 overexpression in the
presence of mutater T-DNA was measured by real-time PCR analysis relative to the starting
overexpression line. As shown in Figure 3.21 (a), the relative values are higher than the post-
transcriptionally silenced line but lower then the starting line. However, when the interphase
nuclei were stained with an H3K9me2-specific antibody, the ectopic H3K9 distribution

characteristic of SUVH2 overexpression was also visible in the suppressor line 122 [Figure
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3.21 (b)], indicating that the expression levels were sufficient for ectopic H3K9me2

distribution.

H3K9 me2
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Figure 3.21: H3K9me2 distribution and expression analysis in mutant line 122. a) Relative levels of
expression were determined by real-time PCR using SYBR fluorescent dye. The graph represents expression
levlels of SUVH2 in homozygous, PTGS (control) and mutant line 122 relative to the heterozygous
overexpression line. Values were normalized to the expression of 18S rRNA. b) Representative images
indicating ectopic distribution of the H3K9me2 mark in mutant line 122 as well as in SUVH2 overexpression
plants are shown.

3.13.5 Trans acting effect of the mutant locus 122 on the SUVH2 overexpression
phenotype

The loss of phenotype in SUVH2 overexpression plants could have originated from cis acting
mutations within the transgene or from mutations in trans. In order to distinguish between
these two possibilities, the mutant locus of 122 was segregated from the SUVH2
overexpression transgene and retested on the starting overexpression line. The heterozygous
nature of the target T-DNA containing the SUVH2 transgene allowed easy separation of the
trans acting locus from the SUVH2 overexpression line by segregation analysis as the plants
segregated in typical Mendelian ratio of 1:2:1 (35S::SUVH2 /35S::SUVH2, 35S::SUVH2/+,
+/+). All the wild type plants without SUVH2 transgene were genotyped again to identify
plants containing the homozygous mutater T-DNA. The separated mutant locus was
backcrossed to the homozygous SUVH2 overexpression plants and the presence of all
suppressed normal plants in next generation confirmed that the trans acting locus was

responsible for the dominant suppressor effect (Figure 3.22).
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Figure 3.22: Reappearence of suppressor effect in SUVH2 overexpression line backcrossed to line 122
Plants with a homozygous mutant locus of At3g56370 were crossed with the SUVH2 overexpression line.
Suppressed progeny were obtained in F1 generation confirming the presence of a dominant effect of the isolated
mutant.

3.13.6 T-DNA inserted in the At3g56370 gene is responsible for the dominant suppressor
phenotype

To further confirm that the T-DNA insertion in the promoter of the kinase At3g56370 gene is
responsible for the dominant suppressor phenotype, two more insertion lines from the SALK
collection were analyzed which have a predicted insertion in the promoter region of the

At3g56370. The SALK lines had the similar T-DNA insertion as the originally identiied
mutant from the genetic screen. Hence these two T-DNA insertions were molecularly
analyzed. Homozygous plants of the SALK lines were isolated and their insertion in promoter
region was confirmed by PCR analysis. Expression of the kinase gene (At3g56370) was
checked in homozygous SALK plants by semi quantitative RT-PCR using gene specific
primers. 18SrRNA was used as a loading control. As shown in the Figure 3.23, RT PCR
analysis revealed a reduction of gene specific transcripts in the SALK lines as compared to

the wild type control.
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Figure 3.23: RT-PCR analysis indicating the down-regulation of the At3g56370 transcript in the
homozygous T-DNA insertion line. Expression analysis indicating low levels of transcript accumulation in the
T-DNA insertion SALK lines compared to that of wild type control using gene specific primers. The down
regulation of the expression in the T-DNA correlates with the suppressor effect.

In order to attribute the reduction in the transcript of the At3g56370 responsible for the
suppressor effect, the pollen from a male homozygous SALK line were used to fertilize the
the stigma of homozygous overexpression SUVH2 female, resulting in the generation of F1
seeds. As shown in the Figure and 3.24 and 3.25, all the F1 plants were suppressed,
confirming the kinase gene to be a putative suppressor. PCR analysis was done, in order to
show the presence of both the T-DNAs in suppressed plants whereas, only curly plants were
observed, in the presence of SUVH?2 transgene. For the second T-DNA, real-time expression
analysis of the suppressed plants indicated that, the expression of the SUVH2 transgene was

not reduced even in the presence of CaMV 35S promoter driven SALK T- DNA.
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Figure 3.24: The T-DNA inserted in the promoter region of At3g56370 gene is responsible for the
suppressor effect. Progeny of homozygous T-DNA line was identified and crossed with the homozygous
SUVH?2 overexpression plants and scored for suppressor effect in next generation. As compared to the control all
suppressed plants, were obtained in next generation.
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Figure 3.25: The 2" T-DNA inserted in the promoter region of At3g56370 gene confirmed that this gene
is responsible for the dominant suppressor effect. a) Position of the T-DNA insertion in the SALK line
121940. b) Progeny of the homozygous SALK T-DNA line were identified, crossed with the homozygous
SUVH2 overexpression plants and scored for suppressor effect in next generation. PCR analysis of the progeny
confirmed the presence of only SUVH2 transgene in curly plants while the suppressed plants contain both
SUVH2 overexpression construct as well as SALK T-DNA. c) Real-time RT-PCR analysis comparing the
expression of SUVH2 overexpression plants with the progeny of the crossed plants that were obtained after
crossing the SALK T-DNA line/plants with the PTGS homo plants.

3.14 Identification and characterization of line 326

3.14.1. Identification of the insertion locus in the mutant line 326

The insertion point of the mutater T-DNA in the line 326 was identified by inverse PCR. As
shown in the Figure 3.26 (a and b), the insertion was in the first exon of a gene, At2g23690,
located in the F271L4 contig of chromosome 2 thus confirming that a null allele was generated
by T-DNA insertion. The confirmation that the identified locus was responsible for the
suppression effect was achieved by the co segregation analysis of the mutant locus with the
suppressor effect. Presence of two-conserved nuclear targeting signal as determined by
PSORT program (http://psort.ims.u-tokyo.ac.jp) explicitly point out that, this is a nuclear
protein [Figure 3.26 (c)]. However, no conserved domains were found in the protein. The full-

length gene with its promoter, located 1.3 kb of upstream was cloned in pGEM vector and
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will be further used for complementation and overexpression studies [Figure 3.26 (d)]. The
presence of distinct nuclear targeting signal makes this protein an interesting candidate for

further analysis.
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Figure 3.26: Insertion point of the T-DNA in line 326 responsible for SUVH2 overexpression suppressor
effect. a) The transgenic insert consisted of a tandem repeat copy of the bar expression cassette driven by weak
nos promoter. b) Integration site on chromosome 2. Number on top refers to the BAC clone F27L4. Numbers
below are the accession numbers of neighboring genes. c¢) Protein secquence indicating that the conserved basic
residues form a nucler-targeting signal. d) The entire coding sequence of the gene along with the endoenous
promoter was cloned in pGEM vector using TA cloning, for further analysis.

3.14.2 Real-time expression and immunocytological analysis of SUVH2 in the mutant
line 326

The mutant line 326 had more than one inserts. The presence of multiple inserts might induce
repeat dependent silencing, could lead to a decreased in the expression of the transgene.
Therefore the expression of the SUVH2 transgene was checked both by immunostaining and
by quantitative real-time PCR analysis. Real-time PCR analysis showed that, in comparison to
the control, the expression of SUVH2 was reduced as shown in the Figure 3.27 (a). This was
probably due to TGS (Transcriptional Gene Silencing) as muliple copies of T-DNA often
leads to repeat dependent silencing of the transgene. However even in the presence of
multiple Basta T-DNA insert, ectopic distribution of H3K9me?2 similar to starting SUVH2
overexpression line was observed. This indicated that even though the transgenic expression
of SUVH2 was decreased in the mutant line but the level of expression was above the

threshold level to show ectopic distribution [Figure 3.27 (b)].
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Figure 3.27: Variation in expression analysis and H3K9me2 distribution in mutant line 326 in comparison
to SUVH2 overexpression plants. a) Relative levels of expression were determined by real-time PCR using
SYBR fluorescent dye. The graph represents expression levlels of SUVH2 in homozygous, PTGS (control) and
mutant line 326 relative to the heterozygous overexpression line. Values were normalized to the expression of
18S rRNA. b) Representative images are shown indicating ectopic distribution of H3K9me2 mark in mutant line
326 as well as in control SUVH2 overexpression plants in comparison to wild-type.

3.14.3 Genetic cross of mutant locus with SUVH2 overexpression line

The SUVH2 transgene in insertional line 326 was in homozygous background, and therefore
had to be outcross to wild type Columbia to produce heterozygous F1 plants [Figure 3.28(a)].
The obtained plants were selfed to get progeny in which the SUVH2 transgene was removed
in succeeding generation. Plants with only the mutant locus, which served as male and was
used, to cross female SUVH2 overexpression plants [Figure 3.28(b)]. Completely suppressed
plants as shown in Figure 3.28 (c) were obtained indicating that the mutant locus could be a
possible modifier of SUVH2 overexpression phenotype. Appearance of curly plants along
with the suppressed plants as shown, is indicative of presence of more then one Basta-T-DNA

insert also supported by the Southern blot, [Figure 3.28(d)] using bar gene as a probe.
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Figure 3.28: Reappearence of suppressor effect in SUVH2 overexpression line back crossed to line 326. a)
SUVH?2 transgene was segregated out by crossing to wild type and further selfing them in the next generation. b)
Homozygous mutant locus without SUVH2 transgene was crossed to SUVH2 overexpression line. ¢) Suppressed
progeny were obtained in F1 generation, confirming the presence of dominant effect of the isolated mutant. d)
Seven independent progeny from the line 326 were subjected to Southern blot analysis. The genomic DNA was
digested with HindIII and after the ransfer, the blot was hybridized with **P labelled probe containing the bar
coding sequence. Molecular size markers in kb are indicated on the left.

3.14.4 Phylogenetic tree analysis indicating At2g23690 and its evolutionary descent

The phylogenetic tree was constructed from the alignment of full-length protein sequences.
As seen in the Figure 3.29, the Arabidopsis genes cluster in a species-specific distinct clade
indicating that this protein is evolutionary conserved among plant species, and has a plant

specific functional role in various conserved processes.
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Figure 3.29: Phylogenetic tree showing conserved plant specific protein in different species. Homologous
proteins from different plant species were aligned based upon the similarity of the amino acid sequences.

3.14.5 SALK T-DNA inserted in At2g23690 gene also shows a suppressor effect

The T-DNAs from SALK lines were used to reconfirm the suppressor effect. SALK069675C

was located in the first exon, similar to the identified Basta mutation in the screen.

SALKO048198C was inserted in the first intron as indicated in the [Figure 3.30(a)]. The

position of T-DNA was confirmed by PCR analysis and homozygous plants were selected for

genetic crosses in order to confirm the suppressor effect of this locus [Figure 3.30(b) and (c)].

In the entire crossing scheme, SALK line T-DNA was used as males and were employed to

cross female homozygous overexpression line.
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Figure 3.30: The T-DNA inserted in the promoter region of At2g23690 gene is responsible for the
suppressor effect. a) Position of the T-DNA insertion in the SALK069675C and SALKO048198C. b)
Homozygous SALK T-DNA line progeny were identified and crossed with the homozygous SUVH2
overexpression plants and scored for suppressor effect in next generation. In the progeny of crossed plants, the
presence of only SUVH2 transgene in curly plants and the SUVH2 overexpression construct as well as SALK T-
DNA in suppressed plants was confirmed by PCR. c¢) Real-time RT PCR analysis comparing the expression of
SUVH?2 overexpression plants with the progeny of the crossed plants obtained after crossing the SALK T-DNA
with the PTGS homo plants.

As shown in the Figure 3.30 (b and c), suppressor effect was only obtained when both the T-
DNA were present as indicated by PCR analysis, however in the absence of SALK T-DNA,
curly plants were observed. However the expression data indicated the expression levels of
the transgene in the progeny was quite low and therefore real-time expression data has to be
repeated. The low expression of SUVH2 in these crossed plants could be due to the onset of
transcriptional gene silencing (TGS), fluctuation in the SUVH2 expression in different

progeny of crossed plants or due to the presence of multiple number of SALK T-DNA insert.
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3.15 Identification and characterization of line 329

3.15.1 Identification of the insertion locus of the mutant line 329 encoding a novel bromo
domain containing protein (At5g10550)

PCR amplification and sequencing of the left T-DNA insert border indicated that the insertion
in line 329 occurred in the promoter region of a putative gene, At5g10550, located in the
F12B17 contig of chromosome 5 [Figure 3.31 (a and b)]. The exact insertion point of mutater
T-DNA is shown in appendix 2. The points of insertion of the available SALK T-DNAs lines
are also indicated. Thus, the sequence analysis indicated that due to the insertion event,
possibly a putative gene At5g10550 has been disturbed. Homozygous parents of the
insertional mutation At5g10550 gene were isolated by designing and amplifying PCR product
using gene specific and T-DNA specific primers. The homozygous plants apart from the loss
of SUVH2 overexpression phenotype showed no morphological and developmental
alterations in comparison to wild type controls. The RT-PCR revealed significant down
regulation of the At5g10550 specific transcript in homozygous mutant plants indicating that it
is not a null allele [Figure 3.31 (c)]. Therefore the down regulation of the expression of this
gene could lead to dominant suppressor effect in SUVH2 overexpression plants. Gene
specific primers were used for the transcript analysis. RT PCR analysis of the 18SrRNA gene

At2g01010 showed constitutive expression and served as a loading control.
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Figure 3.31: Genomic location of the T-DNA responsible for suppressor effect in line 329. a) The transgenic
insert consists of a single copy of the bar expression cassette driven by weak nos promoter. b) Integration site on
chromosome 5. Number on top refers to the BAC clone F12B17. Numbers below are the accession numbers of
neighboring genes. The position of the two commercially available SALK line is also indicated. ¢) Expression
analysis indicating less transcript accumulation in the T-DNA insertion line compared to that of wild type
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control using gene specific primer. The down regulation of the expression of the protein in the T-DNA lines
correlates with the suppressor effect. d) Presence of a bromo domain is quite prominent which recognizes
acetylated lysine residues on the N-terminal tails of the histones. A distinct nuclear targeting signal also supports
the possible functional role of this protein in chromatin modification.

According to the TAIR gene prediction, the AT5g10550 gene encodes a bromo domain
protein of 678 amino acids. This gene is grouped under Global Transcription Factor group E2.
The protein has a nuclear targeting signal between amino acid residues 23 and 39, and a
characteristic bromo domain at position 242 to 352 [Fig 3.31 (d)]. Therefore it could be
predicted that this protein has a functional role in the nucleus and might be directly involved

in the SUVH2 mediated silencing pathway.

3.15.2 Southern blot analysis confirming the presence of single copy of mutater T-DNA
in line 329.

In T2 generation of the line 329, plants showed a segregation pattern of 3:1 ratio, indicating
insertion of a single T-DNA. Further confirmation of this result was done by Southern blot
analysis using bar gene as a probe as indicated in the Figure 3.32. Xbal and HindIII digestion
were used, as both have only one restriction site in the T-DNA. Presence of a single band
therefore confirmed that this line contained only one copy of T-DNA. The insertion of single

copy of mutater T-DNA resulted in down regulation of transcript of the At5g10550 gene.
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Figure 3.32: Southern blot analysis of mutant line 329 confirming the presence of single insert. Six to seven
independent progeny from the line 329 were subjected to Southern blot analysis. The genomic DNA was
digested with Xbal and HindIIl and after the transfer; the blot was hybridized with **P labelled bar coding
sequence. Molecular size markers in kb are indicated on the left.
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3.15.3 Real-time expression and immunocytological analysis of SUVH2 in the mutant
line 329

The presence of another T-DNA could influence, the expression of SUVH2 transgene and
hence the expression was quantified by real-time PCR analysis. Relative to the starting over
expression line, the values of SUVH2 overexpression in the presence of mutater T-DNA was
measured by real-time PCR analysis. As shown in the Figure 3.33 (a), the relative values are
higher then the posttranscriptional silent line and heterozygous plants but lower then the
starting homozygous line. In immunocytological analysis, when the interphase nuclei were
stained with an H3K9me?2 specific antibody, the distribution was restricted to chromocenters
similar to the wild type [Figure 3.33 (b)]. Since the expression of the SUVH2 in line 329 was
higher then the heterozygous overexpression line which, showed a characteristic ectopic
distribution of H3K9me2, suggesting that the gene probably might play an important role in
controlling the distribution of H3K9me2 mark.
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Figure 3.33: Variation in H3K9me2 distribution and expression analysis mutant line 329 in comparison to
SUVH2 overexpression plants. a) Relative levels of expression were determined by real-time PCR using SYBR
fluorescent dye. The graph represents expression levlels of SUVH2 in homozygous, PTGS (control) and mutant
line 329 relative to the heterozygous overexpression line. Values were normalized to the expression of 18S
rRNA. b) Representative images are shown indicating distribution of H3K9me?2 mark in mutant line 329 as well
as in SUVH2 overexpression plants.

Relative expression rate (R)
o N

PTGS (control) ]

35S::SUVH2/+#6
35S::SUVH2#6/3
5S::SUVH2#6

3.15.4 Trans acting effect of the mutant locus on SUVH2 overexpression phenotype

To confirm that the suppressor effect is due to the mutater T-DNA, this T-DNA was separated
from the T-DNA containing SUVH2 transgene. As both the T-DNAs were in heterozygous
state, it allowed easy separation of mutater T-DNA from the SUVH2 overexpression line by

segregation analysis. The separated mutant locus was crossed to the homozygous SUVH2
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overexpression plants and the presence of all suppressed plants in next generation confirmed

that the trans acting locus was responsible for the dominant suppressor effect (Figure 3.34).

O.E Line 6 x Mutation line 329

355:: SUVH2/ 355:: SUVH2 ( Without SUVH2 T-DNA )

F1 generation

Suppressor effect (mutant)

Figure 3.34: Reappearence of suppressor effect in SUVH2 overexpression line back crossed to line 329.
Homozygous mutant locus was crossed to SUVH2 overexpression line. Suppressed progeny were obtained in F1
generation confirming the presence of dominant effect of the isolated mutant.

3.15.5 T-DNA inserted in At5g10550 gene is responsible for the dominant suppressor
phenotype

To test whether the T-DNA insertion in the promoter of At5g10550 gene coding for a bromo
domain containing protein was responsible for the dominant suppressor phenotype, two more
insertion lines from the SALK collection were analyzed which have a predicted insertion in
the promoter region of the At5g10550 locus. The T-DNA inserted in SALKN527423 line had
a similar position in the promoter region, as in the original mutant identified from the genetic
screen. The other T-DNA was inserted in the 2™ exon of the gene as shown in the Figure 3.35
(a). Both these insertional lines were molecularly analyzed. Homozygous plants of the SALK
lines mutants were isolated and their insertion points were confirmed by PCR analysis. In
order to reconfirm the reduction in transcript of the bromodomain-containing gene to the
observed suppressor effect, the pollen from homozygous SALK line male parent was used to
cross the homozygous overexpression SUVH2 female parent. As shown in the Figure 3.35 (b)
all the F1 plants were suppressed, confirming the bromo domain-containing gene is a putative

suppressor of SUVH2 overexpression phenotype.
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Figure 3.35: The T-DNA inserted in the promoter region of At5g10550 gene is responsible for the
suppressor effect. Homozygous T-DNA line progeny were identified and crossed with the homozygous SUVH2
overexpression plants and scored for suppressor effect in next generation.

From the second screen only two putative suppressors were partly characterized with respect

to suppressor activity.

3.16 Identification and characterization of line 34

3.16.1. Identification of the insertion locus in the mutant line 34

PCR amplification and sequencing of the left T-DNA insert boundary indicated that the
insertion in line 34 occurred 650 bp upstream of the ATG codon in the 5'-transcribed region of
a putative gene, At4g38825, located in the T9A14 contig of chromosome 4 (Figure 3.36). The
points of insertion of the available SAIL T-DNA lines are also indicated in the Figure 3.36.
Thus, the sequence analysis indicated that due to the insertion event, possibly a putative gene

At4g38825 has been disturbed.
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Figure 3.36: Genomic position of the insertion indicating the potential gene disrupted by the T-DNA
insertion. The T-DNA was inserted on chromosome 4 on BAC clone T9A14. Auxin responsive SAUR protein
was the potential candidate gene responsible for suppressor phenotype.

According to the TAIR gene prediction, the At4g38825 gene encodes a putative SAUR
(Small Auxin Up Regulated) protein of 89 amino acids. This family of gene cluster that
encodes a group of auxin-regulated RNAs. The promoter of SAUR proteins contains a
conserved regulatory motif referred as auxin responsive element implicating in their
regulation in response to auxin (Gil ef al., 1994). They are regulated by auxin at the level of
transcription. Proteins from this gene family have no identified functional role. Most of them
are intronless indicating that they evolve rapidly either by gene duplication or by reverse

transcription.

3.16.2 Southern blot analysis confirming the presence of single copy of mutater T-DNA
insert

In T2 generation for line 34, plants showed a segregation pattern of 3:1 ratio, indicating
insertion of a single T-DNA. Further confirmation of this result was done by Southern blot
analysis using bar gene as a probe. Two different enzymes HindIIl and BamHI were used for
digestion as they have only one restriction site in the MCSI and MCSII in the mutater T-

DNA. Detection of single band would therefore confirm that this line contained only one copy
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of T-DNA. However Southern blot analysis showed more that one band indicating that the T-
DNA might be present as tendem repeats at the site of insertion as shown in Figure 3.37. The
exact arrangement of the tandem inserted repeats is required in order to get a clear picture of
the architecture of the T-DNA. This knowledge is also important for designing primers for
finding out the T-DNA/plant junctions and could be achieved by taking two different
restriction enzymes from MCS I and MCS II for Southern blot analysis. Depending on the
orientation of the fusion, different combinations are possible resulting in fragments of
different size and number. Using Hind III restriction present in MCS I, only one fragment
was obtained in Southern blot, indicating that it is a tandem fusion consisting of two T-DNA
inserts, and the left borders are free. This hypothesis was confirmed by using BamHI

restriction from MCS II, which as expected resulted in appearance of two fragments.
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Figure 3.37: Southern blot analysis of mutant line 34 confirming the presence of single insert. Six to seven
independent progeny from the line 34 were subjected to Southern blot analysis. The genomic DNA was digested
with BamHI and HindIII and after transfer; the blot was hybridized with **P labelled bar coding sequence.
Digestion with enzymes present in MCSI and MCSII , indicated that it is a tandem repeat with free left borders
as shown .

3.16.3 Real-time expression and immunocytological analysis of SUVH2 in the mutant
line 34

Relative to the starting over expression line, the values of SUVH2 overexpression in the

presence of mutater T-DNA was measured by real-time PCR analysis. As shown in the Figure
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3.38 (a), the relative values are higher then the posttranscriptional silent line but lower then
the starting line. However, when the interphase nuclei were stained with H3K9dimethyl
antibody, the ectopic H3K9 distribution characteristic of SUVH2 overexpression was also
visible in the suppressor line 34, indicating that the expression levels were sufficient to score

for suppressor phenotype [Figure 3.38 (b)].
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Figure 3.38: Variation in H3K9me2 distribution and expression analysis mutant line 34 in comparison to
SUVH2 overexpression plants. a) Relative levels of expression were determined by real-time PCR using SYBR
fluorescent dye. The graph represents expression levlels of SUVH2 in homozygous, PTGS (control) and mutant
line 34 relative to the heterozygous overexpression line. Values were normalized to the expression of 18S rRNA.
b) Representative images are shown indicating ectopic distribution of H3K9me2 mark in mutant line 34 as well
as in SUVH2 overexpression plants.
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3.17 Identification and characterization of line 11

3.17.1. Southern blot analysis confirming the presence of single T-DNA insertion in the
mutant line 11

A segregation ratio of 3:1 in T2 generation of line 11 indicated a insertion of a single T-DNA.
This was further confirmed by Southern blot analysis using bar gene as a probe. Two
different enzymes HindIII and Spel were used for digestion, as they have only one restriction
site in the MCSI and MCSII of the mutater T-DNA. Detection of single band therefore was

quite conclusive that this line contains only one copy of T-DNA.
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Figure 3.39: Southern blot analysis of mutant line 11 confirming the presence of single insert. Independent
progeny from the line 11 were subjected to Southern blot analysis. The genomic DNA was digested with Spel
and HindIII and after transfer; the blot was hybridized with **P -labelled bar coding sequence. Digestion with
enzymes present in MCS I and MCS II, indicated that it is a tandem repeat with left borders are free as shown
in the Figure 3.39.

3.17.2 Real-time expression and Immunocytological analysis of SUVH2 in the mutant
line 11

Relative to the starting over expression line, the values of SUVH2 overexpression in the
presence of mutater T-DNA was measured by real-time PCR analysis. As shown in the Figure
3.40 (a), the relative values are higher then the posttranscriptional silent line but lower then
the starting line. When the interphase nuclei were stained with H3K9me2 antibody, in
suppressor line 11 the distribution was similar to the wild type where, the H3K9me2

distribution was restricted to the chromo centers [3.40 (b)].
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Figure 3.40: Variation in H3K9me2 distribution and expression analysis mutant line 11 in comparision to
SUVH2 overexpression plants. a) Relative levels of expression were determined by real-time PCR using SYBR
fluorescent dye. The graph represents expression levlels of SUVH2 in homozygous, PTGS (control) and mutant
line 11 relative to the heterozygous overexpression line. Values were normalized to the expression of 18S rRNA.
b) Representative images are shown indicating distribution of H3K9me2 mark in mutant line 11 as well as in
SUVH?2 overexpression plants.

A summary of all the mutations and partial characterization with respect to the insertion point,

number of copy of insert, and the expression analysis was done as shown in the Table 3.3.

Insertion
SL.No Mutation line H3K9 staining Distribution Real Time Southern point

1 10 X v
2 11 v Normal v 22
3 17 v Normal v >2 2
4 34 v Ectopic \/ 1 Confirm
5 42 v Normal v >2 Confirm
6 45 v Normal v 2
7 47 X v
8 54 v Normal P
9 56 v Normal &
10 61 X v
11 72 X v
12 73 X v
13 122 v Ectopic v 1 Confirm
14 235 X X 1 Confirm
15 326 v Ectopic v >2 Confirm
16 329 X X 1 Confirm

Table 3.3: Summary of results for the characterization of all the dominant suppressors of SUVH2
overexpression line found in this study. Isolated suppressor mutations were partially characterized using real-
time PCR analysis with respect to expression of SUVH2 transgene and distribution of H3K9me?2 staining pattern
in the background of SUVH2 overexpression. Number of insertions was confirmed by Southern blot analysis and
T-DNA/genomic junction was identified using Inverse PCR.
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4. Discussion

The main aim of this work was to establish a screening procedure to genetically decipher the
new components of the pathway with respect to SUVH2 mediated heterochromatin formation
in Arabidopsis. The screen was based upon the already well-characterized histone
methyltransferase SUVH2, overexpression of which leads to characteristic mini plant
phenotype. A T-DNA mutagenesis approach was used, as this procedure is less tedious
compared to classical EMS mutagenesis. Out of 10 SUVH proteins which are homologues of
SU(VAR)3-9 protein of Drosophila , only SUVH2 has been shown to play a central role in
heterochromatin formation by affecting all repressive marks in Arabidopsis thaliana
(Naumann et al., 2005). During this study, a successful attempt has been made to prove the
functionality of the test system, and to isolate and identify dominant suppressor mutations of
SUVH2 overexpression involved in new chromatin functions in Arabidopsis thaliana. This
would inturn provide us with insights to genetically decipher the components of the signaling
pathway regulating heterochromatin formation in Arabidopsis.

From all the tested SUVH proteins only overexpression of SUVH2 leads to severe
morphological defect. Under homozygous overexpression condition, plants remain small, and
formed small, narrow, curled leaves. It also produced few viable seeds whereas in
heterozygous background seeds were normal. Recently, using DNA microarray analysis, it
was shown that TFL2 was responsible for enrichment of repressive H3K27me3 marks in
about 15% of the target Arabidopsis genes (Kotake et al., 2003; Turck et al., 2007). Such a
genome wide effect on heterochromatin formation can also be anticipated with histone
methyltransferase SUVH2. As mutation of this protein coordinately reduces not only mono
and dimethyl H3K9 but also mono and dimethyl H3K27 and mono methyl H4K20 and
suppresses TGS. Overexpression of SUVH2 causes significant enhancement of these marks
along with enhancement of transcriptional gene silencing (TGS) of tandem repeats of
luciferase construct. Either SUVH2 alone can methylate histones at specific lysine residues in
all these repressive marks or in mutant background of suvh2, activity of other HMTase is
severely affected (Naumann et al., 2005). Loss or overexpression of SUVH2 affects both
symmetric as well as non-symmetric DNA methylation.

In Arabidopsis, 10 genes that are Su(var)3-9 homologs were identified (Baumbusch et al.,
2001). But only some of these SUVH proteins have been molecularly characterized. The
classical heterochromatin silencing pathway used by Su(var)3-9 was also observed in

Arabidopsis. SUVH4/kryptonite mediated histone H3K9me2 modification provides the
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binding site for LHP1 protein. This in turn facilitate binding of the DNA methyltransferase
CMT3, thus displaying interplay between histone methylation and DNA methylation (Jackson
et al., 2002). CMT3 protein is unique to plant kingdom and responsible for CpNpG DNA
methylation. This might reflect transcriptional fine tuning present only in the plants in
response to different fluctuations in the environment It was also shown that SUVH6 works
in concert with SUVH4 in maintaining H3K9me2 mark at transcribed inverted repeats

whereas combination of SUVH4 and SUVHS was shown to control transposon sequences

(Ebbs et al., 2005; Ebbs and Bender, 2006).

4.1 Establishment of a new screening system for isolation of insertional
dominant suppressors of SUVH2 over-expression phenotype

Different approaches have been used to isolate and genetically analyze suppressor mutations.
All the previous studies were based upon the reactivation of the typically silent locus after
mutagenesis, thus relating the loss of function of a particular gene to the reactivation of the
silent locus (Bartee and Bender, 2001; Mittelsten Scheid et al., 1998). In the current study, an
alternative approach was followed using T-DNA mutagenesis. The use of T-DNA integration
has several advantages over conventional EMS mutagenesis. Compared to EMS mutagenesis,
which leads to several point mutations in the genome, a low number of insertions per
transformants are found in T-DNA mutagenesis. This significantly reduces the additional
work required to remove second-site mutations. DNA integration results in relatively stable
mutations as compared to transposon-based mutagenesis (Martienssen, 1998). The simple
Agrobacterium transformation method for Arabidopsis thaliana allows high throughput
production of T-DNA insertion mutants in this model organism. The identified candidate
genes can easily be cloned for further characterization. The overexpression of
methyltransferase SUVH2 leads to severe morphological defects and ectopic formation of
heterochromatin (Naumann et al., 2005).

To further identify and analyze the other component of this pathway and to identify cross-talk
points, a large number of Arabidopsis mutants needs to be identified using new screening
strategies. The suppressor mutations might not only identify interacting protein leading to
dissection of the pathway, but also alternative pathways that became activated by the
suppressor mutations (Page and Grossniklaus, 2002). The identified components could
represent known and unknown factors, which might affect enzymatic activity of SUVH2 or
target specific binding of SUVH2. These components could also play an important role in

assembly of SUVH2 complex during heterochromatin formation. The principle idea behind
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the screen was that, if one of the components involved in heterochromatin formation is
reduced in amount due to T-DNA insertion, then relatively less heterochromatin is formed.
Accordingly SUVH2 overexpression phenotype is also suppressed. T-DNA mutational
analysis could effectively facilitates the identification of important epigenetic functions
required for heterochromatin formation. Therefore a novel genetic screen was designed by
creating and screening for T-DNA insertions which suppress the mini plant phenotype in the
background of SUVH2 overexpression and thus directly implicating the loss of morphological
defects to the locus disturbed by the mutater T-DNA insertion.

A constitutive and strong 35S promoter was used to drive the expression of SUVH2 transgene
in Arabidopsis. For selection of transgenic plants nptll gene under the control of nopaline
synthase (nos) promoter was used. In a recent study, it was shown that introduction of another
T-DNA driven by a similar strong promoter for insertional mutagenesis could lead to
potential homology dependent silencing of the transgene. However such effects were not
observed, when weak promoters were used to drive the expression of the transgene

(Daxinger et al., 2007). In order to prevent trans-inactivation and 35S promoter-driven
transgene silencing in the mutater T-DNA, the weak nopaline synthase (nos) promoter was
used to derive the expression of bar gene. Bar gene codes for phosphinothricin
acetyltransferse and provides resistence against the herbicide phosphinothricin (Basta). The
integration of the introduced T-DNA during transformation occurs late in flower development
after the lineage separation of male and female gametes and hence in T1 generation only
heterozygous plants can be produced. Recently it was shown that female gametophyte is the
target of T-DNA integration (Page and Grossniklaus, 2002). Since all the Basta sensitive
plants die after emergence and only resistant progenies survive, it was confirmed that a single
copy of bar gene was sufficient to provide resistance against the concentration of basta spray

used in the study.

4.1.1 T-DNA insertional mutagenesis in the heterozygous and homozygous SUVH2
overexpression line

In the first screen, heterozygous SUVH2 overexpression plants were mutagenized with
mutater T-DNA construct, as homozygous plants were sterile and the primary transformant
were selected based upon the herbicide resistence. However this process was cumbersome as

it required extra effort to confirm the presence of SUVH2 transgene by PCR analysis in order
to differentiate between dominant suppressors and wild type plants. By utilizing Post

Transcriptional Gene Silencing (PTGS), the obtained homozygous SUVH2 overexpression
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plants (PTGS-homo) were fertile and could therefore be transformed, resulting in

identification of suppressors directly without subjecting them to further molecular analysis.

4.1.2 Identification of single locus plants by segregation ratio and Southern blot analysis

A relatively large number of putative dominant suppressor mutants were obtained in T1
generation. These putative mutants were selfed, and scored for 3:1 (resistant : sensitive)
segregation ratio in succeeding generation to obtain single T-DNA locus (Rama Devi et al.,
2006). However the mutation frequency appeared to be much higher then expected in T1
generation and therefore it was assumed that independent lines from the primary screen also
contained a significant proportion of false positive. It could be possible that the suppressor
effect is not due to the insertion of the mutater T-DNA but due to the stress environment that
resulted in the loss of phenotype. This hypothesis was confirmed when the progeny of T1
plants were analyzed further after selfing them, most of them reverted back to the curly
phenotype in the succeeding generation. However in lines containing multiple copies of Basta
T-DNA inserts, the onset of Transcription Gene Silencing owning to methylation of the
promoter sequence could also results in loss of phenotype. Therefore it was absolutely
necessary to measure the expression of transgenic SUVH?2 in all the identified mutations and
to identify lines containing single copy of Basta T-DNA.

Plant transformation methods, such as Agrobacterium mediated transformation do not allow
the introduction of a defined number of transgenes into the genome. Mendelian segregation
ratio of 3.1 indicates the presence of a single locus whereas a ratio of 15:1 (resistant:
sensitive) corresponds to the integration of T-DNA into two independent positions. Even
higher ratio of resistant to sensitive plants indicates more then two independent inserts.
Although the segregation ratio of 3:1 suggested a single locus for most of the suppressors, this
does not necessarily mean the presence of single copy of T-DNA. During the process of
transformation, one or multiple intact or rearranged gene copies can integrate at one or
multiple unlinked loci, resulting in gene silencing (De Neve et al., 1997; Page and
Grossniklaus, 2002). Southern blot analysis was done for the isolated line 10, 11, 34, 42, 45,
122, 326, and 329 but only the line 11, 34, 122, and 329 contained a single insert. Tandemly
repeated transgenes at the same locus are often silenced in plants as a result of repeat-induced
gene silencing (Assaad et al., 1993). Independent lines which showed a high resistant:
sensitive ratio and complex ratio and a complex segregation pattern indicating the presence of

multiple insertions were not analyzed further.
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In order to find out whether the expression of the SUVH2 transgene was affected in the
presence of mutater T-DNA, Southern blot analysis using methylation sensitive enzyme was
carried out (Albini et al., 1990). Occurrence of higher molecular weight bands would possibly
indicate that the SUVH2 transgene was methylated. However no such higher molecular
weight bands were observed as compared to the control. In case of Line 32 and 122,
additional lower molecular weight bands were seen but when Line 122 was stained with
H3K9me2 antibody, it still showed ectopic distribution of H3K9me2 suggesting that the
SUVH2 transgene had not undergone any major change in DNA methylation even after
transformation with mutater T-DNA. Bisulfite analysis, which is sensitive to subtle changes in
DNA methylation, should be performed in order to determine the degree of DNA
methylation. This analysis was further supported by the fact that only plants with curly
phenotype were obtained in genetic screen whenever the mutater T-DNA was inserted in the

unspecific region of the genome, which had no role in SUVH2 mediated silencing.

4.2 Verification of the SUVH2 transgene in the background of isolated
insertion mutations:

4.2.1 Immunocytological analysis of nuclear distribution of SUVH2 overexpression
protein

All the mutations were stained with a repressive H3K9me2 mark against the background of
SUVH2 overexpression line. On the basis of the staining pattern two classes of mutations
could be differentiated. In the first class, mutations displayed the classical ectopic distribution
of repressive H3K9me?2 mark, similar to the starting SUVH2 overexpression control line. This
class of mutations might represents defects in genes, which work in concert with SUVH?2,
without hindering the function of SUVH2 per se. In the second class of mutations, the
staining of H3K9me2 mark reverted back to the wild type condition, where this repressive
mark was restricted in chromo centers alone, indicating probably that the target sites are not
recognized and hence this class of mutations might be involved in defining the role of
SUVH2 in heterochromatin formation. However both types of mutations, identify Arabidopsis
genes required for heterochromatin formation. Identification of these mutations would
probably results in the convergence of the pathways triggered by distinct genes playing an

important role in signal cascade leading to heterochromatin formation.



Discussion 73

4.2.2 Quantitative expression analysis of SUVH2 transgene using real-Time PCR

The quantitative overexpression of the SUVH2 transgene in heterozygous, homozygous and
homozygous plants obtained upon post-transcriptional gene silencing (PTGS-homo) was
monitored by real-time RT-PCR analysis. The variability in expression was checked by
quantifying and comparing the expression in many independent lines for each class. The
values were quite consistent for each class of overexpression except for the PTGS-homo
plants. As expected, the relative expression of the heterozygous line was nearly 50% of that in
the homozygous line, thus confirming that the functionality of the measurement. The
expression of the PTGS-homo line was very low as compared to original homozygous line
and there was a considerable amount of fluctuation in the expression profile of this over
expression line. However all the analysed plants of this class had strong curly leaf phenotype
characteristic of SUVH2 overexpression indicating that transgene expression of SUVH2 was
sufficient to show the mini plant phenotype. The relative expression of different isolated
mutants was checked in comparison to the starting overexpression line and only those lines,
which had sufficiently high levels of expression, were analyzed further.

The expression profiles are the relative values in comparison to the starting overexpression
heterozygous line. However the absolute values are very high as the strong 35S CaMV
promoter drives the expression of the transgene. The absolute value of SUVH2 transgene
overexpression is 150 times that of endogenous SUVH2 levels. (Ay,N personal
communication). Hence a slight decrease in overexpression values could still be useful for
identifying dominant suppressors.

Mutants from the second screen were isolated using homozygous SUVH2 overexpression
plants that have undergone posttranscriptional gene silencing, as these plants were fertile.
However the relative expression values of the PTGS-homo plants in F1 generation, is much
lower then the starting homozygote lines. With this background, the relative values of the
mutants should be compared to those of the control starting line (PTGS-homo) from which
they were derived, instead of the homozygous starting line to show a more accurate profile of
the expression.

When a transgene integrates as multiple copies in one or few insertion sites, the dosage effect
due to the presence of multiple T-DNA copies results in significant excess of transcript levels.
When the level exceeds the transgene specific threshold, silencing is triggered. Therefore the
variability in expression pattern is mainly due to the difference in onset of silencing in

different plants. The variability in expression could be minimized by proper codon usage and
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by making use of a weak promoter to drive the expression of the transgene (Schubert ef al.,
2004). Apart from the strength of the promoter, transcript stability also plays a crucial role in
onset of silencing thus supporting the fact that accumulation of transcripts at high
concentrations could enhance silencing to optimize the amount of transcript production (Que
etal., 1997).

For real-time analysis, always three different plants were randomly chosen from each
independent line. When a transgene is overexpressed under the control of a strong promoter,
there is variability in its expression. Therefore it is also possible that all three assessed plants
had low expression values compared to other transformant. This observation is also supported
by another study where the expression of the transgene driven by 35S cauliflower mosaic
virus promoter was assessed in wild type and posttranscriptional gene silencing (PTGS)
mutant background. It was clearly demonstrated that, when compared to wild type, the
incidence of highly expressing transformants shifted from from 20% to 100% in sgs2 and
sgs3 mutant background. Therefore, the PTGS impaired A.thaliana mutants hold great

promise for obtaining extremely high and uniform transgene expression (Butaye et al., 2004).

4.2.3 Confirmation of the screening protocol by crossing with randomly inserted SALK
line plants

The cross of homozygous SUVH2 overexpression plants with randomly selected SALK line
resulted in reappearance of curly leaf phenotype thus reinforcing our hypothesis that the
dominant effect obtained in the screen was not an artifact. The phenotype was weaker when
compared to the starting overexpression heterozygous line. This could partially be attributed
to the presence of the 35S promoter driving the expression of randomly selected SALK line
that has a tendency to undergo trans-inactivation. Appearance of curly plants in these crosses
with overexpression line reconfirms our hypothesis that dominant suppressors could be

identified, by insertion of second T-DNA into SUVH2 overexpression plants.

4.3 Isolation and characterization of insertional mutations suppressing the
SUVH?2 overexpression phenotype

In order to check, the functionality of the screening system, three mutants from 1* screen and

two mutants from 2" screen were further characterized.
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4.3.1 Insertion of Basta T-DNA in the Line 122 results in complete disruption of the
At3g56370

At3g56370 encodes a leucine-rich repeat transmembrane kinase protein. Plant receptor like
kinase (RLKs) are one of the largest gene family in Arabidopsis and contain more then 600
members, thus accounting for 2.5% of the protein coding genes in Arabidopsis. Most of the
well characterized RLKs belong to the group of serine/threonine kinase (Shiu and Bleecker,
2001). They participate in various functions in perception and processing of extracellular
signals via cell surface receptors and can be grouped into 15 different subfamilies according
to their divergent extracellular receptor domains (Shiu and Bleecker, 2001, 2003). This
divergence allows them to respond to a wide range of external signals

For line 122, only one insertion site was found by inverse PCR, on chromosome 3 of BAC
T5P19. This is in agreement with segregation ratio of 3:1 (Basta resistant: sensitive). This
observation was further confirmed by Southern blot analysis in which only one band was
visible. The insertion of mutater T-DNA resulted in complete disruption of the At3g56370
gene expression, as indicated by absence of any transcript in RT-PCR. Therefore the
identified loss of function allele could be used for further characterization of this protein. In
the current study, the kinase gene was only partially characterized. Structural analysis of the
protein using a bioinformatic software (smart.embl-heidelberg.de) revealed the presence of
a transmemebrane domain and a phosphotransferase domain responsible for serine/threonine
kinase activity. These structural features hint at a possible role in signaling pathway. The
other prominent feature is the presence of leucine rich repeats which were shown to play an
important role in protein-protein interaction (Kobe and Deisenhofer, 1994). In the real-time
PCR analysis, the expression of SUVH2 transgene as expected was relatively high in
comparison to other isolated mutants. This was in accordance with the previous studies,
which pointed out that the expression of a single copy of the transgene was high and stable.
Further position effect had minimal influence on the variability of the transgene expression
(De Buck et al., 2004; Nagaya et al., 2005; Schubert et al., 2004). In comparison to the
starting overexpression line, the expression of SUVH?2 transgene in the presence of mutater T-
DNA was reduced. However this level of expression was sufficient to show an ectopic
distribution of H3K9me2, characteristic of SUVH2 overexpression. Therefore this mutation
was a good candidate for further analysis to figure out its potential role in the silencing
process. It is likely that this protein is involved in signalling or phosphorylation of other

nuclear proteins.
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In order to confirm the effect of mutation in trans, crossing of the separated mutated loci with
homozygous SUVH2 overexpression line was carried out. This overexpression phenotype
was completely suppressed in F1 generation thus reconfirming our hypothesis, that this locus

was responsible for the dominant suppressor effect.

4.3.2 Line 326 encodes a plant specific protein of unknown function

A new putative nuclear protein was identified with mutant line 326. However no conserved
domain was observed making initial analysis and prediction about the function of this protein
a bit more cumbersome then other isolated mutants. Segregation ratio of the progeny in T2
generation suggested the presence of more then two inserts in line 326, and this observation
was confirmed by Southern blot analysis. The insertion point of the identified mutater T-DNA
always co-segregated with the suppressor effect and Basta resistence. The T-DNA insertion in
this line had disturbed the first exon of the gene At2g23690, likely creating a null allele.
PSORT program (psort.ims.u-tokyo.ac.jp) clearly indicated the presence of two nuclear
targeting signals indicating that it is a nuclear protein. Phylogenetic analysis showed that this
gene is evolutionary conserved and restricted only to plant species. Taken together, these
results show that this protein may have a plant specific role in the nucleus. Therefore this line
was chosen for further analysis, inspite of having more then two T-DNA insertions. In the
real-time RT-PCR analysis, the expression of transgenic SUVH2 had already reached a
certain threshold, sufficient to show an ectopic distribution of H3K9me2, which is
characteristic of SUVH2 overexpression. This indicates that enough protein was produced
even in presence of multiple inserts, which are generally more prone to silencing. These
results are in agreement with findings from previous studies, which suggested that single copy
transformants do not always express the highest amount of the transgene. However the
variability in transgene expression is relatively low in comparison to multi-copy
transformants (De Buck et al., 2004).

By crossing the separated mutated loci with homozygous SUVH2 overexpression line,
resulted in complete suppression of the overexpression line thus reconfirming our previous
results of co-segregation analysis, that this locus in trans was responsible for the suppressor

effect.

4.3.3 Characterization of a bromodomain containing protein encoding nuclear/
chromatin function



Discussion 77

At5gl10550 is predicted to encode bromodomain-containing protein and probably in
conjugation with SUVH2 plays an important role in heterochromatin formation. Line 329 was
chosen for further analysis, as a segregation ratio of 3:1 was obtained indicating the presence
of single insert in T2 generation. The presence of a single copy of mutater T-DNA was further
confirmed by presence of a single band in Southern blot analysis. The insertion point of the T-
DNA indicated that the bromo domain containing protein At5g10550 present on chromosome
5 on BAC FI12B17 could be potentially disturbed by the insertion. Bromo domains are
generally found in proteins that regulate chromatin structures and gene expression by binding
to acetylated lysine residues on histone 3 and 4 (Dyson et al., 2001; Eberharter and Becker,
2002; Zeng and Zhou, 2002). In real-time RT-PCR analysis, the expression of transgenic
SUVH2 as expected for a single insert, was higher then the starting heterozygous
overexpression line. However, the results of immunocytological studies indicated that the
distribution of H3K9me?2 was restricted only to the chromo centers similar to wild type. Thus
it can be inferred that the mutation resulted in reverting the ectopic distribution of H3K9me?2
characteristic of overexpression of SUVH2 to that of the wild type. The insertion point and
the suppressor effect on the SUVH2 overexpression phenotype were validated by genetic
crosses of the commercially available SALK line with homozygous SUVH2 overexpression
line and also by crossing the plants with the suppressor locus containing only mutater T-DNA
with the overexpression line. The progenies obtained in T1 generation were all suppressed,
thus confirming the dominant effect.

In a previous study, a bromodomain-containing protein from tomato, VIRP1 showed a
considerable homology to the protein under investigation not only in the bromodomain but
also in the amino- and carboxy-terminal parts of the protein. The carboxy- terminal region of
VIRP1 was shown to contain a RNA-binding domain, which was able to interact with RNA in
in-vivo conditions (Martinez de Alba et al., 2003). Therefore, the presence of a nuclear
targeting signal, a bromodomain and potential homology to RNA binding domain of VIRP1
strengthens our hypothesis that this protein might play a role in RNA directed DNA

methylation.

4.3.4 The Basta T-DNA insertion site in Line 34 lies in Auxin responsive SAUR protein

The presence of a single T-DNA insert was confirmed by Southern blot analysis for line 34

after obtaining the segregation ratio of 3.1. The insert was located on chromosome 4 of BAC

T9A14 and had potentially disturbed the expression of At4g38825 coding for auxin
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responsive SAUR protein. These proteins are represented by a large multigene family and are
characterized by the presence of short half-lives of 10-50 min. They are regulated by auxin at
the level of transcription based on rapid mRNA turnover. This feature makes them a key
player in transient regulation, as they can be repressed and induced more rapidly then stable
transcripts. The instability of these proteins is mainly due to the presence of a downstream
element (DST) found in the 3’ untranslated region (Johnson et al., 2000). Auxins are
important class of plant harmone essential for coordinating many growth and behavoiural
processes in plant life cycle. They can directly stimulate the expression of specific genes by
promoting degradation of transcriptional repressor protein. Auxins are essential for cell
growth, affecting both cell division and cell elongation during the growth and development of
a plant.

Further confirmation of the suppressor effect of this mutant is in progress by crossing the T-
DNA homozygotes insertion of this gene obtained from commercially available SAIL line
(CS843744) with overexpression line and scoring for dominant suppressor effect in next
generation. As pointed out earlier, screening for suppressor mutations could also identify
mutations which are components of various other signalling cascades. SUVH2 protein is
involved in diverse biological processes as indicated by one of its prominent role in
senescence. WRKY53 is a key regulator of leaf senescence in Arabidopisis. Overexpression
of SUVH2 leads to delay in senescence by inhibiting WRKY53 and senescence associated
genes (Ay et al., 2009).

Similar to other isolated mutant, the expression of SUVH2 transgene was lower then that of
starting overexpression line. However this value was sufficient to show ectopic distribution of
H3K9me2, similar to that of the starting overexpression line. Though line 11 and 34 had
similar integration pattern as indicated by Southern blot analysis, they differ in their staining
pattern. While in line 34, presence of an ectopic distribution was quite evident; in line 11 the
staining pattern was similar to that of wild type where H3K9me2 mark was restricted only to
the chromo centers. Even though this line was a single tandem insert, the genomic sequences
adjacent to the left border could not be amplified after several repeated attempts. One possible
reason could be insertion of the mutater T-DNA in the repetitive heterochromatic region of
the genome which are difficult to be amplified by I-PCR.

Recently it was also shown that the SRA domain of SUVH2 has a methyl cytosine binding
affinity, and preferentially binds to methylated CG residues (Johnson et al., 2008). In
accordance with these results, SUVH2 was shown to interact with MET1 and DDM1. MET1

is responsible for CG methylation and DDMI1, a chromatin-remodeling factor. Mutant
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background of DDMI1 leads to 70 % loss in DNA methylation (Jeddeloh ef al., 1999; Teixeira
et al., 2009). However the obtained suppressor effect on SUVH2 overexpression was
recessive in the mutant background of metl and ddml, and hda6 allele had no such
suppressor effect. In order gain more knowledge of the interacting partners of SUVH2,
Transcriptional Gene Silencing (TGS) mutants isolated in the lab by Ingo Hofmann were
crossed to homozygous SUVH2 overexpression line, and experiments are underway to score

for suppressor effect in F2 generation.

Relaxed chromatin Condensed chromatin Interacting partners
° Nuclear
targeting

Bromo

\\ l / domain

Normal phenotype Mini plant phenotype Normal phenotype

Figure 4.1 Model for the identification of novel suppressors based upon the SUVH2 overexpression
phenotype. In the presence of endogenous histone methyl transferase SUVH2, the nucleosomes are relaxed and
lead to a wild type phenotype. When SUVH2 is overexpressed with a strong promoter, chromatin becomes
condensed resulting in a local heterochromatin environment. This is manifested by severe morphological defects
leading to the typical mini plant phenotype. T-DNA mutagenesis in the background of overexpression of
SUVH2 plants, leads to disruption of the interaction between SUVH2 and the unknown suppressors, thus
reverting the phenotype and nucleosome status back to the wild type level.

Most of the identified loci in this study were novel, not having been identified from the other
genetic screens. This might be because the number of identified loci is relatively small or
alternatively because the genetic screen is different from former ones and therefore uncovers
new classes of mutants. The identified suppressor mutations might not only identify
interacting proteins involved in heterochromatin formation but also cross talk points in the
various signaling networks initiated by the suppressor mutations. Therefore identified
mutations in individual lines might influence several independent signal transduction

pathways.
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Analysis of all the isolated suppressors revealed that none of the suppressors were essential
for survival, as all the homozygous insertion mutants displayed wild type phenotype under
normal growth conditions. The other possible reason for wild type phenotype could be the
redundancy of the genes as in Arabidopsis. Most of the genes are part of gene clusters and
hence require all the genes present in the cluster to be disrupted, in order to obtain a

phenotype (Krysan ef al., 1999).

4.4 Outlook

Genetic screen like any other screen has its own limitations. Essential genes whose loss of
function mutations leads to lethality cannot be isolated by this method. The presence of
multiple inserts and homology between mutater T-DNA and SUVH2 transgene could possibly
reduce the expression of the SUVH2 transgene and thus lead to identification of the false
positive mutants. This problem could be resolved to a large extent by selecting for single
inserts and optimizing the Agrobacterium mediated transformation to obtain selectively single
inserts. Further variation in the transgene expression driven by a strong promoter in single
inserts could be minimized by refining the screening procedure in the background of PTGS
impaired mutants.

Similar type of genetic screen using T-DNA mutagenesis to isolate insertional mutations were
successfully carried out, utilizing two T-DNA construct (Rama Devi ef al., 2006) which led to
identification of novel loci controlling the expression of stress responsive genes. The results
of this screen could also validate our hypothesis of isolating dominant suppressor mutations
using T-DNA mutagenesis. Further characterization of the isolated mutations, with respect to
their functional role in signaling pathway could provide valuable information about the

specific role of the identified genes in structure and dynamics of chromatin regulation.
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Appendix 1. List of primers

Primers used for identifying transgenic plants containing SUVH2 and Basta T-DNA

Primers used for inverse PCR

Name Sequence

MYCSAL ATAGTCGACATGGGCGGACGCGAACAAAAGTTG
SALK 574R AAGTACATGATTCTTCATACTCTC

BARF1 GGATCCTCTAGGGGTCATCAGA

BARB596 GATCTCCGACTCTAGGGGGATCT

Primers used for inverse PCR

Name Sequence

LBLEFT1 AAGTTGTCTAAGCGTCAATTTGTTT
LBLEFT2 ATACAGGCAGCCCATCAGTC
LBRIGHT1 TTTAATGTACTGGGGTGGTTTTG
PCBLBFOR34 CTCGGCACAAAATCACCACTCG
PCBLBREV323 GCTATCTGGACAAGGGAAAACGC

Primers used for genotyping the insertion point of Basta T-DNA in identified putative

mutants

Name Sequence

F27L4 FOR CAATAAGTTTTCCCACTGTGC
F27L4 REV CCCAAACCACAGTCCCTAAA
FI7123NEWF TAAACGGAGATGTAGTCAAATAAGG
FI7123NEWR TATGATCAATCGGTAAAACGATATT
T5P19FOR2 AACGGAGGAAGCAAAACAAA
T5P19REV1 TTCAACGCGATTTCAATCTG
F12B17FOR2 TGCTAGGTCAGCAGTTTCTTGA
F12B17REV1 TCGGAACTTCTTCCACAACA
T9A14FOR139 CAAAAGGCGACTATGCCATC
T9A14REV1030 TTCACATGGCTCTGTCTTGC




Appendix

82

Primers used for RT PCR analysis

Name Sequence

SUVH2HEL6FOR AATTAATATAATTAGTTGGGACGTG
SUVH2HEL6REV CTGAGAAATCTGTATGAGTAGTTCA
AT3G56370FOR1 CTGAGCTGCAACATTCTTCG
AT3G56370REV1 CCCACATTGCCTGAAAAACT
AT5G10550RT2FOR1861 CGGTGACAGAAATGGGAAGT
AT5G10550RT2REV2179 CTATCCGCATCCGAATCACT
Primers used for cloning experiments

Name Sequence

AT3G56370SPEIFOR1 ACTAGTGTCCGGCTCACAC
AT3G563705572REV GTCCCATGCACATGGTTACA
AT2G23690BAMHFOR1 GGATCCTAATGGCATTGGGTTG
AT2G23690REV CGGCGCAGAGAGATAAAGAG
Primers used for real-time RT PCR analysis

Name Sequence

18SF CTGCCCGTTGCTCTGATGAATCATG
18SR CAATTAAGACCAGGAGCGTATCG
ACTINF250 ATGGAAAAGATATGGCATCACAC
ACTINR448 TACGACCACTGGCATAGAGAG

SUVH2CTERMINIFOR1

GGTCTATCCTGGTCGGTTCAC

SUVH2CTERMINIREV1

GTAGCAAGCCACGTTCCTCATC
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Primers used for genotyping the SALK/SAIL line for the isolated putative mutants

Name Sequence

SALK121940F CAACCGCATTTCAATCTGTAGG
SALK121940R ACGAATCCGACTTGGCTGAC
SALKLBA1RC TGGTTCACGTAGTGGCGCCATC
SALK048198CFOR GACACATGGTCCTTTCTTATCC
SALK048198CREV TGCTCTTATGAGAAGTGGTGG
SALK079802FOR4 TAGTTGCGGAAGACCTCCAT
SALK079802FOR1164 TTTCCAGGACACCATCATCA
SALK080430FOR31 TGGTGAAGCTGATGAAGCAT
SALK080430REV1031 ACCGGAGGCTGATGATAATG
AT3G27200FOR289 CGAACCTGAACCTGAAGGAG
AT3G27200REV1232 TCAAGAGGAAACACCGTTTC
AT5G24350FOR6 CGAATGCAAGTTCCGAGAGT
AT5G24350REV859 ATTGATGGTTTCCGGTGGAA
SAIL843774FOR74 TTCGACACCAAAAGGGTTTC
SAIL84374REV1075 CCTCTTTCTGAACCGGACAC
SALK027423FOR78 TCTGTTGTTGTGTTTGGGGA
SALK027423REV1195 AAAAACAAGGTGAGGCATCG
SALK106462FOR73 CGCATCGATAAACAGAAGCA
SALK106462REV1194 TCCGCACTCATTACCCTACC
SAILLB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC
SALK069675CFOR TTTGGATTATTGGTGTGCG

SALK069675CREV

ACAACACAGAAGCTGTCATCC
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Appendix 2. Insertion sequence of Basta T-DNA in different
identified putative mutants
Sequence of the At3G56370/T-DNA junction
1

el

121

181

241 At3g56370

301

36l

421 ggaaggtggg

481 tggactcattaaaactctttaattgacacgtgtatttattttgttgggtttgacgaatce

541 gacttggctgacacgtggecttttatttttattttgtgttggtatagtaagtgggaaaatg

601 aataaatgattggccaactcataaagaaagaaactataaatttgaatatgactaaattat

661 ccttcccaaataatagaaactttctttaatgggtttacatgetgectetgtggectettgg

721 tatgattcaactaattagaaaataatctttcacataaaatggaaataatgtggaatgtgg

781 ttggttctgttattctcatgcagagaattggtattttgggtaaaaaattatgcagaaaga

Intron

T-DNA insertion site
M uTtr sequence
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Sequence of the At2g23690/T-DNA junction

1l catttecctagtttaacgcttcagecctaaatatcttactatttttcaaactttttategac

6ltgcgacatacatacttacattctcatatcgactggtccatttatctatatccttaataaa

l2lctgtctattaacccaaaagaagagcecgtcattagtcaaaattgagcaaacgaattcaatt

l8lcccaaaccacagtcoctaaactegtaattatacaccaaaacaaatggcaaacaaatcaca

24lacacagaagctgtcatcctcocccaacttacttaaacagecctgtcattgteccccacttgteg

301lttcaaacttcaaaataaatattaaa cataatcacaaaaagacaaaacaaatccaat

3blgtggcatattctttttatatatataaacacacaaaaacacatctcacttctcatecteoctt /“2923690
=1

481

541

601

661

72

781

841

901

96laagaatgaagggtagtttggtgatttagttattattgtagggttaagtttgtaaatatgt

Exon

T-DNA insertion site
M utr sequence
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Sequence of the At5g10550/T-DNA junction

61
121
181
241
301
361
421
481
541
601
661
721
781
841
%01
861

1021
1081
1141
1201
1261

tatatdta:ttttqaaawtﬂ_aqaaacaaccaggtcagctaaagagagtgtgacacgcac
gcaatttttctgegegtgtgattgtggtagagattaatcaacagagaaaagtgagctgte

acgocaacatttattattatttacggttatgacctecctttttccagtatacaacctgacac
ctcataatatgtgtttttaatcaaggatccgacggcccagattttacccaacttcgtcaa
atgtatataaacaaaattgcacttattttctcaataattgagtcactctcaccteccttee
tttgaaaaaaaaaaacttggatcgagtctccttectctetcttecttcaaagttecttgtt
gatcttgttcaaggaatcaagggcttgccaagaaaaaagattagatccttgagaaatctyg
gggtatttccacagttcagattcatgectttactgatgatttcttttaaagggtattttceg
tcatttgaaaggttcgacggttgccccagttggectaattccteccggetttaagaaaataa
aataaagtacatcggtgtttcttggctgtcctaccecttcaatteccggecgagtttgaccyg
ccggtgtttagtctcgaataaagttctttgaattatgaatttgtatctctatcaattaaa
ttgtgatgcatttctaaatttatgatgagataggaatatttaatctaacaaatggacaga
ttattcaagaaactgctgacctagcaaaagtgaaagcgagaatattaagaataagtctca
aaaaaaaaattatgtcgaaaagaaaaaggaaaaataactgtgggcecccatgtgaaacagtt
cagactccgaaattaccaatttgectacattttgtttaattaagaaaatcgectaagagaa
ataaagcacgcacgaaccaacggctatggaacggtcactggataaattaacgaaatctga
gccgtccacgtcagattactcgggcag

[ 1 Exon
] UTR sequence

At5g10560

At5910550

1 T-DNA INSERTION SITE
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Sequence of the At4G38825/T-DNA junction

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081

ccaacttttcttatacgggactggaaatggtttacgcgggccgggatccatacaaaaaat
gttataagtttatattgtatcactgagaattgggcttcgttctgataaattttgaattaa
ggcccaatcacacaagtagaaacgcgctatcggcgataagctgtcgatctecgcaatttte
cccattcgcttatttecttcttcgaactacagaggggatccttgaacgeccatgecagttttt
ctgcgaaagaga

ccacacagttaaggtgcagagagaagaacgacgtgttgttttaagcgt
gaaaaaacggcgggccctectgtcttttctatttctectecttctcaacacttgecaggacagt
gccctcacggataatatggagggttagtcagatggataatggattatcaattatgtgtag
ccacttggctacttgactcagtgacttagacttttcaggtgctgtgtaggtatataacat
aaaggtcccacgtacatcatctacataccattccaaagagatgtatatgtgccatcgaca
atttcatgtgaagtgcgctcgaagttgttgttagtcttctagtgtcatgaattcttttca
gatataatccatattcaattatcagtttataacatgcaagacagagccatgtgaattctt
cttatgcatgtcccactcttgtataagaagcccacggtttctatcacatgaacgaaattg
gttgtatatatatattgcattgttttcatatcgtgagcataacaacttcttcatctaatc
tgataagctaaaggagacttctaagctgaatctttttccaggatccatcagagcagaaca
aaaaa

T-DNA insertion site

Bl UTR sequence

Exon

At4g38825
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