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ABSTRACT 

A total of nine single-copy transgenic Arabidopsis thaliana lines displaying varying degrees 

of silencing of a nos promoter-nptII marker gene (encoding kanamycin-resistance) have been 

studied, with emphasis on two of these, line P4 and P10. Both of these lines show a very high 

frequency of nptII-silencing in one subline, but little or no silencing in other sublines, 

indicating epigenetic mechanisms.  

One candidate is DNA methylation, which has been associated both with silencing on a 

transcriptional level (TGS) and with post-transcriptional gene silencing (PTGS). Using the 

bisulphite-mediated genomic DNA sequencing method, the methylation status of all cytosine 

positions in a sequence consisting of the nos promoter and the 5’-end of the nptII gene were 

investigated for both lines. The results show a very high degree of methylation for the 

silenced sublines, also in asymmetric cytosines, and a significantly lower degree of 

methylation in the sublines with little or no silencing. When comparing the promoter and 

transcribed regions, a preference for methylation of the former is observed, indicating that the 

nptII gene is subject to TGS. 

Many models of silencing have evoked the presence of aberrant transcripts. Using RT-PCR, 

sense transcripts covering the promoter were detected for both of the investigated lines. 

Counter to what was expected, however, these RNAs were detected in sublines showing little 

or no silencing, whereas none or very low levels were detected in silenced plants. Promoter 

analyses and characterisation of the sequences flanking the nptII construct indicate that these 

transcripts may originate in cryptic promoter elements or as an extension of a recently 

reported endogenous transcript.  

Based on these results and recent models of RNA-directed DNA methylation, a scenario is 

presented where the detected promoter transcripts are targeted and processed in the silenced 

sublines by components involved in silencing, resulting in sequence-specific methylation of 

the corresponding DNA.   
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INTRODUCTION 

In December 2000, an international collaboration of scientists, The Arabidopsis Genome 

Initiative (AGI), published the complete genome sequence of the flowering plant Arabidopsis 

thaliana. This represents the momentary culmination of an effort initiated over two decades 

ago, when the proposal of using this plant as a model organism 

started to gain momentum (Somerville and Koornneef 2002). At 

first sight, the choice of this uncomely weed (figure 1) may seem a 

little peculiar, as many other candidates, such as maize and tomato, 

were established commercial species with more obvious research 

benefits. However, in the 1980s, researchers were looking for new 

ways of combining molecular biology and genetics, for which 

Arabidopsis, with its relatively small genome size, short life cycle 

and the production of thousands of progeny from the self-

fertilisation of a single mutant or transgenic individual was 

particularly well suited (Meinke et al. 1998; Somerville and 

Koornneef 2002). Moreover, in time this species proved to be 

exceptionally easy to transform, using techniques based on the 

natural transformation mechanism of the soil bacteria 

Agrobacterium tumefaciens. These methodical advantages and the 

focused effort of a large research community have, in addition to 

the complete genome sequence, resulted in an extensive collection 

of characterised mutants with knock-outs of every major 

biochemical pathway, and the availability of a large number of 

sequenced transgene insertion lines and DNA microarrays representing every gene known to 

be expressed (Somerville and Koornneef 2002). These are powerful tools in molecular 

genetics, and represent major steps toward the stated goal of characterising the function of 

every Arabidopsis gene by 2010 (Chory et al. 2000).   

Arabidopsis belongs to the Brassica family, which includes the commercial species cabbage 

and mustard (The Arabidopsis Genome Initiative 2000). The relatively recent evolutionary 

radiation of flowering plants from a common ancestor (~150 Myr ago) also means that this 

plant is closely related to several hundred thousand flowering plant species, which makes it a 

Figure 1. Arabidopsis 
thaliana at an early 
stage of flowering 
(drawing by K. Sutliff).  
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convenient model for many aspects of plant biology (Somerville and Koornneef 2002). 

However, Arabidopsis research is also addressing fundamental questions of biological 

structure and function common to all eukaryotes. The complete genome sequence of 

Arabidopsis allows for large-scale comparison to other fully sequenced genomes, such as 

those of Caenorhabditis elegans, Drosophila, rice and humans. This provides valuable 

insights not only in the function of individual genes, but also in the evolutionary history of 

eukaryotes and of whole organism function.  

Arabidopsis was also the first sequenced organism with extensive DNA methylation. 

Although common in higher eukaryotes where it is thought to be a crucial epigenetic marker, 

this modification of DNA appears to be almost or completely absent in the other standard 

genetic workhorses Saccaromyces cerevisiae, Drosophila and C. elegans (reviewed in Colot 

and Rossignol 1999 and Bird 2002). In addition to the above advantages, therefore, this has 

made Arabidopsis one of the most important model organisms for studies of epigenetics, 

within which the main topics of this thesis are firmly placed.  

Epigenetics: Regulation through Repression1 

Epigenetics today is (with some dispute) defined as the study of mitotically and/or meiotically 

stable changes in gene expression that do not involve changes in DNA sequence (Wu and 

Morris 2001; Jablonka and Lamb 2002). For many years, such phenomena were synonymous 

with ‘funny genetics’ that could not readily be explained by Mendelian rules of inheritance. 

However, with the advent of biotechnology, epigenetics has gained renewed interest 

(Finnegan 2002). Following the above definition, epigenetics spans a vast area and includes 

phenomena such as the anomalous and heritable protein conformations of prions, various 

mechanisms that establish and maintain long-term differential gene expression in multi-

cellular organisms, and mechanisms controlling the transcriptional and translational activity 

of genomic or cytoplasmic invaders. In this thesis, it is this latter set of phenomena, or more 

specifically, the related topic of transgene silencing that is the focus.  

Epigenetics and invader control 

Transposable elements (TEs) are parasitic DNA sequences that have the capacity to move 

from place to place within the genome, either through an RNA intermediate or by direct 
                                                 
1 This heading is taken from Wolffe and Matzke (1999). 
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excision and insertion (reviewed in Kazazian 2004). Their abundance and activity during 

eukaryotic evolution is illustrated by the large quantities of dysfunctional TE remnants (in 

addition to a small fraction that is still active) that make up most eukaryotic genomes, from 

~10 % of the Arabidopsis genome (The Arabidopsis Genome Initiative 2000), to ~45 % of the 

human genome (Lander et al. 2001), up to at least 57 % of the maize genome (Meyers et al. 

2001). As TE activity may result in a wide range of ‘mutations’, from modifications in the 

size and arrangement of whole genomes to substitutions, deletions, and insertions of a single 

nucleotide, they are thought to have represented a major factor in evolution (Fedoroff 2000; 

Kazazian 2004). However, these ‘mutations’ may also be deleterious, making a means to 

control them vital for the organism. The first clues to how this could be achieved came from 

Barbara McClintock’s studies of TEs in maize in the 60s and 70s, who asserted that, although 

regular inhabitants of the genome, TEs are mostly genetic silent. Moreover, she observed that 

both silent and active states of maize TEs were heritable, yet subject to further heritable 

change (reviewed in Fedoroff 1999). Today, one of the proposed mechanisms behind these 

text-book examples of epigenetics are thought to involve DNA methylation (Yoder et al. 

1997; Martienssen 1998), which often is inversely related to transcriptional and 

transpositional activity of TEs (see below).  

For TEs moving through an RNA intermediate (i.e. retrotransposons), or for TEs inserted in 

particular conformations leading to aberrant transcripts (see below), there may be an 

additional, but partially related defence mechanism at play that involves sequence-specific 

degradation of RNA (Waterhouse et al. 2001). Such a mechanism is evident in the defence 

against viruses in both plants (reviewed in Vance and Vaucheret 2001) and in animals (Li et 

al. 2002a), but may be especially important in the former, since plants lack an antibody-based 

immune system, and because both genomes and replication intermediates in 90% of plant 

viruses consist solely of RNA (Waterhouse et al. 2001).  

Levels of repression: TGS and PTGS/RNAi  

As implied in the above examples, epigenetic gene silencing can work on at least two levels: 

At the first level, called transcriptional gene silencing (TGS) (Meyer et al. 1993), adherence 

of the transcription apparatus to the promoter is blocked, resulting in loss of RNA synthesis of 

the connected gene. At the second level, referred to as post-transcriptional gene silencing 

(PTGS) in plants (de Carvalho et al. 1992) and RNA interference (RNAi) in animals (Fire et 

al. 1991; Fire et al. 1998), transcription is usually not impeded (at least not at the level of 
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initiation), but the RNA is degraded before it can be translated into functional proteins 

(reviewed in Fagard and Vaucheret 2000; Pickford and Cogoni 2003)2, 3. As will be discussed 

in later paragraphs, both TGS and PTGS/RNAi are often accompanied by changes in DNA 

methylation levels and/or chromatin structure. Moreover, whereas the silencing effect 

generally is inherited both in mitosis and meiosis for TGS, PTGS/RNAi is often meiotically 

reversible (Jones et al. 2001; reviewed in Fagard and Vaucheret 2000). Therefore, as a more 

permanent shut-down mechanism, TGS may be considered especially suited for defence 

against stably integrated elements such as TEs and (in animals) retroviruses, whereas 

PTGS/RNAi may be particularly suited in the defence against more transient infections and 

the extra-chromosomal replication of viruses. However, the underlying mechanisms seem in 

many cases to be related (see below). Therefore, TGS and PTGS/RNAi may be considered as 

alternative, but not exclusive responses in host defence (Fagard and Vaucheret 2000).  

Triggers of Transgene Silencing 

Transgenes share several characteristics with TEs and viruses, such as often being present in 

multiple copies, having a sequence composition that is foreign to the host and/or being 

transcribed by exceptionally strong promoters, and many of the phenomena tied to natural 

host defence have been observed for transgenes (reviewed in Fagard and Vaucheret 2000). 

Moreover, in Arabidopsis, several mutations leading to increased mobility of TEs or 

sensitivity to viruses also release silencing of transgenes (e.g. met1 in TE mobility, TGS and 

PTGS (Morel et al. 2000; Kato et al. 2003), and sgs2/sde1 and sgs3 in sensitivity to viruses 

and PTGS (Mourrain et al. 2000)) and PTGS of transgenes containing virus-sequences are 

associated with increased resistance to the virus (e.g. Waterhouse et al. 1998). Consequently, 

it is believed that transgenes are targeted by the same mechanisms as TEs and viruses 

(Matzke and Matzke 1998b). This obviously has negative consequences for applications 

where stable transgene expression is desired, both in commercial applications such as the 

generation of transgenic crop plants, and in research applications, such as when transgenes are 

used as reporter genes. However, because of the widespread implications into developmental 

biology, immunology and biotechnology, the study of transgene silencing has become an 

                                                 
2 A special form of PTGS concerns the suppression of translation without degrading the RNA. However, since 
this form of silencing so far only has been reported in relation to developmental regulation, it will not be 
discussed here (see Pickford and Cogoni (2003) for a review) 
3 It should be noted that PTGS/RNAi is not included in some working definitions of epigenetics. However, 
keeping with the definition above, an inclusion of these phenomena seems natural.  
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exciting research field in its own interest (Fagard and Vaucheret 2000). In the following, 

some of the key findings in this field will be discussed, starting with characteristics that may 

trigger transgene silencing:   

Homology-dependent gene silencing 

Some of the earliest and most decisive discoveries of transgene silencing were made in 1990, 

when petunia transformed with genes encoding flower pigmentation enzymes unexpectedly 

lead to down-regulation or complete silencing of both the transgenes and the homologous 

endogenous genes (Napoli et al. 1990; van der Krol et al. 1990). Subsequent research has 

demonstrated that such reciprocal silencing is not dependent on the presence of a 

homologous, endogenous gene (in which case it is termed cosuppression), but can also be 

triggered between two related transgenes, or by RNA or DNA viruses with homologous 

sequences (reviewed in Vaucheret and Fagard 2001 and Tijsterman et al. 2002). Furthermore, 

silencing can be triggered both between unlinked sequences (in trans), as in cosuppression 

and VIGS, between sequences in close proximity to each other or even within the same 

sequence in RNA-DNA and RNA-RNA interactions (in cis). Today, all of these phenomena 

are included under the broader term of homology-dependent gene silencing (HDGS), where 

homology at the DNA and/or RNA level is associated with both TGS and PTGS/RNAi 

(reviewed in Matzke et al. 2002).  

The mechanistic basis for such effects is still not completely understood. Many of the earlier 

papers, describing silencing of multiple sequence copies or repeats, postulated mechanisms 

involving DNA-DNA pairing, which in cis could lead to unusual secondary DNA structures 

attracting components of the host defence system, or in trans could be accompanied by the 

transfer of a silent state from one locus to another (reviewed in Vaucheret and Fagard 2001 

and Matzke et al. 2002). An alternative model involves triggering of silencing when the 

transgene dosage exceeds a putative threshold level (Dehio and Schell 1994; Wassenegger 

and Pelissier 1998). For instance, silencing is more often reported for multi-copy than for 

single-copy transgenic lines, and transgene copy-number is often inversely related to level of 

transgenic expression (reviewed in Kooter et al. 1999 and Matzke et al. 2000). Moreover, 

transgene dosage is not necessarily linked to transgene copy-number, as both increased 

strength of the promoter (Que et al. 1997) and homozygosity as compared to hemizygosity 

(de Wilde et al. 2001; James et al. 2002; Qin et al. 2003; reviewed in Vaucheret et al. 1998) 

have been correlated with higher frequency of silencing.  
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However, in recent years these ideas have in many cases been replaced or extended by 

proposals of RNA-mediated mechanisms involving double-stranded RNA (dsRNA) (reviewed 

in Matzke et al. 2002). Because of the wide-spread impact of these mechanisms, however, 

their description will be postponed to a later paragraph.  

Although there are many reports where homology to other sequences and/or increased gene 

dosage has been associated with silencing, these effects can vary considerably from case to 

case. Therefore, alternative factors triggering silencing have been investigated, most notably 

the particular characteristics of the genomic environment into which the transgenes are 

inserted:  

Position effects and sequence context 

Position effect variegation (PEV) is a well-known phenomenon in Drosophila, and is 

characterised by stochastic inactivation of genes located in the vicinity of a heterochromatic 

region, whose transcriptionally inert chromatin conformation spreads at variable lengths in 

individual cells (reviewed in Schotta et al. 2003). Similarly, transgenes inserted within or in 

the vicinity of heterochromatic regions such as centromeric and intercalary heterochromatin 

(Iglesias et al. 1997; Jakowitsch et al. 1999; Qin et al. 2003) or telomeres (Park et al. 1996) 

often become stochastically inactivated. These regions, particularly constitutive 

heterochromatin that remains heterochromatic throughout development, are often associated 

with a repeated DNA structure (reviewed in Hsieh and Fire 2000). Accordingly, the presence 

of repeats in flanking sequences has been associated with variegated transgene silencing in 

petunia, tobacco and barley (Prols and Meyer 1992; ten Lohuis et al. 1995; Koprek et al. 

2001) and paramutation4 in maize (Stam et al. 2002). However, the presence of flanking 

repeats alone does not appear to be sufficient for silencing, as several studies of single-copy 

inserts have failed to demonstrate such an effect (Meza et al. 2002b; Forsbach et al. 2003; 

Kunz et al. 2003). Also, in a report by Day et al. (2000), site-specific Cre-lox mediated 

single-copy transgene integration resulted in variable silencing in four of five independent 

locations, suggesting that, at least in some cases, variegated silencing may be the result of 

stochastic events that occur during transformation, rather than position effects.  

                                                 
4 An HDGS phenomenon between endogenous alleles, where a particular, low-expressing (paramutagenic) allele 
of a gene induces a heritable, but reversible down-regulation of another (paramutable) allele (reviewed in 
Chandler et al. 2000). 
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From this description of factors that may trigger silencing, it is time to take a closer look at 

the molecular changes in DNA and chromatin taking place during the silencing of a gene. The 

most common of these is DNA methylation:  

The Sign of Silence: DNA Methylation 

Methylation of the cyclic carbon 5 of cytosines (mC, usually simply referred to as DNA 

methylation) is the most common DNA modification in higher eukaryotes, and is at present 

the best characterised epigenetic chromosomal marker (Bird 2002; Iizuka and Smith 2003). 

However, the distribution and the functional significance of DNA methylation seem to vary 

significantly across species. For instance, Drosophila has only a very low level of DNA 

methylation concentrated in 5’-cytosine thymine-3’ (CpT) dinucleotides, whereas a majority 

of cytosines in 5’-cytosine guanine-3’ (CpG) dinucleotides are methylated in vertebrates (Bird 

2002). Similarly, plants and some fungi have high levels of DNA methylation in CpG 

dinucleotides, but also in CpNpG trinucleotides (where N is A, T or C) and in asymmetrical 

cytosine residues (CpNpN) (Martienssen and Colot 2001). Moreover, whereas DNA 

methylation in vertebrates follows a genome-wide pattern, where it is also found within 

coding sequences of active genes, a fractional pattern is observed in most invertebrates, fungi, 

plants and protists, with DNA methylation concentrated in non-coding regions of the genome 

(reviewed in Colot and Rossignol 1999 and Martienssen and Colot 2001).  

These variances are reflected in that DNA methylation in vertebrates is firmly associated with 

tissue-specific endogenous gene silencing (Colot and Rossignol 1999), while this is seen to a 

lesser extent in plants and fungi, where the main role of DNA methylation may be to control 

transposable elements (Martienssen and Colot 2001). Correspondingly, most methylated 

DNA in plants is concentrated to TEs or other repeats (Martienssen and Colot 2001), and the 

reversible activity of several maize transposons has been correlated with changes in DNA 

methylation (Chandler and Walbot 1986; Schwartz and Dennis 1986; Banks et al. 1988). 

Moreover, the Arabidopsis partially methylation-deficient mutants ddm1, met1 and cmt3 are 

associated with increased transcription and/or transpositions of TEs (e.g. Hirochika et al. 

2000; Kato et al. 2003). More indirectly, DNA methylation may also suppress potentially 

harmful ectopic recombination between homologous repeats, which often are the remnants of 

multiple TE insertions (Colot and Rossignol 1999; Fedoroff 1999).  
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However, the seemingly different roles of DNA methylation in vertebrates and plants are by 

no means clear-cut. For instance, the sex-specific establishment of DNA methylation patterns 

in germ cells that leads to differential expression of maternally and paternally derived alleles 

in somatic cells, known as genomic imprinting, has been observed for several Arabidopsis 

genes important in development, such as the FIS1/MEA, FIS2 and FIS3/FIE genes that are 

involved in seed development (reviewed in Finnegan et al. 2000) and the FWA gene involved 

in the timing of flowering (Soppe et al. 2000; Kinoshita et al. 2004). Conversely, some 

authors have proposed TE control to be the main function of DNA methylation also in 

animals (Yoder et al. 1997).  

These general outlines apart, both TGS in plants and animals and PTGS in plants are often 

associated with de novo DNA methylation, concentrated mainly to promoter regions or 

coding sequences, respectively (reviewed in Fagard and Vaucheret 2000). Moreover, in 

Arabidopsis, the partially methylation-deficient mutants ddm1, met1, cmt3 and drm1/drm2 all 

inhibit or release TGS and/or PTGS under certain circumstances (Morel et al. 2000; Bartee et 

al. 2001; Lindroth et al. 2001; Cao and Jacobsen 2002), and the PTGS-impaired mutants sgs1, 

rdr6 (also known as sgs2/sde1) and sgs3 show reduced methylation in affected transgenes 

(Elmayan et al. 1998; Dalmay et al. 2000; Mourrain et al. 2000).  

Although the subject of DNA methylation and gene silencing has been under scrutiny for a 

long time, many questions remain, both in terms of how DNA methylation patterns are 

established and maintained, and in terms of how DNA methylation relates to silencing and 

other epigenetic mechanisms such as histone modification and heterochromatin formation. In 

the following, an overview will be given on the current status of research aimed at answering 

these questions. 

DNA methylation-mediated silencing 

In plants, three types of DNA methyltransferases (DMTases) have been identified so far: 

DOMAINS REARRANGED METHYLASE (DRM1/DRM2, two nearly identical copies, 

homologues to the mammalian DNMT3), for de novo DNA methylation in all sequence 

contexts (Cao et al. 2000; Cao and Jacobsen 2002), DNA METHYLTRANSFERASE1 

(MET1, homologous to the mammalian DNMT1) for maintenance of CpG methylation 

(reviewed in Finnegan and Kovac 2000) and CHROMOMETHYLASE3 (CMT3, which has 

been found only in plants) for maintenance of CpNpG methylation (Bartee et al. 2001; 

Lindroth et al. 2001). Although the above assigned roles and targets of each class of enzyme 
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may generally be correct, CMT3 and DRM1/DRM2 appear to act in a partially redundant 

fashion in maintaining CpNpG and asymmetric methylation, at least in some cases (Cao et al. 

2003), and MET1 may act as a de novo CpG DMTase in response to RNA signals (Lippman 

et al. 2003; Matzke et al. 2004).  

Symmetric and asymmetric methylation: different roles? 

The different roles of DMTases in plants reflect the particular challenges of maintaining 

methylation in symmetric and asymmetric cytosines through replication. Whereas 

maintenance of symmetric sites may be explained by a semiconservative model, where 

methylation of the old strand serves as a template for methylation of the newly synthesised 

strand during replication (Holliday and Pugh 1975; Bird 1978), no such mechanism is 

apparent for asymmetric sites (Matzke et al. 2004). Consequently, if methylation is observed 

in asymmetric cytosines, this may be taken as a measure of ongoing de novo methylation 

(Aufsatz et al. 2002a; 2002b).  

Whether these differences represent any biological significance remains unclear, but one 

might expect asymmetric methylation to be more important in the establishment or initial 

phase than in maintenance of silencing. In line with this view, Dieguez et al. (1998) showed 

that a derivative of the 35S promoter devoid of symmetrical cytosines could be shut down by 

a silencer locus (271) just as efficiently as a normal 35S promoter. This shut-down, as 

observed by TGS of the connected transgene, was associated with increased methylation both 

in the normal and the derivative promoter, with a comparatively higher share of the 

asymmetric sites methylated in the latter. Moreover, removal of the silencer locus resulted in 

rapid reactivation of the derivated, but not the normal promoter. This shows that asymmetric 

methylation may be interchangeable with symmetric methylation in the initial phase of 

silencing, but is not sufficient for maintenance. Conversely, symmetric methylation may be 

necessary for maintenance of TGS in the absence of a silencing trigger in trans. This is 

consistent with a report showing that TGS initiated by an RNA virus required MET1 for the 

stable inheritance of TGS in the absence of the virus (Jones et al. 2001). In addition, as will 

be discussed below, a recent report by Saze et al. (2003) have implicated MET1 and CpG 

methylation as the primary determinant for faithful inheritance of epigenetic states across 

generations.    
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DNA methylation and silencing: cause or effect? 

The above examples imply that DNA methylation can be involved in both the initiation and in 

the maintenance of silencing. In a proactive role, DNA methylation may influence 

transcription directly by altering the binding specificity of promoter elements or other cis-

regulatory sites and thereby block the adherence of transcription factors (reviewed in Attwood 

et al. 2002). More indirectly, methylated DNA could recruit methylcytosine-binding (MBD) 

proteins, which either could compete with transcription factors in binding sites or recruit 

proteins involved in chromatin condensation (reviewed in Attwood et al. 2002 and Gaston 

and Jayaraman 2003). Evidence from Arabidopsis drm1/drm2 mutants deficient in de novo 

DNA methylation supports this notion of a proactive role, as they were unable to establish 

silencing of a transgenic FWA locus or the endogenous SUP gene in the presence of an 

inverted SUP repeat, unlike wild-type plants where this consistently is the case (Cao and 

Jacobsen 2002).  

However, there are also indications that DNA methylation can be reactive, coming into play 

only after some initial signal or chromosomal alteration has been established. For instance, it 

has been suggested that initial inactivation of the redundant X-chromosome in female 

mammalian cells happens several days before the occurrence of chromosome-wide DNA 

methylation (Lock et al. 1987). In plants, especially the role of DNA methylation in PTGS is 

still unclear, even though (as mentioned above) the two phenomena often are correlated. 

Although one report suggested that DNA methylation preceded the onset of virus-induced 

PTGS (Jones et al. 1998a), and therefore appeared to have a proactive role, another report 

could not correlate cosuppression of an endogenous gene with an increase in methylation 

(Stam et al. 1998). Arguing for a reactive role, Morel et al. (2000) observed that in met1 

mutants, cis-PTGS of a transgene was gradually released during growth and over generations. 

Again, however, there is conflicting evidence, as demethylation treatment with 5-azacytidine 

did not release trans-PTGS of a transgene in a report by Wang and Waterhouse (2000). 

Whether the above inconsistencies reflect characteristics of the different systems used, or if 

there are both methylation-dependent and -independent PTGS systems in plants is not yet 

determined. Nonetheless, there appears to be certain mechanistic links between PTGS and 

RNA-directed DNA methylation, discussed in more detail below, which may provide an 

explanation for the general association between PTGS and DNA methylation.  
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Relevant for both TGS and PTGS, some lines of evidence also suggest that histone 

modifications and heterochromatin formation in some cases precedes or even is required for 

methylation of DNA, as will be discussed below:  

DNA methylation and chromatin modification 

As already mentioned, genome regions where the DNA is densely packed into 

heterochromatin are usually transcriptionally inert. In contrast, active genes usually are 

located in more loosely packed chromatin known as euchromatin (Alvarez et al. 2003). The 

mechanisms governing this higher level DNA organisation are formulated in the histone-code 

hypothesis, i.e. various combinations of methylation, acetylation and phosphorylation in 

specific amino acid residues of histone tails are assumed to govern chromatin structure and 

lead to activation or repression of the associated DNA (Strahl and Allis 2000; Jenuwein and 

Allis 2001). Of these modifications, especially the antagonistic effects of acetylation and 

methylation of lysine 9 in the histone tail of histone H3 (H3K9) have received much attention: 

whereas H3K9 acetylation generally has been associated with transcriptional activation, 

H3K9 deacetylation and methylation, and the associated H3K9-specific histone deacetylases 

(HDACs) and histone methyltransferases (HMTases) have been associated with silencing 

(reviewed in Jenuwein and Allis 2001 and Iizuka and Smith 2003). 

Moreover, in recent years, evidence has accumulated for a joint framework involving 

interactions between histone modifications, chromatin remodelling and DNA methylation. Of 

the most direct evidence is the discovery that MBD proteins (see above) in mammals repress 

transcription partly through the recruitment of HDACs (Jones et al. 1998b; Nan et al. 1998; 

possibly also in plants, see Zemach and Grafi 2003) and HMTases (Fujita et al. 2003; Fuks et 

al. 2003). 

Apart from suggesting a link between DNA methylation and chromatin modification, these 

findings also imply that, in organisms with DNA methylation, this precedes histone 

deacetylation and methylation. In the latter case, this directional relationship is also supported 

by the observation that loss of CpG-methylation in Arabidopsis met1 mutants leads to a 

drastically reduced level of H3K9 methylation at heterochromatic chromosomal regions 

(Soppe et al. 2002; Tariq et al. 2003). Also, a recent report has pointed out that loss-of-

function mutations in the genes for the Arabidopsis DMTases CMT3 and DRM1/DRM2, as 

well as the chromatin-modifiers DDM1 (a SWI/SNF protein involved in chromatin 

remodelling), KYP and HDA6 (see below), are recessive (Saze et al. 2003). This means that 
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they cannot be significant for epigenetic maintenance during the haploid stages of plant 

gametogenesis5. In contrast, loss-of-function met1 mutations are dominant, and lead to 

passive loss of CpG methylation during gametogenesis. Moreover, once lost, CpG 

methylation and associated release of silencing in both transgenic and endogenous loci cannot 

be rescued by wild-type MET1, indicating that neither CpNpG methylation nor chromatin 

modifications provide sufficient epigenetic markers through gametogenesis (Saze et al. 2003). 

This strongly suggests that MET1 and CpG methylation is the primary determinant for 

maintenance of epigenetic states across generations in Arabidopsis.  

However, other components still seem to be required for epigenetic inheritance during 

somatic growth, and several reports have suggested that (at least) maintenance of DNA 

methylation depends on histone methylation and/or deacetylation. In Neurospora crassa, 

mutations in the H3K9 HMTase-encoding DIM-5 or in lysine 9 on H3 led to abolishment of 

genomic methylation (Tamaru and Selker 2001). Similarly, maintenance but not 

establishment of both CpNpG and asymmetric methylation in Arabidopsis has been shown to 

depend on the H3K9 HMTase KRYPTONITE (KYP)/SUVH4, and the maintenance CpNpG 

DMTase CMT3 has been suggested to interact (indirectly) with methylated H3K9 residues 

(Jackson et al. 2002; Malagnac et al. 2002). Moreover, HDA6, a putative HDAC, has been 

identified as necessary for maintenance, but not establishment of symmetric DNA 

methylation induced by dsRNA in Arabidopsis (Aufsatz et al. 2002b). 

Apart from the connection with DNA methylation, recent evidence also suggests that 

components responsible for heterochromatin formation can interact with components of the 

PTGS/RNAi machinery (see below). This is part of an increasing body of evidence indicating 

cross-talk between different modes of silencing, with the help of particular RNA molecules:  

RNA: Guiding Gene Silencing6 

Many of the theories accounting for the sequence-specificity seen in PTGS and RNAi have 

invoked the presence of homologous antisense or aberrant sense RNA transcripts (reviewed in 

Fagard and Vaucheret 2000), and antisense transgenes have long been employed as a 

relatively efficient means for PTGS/RNAi of targeted host genes (e.g. Izant and Weintraub 

                                                 
5 Female and male gametogenesis in higher plants involve three and two postmeiotic mitoses, respectively, 
before fertilisation (Lord and Russell 2002).  
6 This heading is taken from (Matzke et al. 2001a).  
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1984; Fire et al. 1991; reviewed in Bourque 1995). However, in 1998, Fire et al. showed that 

injection of double-stranded RNA (dsRNA) in C. elegans were much more potent inducers of 

targeted RNAi than either sense or antisense RNAs alone, to the extent that only a few 

molecules of dsRNA per cell was enough to induce the silencing effect. Later that year, 

Waterhouse et al. (1998) observed a similar, potent silencing effect in plants with transgene 

constructs producing transcripts capable of duplex formation (either through hairpin structures 

or simultaneous expression of sense and antisense transcripts) as compared to sense or 

antisense transgenes alone. These and similar reports (see Fire 1999 for an early review) 

stimulated a burst of research, unravelling processes where long or processed dsRNAs have 

been implicated as key components not only in PTGS/RNAi, but also in TGS, DNA 

methylation and/or chromatin remodelling in a diversity of eukaryotic species. In the 

following, a review will be given for these different processes, summarised in figure 2 (next 

page), starting with the different proposed origins of dsRNAs: 

Sources of dsRNA 

The most direct way of producing dsRNA is by read-through transcription through inverted 

repeats, which is consistent with the observation that transgenic constructs inserted in this 

conformation are strong inducers of trans-PTGS (Stam et al. 1998; Waterhouse et al. 1998; 

Chuang and Meyerowitz 2000; Wang and Waterhouse 2000; Sijen et al. 2001b) and trans-

TGS (see below). However, dsRNAs may also be involved in cases where sense transgenes 

with no obvious inherent capability for duplex formation are post-transcriptionally silenced. 

In these cases, certain characteristics of the transcripts may serve as a ‘tag’ that makes them 

the target of complimentary strand synthesis:  

Aberrant sense transcripts and RdRP 

The production of aberrant RNA has been evoked by many models that try to explain the 

mechanism of PTGS (reviewed in Fagard and Vaucheret 2000). Exactly what makes a 

transcript aberrant remains undetermined, but proposed characteristics have been prematurely 

terminated transcripts and/or lack of a poly(A)-tail, inappropriate mRNA splicing, failure to 

associate with the appropriate nuclear RNA-binding proteins (hnRNPs) or failure to be 

translated (Zamore 2002). Little direct evidence exists for a link between these features and 

silencing, but misspliced and irregularly polyadenylated transcripts were associated with a 

cosuppression system in petunia (Metzlaff et al. 2000), and sense transgenes with ribozymes 
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Figure 2: Summary of RNA-directed silencing. Pathways supported by experimental evidence are 
represented by full-drawn arrows, while more unsure or hypothesised pathways are represented by stippled 
arrows. Posttranscriptional silencing/RNA interference (PTGS/RNAi), RNA-directed DNA methylation 
(RdDM, possibly plant-specific) and chromatin modification may all involve double-stranded RNAs 
(dsRNAs) that are cleaved by enzymes of the Dicer-class into small interfering RNAs (siRNAs). In plants, 
these are in two different size classes, possibly with distinct functions. In PTGS/RNAi, the siRNAs guide 
degradation of homologous mRNA by association with an RNA-induced silencing complex (RISC). In 
RdDM, siRNAs (or possibly long dsRNAs) may guide methylation of homologous DNA, through RNA-
DNA base-pairing forming unusual structures or interaction with de novo DNA methyltransferases 
(DMTases). siRNAs are also thought to guide chromatin modifications, possibly through association with a 
protein complex similar to RITS (RNA-induced initiation of transcriptional silencing) in fission yeast.
dsRNAs can result from read-through transcription of inverted repeats (IR), or possibly from direct base-
pairing of antisense transcripts of single-copy (SC) genes with homologous mRNA. Alternatively, dsRNA 
may be produced from aberrant sense or antisense transcripts of SC genes through unprimed RNA-
dependent RNA polymerase (RdRP) activity, which also is responsible for dsRNA formation from single-
stranded RNA (ssRNA) in viroids and viruses. In the latter case, the RdRP is virus-encoded. Several 
feedback loops that maintain or enhance the production of silencing-inducing RNAs are possible: one 
involves an RdRP which is primed with the antisense strand of siRNAs on mRNA, leading to secondary 
dsRNA and siRNAs; another is unprimed RdRP activity on aberrant sense RNAs generated by RISC 
cleavage; and a third is the formation of a repressive chromatin structure (in the coding region only) that 
may lead to an increase in aberrant (truncated) sense transcripts. In addition, reciprocal interactions 
between components involved in DNA methylation and chromatin modification may serve to maintain or 
reinforce silencing. A systemic signal that can propagate PTGS/RNAi throughout the organism may 
involve either siRNA or dsRNA. Some of the figure elements are courtesy of Matzke et al. (2001a). 
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spliced to the 3’-ends, leading to truncated and non-polyadenylated transcripts that were 

retained in the nucleus, induced cosuppression of a homologous, endogenous gene in soybean 

and tobacco (Buhr et al. 2002). Moreover, a link has been suggested between PTGS and 

mRNA surveillance, an evolutionary conserved system that ensures fidelity of mRNA 

transcription in eukaryotic cells (reviewed in Hilleren and Parker 1999): in C. elegans, some 

of the genes involved in selective degradation of mRNAs with premature stop codons are also 

required for the persistence of RNAi (Domeier et al. 2000), and in Chlamydomonas 

reinhardtii, a gene involved in degradation of unspliced and nonpolyadenylated transcripts 

was also shown to be required for transgene and TE silencing (Wu-Scharf et al. 2000).  

As for how aberrant transcripts arise in the first place, several explanations have been 

proposed: one theory relates to transgene dosage, as strong promoters and/or multiple copies 

of the transgene might increase the amount of aberrant RNA produced, for instance by a 

higher turnover rate of RNA than the rate of translation, or by a higher chance of spontaneous 

errors by the RNA polymerase (Elmayan et al. 1998; Vaucheret et al. 1998; Wassenegger and 

Pelissier 1998). Alternatively, read-through transcription from neighbouring sequences, or 

DNA methylation and/or a condensed chromatin structure in the coding region have been 

proposed to interfere with normal transcription (Fagard and Vaucheret 2000). As will be 

discussed further below, the latter possibility may also constitute a feedback mechanism that 

serves to maintain silencing by reinforcing the production of aberrant RNAs.  

Common to all putatively aberrant transcripts is that they may be selectively used as templates 

by an RNA-dependent RNA polymerase (RdRP), resulting in dsRNA (Matzke et al. 2001a; 

Vaucheret et al. 2001). This class of enzymes has long been known to function in the 

replication of single-stranded RNA (ssRNA)-viruses, which encode their own RdRPs 

(vRdRPs), and the existence of cellular RdRP-activity in eukaryotes that is independent of 

virus infection has been known for several decades (reviewed in Ahlquist 2002). However, it 

was not until 1998 that a putative RdRP, functionally equivalent to the vRdRPs but with no 

sequence homology, was isolated from tomato and characterised (Schiebel et al. 1998). In 

support of the notion that RdRPs are involved in gene silencing, genes homologous to the 

tomato gene have been identified as essential for RNAi/PTGS in C. elegans, N. crassa, 

Dictyostelium discoideum, as well as in Arabidopsis (reviewed in Tang et al. 2003). In the 

latter, three putative RdRP-encoding genes have been characterised (RDR1, RDR2 and 

RDR6), which appear to be coupled to distinct PTGS-phenomena  (Yu et al. 2003; Chan et al. 
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2004; Xie et al. 2004 and references therein). RDR2 has also been implicated in epigenetic 

modifications at the DNA and chromatin level (Chan et al. 2004; Xie et al. 2004).  

Another proposed substrate for these cellular RdRPs is antisense transcripts, although there is 

considerably more disagreement in this case:  

Antisense transcripts: RdRP-substrates or hybridisation? 

As with aberrant sense transcripts, long antisense RNAs (asRNAs) with silencing inducing 

capabilities have not readily been detected, unless they are intentionally produced (Tijsterman 

et al. 2002). However, as already mentioned, antisense transgenes can induce PTGS/RNAi of 

targeted host genes, especially when co-expressed with sense transgenes (Waterhouse et al. 

1998), and low levels of unintended antisense transcription from downstream sequences has 

been proposed as a factor in transgene silencing (Grierson et al. 1991; Montgomery and Fire 

1998). Also, the presence of natural asRNAs corresponding to coding genes, both in 

prokaryotes and in eukaryotes, has been known for some time (reviewed in Kumar and 

Carmichael 1998, Vanhee-Brossollet and Vaquero 1998 and Terryn and Rouze 2000). 

Although the number of reports where the role of eukaryotic asRNAs has been investigated is 

small, all of them indicate a negative control role (Kumar and Carmichael 1998), with the best 

known example probably being Tsix antisense regulation of Xist RNA in X-chromosome 

inactivation (reviewed in Boumil and Lee 2001). Recent reports also show that asRNAs are 

much more common than previously expected: ~1600 and 2481 sense-antisense 

transcriptional units (SATs) were identified in a computational survey of the human genome 

and in the mouse FANTOM2 clone set, respectively (Kiyosawa et al. 2003; Yelin et al. 

2003), and these numbers are probably underestimates (Herbert 2004). Even higher numbers 

are likely to be the case in plants, as an Arabidopsis whole genome array study identified 

significant antisense expression for a striking ~30 % (~7600) of annotated genes (Yamada et 

al. 2003). Although not all of these antisense transcripts are expected to be involved in 

regulation of the sense transcripts (for instance, several of them encode proteins), many of the 

asRNAs in the Arabidopsis study were expressed simultaneously and in the same specific 

tissue as the sense RNAs, suggesting a biological role.  

Exactly how asRNAs might inhibit expression is still poorly understood, but some authors 

have proposed that they follow the same pathway as aberrant sense RNAs, where an 

unprimed RdRP synthesises dsRNA using the ssRNA as a template (Dougherty and Parks 

1995; Wassenegger and Pelissier 1998). Alternatively, dsRNAs could be formed by direct 
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hybridisation of asRNA with homologous sense transcripts. However, due to the dense 

cellular environment of RNA-binding proteins that this hybridisation would have to take place 

in, this might be an infrequent event requiring high concentrations of both transcripts (Fire 

1999). Moreover, both of these hypotheses assumes that dsRNA is formed, entering the same 

pathway as other dsRNAs: this hypothesis is not supported by studies indicating several 

significant differences in the mechanisms and the morphological distribution of silencing in 

sense and antisense inhibition (reviewed in Jorgensen et al. 1999 and Fagard and Vaucheret 

2000) Therefore, there may be additional or alternative steps in the pathways involving 

antisense RNAs.  

dsRNA + Dicer = siRNAs 

Regardless of the upstream mechanisms, it seems clear that once formed, dsRNAs are potent 

inducers of silencing. A seminal discovery in the effort to understand the underlying 

mechanisms of this effect was made in 1999, when Hamilton and Baulcombe detected a short 

RNA species that was specific for PTG-silenced transgenic plants, and that was of both sense 

and antisense polarity to the targeted transgene. These short interfering RNAs (siRNAs) have 

later been detected in various other organisms and silencing systems, and consist of duplexed 

RNA; in plants, siRNAs can be grouped in two size classes, long siRNAs (~24-26 nt) and 

short siRNA (~21-22 nt), possibly with distinct roles (Hamilton et al. 2002; Tang et al. 2003; 

Xie et al. 2004), whereas only the smaller class has been detected in other organisms 

(Elbashir et al. 2001; Tang et al. 2003 and references therein). siRNAs are thought to be the 

cleavage products of a dsRNA-specific RNaseIII-like ribonuclease, which is termed Dicer in 

Drosophila (Bernstein et al. 2001). As was the case for RdRPs, there are at least three active, 

putative Dicer orthologues in Arabidopsis, also these coupled with distinct functions 

(DCL1/SIN1/SUS1/CAF, DCL2 and DCL3 (Chan et al. 2004; Xie et al. 2004 and references 

therein). Also in this case, one of the homologues (DCL3) has specifically been implicated in 

epigenetic modifications at the DNA and chromatin level (Chan et al. 2004; Xie et al. 2004).  

As already indicated, although siRNAs originally were tied specifically to PTGS/RNAi 

phenomena, recent research has also associated siRNA production with TGS, DNA 

methylation and chromatin modification (see below). However, the mechanistic role of 

siRNAs has been best characterised in relation to RNA degradation:  
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RNA-directed RNA degradation 

In current models of PTGS/RNAi (reviewed in Cerutti 2003), siRNAs are thought to be 

incorporated in a cytosolic multiprotein complex, known as the RNA-induced silencing 

complex (RISC) (Hammond et al. 2000), which is activated in an ATP-dependent step 

resulting in the unwinding of the two siRNA strands (Nykanen et al. 2001). The activated 

RISC then uses the antisense strand of the siRNA as a guide to identify complementary 

RNAs, which are cleaved in the centre of the complementary region by an as yet unidentified 

endoribonuclease (Elbashir et al. 2001; Martinez et al. 2002). The resulting aberrant sense 

RNAs may either be degraded by exoribonucleases (Hammond et al. 2000), or possibly enter 

an RdRP pathway, resulting in secondary production of dsRNA and siRNA (Matzke et al. 

2001a).  

Most of the evidence on which this model is based comes from biochemical experiments with 

Drosophila cytoplasmic extracts. However, siRNAs and homologues of Dicer and RISC 

components (such as certain proteins of the Argonaute family) have been found in plants, 

animals and fungi (reviewed in Cerutti 2003), and RNA extracts from a tobacco plant 

exhibiting PTGS have been shown to induce RNAi in C. elegans (Boutla et al. 2002), 

indicating that RNA-directed RNA degradation is an ancient process with evolutionary 

conserved components. 

Some of the components involved in PTGS/RNAi may also be at work on the level of DNA 

and chromatin organisation, although there is substantially more uncertainty about the exact 

mechanisms involved:  

RNA-directed DNA and chromatin modification  

The first evidence that RNA could be involved in epigenetic modifications at the genomic 

level was presented in 1994, when Wassenegger et al. showed that autonomous RNA-RNA 

replication of a plant viroid (PTSVd) in the nucleus of transgenic tobacco plants led to 

specific methylation of a homologous cDNA sequence integrated into the genome. Until 

recently, it was believed that such effects might be specific to plants, and this appears to hold 

true for RNA-directed DNA methylation (RdDM) (Agrawal et al. 2003). However, in the last 

couple of years, evidence has been mounting for a similar RNA-dependent mechanism 

working at the chromatin level in several organisms, including plants. In the following, each 

of these mechanisms will be discussed:  



Introduction 
 

 19

RNA-directed DNA methylation (RdDM) 

RdDM in plants has been associated with both TGS and PTGS, depending on if the inducing 

RNA contained promoter or coding sequences, respectively (e.g. Jones et al. 1999; 2001; 

Sijen et al. 2001b). Detailed investigations of the particular DNA methylation patterns 

established by this process have revealed that up to 100 % of all cytosines, irrespective of 

symmetry and highly specific to the targeted region, can become methylated when using the 

same viroid-based system as in Wassenegger et al. (1994) (Pelissier et al. 1999). Similar 

studies, using a different system consisting of transcribed inverted promoter repeats (unlinked 

to the targeted promoter), observed lower overall levels of methylation and more scattered 

patterns in the target locus. However, an unusually high level of asymmetric methylation was 

nonetheless observed, and de novo methylation was restricted to the homologous region 

(Aufsatz et al. 2002a; 2002b; Cao et al. 2003). Consequently, strict sequence-specificity and a 

high level of asymmetric methylation may be considered defining characteristics of RdDM 

(Matzke et al. 2004).  

The exact mechanisms causing RdDM remain unclear, but in all cases dsRNA seems to be 

involved, either originating in deliberate or fortuitous transcription through inverted repeats 

(e.g. Mette et al. 2000; Sijen et al. 2001b; Melquist and Bender 2003), or from RNA-virus or 

viroid replication (e.g. Wassenegger et al. 1994; Pelissier et al. 1999; Vogt et al. 2004). 

Moreover, siRNAs have been detected for both of these systems (e.g. Mette et al. 2000; Sijen 

et al. 2001b; Vogt et al. 2004). Unlike PTGS/RNAi, however, it is not decisively known 

whether long dsRNAs or siRNAs are involved in the ultimate step of RdDM (Cerutti 2003; 

Matzke et al. 2004). Still, increasing evidence points to siRNAs as the most likely candidate. 

For instance, the minimal target size of viroid-induced RdDM is about 30 bp, close to the size 

of siRNAs (Pelissier and Wassenegger 2000), and a homologous region of  only 33 nt in an 

inducing RNA was sufficient to direct sequence-specific de novo methylation (Thomas et al. 

2001). Also, both the CMT3 and DRM1/DRM2 DMTases appear to act downstream of 

siRNAs, since drm1 drm2 cmt3 triple mutants show a lack of non-CpG methylation but 

elevated levels of siRNAs (Cao et al. 2003). Finally, mutations in the Arabidopsis Dicer 

orthologue DCL3 (Chan et al. 2004; Xie et al. 2004) or in ARGONAUTE4 (whose exact 

function still remains to be determined, but that has homology to RISC components) 

(Zilberman et al. 2003), both result in a loss of locus-specific siRNAs and a significant 

decrease of (particularly) asymmetric methylation in endogenous loci.  



Introduction 
 

 20

Regardless if long dsRNA or siRNAs are involved, two general mechanisms of RdDM have 

been proposed (Matzke et al. 2001b): Firstly, a single strand of the inducing RNA may 

hybridise to partially unwound DNA, forming an unusual bulge and single-stranded loop in 

the DNA, which may attract de novo DMTases (Smith et al. 1991). Alternatively, the 

inducing RNAs may act directly as guides for de novo DMTases, possibly in a nuclear 

complex resembling RISC (see Cerutti 2003). The latter possibility of a nuclear RISC-like 

complex has also been proposed for RNA-directed chromatin modification, which may work 

independently of, or in conjunction with RdDM: 

RNA-directed chromatin modification 

Two lines of evidence point to a connection between siRNAs and chromatin modification: 

Firstly, siRNAs corresponding to endogenous heterochromatic regions such as centromeres, 

transposons and retroelements are relatively abundant in fission yeast and Arabidopsis (Llave 

et al. 2002; Mette et al. 2002; Reinhart and Bartel 2002; Xie et al. 2004). Secondly, 

components with similarity or belonging to the PTGS/RNAi machinery have been identified 

as required or involved in heterochromatic silencing in fission yeast (Hall et al. 2002; Volpe 

et al. 2002; 2003), Drosophila (Pal-Bhadra et al. 2004), Tetrahymena (Mochizuki et al. 2002) 

and Arabidopsis (Zilberman et al. 2003; Chan et al. 2004; Xie et al. 2004). 

The most decisive evidence comes from recent work in fission yeast, where a multi-protein 

complex termed RITS (RNA-induced initiation of transcriptional silencing) was identified, 

containing both a RISC component that binds siRNA (Argonaute1), a chromodomain protein 

that binds centromeres (Chp1) and siRNAs homologous to the investigated, centromeric 

sequence. Moreover, all the components, in addition to a Dicer orthologue (DCR1), were 

required for H3K9 methylation and binding of the heterochromatin protein Swi6 (homologous 

to HP1, which is conserved in eukaryotes (Li et al. 2002b)) to the centromeric sequence 

(Verdel et al. 2004).  

Feedback loops and spread of silencing  

In all cases of RNA-directed silencing, there may be feedback loops that serve to maintain or 

reinforce the initial silencing signal. The latter is particularly evident in C. elegans, where 

injection of only a few molecules of dsRNA per cell is sufficient to induce a strong and 

reliable RNAi response (Fire et al. 1998). The proposed mechanism of this amplification step 

involves an RdRP, which is primed by siRNA on homologous RNA templates, resulting in 
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the formation of secondary dsRNA and siRNAs (reviewed in Cerutti 2003). In addition to 

amplification, this mechanism may also form the basis for a phenomenon known as transitive 

silencing, which has been demonstrated in Drosophila, C. elegans, tobacco and Arabidopsis, 

and is characterised by a spread of the area targeted for degradation into 5’-flanking, non-

homologous regions (Lipardi et al. 2001; Sijen et al. 2001a; Vaistij et al. 2002). In plants, an 

additional spread into 3’-flanking regions has been demonstrated (Jones et al. 1999; Vaistij et 

al. 2002), which cannot be explained by 5’  3’ priming (3’  5’ on the targeted sense 

strand) by primary siRNAs. However, in Vaistij et al. (2002), spreading in both directions 

was dependent on the same RdRP (RDR6), which may also be involved in recognition of 

aberrant transcripts and act in a primer-independent fashion. Consistent with this, both primed 

and unprimed RdRP activity has been demonstrated in biochemical experiments with wheat 

nuclear extracts (Tang et al. 2003).  

Such unprimed RdRP activity may also be involved in another feedback mechanism, which 

represents a possible role for PTGS-related DNA methylation of coding sequences: Although 

transcription initiation is not obviously impaired, DNA methylation and/or associated 

chromatin modifications may lead to interference with transcript elongation, as has been 

observed in Neurospora crassa (Rountree and Selker 1997). Consequently, the production of 

aberrant, truncated transcripts functioning as RdRP-templates could be increased, thus 

reinforcing silencing (Jones et al. 1999; Bender 2001; Cerutti 2003). A similar mechanism 

has also been proposed for the aberrant products of RISC-cleavage (Matzke et al. 2001a).  

Finally, both in C. elegans (Fire et al. 1998) and in plants (Beclin et al. 1998; Voinnet et al. 

1998), PTGS/RNAi has been shown to spread from an initially silenced area to the entire 

organism. The nature of the signal involved in this systemic spread remains undetermined, but 

most likely includes either dsRNA (Feinberg and Hunter 2003) or siRNA (Hamilton et al. 

2002). Whether such systemic signals also are produced in trans-TGS involving RdDM or 

RNA-directed chromatin modification remains undetermined, but at least two independent 

reports of RdDM were not able to demonstrate such an effect in grafting experiments (Jones 

et al. 1999; Mette et al. 1999). 
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Aims of Thesis 

This thesis is part of a larger project where mechanisms and characteristics of transgene 

silencing have been investigated in a large number of transgenic A. thaliana lines transformed 

with various constructs (Meza et al. 2001; 2002a; 2002b). The goal of the work presented 

here was to examine possible mechanisms for transgene silencing in a smaller selection of 

single-copy lines, by:   

• characterisation of the T-DNA (where this had not already been done) 

• characterisation of the genomic DNA flanking the T-DNA, specifically by 

investigating the presence of repeated motifs, endogenous genes and promoter 

elements 

• investigations of DNA methylation status in the silenced marker gene 

• detection of possible aberrant sense or antisense RNA transcripts with overlapping 

regions to the silenced marker gene  

As a side project, a putative insertion mutant was investigated, by examining the relationship 

between an observed, abnormal phenotype and the T-DNA insertion.  



 

MATERIALS AND METHODS 

Plant Material and Constructs  

Arabidopsis thaliana ecotype C24 was used for this study. Transgenic lines are described in 

Meza et al. (2001). These were generated by Agrobacterium-mediated root transformation 

using the constructs pPCV002 35SGUS (Koncz and Schell 1986; Meza et al. 2001) or 

pKOH110 35SGUS (Meza et al. 2001) (figure 3).  

 

All of the transgenic lines used in this thesis are of generation T5 and T6, and have earlier 

been identified as single-copy lines by Southern hybridisations using two separate probes 

(covering the nptII and the gusA genes, respectively) (Meza et al. 2001; 2002b). The T2 

generation of one of the sublines, P10 4ºCI, was 3 days after transfer to soil subjected to stress 

temperature conditions (30ºC during the day and 4ºC during the night) for the duration of 14 

days, before the plants were returned to normal conditions. All other lines have been grown 

under normal conditions (see below) at all times (Meza et al. 2001). 

Figure 3: Schematic representation of the T-DNA regions of the pPCV002 35SGUS and pKOH110 
35SGUS constructs used for generating transgenic plants. LB and RB: left and right T-DNA border; α 
and β: T-DNA sequences; CaMV 35S and nosp: Cauliflower Mosaic Virus 35S promoter and nos 
promoter, respectively; nos ter and ocs 3’UTR: terminators and polyadenylation signals;  gusA, nptII and 
ampR: β-glucoronidase A, neomycin phosphotransferase (kanamycin resistance) and ampicillin resistance 
gene, respectively; OripBR322: ori region from pBR322; Pg5: truncated promoter of TL-DNA gene 5.  
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Plant Studies 

Plant studies were performed to identify or confirm silencing of the nptII gene in given lines 

and to investigate a possible T-DNA insertion mutant.  

Surface sterilisation and growth conditions  

Seeds were dried for one week in 37 ºC, incubated in -20ºC O.N. and surface sterilised with 

the following protocol (scaled down from Gunvor Sandman, Swedish Agricultural University, 

Uppsala, Sweden): incubation in 1.5 mL eppendorff-tubes with shaking for 30 min in a 

calcium hypochlorite solution (8.5 % (w/v), with a few drops of Tween 20 per 100 mL), 

followed by rinsing once in 70 % EtOH and three times in ddH2O. Treated seeds were 

resuspended in a 0.1 % agar solution and plated on MS-2 medium (Murashige and Skoog 

(1962) medium, supplemented with 2 % (w/v) sucrose (adjusted to pH 5.7). Plated seeds were 

incubated at 4ºC O.N. before cultivation in a growth chamber at 22ºC, 60 % relative humidity 

with a 8h dark/16h light (100µE/m2s) cycle. After 3-4 weeks, the seedlings were transferred to 

soil and grown under the same conditions.  

Segregation analyses, GUS-staining and genotyping  

For segregation analyses, the growth medium additionally contained 50mg/L of kanamycin 

(MS-2 Km). To control kanamycin integrity in the medium, one MS-2 Km plate was plated 

with wild type seeds for each batch of medium made. Kanamycin-sensitive (KmS) vs. 

kanamycin-resistant (KmR) plants were counted on plates after 3-4 weeks (prior to 

transference to soil) and the segregation data evaluated by χ2 analysis (Bhattacharyya and 

Johnson 1977) using standard statistical tables (Rohlf and Sokal 1981).  

KmS plants displaying a certain phenotype (type I, see figure 4 p. 32) were assayed for β-

glucoronidase activity (GUS-stained) as described (Jefferson 1989), both to indicate possible 

wild type segregants and to examine if the gusA-gene was silenced along with the nptII-gene.  

Siblings of one line (P10) was genotyped with PCR, using a genomic primer set annealing on 

opposite sides of the T-DNA insertion in this line (146-1L and 146-3R, yields no product in 

plants homozygous for the T-DNA with the extension time used), and a genomic primer in 

combination with a T-DNA primer (146-1L and 5074+, yields a product only in plants 

containing the T-DNA). The DNA template for PCR was isolated either from multiple plants 

with the genomic DNA maxiprep described below, or from multiple or single plants with the 
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Quantum Prep Aquapure Genomic DNA Isolation Kit from BioRad, using a scaled-down 

version of the kit protocol.  

Backcrosses  

Backcrosses of one line (P10 subline K7) were performed to investigate a possible link 

between an observed, abnormal phenotype and the T-DNA insertion. Reciprocal crosses were 

done with plants exhibiting the phenotype and C24 wild type plants. Anthers on the recipient 

plants were emasculated, and the stigmas pollinated with anthers from donor plants the next 

day. To avoid mix-up with self-fertilised flowers, remaining flowers on the recipient plants 

were removed and labels attached directly beneath the emasculated anthers. In addition, all 

the resulting seeds were grown on Km-selective medium, controlling for self-fertilisation of 

wild type flowers. No further control for the self-fertilisation of P10 K7 flowers was possible, 

except that cross-fertilisation should produce only normal progeny if the mutation causing the 

phenotype was recessive.  

Southern Hybridisation 

Southern hybridisations were performed to reveal possible repeated sequences in the genomic 

DNA flanking T-DNA insertions in several lines.  

Genomic DNA maxiprep 

1-2 g frozen plant material was used for each DNA isolation, which was done after a modified 

protocol of Dellaporta et al. (1983). Quantification of the purified DNA was done with a 

Hoefer DyNAQuant 200 fluorometer (Amersham Pharmacia Biotech) using the fluorescent 

dye Hoechst 33258, according to manufacturer instructions.  

Southern blotting 

2-4 µg genomic DNA was digested with appropriate restriction enzymes according to the 

manufacturers’ recommendations and used for Southern hybridisation as described 

(Sambrook and Russell 2001). All restriction digestions were set up with an end concentration 

of 0.1 mg/mL bovine serum albumin (BSA). To control for complete digestion, a test gel was 

run using 1/10 of each sample. The rest of the samples were run on a 0.8 % (w/v) agarose gel 
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(5V/cm), blotted onto a Hybond-N+ membrane (Amersham Life Science) and fixated in a 

Hoefer UV cross-linker.  

Probe labelling  

Single-stranded, radioactively labelled DNA probes were generated using the MSPL 

(Magnetic Solid-Phase Labelling) method (Espelund et al. 1990; Stacy et al. 1991) in a 

random priming reaction (Random Primed DNA Labelling Kit, Roche Molecular 

Biochemicals). Cloned PCR-products (in the pGEM-T easy vector, Promega) were used as 

templates for the probes, and the biotinylated PCR-products were generated using the primers 

HU and HR-B.   

Hybridisation  

Membranes were hybridised with radioactive probes as described (Galau et al. 1986), with a 

hybridisation temperature of 68ºC. Wetting (30 min), prehybridisation (3 h) and washing 

(3x30 min) were all done using the same temperature as the hybridisation.  

Bisulphite sequencing 

To investigate the DNA methylation status of the nos promoter and connected nptII gene in 

silenced and non-silenced lines, the bisulphite-mediated genomic DNA sequencing method 

was used. Bisulphite converts all unmethylated cytosines in a denatured, genomic DNA 

sample to uracils by hydrolytic deamination, but does not affect 5’-methylcytosines (Paulin et 

al. 1998). To amplify a specific target, degenerate primers are used for PCR. These primers 

are designed after the following principles: 1) the sense primer is degenerate only in the 

cytosine positions, and is rich in guanines; 2) the antisense primer is degenerate only in the 

guanine positions, and is rich in cytosines. In this way, only the antisense primer will anneal 

efficiently to the original template (as the guanines in the sense primer most probably will 

have to anneal to a large number of mismatched uracils in the positions of the cytosines), and 

subsequent cycles will therefore give a product that only represents the top strand (or the 

bottom strand if the characteristics of the sense and antisense primers are reversed).  

The following protocol, used in this thesis, has been put together by T. J. Meza from the 

following papers: Pelissier et al. (1999), Paulin et al. (1998) and Pelissier and Wassenegger 

(2000). 1 µg DNA (isolated with genomic DNA maxiprep) was digested with PstI and EcoRI 
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(Promega), phenol/chloroform extracted (twice with 1vol phenol:chloroform:isoamyl alcohol 

15:14:1, once with 1 vol chloroform only), ethanol precipitated and dissolved in 20 µL 

mqH2O. PstI and EcoRI digest close to the primer annealing sites in the lines investigated and 

reduce DNA size before conversion. The digested DNA was incubated with 1/9 vol of freshly 

prepared 3 M NaOH for 20 min at 37ºC before adding 208 µl urea/bisulphite solution (6.24M 

urea/2M metabisulphite (Sigma #S8890)) and 12 µL 10 mM hydroquinone, both freshly 

prepared. The reaction mixture was overlaid with 100 µL mineral oil (Promega) before 

incubation in a TRIO-Thermoblock (Biometra) for 18 hours at 55ºC with a 30 second 

denaturation step at 95ºC every 2 hours. Resulting DNA samples were desalted with Wizard® 

DNA Clean-Up System (Promega), eluted in 20 µL mqH2O and incubated for a second time 

with 1/9 vol of freshly prepared 3 M NaOH for 20 min at 37ºC. Finally, the reaction was 

neutralised by adding NH4OAc to a final concentration of 3 M, ethanol precipitated and 

resuspended in 50 µL mqH2O.  

1-5 µL of bisulphite treated DNA was used in a subsequent PCR reaction with the degenerate 

primers 5’GS and 3’GS (from Aufsatz et al. 2002a). Resulting PCR-products were cloned, 

and 10-13 clones from each bisulphite treatment were sequenced (see below).  

RT-PCR 

Reverse Transcriptase-PCR (RT-PCR) was performed to detect possible antisense/aberrant 

RNA transcripts in two of the lines investigated, and to confirm the expression of a putative, 

endogenous gene.  

Isolation of RNA  

Total RNA was isolated from 80-100 mg frozen plant tissue with the RNeasy Plant Mini Kit 

(Qiagen) according to manufacturer instructions and quantified on a Gene-Quant 

spectrophotometer (Pharmacia Biotech). mRNA was isolated according to the manufacturer’s 

instructions from 100-200 mg frozen plant tissue using GenoPrep mRNA beads (GenoVision) 

with covalently attached oligo-d(T)s. 

Detection of antisense/promoter transcripts 

For detection of antisense/promoter RNA transcripts, the RT reaction was set up with specific 

primers on total RNA isolates (this was chosen over mRNA isolation procedures and oligo-
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d(T) primers, as the transcripts possibly did not contain a poly(A)-tail). 1 µg of the isolate was 

treated with Deoxyribonuclease I, amplification grade (Invitrogen), according to manufacturer 

instructions. No further purification is needed after addition of EDTA and heat-inactivation, 

as the molar ratio between EDTA and Mg2+ approximates 1:1. The treated RNA sample was 

therefore used directly in cDNA synthesis, in a 25 µL reaction with 5 pmol of a specific 

primer, 5 nmol dNTPs (each), 1X AMV RT Reaction Buffer (Promega), 5 U AMV Reverse 

Transcriptase (Promega) and 1 µL Recombinant Ribonuclease Inhibitor (20-40 U/µL) 

(Promega). A parallel reaction was prepared without the RT enzyme, and both reactions were 

overlaid with 30 µL nuclease-free mineral oil (Promega) before incubation at 48ºC for 45 

min. 1.0 µL of each reaction mixture was then used for PCR. The 3’-end primers in the PCR 

reactions were nested on the primers used for 1st strand synthesis to increase specificity.  

Detection of putative mRNA transcripts  

For analyses of a predicted, endogenous gene, cDNA synthesis was done directly on the 

mRNA-isolates, in a 20 µL reaction with the bound oligo-d(T) as primer, 3.8 pmol dNTPs 

(each), 1X AMV RT Reaction Buffer (Promega), 4 U AMV Reverse Transcriptase (Promega) 

and 0.8 µL Recombinant Ribonuclease Inhibitor (20-40 U/µL) (Promega). As the following 

PCRs included primer sets to control for genomic DNA contamination, no control reaction 

without the RT enzyme was set up. 1-5 µL of the resulting cDNA was used for PCR 

reactions.  

PCR Analyses: General Set-Up 

Primers are listed in table A2, the appendix. All PCR reactions were set up in a T-gradient 

Thermo-block (Biometra). The standard PCR reaction was set up as follows:  

 

 
Reaction set-up:     Program:  
 
Template (2-100 ng DNA/cDNA)   1-5 µL   94ºC 3 min  Initial denat. 
3’ primer      10 pmol   ------     
5’ primer      10 pmol   94ºC 30 sec    
dNTP        5 nmol (each)   [TA] 30 sec  30 cycles 
DyNAzymeTM buffer*     1x   72ºC [Ext. time]   
DyNAzymeTM II DNA Pol*    1U    ------  
----       72ºC 7 min  Final ext. 
mqH2O to final volume of 25.0 µL      4ºC ∞     

*Finnzymes 
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The annealing temperature [TA] and extension time [Ext.time] varied according to the melting 

temperature (Tm) of the primers and the length of the expected product (table 1).  

    

Experiment Ta Extension time Other variations 

Genotyping line P10 56ºC 2 min  

Repeated sequences 
line P4 

65ºC 2 min  

HU-HR PCR 
(screening of 
transformants/probe) 

64ºC 1 min/kb 4 min final ext. 

Bisulphite sequencing 48ºC 45 sec 32 cycles, 5 min final ext.  
0.5x BD AdvantageTM 2 DNA polymerase mix (BD 
Biosciences/Clontech) with 1x BD AdvantageTM 2 
PCR buffer in a 50µL reaction volume. 

Detection of antisense/ 
aberrant RNA, actin 
control 

57ºC 30 sec 5 min initial denaturing, 15 sec denaturing, 15 sec 
annealing, 5 min final extension.  

Detection of antisense/ 
aberrant RNA 

58ºC 40 sec 40 cycles, 5 min initial denaturing, 5 min final 
extension, 5 µL template 

Detection of antisense/ 
aberrant RNA, 
stringent conditions/ 
secondary PCR 

60ºC 40 sec 40 cycles, 5 min initial denaturing, 5 min final 
extension, 1 µL template (purified PCR product 
diluted 1:50 for secondary PCR) 

RT-PCR At1g23980 – 
primary PCR 

56ºC 2 min 40s 
/2 min 

 

RT-PCR At1g23980 – 
secondary PCR 

59ºC 2 min 25 cycles, 1 µL primary PCR product diluted 1:100 
as template 

 

PCR-products were size fractionated along with appropriate markers by agarose gel-

electrophoresis (Sambrook and Russell 2001); typically on a 1 % (w/v) agarose (NuSieve) gel 

with 0.6 µg/mL EtBr. For smaller PCR-products (< 500 bp) a 1.5 % (w/v) gel was used.  

Cloning and Sequencing 

Cloning of PCR-products was done in all cases where sequencing was called for. Although 

sequencing directly on PCR-products also is possible, there is always a chance that these are 

contaminated with unspecific by-products. Also, the bulk of PCR-products targeted for 

sequencing (from the bisulphite-mediated genomic sequencing method) were expected to 

contain a heterologous mixture with variants of the same sequence, making direct sequencing 

impossible.  

Table 1: Variations in PCR programs and set-up for the different experiments described in this thesis.  



Materials and Methods 
 

 30

Cloning 

Quantity and size of PCR-products were estimated on a 1 % (w/v) agarose (NuSieve) gel with 

appropriate markers (λ/HindIII or ΦX174/HaeIII, Promega) and either used directly in the 

ligation reaction or excised from the gel and purified using Wizard® SV Gel and PCR Clean-

Up System (Promega) according to kit instructions. PCR-products (untreated or purified) 

were ligated with T4 DNA ligase into the pGEM®-T easy vector (Promega) according to the 

manufacturer’s instructions, in a 10 µL reaction incubated at 16ºC O.N. 

Electroporation and transformation 

For bisulphite analyses, 1 µL (500 pmol) of the above reaction was electroporated into 

SURE® Electroporation-Competent Cells (Stratagene) with a Bio-Rad Gene Pulser (at 2.4 

kV/200 Ω/25 µFD) in 0.2-cm gapped Bio-Rad cuvettes. Otherwise, electroporation was done 

according to manufacturer recommendations. The bisulphite-treated DNA was expected to 

contain an unusual high amount of adenine and thymine, possibly causing the formation of 

hairpin-structures. The SURE® cells were chosen because they lack certain E. coli DNA 

repair and recombination systems (uvrC, umuC, sbcC, recJ and recB), which gives a higher 

stability to clones containing such irregular structures. For all other purposes, 5 µL (2.5 µmol) 

of the ligation reaction was used for heat-shock transformation of 30 µL Library Efficiency® 

DH5α Competent Cells (Invitrogen), otherwise as recommended by the manufacturer.  

10-300 µL electroporated or transformed cell culture (in S.O.C. medium) was plated on LA-

amp medium (LB with 1.5 % (w/v) agar and 100 µg/mL ampicillin), each plate prepared with 

100 µL X-Gal (20 mg/mL) and 100 µL IPTG (100 mM) for blue/white selection of 

transformants, and incubated at 37ºC O.N. White colonies were PCR screened with the 

primers HU and HR and incubated with shaking in 5 mL LB-medium containing 50 µg/ml 

ampicillin at 37ºC O.N. 

Plasmid minipreps  

Plasmids were purified from 1.5-3.0 mL O.N. cell culture using either Wizard® Plus SV 

Minipreps DNA Purification System (Promega) or Quantum Prep® Plasmid Miniprep Kit 

(Bio-Rad), according to kit instructions. Quantification of purified plasmids was done with 

the Hoefer DyNAQuant as described above.   



Materials and Methods 
 

 31

Sequencing and editing  

The cloned PCR-products were sequenced automatically in a MegaBACETM 1000 using a 

DYEnamic ET Dye Terminator Cycle Sequencing Kit (Amersham Biosciences) and the M13 

forward and reverse primers. Base calling of the raw data was done with MegaBACETM 

Sequence Analyzer v3.0 PE, with the Cimarron 3.12 algorithm as default. Raw data of poor 

quality was additionally base called using the Cimarron 1.53 Phat algorithm for comparison, 

and the resulting sequences were manually edited by inspection of the chromatograms using 

BioEdit Sequence Alignment Editor v5.0 (Hall 1999). Vector sequences were removed by 

alignment with the pGEM-T easy vector sequence, using ClustalX and bl2seq (see below).  

Bioinformatics 

Bioinformatics was used in this thesis mostly for preliminary analyses, but also for primer 

design and alignment of sequences. Table 2 lists the programs used.  

Application Program Source/reference 

Alignment of multiple sequences ClustalX v1.81 (Thompson et al. 1997)7 

Editing of alignments GeneDoc v2.6  8 

Identification of cis- regulatory PlantCARE  (Lescot et al. 2002) 9 
sequences PLACE  (Higo et al. 1999)10 

Identification of sequencing results Basic local alignment search tools (blast)  (Altschul et al. 1990) 

 General search for matches to    
 annotated sequences 

 Nucleotide blast (blastn) National Centre for Biotechnology 
Information (NCBI)11 

 Search among Arabidopsis genes  Nucleotide blast (blastn) The Arabidopsis Information 
Resource (TAIR)12 

 Comparison to a known sequence  Blast 2 sequences (bl2seq) NCBI 

Primer design Primer3 (Rozen and Skaletsky 2000)13 
 Vector NTI v8.0 Informax 

Restriction analysis Vector NTI v8.0 Informax 

                                                 
7 http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX/Top.html 
8 http://www.psc.edu/biomed/genedoc/  
9 http://intra.psb.ugent.be:8080/PlantCARE/ 
10 http://www.dna.affrc.go.jp/htdocs/PLACE/ 
11 http://www.ncbi.nlm.nih.gov/BLAST/ 
12 http://arabidopsis.org/Blast/ 
13 http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi 

Table 2: Bioinformatical programs used in this thesis.  



 

RESULTS 

Identification of Silencing Lines 

The transgenic Arabidopsis thaliana (C24) plant lines used in this thesis all have a single 

copy of the neomycin phosphotransferase II (nptII)-gene driven by a nos-promoter (nosp) 

(figure 3). Plants where this gene is silenced are characterised by one of three kanamycin-

sensitive (KmS) phenotypes (figure 4b; Meza et al. 2001): type I is defined as white 

cotyledonous plants with leaf primordia, light green cotyledonous plants and white plants 

with maximum 3-4 leaves; type II consists of plants with white, deformed and pointed leaves, 

often with green spots; type III is characterised as larger, green plants, with spotted leaves. 

Whereas the type I phenotype is hard to distinguish from that observed in C24 wild type 

seedlings grown on Km-containing medium (MS-2 Km), type II and III are never observed in 

wild type seedlings. Moreover, while type I and type II plants mostly are beyond rescue, type 

III plants often revive after transfer to Km-free soil. In these last two phenotypes, silencing of 

the nptII gene is assumed to occur only in the white parts of the seedlings, crippling normal 

leaf development in the presence of Km.   

 

Segregation analyses 

To identify lines with silencing, seeds from several siblings (as a general rule Km-selected) 

were grown on MS-2 Km medium and the seedlings counted after 3-4 weeks. All lines used 

in this thesis were previously identified as harbouring a single copy of the T-DNA (Meza et 

al. 2001; 2002b); if no silencing is present, a plant homozygous for the nptII gene will 

Figure 4: nptII-silencing phenotypes. a: KmR phenotype; b: nptII-silencing (KmS) phenotypes. Type I: 
white cotyledonous plants or light green plants with maximum 3-4 leaves; Type II: white plants with 
deformed, pointed leaves, often with green spots; Type III: larger, green plants with spotted leaves. 
Depicted plants are 4 weeks old and have been grown on MS-2 Km medium. Courtesy of Meza et al.
(2001). 

a

I II III

b
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produce only KmR offspring, whereas the offspring of a self-fertilising, hemizygous plant will 

segregate in a Mendelian 3:1 pattern of KmR to KmS plants. In the latter case, all the KmS 

plants will be wild type, i.e. without the nptII gene, as is the case for all offspring of a 

homozygous wild type plant. Conversely, any KmS offspring from an nptII homozygous plant 

or significant deviations from the 3:1 pattern (larger share of KmS plants) for the offspring of 

hemizygous plants are indicative of silencing.  

In the latter case, however, the amount of silencing is hard to determine with a reasonable 

degree of certainty, especially when the total number of plants is small. To identify 

hemizygous parents, therefore (and at the same time to control for mistaken identification of 

wild type plants as transgenic plants with type I silencing), the segregation numbers were 

evaluated with χ2 analysis: for a 3:1 pattern, the standard deviation is defined as χ2 values 

smaller than 3.84 (1 degree of freedom, probability > 5 % (Rohlf and Sokal 1981)). 

Moreover, all white cotyledonous plants were GUS-stained, in part to indicate possible wild 

type segregants, but also to examine additional silencing of the gusA-gene (depending on the 

segregation numbers). The nptII silencing frequencies in all the lines used in this thesis are 

given in table 3.  

 

 

Most of these numbers are based on earlier work in the T3 generation (Meza et al. 2001; 

2002b; R. B. Aalen, pers. comm.), but additional numbers have been added for lines P4 and 

P10 (T5 and/or T6 generations), based on the results presented below. These are the lines 

studied most thoroughly in this thesis. Therefore, the segregation analyses for the relevant 

generations and sublines are given in more detail in the following.  

   

Construct Line Silencing (%) 

pKOH110 35SGUS K11a 0.7-4.2 
 K13a 100b 

 K14a 4.2-50 
 K15a 2.7-15.2 
 K16a 6.8b 

pPCV002 35SGUS P4 1.4-100 
 P6 1-14c 
 P9a 12.9-17.8b 

 P10 3.0a-83.3 

Table 3: Seedlings displaying silencing of the 
nptII gene in lines transformed with the 
constructs indicated (in percent). For each line, 
numbers for the sibling with the lowest (> 0%) 
and highest observed percentage silencing, 
respectively is given. 50-270 seeds from up to 23 
siblings and up to three generations were tested 
for each line. aLine/frequencies reported by 
Meza et al. (2002b). bProgeny of one sibling 
only of lines K13 and K16, and two siblings of 
line P9, displayed silencing. cSilencing 
percentages are based on hemizygous plants 
(line P6 is homozygous lethal) and therefore less 
reliable.
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Segregation numbers line P4 

For line P4, three sublines were chosen for further studies and scored for silencing in 

generation T5. From the segregation numbers and χ2 values reported in table 4 it is evident 

that all of the P4 sublines tested are homozygous for nptII. This means that all the KmS plants 

can be assumed to be silenced, with no, low or medium type I silencing in P4 sublines K6 and 

K7 and 100 % predominately type III silencing in both siblings of P4 subline K8. Compared 

to the silencing frequencies observed in generation T3 (last column table 4, R. B. Aalen, pers. 

comm.), there is significant variance for P4 sublines K6 and K7, whereas those for P4 K8 are 

the same. The lack of GUS-activity in type I silenced offspring of sibling 1 of P4 K6 and 

sibling 2 of P4 K7 indicates additional silencing of the gusA gene.  

 

Type I /wt Adjusted 
P4 subline/  

sibling KmR 
# GUS+ 

Type 
III T-DNA wt 

χ-square 
3:1 

Parent 
genotype 
(T-DNA) 

Silencing 
(%) 

Silencing 
T3 (%) 

1 135 2 0 0 - - 40,49 HO 1.4 
K6 

2 103 0 - 0 - - 113,89 HO 0 
4.1 

            
1 159 1 1 3 163 0 54,33 HO 5.2 

K7 
2 112 6 0 5 - - 16,91 HO 15.7 

0 

            
1 0 7 7 118 125 0 375,00 HO 100.0 

K8 
2 0 3 3 156 159 0 477,00 HO 100.0 

100.0 

            

 

Segregation numbers line P10 

Two generations (T5 and T6) of Km-selected plants from P10 subline K6 were genotyped with 

PCR, using DNA isolated from multiple seedlings. The results (not shown) show that at least 

some of the plants were hemizygous in both generations. Most of the T6 segregation numbers 

(table 5) also indicate hemizygous plants in generation T5, with the exception of sibling 4, 

which is clearly homozygous. This is further supported by the low number or absence of 

GUS-staining KmS plants. Conversely, the positive GUS-staining of one and two KmS plants 

from sibling 1 and 7, respectively, indicate that there is a certain (though very low) level of 

nptII silencing in this line. Similar results have previously been obtained for the T3 generation 

Table 4: Detailed segregation numbers line P4 generation T5 (designated sibling number refers to parent 
plants in generation T4). KmR: kanamycin-resistant plants; type I/wt and type III: kanamycin-sensitive 
(KmS) plants. Plants with type I/wt phenotype were GUS-stained; both total number (#) and those that were 
GUS-positive (GUS+, with blue spots) are listed. These results were used for adjusting the values for χ2

calculation (only changed values are given); T-DNA: plants with T-DNA (KmR + type I GUS+ + type III); 
wt: homozygous wild type plants (GUS-). As all lines, judging from the χ2-values, are T-DNA homozygous 
(HO), all KmS plants must be silenced (% silencing). Silencing frequencies obtained in the T3 generation 
are given for comparison. 
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(R. B. Aalen, pers. comm.). The absence of silencing in the offspring from the homozygous 

plant also argues against a dosage effect due to zygosity in this subline.  

 

Type I /wt   Adjusted P10 subline 
(parent gener.)/   
sibling 

KmR 
# GUS+ T-DNA wt 

χ-
square 

3:1 

Parent 
genotype 
(T-DNA) 

KmS 
(%) 

Silencing 
(%)   

Silencing 
T3 (%) 

1 61 19 1 62 18 0,27 HE 23.8 ≥1.3 
2 52 15 0 - - 0,24 HE 22.4 - 
3 54 11 0 - - 0,04 HE 26.0 - 
4 92 0 - - - 30,67 HO 0 0 
5 81 20 0 - - 1,46 HE 19.8 - 
6 80 17 0 - - 2,89 HE 17.5 - 
7 74 19 2 76 17 2,24 HE 20.4 ≥1.1 
8 84 30 0 - - 0,11 HE 26.3 - 
9 61 15 0 - - 1,12 HE 19.7 - 

K6 (T5) 

10 68 16 0 - - 1,59 HE 19.0 - 

(HE) 

            
4ºCI (T4) 1 118 24 0* - - 3,65 HEPCR 20.3 - 

           
1 All** 0 - - - - HO 0 (0) 
2 228 0 - - - 76,00 HOPCR 0 0 4ºCI (T5) 
3 45 225 51 96 174 224,04 HOPCR 83.3 83.3 

11.5 

            

 

One plant from generation T4 and three siblings from generation T5 (chosen among unselected 

progeny of the T4 plant) were tested in P10 subline 4ºCI. The T4 plant was hemizygous, both 

judging from segregation numbers and genotyping (not shown), and neither segregation 

numbers nor GUS-staining indicates any silencing in the T5 offspring. In line with this, the T5 

siblings 1 and 2 were clearly homozygous (genotyping confirms this for sibling 1, not shown), 

with no silenced offspring whatsoever. This is contrary to the 11.5 % type I silencing 

previously observed in generation T3 (R. B. Aalen, pers. comm.). However, the progeny of T5 

sibling 3 display a very high percentage type I silencing, and genotyping (not shown) shows 

that this sibling was homozygous for nptII. The low amount of type I plants with GUS-

activity also indicates a high frequency in additional gusA silencing.  

Table 5: Detailed segregation numbers line P10 generation T5 and/or T6 (designated generation and sibling 
numbers refer to parent plants). KmR: kanamycin-resistant plants; type I/wt: KmS plants. Plants with type 
I/wt phenotype were GUS-stained, and values for χ2 calculation have been adjusted according to the 
results, as described for table 4. T-DNA genotypes as determined by segregation numbers or PCR (in 
superscript) are listed: HE: hemizygous; HO: homozygous. Because silencing in hemizygous plants is 
difficult to determine by (low-count) segregation numbers, percentage silencing is only reported for 
homozygous siblings or for hemizygous siblings with positive GUS-staining; for the latter, percentages are 
calculated only from the number of GUS-staining plants, which probably is an under-representation. 
Silencing frequencies obtained in the T3 generation are given for comparison (P10 K6 was hemizygous 
with a few GUS+ plants). *Only 8 of 24 plants tested. **Not counted, but inspection revealed all (>100
plants) as KmR. 
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Characterisation of T-DNA and Flanking Sequences 

As mentioned in the introduction, the features of the genomic DNA flanking a transgene can 

have a significant influence on the expression of that gene. Moreover, the T-DNA insertion 

process is not perfect, with frequent deletions or rearrangement of parts of the T-DNA as a 

result (e.g. Meza et al. 2002b). When examining plant lines with transgene silencing, the 

mapping of the insertion site and characterisation of the T-DNA and flanking genomic 

sequences after insertion therefore are among the first choices of approaches. At least one of 

the T-DNA borders with flanking sequences have previously been cloned and sequenced in 

all of the above lines, and the approximate genomic positions14 thereby established (Meza et 

al. 2002b; I. S. Mercy, pers. comm.). For this thesis, all of the single-copy lines mentioned 

previously were examined for repeats in the flanking genomic DNA using Southern 

hybridisations, while the two lines chosen for further studies (P4 and P10) were subjected to 

closer examination of the T-DNA and flanking sequences.   

Investigations of potential repeated sequences 

Bioinformatic analyses had previously revealed repeated sequences in the genomic DNA 

flanking the T-DNA insertion for several of these lines (I. S. Mercy, pers. comm.). As such 

analyses often are very crude, DNA blot analyses were performed with probes of the left 

border (LB) and/or right border (RB) flanking sequences to supplement these results. 

Genomic DNA from C24 wt plants was digested with the restriction enzymes indicated in 

figure 5, blotted and hybridised to probes of flanking genomic sequences for the different 

lines. Table 6 lists the lines and flanking sequences tested.   

     

Line Probe from Genomic 
sequence size (kb) 

Repeats 
detected? 

K11 RB < 1.0 No 
K14 RB < 0.7 No 
K15 RB - No 
K16 LB < 2.2 No 
P4 LB, 1.1 No 
 RB 1.4 No 
P6 RB < 2.9 No 
P9 LB 0.2 No 
P10 RB 0.6 No 

 

                                                 
14 Deletions in the insertion site of the genomic DNA are frequent, and will not be apparent unless both flanks of 
the T-DNA are cloned. 

Table 6: Lines tested for repeated 
sequences by Southern hybridisation. 
Probes are from T-DNA flanking 
sequences.  RB: sequence outside the 
right border side of the T-DNA; LB: 
sequence outside the left border side of 
the T-DNA. Genomic sequence size: 
size of the genomic portion of the 
probe. For some of the probes, this 
length is only approximate, as the full 
sequence was unattainable.  
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Two of the results, representative of all hybridisations, are presented in figure 5. The observed 

bands are in all cases only the ones that are expected from restriction analyses, whereas a 

positive detection of repeats should result in several more bands or a smear on the gel. 

Therefore, none of the blots revealed repeated sequences in the flanking sequences of any of 

the lines tested.  

 

T-DNA features in lines P4 and P10  

The cloning and analysis of both T-DNA flanks in line P4 were done previously (Meza et al. 

2002b), but the results are included here for comparison. As shown in figure 6, line P4 has 

deletions both in the T-DNA right and left border sides (75 bp and 178 bp, respectively), and 

in the genomic insertion site (39 bp). Furthermore, short filler sequences that do not match 

either the genomic sequence or the T-DNA sequence were discovered in the genomic 

junctions on both sides (8 bp and 4 bp on the right and left border side, respectively). The 

Figure 5: Repeated sequence analyses line P9 (LB) and K14 (RB). 3 µg genomic DNA isolated from C24 
wt plants was cut with the indicated restriction enzymes. Ladder: 1kb DNA ladder, Fermentas.  
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genomic position of the T-DNA is 461 bp downstream of an open reading frame (ORF), 

annotated At1g71720 in the MIPS Arabidopsis thaliana database (MAtDB)15. 

 
In contrast to line P4, only the sequences flanking the left border had been cloned and 

analysed in line P10 (I. S. Mercy, pers. comm.). Further studies were therefore needed to 

characterise the right border side of the T-DNA in this line. PCR-products were generated by 

I. S. Mercy, using a combination of a genomic primer with two T-DNA primers (nested 

PCR)16, while cloning, sequencing and analysis of the products was done by the author. The 

aggregated result after alignment and comparison with genomic and T-DNA sequences is 

depicted in figure 7, while the most important sequences are given in the appendix (figure 

A1). 

The flank cloning data show that, as was the case for line P4, both the T-DNA right and left 

border sides, as well as the genomic DNA have attained deletions during insertion of the T-

DNA (39 bp, 59 bp and 53 bp, respectively). In addition, a 490 bp copy of the left border side 

of the T-DNA (including the same deletion as in the original) has been inserted in an inverted 

repeat (IR) outside the right border side. This fragment contains a part of the truncated TL-
                                                 
15 http://mips.gsf.de/proj/thal/db/index.html 
16 146LP 390 (genomic), 146RP 1787 (primary T-DNA) and 146RP 1718 (secondary T-DNA). 

Figure 6: Position and characteristics of T-DNA in line P4. The pPCV002 35SGUS T-DNA in the upper 
part of the figure corresponds to figure 3, with deletions in the T-DNA and filler-sequences in the junctions 
between plant and T-DNA indicated. The lower part of the figure depicts a part of the BACf14o23 
sequence (acc. AC012654) surrounding the T-DNA, with a deletion in the insertion site. The nearest ORFs 
are indicated with boxes/arrows (indicating transcriptional direction), and some of the BAC positions (in 
italics) are given. Names correspond to the BAC-based nomenclature, except for the closest ORF, 
At1g71720, which is AGI nomenclature.  
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DNA Pg5 promoter. Furthermore, the insertion site is even closer in this line to the 5’-end of 

the nearest ORF17 (annotated At1g23980 in the MAtDB), only 138 bp.  

 

Both of these observations lead to speculations about potential silencing-triggering RNA 

species in line P10: Firstly, if the putative endogenous promoter was interrupted, transcription 

could proceed through the LB side of the T-DNA, possibly leading to production of antisense 

RNAs of the nptII gene; Secondly, the Pg5 promoter fragment in the LB inverted repeat in 

line P10 was directed towards the nptII gene, which conceivably could lead to aberrant nos 

promoter (nosp) transcripts. Therefore, pilot experiments were conducted to examine this 

further:  

                                                 
17 The most likely prediction, see below. 

a 

nptII gusA ampr

LB IR 

LB 
∆59b

nosp Pg5 Pg5 fragment 

BACt23e23 
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LB 
∆59bp 

pPCV002 35SGUS T-DNA
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549 60 54960 

T23E23.13 

T23E23.14 

T23E23.16 T23E23.17 At1g23980
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6495858309

T-DNA insertion
Genomic ∆53bp 

 60467

b 
BACt23e2

Figure 7: Position and characteristics of T-DNA in line P10. a: The pPCV002 35SGUS T-DNA, 
with a 490 bp inverted repeat of the LB side (LB IR) outside the RB-side, is shown in detail in the 
upper part (corresponding to figure 3). The lower (boxed) part depicts the T-DNA as it is positioned 
in the BACt23e23 sequence (acc. AC002423), with a 53 bp genomic deletion in the insertion site. 
The LB IR is marked with a striped box, and positions in the corresponding sequence in the LB side 
are indicated (counting from the first nucleotide in the original, complete LB sequence). Deletions in 
the T-DNA and areas covered by the sequencing clones are indicated with vertical and horizontal 
lines, respectively. b: A part of the BACt23e23 sequence surrounding the T-DNA. The nearest ORFs 
are indicated with boxes/arrows (indicating transcriptional direction), and some of the BAC positions 
(in italics) are given. Names correspond to the BAC-based nomenclature, except for the closest ORF, 
At1g23980, which is AGI nomenclature.  
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Investigations of Promoter and Antisense RNAs  

The plants chosen for these experiments were from P10 subline 4ºCI, progeny of T5 sibling 3, 

with 83.3 % type I silencing. For the control groups, sublines of P4 and P10 with little or no 

silencing (P10 K6, progeny of T5 sibling 3 and P4 K6, progeny of T4 sibling 1, respectively) 

were chosen. The P4 subline was included to control for effects arising from the configuration 

or genomic position of the T-DNA. The starting material was rosette- and cauline-leaves from 

5-week old, unselected single plants (five in total) in the experimental group and multiple 3-

week old, Km-selected (to ensure that no wild-type and/or silenced plants were included) 

seedlings in the control groups. As the silencing was not 100 % in the experimental group, 

there was a chance (1 - 0.8335 = 59.9 %) that one of the plants would not be silenced. 

Nonetheless, this approach was taken to try to get as ‘pure’ data as possible. Because the 

transcripts did not necessarily contain a poly(A)-tail, the RT-PCR was done on total RNA 

isolates, using gene-specific primers in the RT reaction. Positions of the primers used in the 

RT and PCR reactions, designed to detect sense transcripts covering the nos promoter and 

part of the 3’-end of nptII, or antisense transcripts covering part of the 5’-end of nptII and 

5’UTR, respectively, are depicted in figure 8 (see also figure 13). 

 

No antisense RNAs were detected with these primers (results not shown). However, the 

results displayed in figure 9 clearly demonstrate the presence of sense nosp-transcripts (334 

bp). Counter to what expected, however, these transcripts were much more abundant in the 

sublines showing little or no silencing, compared to the silenced plants. Two rounds of PCR 

were done, the second under more stringent conditions than the first. In the first round, non-

specific products showed up around 180 bp for all samples (cloning and sequencing of these 

bands from lanes I, II, VI and VII showed match to a 23S ribosomal chloroplast gene, 

rrn23S). Under more stringent conditions, these bands disappeared, but so did the bands 

Figure 8: Detection of promoter and 
antisense transcripts: primers for RT-
reaction and PCR in the RB side of 
pPCV002 35SGUS T-DNA. Promoter 
transcripts: RT-reaction: ab3’_2; PCR: 
ab3’_2_2 + ab5’. Antisense RNA: RT-
reaction: as3’_1; PCR: as3’_2 + as5’. 
Expected PCR product sizes are 
indicated (horizontal lines).  
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around 330 bp for line P10 4ºCI. To test whether these bands also were unspecific, secondary 

PCR (under stringent conditions) was done on excised and purified bands.  

Only one of the resulting PCR-products, from the second band from the top in lane V, was of 

a sufficient concentration for cloning (results not shown). Both this product and the bands 

from the primary PCR in the control groups were excised and purified from the gels, and 

subsequent cloning and sequencing confirmed all of them to be the expected product covering 

the nosp. 

 
In order to explain the existence of these transcripts, closer examination of the upstream 

sequences was prompted. In view of possible transcription initiation sites, both the inverted 

Pg5-promoter fragment in line P10 and the presence of unidentified or cryptic (i.e. with no 

obvious function) promoter elements in both lines represented possible explanations. 

Furthermore, even though the putative endogenous genes are predicted to be transcribed away 

from the T-DNA, the positions and potential activity of their promoters (from hereon simply 

referred to as the endogenous promoters) could be significant: Firstly, transcriptional activity 

is associated with an open chromatin configuration, which could increase the likelihood of 

activity from cryptic promoter elements. Secondly, cryptic promoters in the same area as the 

proximal part18 of an endogenous promoter could be influenced by the same distal cis-

                                                 
18 Extending roughly 250 bp in each direction from the transcription start site (Butler and Kadonaga 2002). 

Figure 9: Detection of promoter 
transcripts: RT-PCR results. Lane 
I-V: P10 4ºCI (progeny of T5
sibling 3) single plants. Lane VI: 
P10 K6 (progeny of T5 sibling 3) 
multiple plants. Lane VII: P4 K6
(progeny of T4 sibling 1), multiple 
plants. Expected product sizes are 
334 bp for the nosp transcript, and 
255 bp (mRNA) and 340 bp 
(genomic DNA) for the actin 
control. A negative control without 
the RT enzyme was run for all 
reactions, but is only shown for 
actin. RT-PCR aimed at detecting 
antisense transcripts was negative
(data not shown).  
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regulatory elements, e.g. enhancers that are bidirectional and work over considerable 

distances (reviewed in Lewin 2000). Thirdly, if the nosp-transcripts were overlapping with the 

mRNAs of the putative endogenous genes, hybridisation could lead to a region of dsRNA. 

Therefore, starting at the most general level, and because most promoters are located in the 

immediate vicinity of the coding sequence, the position and activity of the flanking ORFs 

were examined more closely:   

Characterisation of flanking ORFs 

The ORF closest to the T-DNA in line P4, At1g71720, is reported in the MAtDB to contain 

an S1 RNA-binding domain, orignially identified in the ribosomal S1 subunit, but also found 

in a variety of other RNA-binding proteins19. The predicted sequence is the same in two 

independent databases, EMBL20 (acc. AC012654, product F14O23.10) and GenBank21 (acc. 

NM_105830). Transcription is confirmed by an expressed sequence tag (EST) in the 3’-end of 

the predicted CDS (acc. AI997850, isolated from rosette leaves) and in a whole-genome array 

(WGA) (Yamada et al. 2003; GEO22 acc. GSE636). In addition to the EST, the WGA 

indicates some degree of tissue-specificity, as transcripts were detected in 7 day old seedlings, 

but not in flowers or roots. There are no reported full-length RNAs for this gene23, and 

consequently, the length of the 5’-untranslated region (UTR) is yet to be determined; 

however, a 5’UTR longer than 461 bp does not seem common (see discussion), and at least 

the core promoter (where the transcription initiation complex assembles) of this gene is 

therefore not likely to be interrupted by the T-DNA insertion.  

The closest ORF in line P10, At1g23980, is predicted to encode a transmembrane protein, and 

a matching GenBank mRNA prediction (acc. NM_102245.2) describes the product as a 

C3HC4-type RING zinc finger protein. Two different coding sequence (CDS) predictions in 

the same area are reported in the MAtDB/GenBank entries and in the EMBL entry for the 

BACt23e23 sequence (acc. AC002423, product T23E23.15), respectively (P1 and P2, see 

figure 10a), placing the T-DNA in different contexts (in a 5’UTR/cis-regulatory region or 

within an intron). Moreover, at the time, the transcriptional evidence for this gene was scarce 

                                                 
19 http://www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF00575 
20 http://www.ebi.ac.uk/embl/ 
21 http://www.ncbi.nlm.nih.gov/ 
22 Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/ 
23 After queries in the UniGene database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene), in 
addition to the above mentioned databases. 
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and incomplete. Therefore, RT-PCR experiments were designed to determine structure and 

confirm expression.  

RT-PCR of At1g23980 

The two reported gene predictions, primers and RT-PCR results are given in figure 10a-c. All 

experiments were performed on cDNA from wt rosette and/or cauline leaves. Results from 

preliminary experiments using available primers are presented in figure 10b. Here, a band of 

expected size is observed for the primer-pair annealing within the area covered by P1 and 

exon 2 of P2, whereas no product is observed when one of the primers anneals in exon 1 of 

P1. This result counters the existence of exon1 of P2, and strengthens P1 by default. The 

negative results also act as controls for genomic contamination, as the same PCR-primers in 

reactions with wt genomic DNA give the expected bands (not shown). 

In a follow-up experiment, primers were designed specifically to confirm P1 and to 

investigate the UTRs. The results, represented in figure 10c, show bands of expected sizes for 

the primer-pair annealing to each end of P1 and for the primer-pair annealing to the 5’-end of 

P1 and in the presumed 3’UTR. Cloning and sequencing of a secondary PCR-product 

Figure 10: RT-PCR experiments on the putative gene At1g23980. cDNA was isolated from C24 wt rosette 
leaves. a: Positions of predicted CDSs (P1 and P2, broad arrows), the full-length mRNA according to a
recent record (acc. AK119101) and primers in BACt23e23. P1: MAtDB annotation, At1g23980; P2: acc. 
AC002423, product T23E23.15. The T-DNA insertion site in line P10 (with a 53 bp genomic deletion) is 
indicated.  b: Results countering P2 (exon 1). cDNA from C24 wt: I: cauline leaves; II: rosette leaves. c: 
Results countering P2 (exon 2), strengthening P1 and detecting the 3’UTR. cDNA from C24 wt rosette 
leaves. Marker: GeneRulerTM 1 kb DNA ladder (Fermentas)
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synthesised from this last PCR-product24 confirms it to be the expected result. As the 5’-end 

primer in these reactions anneal outside of exon 2 of P2, this also counters P2. No product is 

observed for the primer-pair annealing in the presumed 3’UTR and upstream of the CDS, 

indicating that the 5’UTR is shorter than 200 bp. The negative result for this primer-pair also 

act as a control for genomic contamination, as the same primers in reactions with C24 wt 

genomic DNA give a band of expected size (not shown). 

The results from the RT-PCR experiments are supported by more recent records: a full-length 

mRNA record (acc. AK119101, see figure 10a), an mRNA record covering the CDS (acc. 

BT010323), three ESTs in the 5’- and 3’-regions of the full-length mRNA (acc. BG459322, 

AU239983 and AU231351) and in a WGA (Yamada et al. 2003; GEO acc. GSE636). Also in 

this case the WGA indicates some tissue specificity, as no transcripts were detected in roots. 

However, expression is confirmed in flowers and 7 day old seedlings (in the WGA), in seeds 

(in EST acc. BG459322) and in rosette and cauline leaves (Northern blot, results not 

shown)25.  

The indication of a 5’UTR shorter than 200 bp is compliant with the mere 14 bp of 5’UTR 

reported for the full-length mRNA. Therefore, as was the case for At1g71720 in line P4, at 

least the core elements of the promoter are not likely to be interrupted by the T-DNA. 

However, the close proximity of the insertion to the transcription initiation site (probably 

closer than the situation in line P4, see discussion) means that the function of upstream cis-

acting elements is likely to be hampered, and a negative influence on the expression of this 

gene is therefore to be expected. This is also the basis for the backcrossing experiments 

presented at the end of this chapter.  

Regarding the observed 3’UTR, this is at least 81 bp longer than that reported for the full-

length mRNA, which could implicate alternate mRNAs with differing lengths in the 3’UTRs. 

This is to a certain extent supported by the weaker strength of the band observed for the 

primer-pair annealing in the CDS-3’UTR as compared to the band for the primer-pair 

annealing only in the CDS, as no difference in band strength was observed when these 

primers were tested on genomic DNA (not shown). 

From these examinations of general transcriptional context, the analyses were moved to the 

more specific level of transcription initiation. Concerning the nosp transcripts, the most 

                                                 
24 The primary product was too weak to be cloned. The same primers were used in the secondary PCR, but the 
conditions were more stringent. 
25 Tissue was not specified in the other records. 
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obvious place to start was the inverted LB fragment in line P10, as it contained a previously 

identified promoter fragment: 

Examination of the Pg5 promoter fragment in line P10 

As described above, the IR of the LB T-DNA side in line P10 contains a segment of the Pg5 

TL-DNA promoter. In the original pPCV002 35SGUS T-DNA, Pg5 is disrupted 43 bp 

upstream from the original translational initiation site, and this truncated version has been 

demonstrated to be functional in tobacco plants when fused to the OCS gene (Koncz and 

Schell 1986). However, 165 bp in the 3’-end of the 411 bp truncated Pg5 sequence is missing 

in the IR, and this segment contains all of the putative TATA-boxes (three) and CAAT-

elements (four) proposed by others (Gielen et al. 1984). Therefore, if there is any activity 

from the remaining segment, it is unlikely to be characteristic of the original Pg5 promoter 

activity. As for line P4 (which lacks the IR), therefore, the explanation for the presence of 

these transcripts is likely to be found elsewhere. An alternative that was investigated was the 

presence of cryptic promoter elements:  

Analyses of cryptic and endogenous promoter elements 

Cryptic promoter elements are sequences with homologies to known promoter elements, but 

that are thought to be inactive or non-functional at their native positions in the genome (al-

Shawi et al. 1991). However, several reports indicate that cryptic promoters can become 

functional when positioned adjacent to genes, both in plants (e.g. Okresz et al. 1998; Foster et 

al. 1999; Wu et al. 2001) and in other organisms (e.g. al-Shawi et al. 1991; Fourel et al. 1992; 

Tee et al. 1995). Analyses aimed at identification of such elements were performed on the 1 

kb sequences (sense strand) directly upstream of the RT-PCR ab5’-primer in line P4 and P10. 

In addition, to determine the positions of the endogenous promoters more closely and to 

investigate the possibility of overlapping transcripts, analyses were performed to locate 

elements directed towards the endogenous genes (on the antisense strands relative to the nosp-

nptII construct): in line P4, the 461 bp sequence between the CDS and the T-DNA insertion 

was examined, whereas only 50 bp upstream and downstream of the transcription start 

indicated by the mRNA record acc. AK119101 was analysed in line P10, mainly to confirm 

the indicated start site.  

All analyses were limited to three identified eukaryotic RNA polymerase II (pol II) core 

promoter elements (where the pol II complex assembles): the Initiator element (Inr , where 
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transcription starts), the TATA-box and the downstream promoter element (DPE) (reviewed 

in Butler and Kadonaga 2002 and Smale and Kadonaga 2003). In addition, the 5’-upstream 

CAAT-element was included (reviewed in Lewin 2000). The importance and abundance of 

DPEs have only recently been established (most notably in Drosophila and humans (reviewed 

in Smale and Kadonaga 2003), and their presence have, to my knowledge, not yet been 

verified in plants. Despite of this, the high degree of evolutionary conservation of the 

transcription machinery across eukaryotic organisms (Archambault and Friesen 1993) makes 

it possible that they also have a role in plants. Other promoter elements (of which there are 

many) were excluded from the analysis because of a lack of reasonably reliable consensus 

sequences, and/or because they only have been identified in connection with specific 

responses, often requiring complex interactions with other promoter elements26.  

The initial analyses were done with queries in the PlantCARE27 and PLACE28 databases over 

plant cis-acting regulatory elements. However, since only a limited number of sequences are 

reported for the above elements in these databases (i.e. those that have been identified or 

proposed in published work, none for DPEs), an additional manual comparison to known 

consensus sequences was done. These sequences often vary between different organisms: For 

example, the consensus for the Inr element is Py2A+1N-T/A-Py2 in humans (Javahery et al. 

1994), but TCA+1N-G/T-Py-T/C in Drosophila (where A+1 is the most common transcription 

start) (Arkhipova 1995). Although Inr elements have been identified in tobacco (PLACE acc. 

S000395), no consensus for plants in general is available. As a compromise the general 

consensus proposed in (Lewin 2000), Py2CA+1Py5, was used here. As for the Inr element, the 

DPE consensus A/G+28-G-A/T-C/T-G/A/C (where +28 is the position relative to the transcription 

start (Kutach and Kadonaga 2000)) is rather degenerate, but appears to have strict positional 

requirements to function adequately. The TATA-box is better defined (TATAAA), but 

elements with considerable degeneracy to this consensus have been shown to be functional 

(Singer et al. 1990). In addition, the positional requirements appear to be more relaxed for this 

element than for the other core elements, although it usually is observed around 25-30 bp 

upstream of transcription start (reviewed in Smale and Kadonaga 2003). The CAAT-box is 

also relatively well-defined, and is listed with the consensus sequences CCAAT and CAAT in 

the PLACE database (PLACE acc. S000030 and S000028). In contrast to the core promoter 

elements, the position of this element is found to vary considerably, although they are always 
                                                 
26 Compare with the PLACE and PlantCARE databases. 
27 http://intra.psb.ugent.be:8080/PlantCARE/ 
28 http://www.dna.affrc.go.jp/htdocs/PLACE/ 



Results 
 

 47

upstream of the core promoter (reviewed in Lewin 2000). Any or none of the above elements 

may be present in any particular promoter, but the DPE has always been found in connection 

with an Inr element (Butler and Kadonaga 2002) and was therefore only searched for in the 

vicinity (downstream) of putative Inrs.  

      
Line P4 – cryptic   Line P4 - endogenous  Line P10 – cryptic 

Promoter element 
/consensus1) Matching 

sequence 
Pos. 
(bp)  Matching 

sequence 
Pos. 
(bp)  Matching 

sequence 
Pos. 
(bp) 

TCCATaTTC 408  ggCAaTTTT 374  aaCACTCTC 606 
CCCATaCTC 317  CCCAaaTTg 345  aCCAaTTTT 479 
CTCATgaTa 170  aTCATgCCC 339  TaCATTTTg 421 
TTCATCaaC 12  CaCATTTCa 326  TTCACgTCC 320 
   TCCATTaTC 248  gCCATTCCC 265 
   TCCACTaTT 206  CCCATTTCa 251 
   TCCATTTaa 188  TTCATCTC 246 
   CaCATTaTT 135  CTCATaTa 206 
      CCCATTaCC 160 

Py2CA+1Py5 

      TTCACTCaa 143 
TTCAATTC 876     TTCAATTC 468 
CTCATTTT 792       

Initiator 
element (Inr) 

PyTCA+1NTPy2 
(tobacco) 

CTCAATCT 750       

TAagaTAAA 439  TAaTAAA 173  TATAAA 434 
TATtAA 50  TATActA 157  TATttAtA 386 

TATAAA 

TAatAg 37  TATAAA 49    
TTATTT 370  TTATTT 216  TTATTT 339 TTATTT (pea) 

TTATTT 201  TTATTT 139    

TATA-box 

TACATAAA    
(Rice)2)       

TACATAAA 200 

   GGATA (+31) 406  AGATG (+26) 452 

   GGcaA (+28) 374  AGATt (+27) 237 

   AGATt (+28) 356  AGgCA (+30) 129 

Downstream 
promoter 
element (DPE) 

A/G-G+28-A/T-C/T-
G/A/C  

   AGcTG (+26) 275    

CAAT 874  CAAT 376  CAAT 506 
CAAT 756  CAAT 284  CAAT 466 
CAAT 748  CAAT 256  CAAT 370 
CAAT 353     CAAT 107 

CAAT (pea) 

CAAT 325     CAAT 10 
CCAAT 995     CCAAT 478 

CAAT-box 

CCAAT 

      CCAAT 174 
          

 
The total results of these analyses are represented in table 7 (with the exception of the 

endogenous promoter of At1g23980, as only two elements were found) and figure 11. 

Table 7: Cryptic and endogenous promoter elements in the sequences upstream of the RT-PCR ab5’ 
primer in lines P4 and P10. Core promoter elements with one or more possible interacting elements (within 
the expected distance) are marked in boldface and are represented in context in figure 11 and 12. 
Nucleotides that do not match the consensus sequence are in lower case. The positions given are the 
distances in base pairs between the 5’-ends of the given element and the primer, respectively.  1)Some of 
the consensus sequences are not general, but are identified one or more times in certain species (in 
parenthesis), listed in the PlantCARE or PLACE db. 2)One report (acc. A23332), with location at 61-54 bp 
upstream of transcription start.   
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Elements with more than two mismatches (counting a 1 bp deviation from the +28 position as 

one mismatch for DPEs) to the consensus sequences were excluded, except in a few cases 

where another core promoter element was located in such a position as to allow for a possible 

interaction.  

 

As indicated above, in addition to identifying individual elements, the relative positions 

between the core promoter elements were evaluated: those that have a possibility for 

interaction with one or more other core promoter elements (thus forming composite elements) 

are marked in table 7 and figure 11 and are given in more detail in figure 12. Due to the 

relaxed positional requirements of the CAAT-boxes, these were not included in the composite 

analysis. However, by looking at figure 11, all composite cryptic elements and the three 3’-

Figure 11: Positions and context of possible cryptic and endogenous promoter elements in the sequences 1 
kb directly upstream of the RT-PCR ab5’ primer in lines P4 and P10. Orange boxes: CDS (fragment) of 
endogenous gene (arrows indicate direction of transcription); green boxes: T-DNA. All the elements in 
table 7 are marked as vertical lines: red lines are CAAT-boxes; blue lines represent all other elements. 
Composite core promoter elements are marked with positions (corresponding to table 7) and horizontal 
arrows (indicating direction of transcription). Sequences covered by these arrows are given in more detail 
in figure 12. The truncated Pg5 promoter is indicated with a green arrow. The only composite cryptic 
promoter with a possibility for overlapping transcripts with the endogenous promoter is marked with a blue 
circle.  
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most composite endogenous elements in line P4 and the three 5’-most composite cryptic 

elements in line P10 have upstream CAAT-boxes.  

Line P4 endogenous promoter 
                                                    +1                            +31 
  Inr-DPE no. 1                                   ggCAaTTTTGATAAAACTAGAGAAAAGAATATGGATA 

                                  +1                         +28 
  Inr-DPE no. 2                 CCCAaaTTgATAGATTTCGTAAATAATATGGcaA 

                     +1                         +28 
  Inr-DPE no. 3    CaCATTTCaAACATCATGCCCAAATTGATAGATt 
 
                      -35  -30                           +1                       +26 
  TATA-Inr-DPE         TTATTTGACACATAACCACAAAATTTATTAGGTCCATTaTCAATGTTGGGCCTATCGTTAGcTG 
 
                                      -36   -30                           +1 
  TATA-Inr no. 1                       TAaTAAATGCGACGGTCCATTTAAAATAACGGGTCCACTaTT 

                      -34   -28                         +1 
  TATA-Inr no. 2       TATActATCATGAGTTTAATAAATGCGACGGTCCATTTaa 
 
 

Line P4 cryptic promoter 
                      -34     -26                       +1 
  TATA-Inr no.1        TaagAtAAATTTCTTCAAACGGTTCTTTTTATCCATaTTC 

                      -34  -29                          +1 
  TATA-Inr no.2        TTATTTTAAATGGACCGTCGCATTTATTAAACTCATgaTa 

                        -41  -36     -28  -23                    +1 
  TATA-TATA-Inr        TATATtAAGGGAGCCTAaTAgGGACTCGAAGTTTGTGGTTTTCATCaaC 

 
 

Line P10 endogenous promoter 
                      -31  -26                       +1 
  TATA-Inr             TtaAAtGGTGTCTCTGTTCTTCTTCTTCTTCATCaaaAAAAAAAAATG 
 
 

Line P10 cryptic promoter 
                         +1                       +26 
  Inr-DPE no.1         aCCAaTTTTTTTTCAATTCAAAAATGTAGATG 

                         +1                        +27 
  Inr-DPE no.2         gCCATTCCCAGATACCCATTTCATCTTCAGATtG  

                          -60    -53                         +1                  
  TATA-Inr             CATATACATAAATA...AGCCCATTACCTCACATAATTCACTCaaATGCTAGGCA 

                                            +1                           +30 
  Inr-DPE no.3                            CCCATTaCCTCACATAATTCACTCAAATGCTAGgCA 

 

 

The analysis revealed several possible overlaps of a transcript originating in the composite 

cryptic element ‘TATA-Inr no.1’ and any of the putative endogenous promoters in line P4, 

but none for the other cryptic promoter elements in either line P4 or P10. 

Figure 12: Sequences of cryptic and endogenous composite promoter elements upstream of the RT-PCR 
ab5' primer in line P4 and P10. The given sequences correspond to those marked with horizontal lines in 
figure 11, and the individual elements (grey boxes) to those that are in boldface in table 7. Overlapping 
sequences are indicated with stippled lines. Indicated positions are relative to the central adenine (A) in the 
Inr (putative transcription start, +1). Nucleotides that do not match the consensus sequence are in lower 
case. For line P4, the closest Inrs in endogenous and cryptic promoters (the latter marked with a blue circle 
in figure 11) with a possibility of overlapping transcripts are given in a dsDNA sequence with direction 
corresponding to figure 11. 
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Recent data: endogenous antisense transcripts 

Considering the abundance of endogenous antisense transcripts reported in the Arabidopsis 

WGA study (Yamada et al. 2003), they represent an obvious alternative to transcripts 

originating in the identified cryptic promoters. Accordingly, a search in the raw data of this 

paper (GEO29 acc. GSE637) reveals that an antisense transcript was detected for At1g71720 

in a poly(A)+ RNA sample isolated from 7 day old seedlings. This transcript covers at least 

part of the coding sequence (see discussion), and may extend further into neighbouring 

sequences. Consequently, the nosp-transcript in line P4 may be an extension of this transcript.   

In contrast, the WGA study did not detect any antisense transcripts for At1g23980 in either of 

four RNA samples (flowers, seedlings, roots and cell culture).  

DNA Methylation Studies 

In parallel with the above RNA and promoter analyses, the DNA methylation status of the 

same region as that covered by the RT-PCR primers (see figure 13) was investigated using the 

bisulphite-mediated genomic DNA sequencing method. In the experimental groups, 

unselected (MS-2 grown) plants were chosen from P4 subline K8 (progeny of T4 siblings 1 

and 2, 100 % mostly type III silencing) and P10 subline 4ºCI (progeny of T5 sibling 3, 83.3 % 

type I silencing, same as used for RNA analyses). As controls, Km-selected plants (to ensure 

that no silenced or wt plants were included) were chosen from sublines with little or no 

silencing (progeny of T4 siblings 1 and 2 of lines P4 K6 and P4 K730 and progeny of T5 

sibling 1 of line P10 K6). The DNA for all groups in line P4 and for the control group in line 

P10 was isolated from multiple seedlings, whereas DNA for the experimental group in line 

P10 was isolated from two individual, full-grown plants (denoted P10 4ºC (1) and (2) in the 

following)31. Again, as for the RT-PCR experiments, this approach was taken to get as ‘pure’ 

data as possible, irrespective of the chance that one of them was not silenced (1 - 0.8332 = 

30.6 %). The targeted sequence consists of most of the nos promoter and the first 85 bp of the 

transcribed region of the nptII gene, and is depicted in figure 13. 

 

 

                                                 
29 Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/ 
30 Progeny of sibling 2 in this line display 15.7% silencing, but since the seedlings were Km-selected, this should 
have little significance.  
31 All tissues except the roots were included in the extraction.  
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                                     RT-PCR ab5’ 
                                       5’GS 
      1 (1)  CATGAGCGGA GAATTAAGGG AGTCACGTTA TGACCCCCGC CGATGACGCG GGACAAGCCG TTTTACGTTT GGAACTGACA GAACCGCAAC GTTGAAGGAG 
             GTACTCGCCT CTTAATTCCC TCAGTGCAAT ACTGGGGGCG GCTACTGCGC CCTGTTCGGC AAAATGCAAA CCTTGACTGT CTTGGCGTTG CAACTTCCTC 
  

                     SacII      b                   a                            z              b 
   101 (22)  CCACTGAGCC GCGGGTTTCT GGAGTTTAAT GAGCTAAGCA CATACGTCAG AAACCATTAT TGCGCGTTCA AAAGTCGCCT AAGGTCACTA TCAGCTAGCA 
             GGTGACTCGG CGCCCAAAGA CCTCAAATTA CTCGATTCGT GTATGCAGTC TTTGGTAATA ACGCGCAAGT TTTCAGCGGA TTCCAGTGAT AGTCGATCGT 
 

                           -1 
   201 (47)  AATATTTCTT GTCAAAAATG CTCCACTGAC GTTCCATAAA TTCCCCTCGG TATCCAATTA GAGTCTCATA TTCACTCTCA ATCCAGATCC GGCCCATGAT 
             TTATAAAGAA CAGTTTTTAC GAGGTGACTG CAAGGTATTT AAGGGGAGCC ATAGGTTAAT CTCAGAGTAT AAGTGAGAGT TAGGTCTAGG CCGGGTACTA 
 

                                                                  ATG                                                                           
   301 (76)  CATGTGGATT GAACAAGATG GATTGCACGC AGGTTCTCCG GCCGCTTGGG TGGAGAGGCT ATTCGG 
             GTACACCTAA CTTGTTCTAC CTAACGTGCG TCCAAGAGGC CGGCGAACCC ACCTCTCCGA TAAGCC 
     RT-PCR ab3’_2_2                   3’GS  
 

  

The aligned sequences (upper strand, with all nucleotides except 5’-methylcytosines removed 

after alignment) from 10-13 clones from each bisulphite treatment is represented in figure 14, 

and comparisons of the total numbers of methylated symmetrical and asymmetrical cytosines 

are given in figure 15. 

Comparison of groups and symmetrical/asymmetrical cytosines 

The results generally show a higher level of methylation for the silenced lines than for the 

control groups, both in symmetrical and asymmetrical cytosines (figure 15). However, 7 of 12 

clones from P10 4ºCI (2) show no or very little methylation (figure 14). This does not match 

well with the silencing phenotype in this line (type I), and indicates that this plant would not 

have been silenced at the dicotyledonous stage, in agreement with the relatively high 

statistical probability that such a plant could be picked. P10 4ºCI (1), however, shows higher 

levels of methylation than any other group in a majority of the clones. Except for the P4 

control, all groups also show a higher overall level of methylation in symmetrical than in 

asymmetrical cytosine positions, particularly in CpG positions. 

Figure 13: Bisulphite sequencing: original (unconverted) sequence, consisting of the nos promoter and a 
part of the nptII gene. Numbers to the left are positions in the complete sequence and in parentheses the 
corresponding positions of the upper strand cytosines represented in figure 14. The sequence of the primers
5’GS and 3’GS used for sequencing and (for comparison) ab5’ and ab3’_2_2 used for the RT-PCR 
presented previously, the restriction site of SacII and the nptII start codon are indicated. The four boxed 
regions represent upstream transcriptional regulatory elements (Mitra and An 1989), which contain short 
IRs (arrows). The transcription start site is marked with the bent arrow at -1. The cytosines in the upper 
strand of the sequence are marked in colour codes explained in the legend: red and black represent 
symmetrical cytosines (CpG and CpNpG, respectively); blue represents asymmetrical cytosines (CpNpN).  
 

  C CpG C CpNpG C CpNpN (asymm.) 
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Figure 14: Bisulphite sequencing results. Lines with silencing: P4 K8_1 and P4 K8_2 (multiple plants), 
and P10 4ºCI (two single plants). Controls (no silencing): P4 K6 & K7 and P10 K6 (multiple plants). Only 
the 5’-methylcytosines in the upper strand of the nosp-nptII sequence are given (except for the ‘Original’ 
sequence, where all cytosines are given), and are marked in colour codes corresponding to figure 13. Total 
numbers of marked residues are given to the right of each sequence. The transcription start site (-1), the 
ATG start codon, the restriction site of SacII (with the line at the cut site (^) in CCGC^GG) and the 
cytosines included in the four boxed regions in figure 13 (horizontal line) are indicated. 
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SacII restriction site 

Methylation of the SacII restriction site in the nosp has earlier been considered diagnostic for 

silencing of nosp-driven genes (Matzke et al. 1989; Kilby et al. 1992; Mette et al. 1999; 

Mette et al. 2000), and is therefore evaluated here (figure 16; see also figure 14).   

 
In line P4, the same pattern as above is seen, in that there is significantly more methylation in 

this site in the experimental groups than in the control. In contrast, the P10 control actually 

has more methylation in this site than P10 4ºCI (2), indicating as above that the latter is not 

Figure 16:  Methylation in the 
SacII recognition site 
(CCGC^GG); percentage clones 
where any of the cytosines are 
methylated.  
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Figure 15: Bisulphite sequencing results: comparison of totals. The represented values are percentages 5’-
methylcytosines (mC) of the total number of symmetrical (CpG/CpNpG) and/or asymmetrical (CpNpN) 
cytosines in the nosp-nptII sequence. Colour codes correspond to figures 13 and 14, except for the 
additional hatched bar, which represents the percentages of the total number of cytosines (symmetric and 
asymmetric) that are 5’-methylated.   
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(completely) silenced. Again, however, P10 4ºCI (1) shows the highest levels of methylation, 

and represents the only group where SacII digestion would be expected to be completely 

blocked.  

Comparison of promoter and transcribed regions 

 

When the level of DNA methylation in the promoter and transcribed regions of the nosp-nptII 

sequence are compared (figure 17), all lines, except the control in line P4 (which has low 

overall levels of methylation), show the highest level of methylation (both in symmetrical and 

asymmetrical cytosines) in the promoter.  

This concludes the section on silencing; however, as a side project, a subline of P10 that 

showed a mutant phenotype was examined for a possible connection to the T-DNA insertion.  

Figure 17: Comparison of DNA methylation levels in promoter and transcribed regions of the nosp-nptII
sequence. A separate chart is given for total cytosines and CpG, CpNpG and CpNpN residues,
respectively. Notice that the scale is different for each chart.  Represented values are percentages 5’-
methylcytosines (mC) of the total number of cytosines in each group in each region. Black bars: promoter 
region; grey bars: transcribed region. 
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Investigations of a Putative T-DNA Insertion Mutant 

While working with line P10, an abnormal phenotype was observed among the plants 

belonging to subline K7 (generations T4 and T5). The phenotype ranges from very small, 

deformed plants arrested in growth soon after germination, to plants of normal height, but 

with smaller rosettes and siliques (figure 19a-c, the most severe phenotypes not depicted).  

Moreover, the small siliques typically contained very few seeds (1-20) and a large proportion 

of these (typically ¼ to ½) proved to be unviable; these were of normal colour, but often had 

an abnormal (deflated) shape and a smaller size. Because of the phenotypical variation, many 

of the abnormal plants could only be identified after fertilisation. 

 

Because of the possibility that the T-DNA in this line could interrupt the function of an 

uncharacterised gene (At1g23980, see above), backcrossing experiments were performed to 

examine whether the mutant phenotype co-segregated with the T-DNA. 

Figure 18: Abnormal phenotypes in line P10 K7, compared to a wt plant. a-c: Representative examples of 
observed phenotypes in line P10 K7; d: C24 wt plant. a: Small, bushy plant with very small stamen. The 
few flowers observed were sterile. b: Larger plant, but as in a, with a bushy rosette and sterile flowers. c: 
Plant of normal height, but with notably smaller rosette leaves and thinner stamens compared to wt plants. 
The siliques were short and/or deformed and contained very few seeds, of which many were unviable. A
representative silique for c and d is highlighted. The most severe phenotypes are not depicted, but are 
characterised by small, bushy plants arrested in the rosette stage or earlier (i.e. with no stamen or flowers). A 
few, severely deformed plants arrested in growth soon after germination were observed on the MS-2 Km 
plates. All pictures were taken 1 month after transfer to soil.   

a b c d
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Backcrossing experiments  

Reciprocal crosses were done with two P10 K7 T5 plants exhibiting the mildest form of the 

phenotype (figure 19c) (named P10 K7 I and II in the following, only P10 K7 I was used as 

donor) and a C24 wild type (wt) plant. 2-5 siliques from each crossing developed successfully 

(although with notably fewer seeds than normal32), and the seeds from each silique were 

grown separately on selective medium (MS-2 Km).  

    
Crosses 

KmR KmS Abnormal 
phenotype 

F1 [P10 K7 I × C24 wt]  >10 0 0 of 10 

F1 [P10 K7 II × C24 wt] >14 0 0 of 14 

F1 [C24 wt × P10 K7 I] >33 0 0 of 33 

    

As seen in table 8, none of the seedlings in the F1 generation were KmS. This means that the 

two P10 K7 F0 plants were homozygous for the T-DNA, and that none of the C24 wt siliques 

were self-fertilised. 1-11 seedlings from each silique were transferred to soil (the lower 

numbers depending on the number of seeds), amounting to a total of 24 and 33 seedlings for 

the P10 K7 × C24 wt and C24 wt × P10 K7 crossings, respectively. All of the mature F1 

plants were normal, indicating that the abnormal phenotype is caused by a recessive mutation 

and that the P10 K7 F0 plants therefore were homozygous for this mutation. That there was no 

observed difference in the mature plants originating from the reciprocal crosses also excludes 

the possibility of parental effects.   

     

Crosses KmR KmS %  
KmS 

χ-square 
3:1 

F2 [P10 K7 I × C24 wt] 68 22 24,4 0,02 

F2 [C24 wt × P10 K7 I] 82 17 17,2 3,24 

     
 

Seeds from one F1 plant from each reciprocal crossing (involving P10 K7 I only) were grown 

for further studies. Of the resulting F2 plants, 24.4 % and 17.2 % of the plants from the P10 

K7 × C24 wt and C24 wt × P10 K7 crosses, respectively, were KmS (table 9). These numbers 

are within the range expected from self-fertilisation of hemizygous plants (χ2 values are < 

3.84), and as the P10 K7 F0 plants were shown to be T-DNA homozygous, this excludes the 

possibility that the P10 K7 I F0 siliques were self-fertilised.  
                                                 
32 The small number of seeds may have been caused by temperature regulation problems when the F0 plants were 
maturing, leading to shorter periods of higher temperature (up to 30 ºC), or by an imperfect pollination 
procedure, and therefore should not be used to make any inferences.  

Table 8: Segregation and 
phenotype  observations for reci-
procal crosses, generation F1. The 
total numbers of seedlings were 
larger (all were KmR), but only the 
ones listed were counted and 
transferred to soil 

Table 9: Segregation numbers for 
reciprocal crosses, generation F2. 
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Of the KmR seedlings, 27 from each reciprocal cross were transferred to soil. About half of 

these exhibited variants of the abnormal phenotype in the mature plant, but as weaker-looking 

seedlings preferentially were selected to ensure enough plants with the phenotype (due to the 

total or partial sterility in these plants), this should not be used to make any inferences. Six F2 

plants exhibiting the mildest form of the phenotype (figure 19c) and six normal-looking plants 

from each reciprocal cross were harvested separately and the seeds grown on selective 

medium (MS-2 Km).  

As the results of the F1 generation indicated a recessive mutation, only F2 plants homozygous 

for the T-DNA should exhibit an abnormal phenotype if the mutation was connected to the T-

DNA insertion, resulting in exclusively KmR F3 progeny. Conversely, F2 plants lacking the 

phenotype should be hemizygous (homozygous wt plants were selected against), resulting in 

KmR to KmS F3 progeny in a 3:1-pattern. 

The segregation numbers for the F3 generation, summarised in table 10a-d, do not confirm 

these predictions. First and foremost, indications are that most of the abnormal F2 plants (8 of 

12; 6 of 8 if the plants with an unsure phenotype (*) are excluded) were hemizygous for the 

T-DNA. Although there seems to be a certain amount of transgene silencing in this subline 

(see table 10b, plant 1), neither the previous generations nor the numbers for F3 offspring of 

other (apparently) homozygous plants indicated silencing approaching the 25 % level. 

Therefore, the possibility that the observed numbers actually represent silencing is remote. 

Furthermore, although carrying less weight because of any milder phenotypical effects that 

could have gone unnoticed, the results also indicate that at least one of the normal-looking F2 

plants (two if the plants with an unsure phenotype are included) were homozygous for the T-

DNA. Lastly, the total number of deduced hemizygous and homozygous plants is within the 

range expected if the plants were picked at random with respect to genotype from the KmR F2 

plants  (hemizygous:homozygous = 2:1, table 10; grey box); this is at odds with the 1:1 

pattern that would have been expected if the predictions above were correct. Based on these 

results, the initial hypothesis about a connection between the T-DNA insertion and the 

phenotype had to be abandoned.  

Apart from these conclusions, a surprising pattern was observed in the numbers of unviable 

seeds: With two exceptions (table 10a: 3 and 10d: 6), these numbers are much higher for the 

seeds coming from plants with an apparently normal phenotype, than for the seeds coming 

from plants with an abnormal phenotype. However, the lack of any reasonable genetic 

explanations for these patterns meant that further investigations were not merited.  
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DISCUSSION 

The major part of this thesis concerns possible molecular mechanisms involved in silencing of 

a T-DNA-harboured nptII gene. Of the results presented in the previous section, three parts 

will be given the most emphasis here: the segregation numbers, DNA methylation levels and 

patterns and the origins of the detected nos promoter transcripts. Each of these parts will be 

discussed separately, before a possible model involving RNA-guided silencing in line P4 and 

P10, based on a comparison of the individual results, will be given. First, however, the minor 

side-project presented at the end of the previous section will be discussed:  

Phenotype is not Linked to T-DNA in P10 subline K7 

T-DNA insertions frequently result in interruption of endogenous genes, which may lead to 

unintended biochemical and/or morphological effects (e.g. Alonso et al. 2003). When the 

purpose of the transformation is to add a trait, this would be characterised as a negative side-

effect. On the other hand, as mentioned in the introduction, such insertions are powerful tools 

in molecular genetics in determination of gene function. In these cases, a common approach is 

to go from observation of an abnormal phenotype to characterisation of the insertion site(s) 

(forward genetics). However, because phenotypical effects can arise independently of 

transgene insertions, a first, additional step is to determine if the phenotype is genetically 

linked to a transgene. This was also the intention with the backcrossing experiments with P10 

subline K7, displaying an abnormal phenotype. However, no linkage was found, which by 

inference excludes the possibility that the phenotype was caused by an interruption of the 

gene closest to the T-DNA, At1g23980.  

Alternative explanations for the observed phenotype are not easy to establish, in particular 

because of the complex inheritance pattern of partial sterility observed (table 10). However, 

the transgenic plants used in this study were made by means of root-transformation (Mandal 

et al. 1993; Meza et al. 2001), where plants are regenerated from undifferentiated callus 

cultures. Mutations during such regeneration are not uncommon, and can result in major 

phenotypical effects such as chlorophyll deficiencies, dwarfs and defective seeds. Moreover, 

these mutations are often recessive and inherited as single Mendelian factors (reviewed in 

Phillips et al. 1994). Both because of this and because none of the other siblings in line P10 
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have been investigated specifically for phenotypical effects, there is a possibility that a 

mutation arose in the primary P10 transformant that has later been segregated out or gone 

unnoticed in the siblings of P10 K7. In addition, a later, spontaneous mutation in this sibling 

only cannot be excluded.  

Variation and Stability of Silencing 

Large variations in the frequency of transgene silencing between different siblings of the same 

line have previously been reported in both multi-copy transgenic lines of petunia, Arabidopsis 

and tobacco (Schmulling and Rohrig 1995; Ulian et al. 1996; de Neve et al. 1999) and for 

single-copy lines, including those used in this thesis (Meyer et al. 1992; Day et al. 2000; 

Meza et al. 2001; 2002b). Since the only genetic variance expected between siblings 

descending from a single, self-fertilised plant is zygosity (which would be expected to yield 

Mendelian segregation patterns), the only explanation for such variation is epigenetic 

mechanisms.  

The new segregation numbers for lines P4 and P10 presented here (table 4 and 5, respectively, 

pp. 34-35) elaborate on the earlier reports for the single-copy lines. In addition to variation 

within a single generation, there is also evidence of substantial variation across generations 

for these lines, as the practice of harvesting seeds from Km-selected plants means that a 

majority of the type I silenced plants descend from KmR plants33 (type III silencing is mainly 

observed in P4 subline K8, where all plants, including type I, descend from type III KmS 

plants). Also, there are significant variations in the frequencies of nptII-silenced plants 

observed over generations in the P4 sublines K6 and K7 and P10 subline 4ºCI, respectively.  

Inheritance of predisposition 

These variations indicate that transgene silencing is triggered in a stochastic manner. 

However, comparison with the previously reported numbers for the lines used in this thesis 

indicates that at least part of the cause for the observed silencing is inherited across 

generations, as both phenotypes and, to a certain extent, silencing frequencies appear 

characteristic of each line or subline (Meza et al. 2001; 2002b; R. B. Aalen, pers. comm.):  

                                                 
33 T5 siblings of P10 subline 4ºCI were unselected, but as no silencing was indicated in this generation, these 
were most likely also KmR. 
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Silencing phenotypes and stability in P4 subline K8 and P10 subline 4ºCI  

Among the sublines of special importance for this thesis, this can be seen most clearly in P4 

subline K8,  where the silencing frequency is stable at 100 % over at least three generations 

(T3 - T5) and between at least two siblings, indicating inheritance through meiosis. Moreover, 

type III is always the dominant phenotype in this subline (table 4 and R. B. Aalen, pers. 

comm.). The patches of non-silenced tissue characteristic of this phenotype (figure 4b, p. 32) 

indicate that triggering of silencing happens at an early stage, but after germination. Once 

triggered in a cell, the suppressive effect is inherited to all subsequent mitotic descendants, 

while expression persists in the descendants of non-silenced cells. Such inheritance patterns 

are reminiscent of PEV in Drosophila and paramutation in maize, two classic examples of 

epigenetic mechanisms, which often lead to similar, patchy phenotypes (Lewin 2000). 

A certain stability is also observed in P10 subline 4ºCI, with silencing observed both in 

generation T3 and T6 (although with substantial sibling variation) and type I as the only 

phenotype (table 5). This phenotype is characterised by full penetrance of silencing in every 

tissue and (presumably) every cell (Meza et al. 2001), and the offset of silencing is therefore 

most likely determined already in the seeds or in the cells of the mature mother plant.  

Establishment of an inherited factor 

Unlike the ultimate triggering of silencing, the establishment of an inherited, predisposing 

factor might have happened at any time before generation T3 (the first generation subject to 

segregation analyses). However, the most likely place for such an event is the primary 

transformant, where all the genetic, structural and contextual characteristics are determined. 

Here, the inherited factor may have been established (1) by a particular event during 

transformation, or (2) through positioning in a particular genomic environment.  

In the first case, some authors have proposed that, irrespective of integration locus, newly 

introduced DNA is subject to an initial, transient and inefficient DNA methylation step, 

leading to a variety of methylation patterns that only through an independent maintenance 

methylation step (and subsequent inheritance through meiosis) may lead to silencing (Day et 

al. 2000). Although impossible to separate from other effects based on the data presented 

here, there are at least some indications that parts of the observed methylation patterns were 

established at an early stage, as will be discussed below. Alternatively, the formation of 

transcribed repeats or the inclusion of vector backbone sequences (Kumpatla et al. 1998; 

Matzke and Matzke 1998a) has been suggested to predispose a T-DNA harboured gene for 



Discussion 
 

 62

silencing. The latter possibility is excluded in line P4 and P10 by the flank cloning data 

(figure 6 and 7, pp. 38-39), but as will be suggested below, the inverted LB repeat in line P10 

may have some influence, even though it does not include the nosp-nptII sequence.   

In the second case, the environment could be characterised by heterochromatin that spreads at 

variable lengths into the newly inserted DNA (reminiscent of PEV in Drosophila) and/or as 

will be suggested below, by the presence of endogenous or cryptic promoter elements with 

possibilities for production of read-through transcripts. Such position effects are also the topic 

for the following sections.  

Position Effects: Genomic Context 

Stochastic triggering of silencing is often attributed to effects related to the position and 

genomic context of the transgene insertion site (reviewed in Matzke and Matzke 1998a). In 

this thesis, two of the characteristics investigated are indirectly related to chromatin 

configuration: the presence of repeated DNA motifs in flanking sequences and the 

transcriptional activity of the flanking, endogenous genes.  

No flanking repeats found with DNA blot analyses 

As mentioned in the introduction, one of the genomic attributes that have been associated with 

(trans)gene silencing is the presence of repeated sequences, as these often are characterised by 

a heterochromatic conformation. However, while bioinformatics analysis indicate T-DNA 

repeats in the close vicinity of the T-DNA in several of the investigated single-copy silencing 

lines (I. S. Mercy, pers. comm.), the results from the Southern hybridisations did not reveal 

any such repeats (table 6 and figure 5, pp. 36-37). This discrepancy might be explained by the 

fact that the number of bands is dependent on the position and length of potential repeats, the 

length of the probe and, to some extent, the position of the restriction sites. If, for instance, 

short repeats were present only in the sequence covered by a particular probe, no additional 

bands than those expected from the restriction analysis would be observed. The same result 

would be obtained if the repeats were positioned entirely outside the sequence covered by the 

probe. The latter problem is generic to this kind of analysis, because of practical limits to the 

length of the probe and because repeated sequences may influence expression over 

considerable distances: for instance, a repeated region 100 kilobases away from the affected 

gene was associated with paramutation in maize (Stam et al. 2002), and heterochromatic 
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regions (although not necessarily involving repeated sequences) as far away as 2 megabases 

has been associated with PEV in Drosophila, depending on the genetic background (reviewed 

in Weiler and Wakimoto 1995). Therefore, the possibility that repeats would not be detected 

by the particular combinations used here is not unlikely.  

Together with the possibility of a transcriptionally inactive chromatin configuration also in 

non-repeated genomic areas, this means that a heterochromatic environment might still 

contribute to the observed silencing. However, this hypothesis is less relevant for lines P4 and 

P10, as the T-DNAs in both lines are positioned in transcriptionally active areas:   

T-DNA in lines P4 and P10 are in transcriptionally active areas 

As confirmed by RT-PCR experiments and/or external records, the T-DNAs in line P4 and 

line P10 are positioned close to transcriptionally active genes (461 bp and 138 bp upstream of 

the ATG start codon, respectively), with the endogenous genes and the nosp-nptII constructs 

facing opposite directions (figure 6 and 7, pp. 38-39).  

At1g71720 in line P4 

The length of the transcribed sequence for the putative ribosomal gene At1g71720 close to the 

T-DNA in line P4 has not been determined. However, a 5’UTR approaching a length of 461 

bp does not seem common: for instance, of the sequences reported in a database containing 

333 dicotyledonous 5’UTR sequences (LEADER_SQ; Kochetov et al. 1999), less than 3% 

are longer than 400 bp34. Together with the close proximity most core promoter elements have 

to the transcription start, this means that at least the core promoter, but possibly also more 

distant elements such as CAAT- and GC-boxes, are likely to be located in the 461 bp region 

separating the endogenous CDS and the T-DNA (and consequently, at least one of the 

identified core elements discussed below are likely to be correct). Although still more distal 

elements upstream of the CDS such as enhancers or suppressors are likely to be interrupted by 

the T-DNA, the effect is uncertain, as such elements appear to have very relaxed position 

requirements (reviewed in Lewin 2000). Moreover, the external records show that this gene is 

transcribed both in 7 day old seedlings and in rosette leaves. Therefore, At1g71720 is likely to 

be transcribed, although possibly at a reduced level or with altered specificity, in the 

transgenic seedlings that were analysed in line P4.  

                                                 
34 http://wwwmgs.bionet.nsc.ru/mgs/papers/kochetov/dicot1/ 
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At1g23980 in line P10     

The results of RT-PCR analyses of the At1g23980 putative gene close to the T-DNA insertion 

in line P10 counter the prediction placing an exon on each side of the T-DNA insertion, but 

are compliant with the prediction reported in the MAtDB (figure 10a-c, p. 43). This is also 

supported by several newer, independent records of isolated mRNAs. However, the 3’UTR of 

the reported full-length mRNA (AK119101) is at least 81 bp shorter than the 3’UTR observed 

in the RT-PCR results presented here. Although production of alternate mRNAs was 

suggested (which to a certain extent is supported by the RT-PCR results), this could also 

mean that the reported mRNA actually is not full-length. This argument could also be raised 

in relation to the reported 5’UTR of only 14 bp; for instance, mapping of cDNA clones from 

rice reveals an average 5’UTR length of 260 bp (Kikuchi et al. 2003). However, the cDNA 

from which the reported mRNA entry has been deduced was isolated using a biotinylated 

CAP trapper method (Seki et al. 2002), with which 95% of total cDNA clones have been 

reported to be of full-length in test-experiments (Carninci et al. 1996). Moreover, short 

5’UTRs do not seem to be that uncommon: of the sequences reported in the LEADER_SQ 

database, more than 25% are ≤ 25 nt in length35. Further support for the reported transcription 

start is also gained from the identification of both a putative TATA-box and an Inr-element in 

the expected positions (figure 11 and 12, pp. 48-49). This means that at least the core 

promoter elements, as well as any additional elements located 124 bp upstream of 

transcription start, are uninterrupted in line P10. Together with the expression profile, only 

showing absence of transcription in roots, this suggests that some transcription of At1g23980 

may occur, although probably at a significantly reduced level, in the transgenic tissue (whole, 

full-grown plants or seedlings) used for analyses in line P10.  

For both line P4 and P10, therefore, the T-DNA is positioned in areas that at least normally 

are transcriptionally active, with a chance also of concurring activity with expression or 

silencing of the nptII gene. This is an important conclusion, as transcriptionally active areas 

generally are associated with euchromatin, i.e. the DNA is more loosely packed to allow for 

access of the RNA polymerase and the associated transcription factors (Alvarez et al. 2003). 

Consequently, the chance of silencing due to an inactive chromatin state in flanking genomic 

sequences is significantly decreased. In addition, as will be discussed below, both the location 

of the endogenous (core) promoters and the expected chromatin configuration could increase 

the chances of activity from any of the identified cryptic promoter elements.   
                                                 
35 http://wwwmgs.bionet.nsc.ru/mgs/papers/kochetov/dicot1/ 
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Promoter Transcripts Detected in Non-silenced Sublines 

Based on the hypothesised involvement of aberrant sense and antisense RNAs in silencing 

and the particular positions and configuration of the T-DNA in lines P4 and P10, RT-PCR 

was conducted on total RNA isolates with the aim of detecting such transcripts. Whereas no 

antisense RNAs were detected with the primers used, sense transcripts through the nos 

promoter were detected in both line P4 and P10 (figure 9, p. 41). These transcripts were, 

unexpectedly, much more abundant for the original control groups (K6 sublines of P4 and 

P10), consisting of Km-selected and therefore non-silenced plants, compared to the silenced 

plants in line P10 (progeny of T5 sibling 3 from subline 4ºCI).  

The following discussion is concentrated around the genomic context and the possible origins 

of these transcripts. A model for how they might be involved in silencing is presented in a 

later section, as it involves a joint discussion with the results revealing heavy DNA 

methylation in the same sequence area. A note should be made already here, though, that the 

presence of these transcripts in non-silenced plants means that they may not always be 

‘aberrant’, in the strict sense that they may not automatically be recognised as such by 

silencing mechanisms (see figure 19, p. 78). Therefore, the term ‘aberrant’ will be reserved 

for discussions of possible roles in silencing.  

nosp-transcripts may originate in cryptic promoter elements  

Cis-regulatory elements generally have short and degenerate sequences, which statistically 

makes them appear at random in any sequence longer than a few hundred base pairs 

(Rombauts et al. 2003). Given the resulting abundance of cryptic promoter elements (i.e. with 

no function), it is not surprising that several such elements were identified in the regions 

upstream of the detected nosp-transcripts. As a rule, such elements are not expected to be 

active, as the alternative would mean a major burden to the transcription machinery and could 

lead to interference with normal transcription (Pedersen et al. 1999). This is also supported by 

the observations that, although the Inr or TATA-box alone are sufficient for the accurate 

initiation of RNA polII transcription in vitro (Burke and Kadonaga 1996; Smale 1997), 

additional elements appear to be needed in the living cell (reviewed in Pedersen et al. 1999 

and Naar et al. 2001).  

However, several of the identified core elements are positioned relative to each other in such a 

way as to allow for synergistic effects. Although the composite elements including DPEs 
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should be regarded with some caution due to the possible species-specificity of these elements 

(see p. 46), this does not apply to the cryptic elements in line P4 (as none include DPEs), and 

in line P10, one composite element is still left if DPEs are ruled out. Also, the clustering of 

several core elements, especially of the Inrs in line P10 (see table 7 and figure 11, pp. 47-48), 

could represent multiple, weak binding sites that conceivably could increase the general 

affinity for the RNA polymerase complex. In addition, all except one of the composite cryptic 

elements in both lines have several putative upstream CAAT-boxes (figure 11, red vertical 

lines), which may reinforce isolated core elements. 

Perhaps the strongest argument is however the genomic context discussed above, that the 

identified cryptic elements are located in areas that at least normally are transcriptionally 

active. This is of most immediate relevance for line P4, where all of the cryptic elements are 

located in endogenous sequences (in contrast to line P10 where they are located in the T-

DNA). However, at least an absence of negative effects from neighbouring chromatin 

configurations would also be anticipated in line P10. Moreover, many of the identified core 

elements in line P10 are located in what has previously been defined as a promoter area (Pg5, 

figure 11, green arrow); although the TATA- and CAAT-elements identified by Gielen et al. 

(1984) are missing in this segment, such an area may generally be more permissive for 

interaction with transcription factors than non-promoter areas.  

Apart from the general chromatin environment, there could also be a more immediate effect 

from the promoters connected to the flanking, endogenous genes. Although these are directed 

away from the T-DNA in both lines P4 and P10, there may still be an influence exerted from 

distal regulatory elements, such as enhancers: these elements are bidirectional, work over 

considerable distances36 and exhibit a broad range of promoter interaction (reviewed in West 

et al. 2002), suggesting that they are capable of inappropriate transcription activation (Geyer 

and Clark 2002). Moreover, several cases are known in Drosophila were enhancers activate 

alternative promoters (e.g. Merli et al. 1996; Butler and Kadonaga 2001). Therefore, it is not 

unreasonable to suggest that any enhancer elements connected with the endogenous core 

promoters also may influence the cryptic promoter oriented in the opposite direction.  

                                                 
36 The maximum range is not known, but one example is known of a Drosophila enhancer located 80 kb from 
the promoter of the cut gene (Morcillo et al. 1996). 
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nosp-transcript in line P4 may be an antisense transcript of At1g71720 

As reviewed in the introduction, antisense transcripts of endogenous genes are far more 

common than previously anticipated, and may be present for as much as 30 % of all annotated 

genes in Arabidopsis (Yamada et al. 2003). As mentioned in the results section, such a 

transcript has also been reported for At1g71720. The transcript length is not specified, but 

generally, any antisense transcript was said to be expressed if the medium intensity of the 

oligos (in high-density oligonucleotide arrays) opposite the coding region was above the 

threshold level, set at approximately 1 RNA molecule/105 RNAs (Yamada et al. 2003)37. This 

means that the antisense transcript may cover the complete coding sequence, or just parts of it, 

depending on the expression level. In the context of this thesis, however, the important 

question is whether this transcript extends all the way to the T-DNA insertion. Judging from 

the mouse and human genome studies mentioned in the introduction, gene-specific antisense 

transcripts generally do not appear to be very long: in the mouse study, about 40% of overlaps 

in the exon region was less than 200 bp, with rapidly declining amounts of transcripts of 

longer lengths, and in the human study the average region of overlap was 372 bp (Kiyosawa 

et al. 2003; Yelin et al. 2003). Although this to a certain extent argues against elongation 

through the 461 bp separating the coding sequence and the T-DNA insertion, it is uncertain 

how representative these studies are for plants. Therefore, that the nosp-transcript in line P4 is 

an extension of an antisense transcript of At1g71720 remains a definite possibility.  

In contrast, the same WGA study did not detect any antisense transcripts for At1g23980. 

Although transcription levels below the threshold of detection in the WGA cannot be 

excluded, this decreases the chances that the nosp-transcript in this line originates at any point 

in or upstream of the coding sequence of At1g23980, which is in agreement with the lack of 

core promoter elements in the coding sequence included in the analysis. By default, this 

increases the chances that at least one of the identified cryptic promoter elements represents a 

real transcription initiation site.  

Overlap of transcripts possible in line P4 but not in line P10 

As concluded previously, at least the core elements belonging to the promoters of At1g71720 

and At1g23980 are likely to be located in the space between the T-DNAs of line P4 and P10, 

respectively, and the endogenous coding sequences. The location of the putative core 

                                                 
37 Supplementary material (http://www.sciencemag.org/cgi/content/full/302/5646/842/DC1) 
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promoters in these areas (figure 11 and 12, pp. 48-49) is most reliable in the case of 

At1g23980, as it is supported by a full-length cDNA. In contrast, for At1g71720, any of the 

identified composite elements may represent the actual promoter. 

Regardless, assuming that any of the identified elements in line P4 are correct and that the 

nosp-transcript in line P4 either originates in the cryptic composite promoter ‘TATA-Inr no. 

1’ (blue circle in figure 11) or as an antisense transcript of At1g71720, there is a chance for a 

region of complementarity in the sense and antisense transcripts. Such a double-stranded 

region in the nosp-transcript could conceivably serve to identify it as aberrant by an RNA-

based silencing mechanism (see below). Moreover, although no such overlap is indicated by 

the analyses in line P10, there are several more features of the nosp-transcripts that may 

trigger involvement in silencing. However, the discussion of these topics is intimately tied to 

the results from the DNA methylation analyses, which will be considered separately first:  

DNA Methylation in Silenced Lines 

As reviewed in the introduction, (trans)gene silencing is frequently associated with DNA 

methylation of promoter and/or coding regions. Not unexpectedly, therefore, the bisulphite 

sequencing results revealed a considerably higher level of methylation in silenced than in non-

silenced plants. However, characteristics that are evident both in comparisons to earlier 

investigations of nos promoter constructs and between the results obtained for both lines, 

suggest that a universal relationship between the level of methylation and the degree of 

silencing cannot be deduced:  

Comparison with earlier investigations: SacII site in nosp 

A majority of investigations of the relationship between DNA methylation and silencing have 

relied on the use of Southern blotting with methylation sensitive restriction enzymes (MSREs) 

(reviewed in Fagard and Vaucheret 2000). Consequently, many of the earlier investigations of 

methylation in nos promoter-constructs have relied on this method, using the MSRE SacII. 

Apart from two reports (see below), these investigations have revealed strong inverse 

relations between methylation of this site and expression of the connected gene: in tobacco 

plants, higher frequencies of silencing of a nosp-nptII construct were correlated with 

correspondingly higher degrees of methylation (Kilby et al. 1992), whereas in both tobacco 
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and Arabidopsis plants, total silencing of two nosp-driven transgenes (nos and nptII) was 

correlated with complete methylation (Matzke et al. 1989; Mette et al. 1999; 2000).  

When compared with the results obtained in this thesis (figure 14 and 16, pp. 52-53), the less 

than total methylation of the SacII site in the experimental groups of line P4, which showed 

100 % silencing, may appear inconsistent. However, a majority of the plants in these groups 

would have displayed the type III silencing phenotype if grown on Km-media (figure 4b and 

table 4, pp. 32 and 34), which means that, although every plant is affected, most of the plants 

have at least some tissue where the nptII gene is still active. As the bisulphite treated DNA 

was extracted from whole plants, some of the clones are therefore likely to represent non-

silenced tissue.  

For both of the lines, some relationship is also seen between the degree of methylation in the 

investigated sequence as a whole and in the SacII site in particular, as most of the individual 

clones where neither of the cytosines are methylated also are at the low end in terms of total 

amounts of methylation. However, notable exceptions are the most heavily methylated clones 

in each of the groups from P4 subline K8 (K8_1_10 and K8_2_07, figure 14).  

In line P10, while the association between methylation in the SacII site and silencing is 

obvious in P10 4ºCI (1), the non-silenced control group also show quite high frequencies of 

methylation in this site (for P10 4ºCI (2), see discussion below), which seems inconsistent 

with the investigations cited above. However, as noted by Fagard and Vaucheret (2000), one 

particular restriction site may not be representative for the sequence as a whole, and may give 

a false indication. This is illustrated in Meza et al. (2001; 2002b), where methylation of the 

SacII site was found in both silenced and non-silenced lines, or not at all. Consequently, a 

certain level of methylation in any particular site is not necessarily indicative of silencing. 

This is also evident when comparing total levels of methylation in the results obtained in this 

thesis alone:  

Methylation levels and Km-sensitivity 

When comparing the two lines, the overall levels of methylation are much higher in P10 4ºCI 

(1) than in the silenced sublines of line P4 (figure 15, p. 53). As discussed above, this can 

partly be explained by the different silencing phenotypes observed in these lines (type I in P10 

subline 4ºCI and type III in P4 subline K8), resulting in a share of clones that represent non-

silenced tissue in the latter. However, when comparing individual sequences, only 2 of 10 and 

1 of 10 clones from P4 K8_1 and K8_2, respectively, reach the levels seen in 10 of 12 clones 
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from P10 4ºCI (1) (figure 14). Moreover, although the total level of methylation is 

significantly lower in the P10 control compared to the experimental groups in line P4 (10.0 % 

compared to 22.7 % and 20.8 %), some of the individual clones are comparable (clones 

K6_09 to K6_13 compared to the majority of the clones from both P4 K8 siblings). Assuming 

that the heavily methylated clones represent silenced tissue, at least some KmS tissue should 

have been observed in the Km-selected P10 control plants, thus resembling a type III 

phenotype. However, the plants appeared completely KmR, and neither type II nor III 

silencing has been observed in any generation or sibling of this line. Moreover, inspection of 

the methylation patterns do not reveal any obvious, specific sites (such as the transcriptional 

regulatory regions identified in Mitra and An (1989), see figure 13 and 14, pp. 51-52) that are 

consistently methylated in the P4 K8 sublines while not being methylated in the P10 control. 

One explanation for these differences could be that the bisulphite conversion of unmethylated 

cytosines was not complete for the samples from line P10. However, control experiments in 

papers on which the bisulphite sequencing method used in this thesis have been based showed 

that the efficiency of unmethylated cytosine conversion approaches 100 % (Paulin et al. 1998; 

Pelissier et al. 1999; Pelissier and Wassenegger 2000). Although these experiments were 

performed on different sequences than that used in this thesis, other analyses using the same 

method and the same sequence did not indicate any intrinsic qualities of the particular 

sequence that could interfere with the efficiency of conversion (Aufsatz et al. 2002a; 2002b; 

Cao et al. 2003).  

Therefore, an alternative explanation seems more likely; that somehow, the significance of 

DNA methylation in the two lines is different. For instance, one may speculate that there are 

different thresholds of methylation in the two lines, perhaps connected to the particular 

silencing phenotypes observed; i.e. a certain level that is sufficient or indicative of the type III 

silencing observed in line P4 is not sufficient or indicative for the type I silencing observed in 

line P10. Such differences could be connected to the particular genomic environment of each 

T-DNA, which not necessarily is linked to transcriptional activity of the flanking regions: for 

instance, large differences in GC-content between transgenic constructs and flanking 

sequences, particularly by transgene insertion into GC-poor regions, has been proposed as a 

factor in silencing (reviewed in Kumpatla et al. 1998 and Matzke and Matzke 1998a) (this is 

currently being investigated by I. S. Mercy). Also, the presence of the extra, inverted T-DNA 

fragment in line P10 may somehow create a different environment than in line P4, for 

instance through some form of DNA-DNA interaction in the homologous regions. Any of 
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these features may influence the ultimate level of methylation required for silencing, most 

likely through the additional influence that is exerted at the chromatin level.  

Methylation in P10 4ºCI (2): late triggering of silencing? 

The absence or low level of methylation in 7 of 12 clones from P10 4ºCI (2) lead to the 

speculation that this plant would not have been silenced at the dicotyledonous stage if grown 

on MS-2 Km (see p. 51). This is because, with the assumption that the observed methylation 

is linked to silencing, these clones seem incompatible with the type I phenotype where 

presumably every cell in every tissue is silenced. However, the same assumption may be used 

in a converse argument: as all of the heavily methylated clones (5 of 12) from P10 4ºCI (2) 

have comparable methylation levels to that seen in the majority of clones from P10 4ºCI (1) 

(37.2 % and 40.7 %, respectively), and also significantly higher total levels of methylation 

than 12 of the 13 control clones (up to 24.4 %), these clones should represent silenced cells. 

This can also be proposed for the most heavily methylated clone from the P10 control 

(K6_13), as the level of methylation here is equal to that observed in a majority of the P10 

4ºCI (1) clones. The latter case might be explained by the low amount of silenced tissue that 

would be expected if the present selection of clones is representative for a plant from this 

subline as a whole (1/13 = 8 %), which may well have gone unnoticed in a phenotypical 

inspection. However, this could hardly have been the case for P10 4ºCI (2), as substantially 

more tissue would be expected to be silenced (5/12 = 42 %).  

One possible explanation is that in this plant, the absence or presence of methylation in the 

clones (7 vs. 5 clones, which is close to a 1:1 pattern) is actually representative of an inherited 

methylation pattern (or absence of such) that, reminiscent of imprinting, is different for the 

two T-DNA alleles and not of the different methylation status in cells per se. This would be 

possible if the haploid germline cells (both male and female) in the parent plant were a 

heterogeneous population containing either methylated or non-methylated T-DNAs, which 

therefore could lead to a situation in the homozygous offspring where only one of the T-

DNAs were methylated. Then, reminiscent of a recessive mutation of the nptII gene, even 

heavy methylation and silencing of one of the alleles would not lead to Km-sensitivity. 

However, this would require that there are no interactions between the two alleles. Due to the 

possible involvement of RdDM mechanisms (see below) this may not be very likely, as the 

guiding RNAs would be expected to target any homologous sequence. 
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Therefore, an optional explanation seems more likely: even though differential silencing of 

cells in P10 4ºCI (2) is not compatible with the type I phenotype evident at the dicotyledonous 

stage, it is quite possible that such a situation could arise in the full-grown plant, following or 

followed by establishment of the high levels of methylation during growth. Assuming that this 

state can be transferred to the next generation, this is consistent with the latter case in what 

was mentioned previously (p. 61), that type I silencing is likely to be established either in the 

seeds or in the cells of the mature mother plant. Therefore, the pattern seen in this plant may 

actually be representative for the KmR plants that have been harvested for seeds in this line: 

although not initially silenced, the harvested plant may have developed silencing in some of 

the cells, including some of the germline cells. Resembling the scenario above, but 

irrespective of transfer between alleles, this could result in the sibling variation seen in this 

line.  

 

Regardless of the above questions of the ultimate DNA methylation levels necessary or 

indicative of silencing, there is still a very obvious difference in the levels of the silenced and 

non-silenced plants/sublines. Therefore, the conclusion that the observed methylation is 

somehow connected to the observed silencing is still maintained.  

The nature of this connection is the theme for the next topics in this discussion, starting with 

the two functionally distinct areas that were included in the bisulphite sequence:  

Methylation of the nos promoter is indicative of TGS 

As reviewed in the introduction, methylation in promoter regions is associated with 

transcriptional gene silencing (TGS), and may block transcription initiation either directly, or 

indirectly through an associated, repressive chromatin structure. In this respect, especially 

methylation of cis-regulatory elements should be important. However, although high levels of 

methylation are observed in the regulatory elements identified by Mitra and An (1989) (see 

figure 13 and 14, pp. 51-52), especially in the two most downstream elements, significant 

amounts of methylation are also seen in the P10 control. Therefore, methylation of these sites 

does not necessarily signify silencing in this context. Another observation, however, seems to 

be more important: as illustrated in figure 17 (p. 54), the bisulphite sequencing results reveal a 

significant reduction in DNA methylation of the transcribed region as compared to the 

promoter region. This difference is the same for all of the groups tested, except for the P4 

control, which has little or no silencing. 
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Although direct evidence for the link between promoter methylation and TGS has been 

scarce, either because of a lack of determination of presence or absence of transcription, and 

/or because methylation status has been determined on the basis of a very limited number of 

MSRE sites (reviewed in Fagard and Vaucheret 2000), recent reports connected to RdDM 

provide more substantial evidence: in Aufsatz et al. (2002a; 2002b), a dsRNA transcribed 

from a nosp inverted repeat induced highly sequence-specific de novo methylation of an 

unlinked nos promoter and TGS of the connected nptII gene as determined both by bisulphite 

sequencing and nuclear run-on analyses. Another study, although using MSRE analysis, 

firmly established the loss of transcriptional activity after introduction of an RNA virus 

carrying promoter sequences in tobacco, and inheritance of this effect to subsequent 

generations in the absence of the virus was found to be dependent on the maintenance 

DMTase MET1 (Jones et al. 2001).  

Conversely, regarding PTGS, models of RdDM predict that de novo methylation should be 

restricted to the transcribed sequence, as the dsRNAs or siRNAs guiding this process are 

products of the transcribed RNA (see introduction). Consequently, although a PTGS 

mechanism targeting the nptII-transcripts in the plants investigated in this thesis could also 

target the homologous region of the nosp-transcripts, and subsequent spread of methylation 

either directly or through chromatin components is foreseeable (e.g. Jones et al. 1999; Vaistij 

et al. 2002; van Houdt et al. 2003), one would nevertheless expect methylation to be more 

concentrated in the area homologous to both transcripts, i.e. the transcribed region of nptII. As 

the opposite is the case in the results obtained in this thesis, with significantly heavier 

methylation in the promoter region, it seems unlikely that the nptII transcripts are subject to 

PTGS. A note should be made, though, that PTGS (or a similar mechanism) targeting the 

nosp-transcripts (independently of the nptII transcripts) is still possible, and as will be 

discussed below, this may actually form the basis for methylation and TGS of the nos 

promoter. 

In sum, both the generally high density of methylated residues in the promoter sequence 

alone, as well as the comparably much lower level of methylation in the transcribed sequence, 

indicate that initiation of transcription is blocked in the nos promoter in the silenced 

plants/tissues of line P4 and P10. However, again the relatively high levels of methylation in 

some of the P10 control clones indicate that the methylation levels required for this block is 

different for the two lines. 
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Methylation patterns and epigenetic inheritance 

When looking at figure 14 (p. 52) as a whole and excluding clones with a low level of 

methylation, methylation in several of the symmetrical cytosines (CpG and CpNpG) appears 

to be somewhat conserved within and across the different groups (especially positions 9-11, 

20, 32, 36-37 and 52), compared to methylation in asymmetric cytosines (CpNpN). This 

suggests that at least some of the observed methylation is the result of maintenance of a 

pattern established in an earlier generation, reminiscent of the above discussion of an 

inherited factor that predisposes a particular line or subline for silencing rather than 

necessarily being a trigger. More striking, however, are the highly uniform patterns of 

methylation in each of the two single plants (P10 4ºCI (1) and (2)), regardless if the residues 

are symmetrical or asymmetrical. One may speculate that this is a common situation in both 

line P4 and P10, i.e. that methylation patterns are conserved in any particular plant, but that 

they are somewhat different from those seen in other plants. In any case, this indicates that 

once a methylation pattern is established in any particular cell in the two P10 4ºCI plants, it is 

faithfully inherited to all mitotic descendants. Because this is not restricted to symmetrical 

residues, special processes must be involved: 

Asymmetric residues and de novo methylation 

As mentioned in the introduction, while maintenance of methylation in symmetric cytosines 

can be explained by a semiconservative model, maintenance of methylation in asymmetric 

sites is thought to depend on repeated de novo methylation in each replicative cycle (Cao et 

al. 2000; Aufsatz et al. 2002a; 2002b). In the clones from single plants, a high degree of 

conservation in each plant of CpNpN-methylation is nonetheless observed. As discussed in 

the introduction, maintenance of both symmetric and asymmetric methylation in Arabidopsis, 

at least in some cases, is dependent on the activity of the H3K9 HMTase KYP (mCpNpG and 
mCpNpN) (Jackson et al. 2002; Malagnac et al. 2002) and/or the putative HDAC HDA6 

(mCpG and mCpNpG) (Aufsatz et al. 2002b). However, to explain the ongoing de novo 

methylation observed in asymmetric cytosines, these chromatin modifiers must interact with 

other components, i.e. de novo DMTases. Moreover, according to recent models (e.g. Matzke 

et al. 2004), the most likely mechanism guiding these DMTases to the target sequences are 

RNA-based:  
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RNA-directed DNA Methylation of the nos Promoter? 

Models of RNA-guided silencing have received a great deal of attention over the last few 

years. Long or short double-stranded RNAs (dsRNAs and siRNAs) have been implicated in 

silencing both on the DNA, chromatin and RNA level, and have become the centre part of 

these models (figure 2, p. 14). However, except for transcription through inverted repeats or 

RNA virus/viroid replication, the characteristics of templates and processes of dsRNA 

formation are still subject to many uncertainties. Nevertheless, both the mitotic conservation 

and high levels of methylation in asymmetric cytosines observed in the results presented here, 

together with the presence of unusual transcripts covering the region that is methylated, are 

highly suggestive of an RNA-based silencing mechanism – or more specifically, RNA-

directed DNA methylation (RdDM). In the following, a comparison with previous 

investigations of nosp-targeted RdDM will be given, followed by a discussion of a possible 

silencing scenario involving derivates of the nosp-transcripts.  

Comparison with previous investigations of nosp-targeted RdDM 

As discussed in the introduction, DNA methylation patterns established as a consequence of 

RdDM is characterised by up to 100 % methylation of all cytosine residues, irrespective of 

symmetry, in the DNA region homologous to the inducing RNA. Of particular relevance for 

the results presented here are three papers where the sequence investigated is the same as in 

this thesis (Aufsatz et al. 2002a; 2002b; Cao et al. 2003). These papers used a trans-TGS 

system where a chimeric ‘gene’ consisting of a nos promoter inverted repeat driven by a 

CaMV 35S promoter (Mette et al. 1999) was introduced into Arabidopsis plants carrying an 

expressed nosp-nptII construct; in all cases, 100 % silencing of the nptII gene ensued, with a 

high associated level of de novo methylation restricted to the region of homology to the 

inducing locus, the nos promoter.  

As can be seen from table 11 (next page), methylation levels reported in Aufsatz et al. 

(2002a; 2002b) are generally higher than the numbers reported for the promoter region in this 

thesis, particularly in asymmetric cytosines, although P10 4ºCI (1) has higher levels in CpG 

residues. However, in Cao et al. (2003)38, the observed methylation levels were generally 

lower. Moreover, in addition to studying plants where the silencing and target loci had been 

present in the same line for three or more generations, as was also the case in the reports from  
                                                 
38 Supplementary material (http://www.current-biology.com/cgi/content/full/13/24/2212/DC1, control group).  
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 Total mC mCpG mCpNpG mCpNpN 
Aufsatz et al. (2002a) 42% 62% 35% 40% 
Aufsatz et al. (2002b) 53% 64% 47% 49% 
Cao et al. (2003)        
   Generation F1 22% 23% 24% 21% 
   Generation F2 27% 55% 28% 13% 
   Generation F3 29% 62% 24% 15% 

P4 K8_1 29% 49% 35% 15% 
P4 K8_2 28% 66% 30% 9% 
P10 4ºCI (1) 47% 81% 54% 26% 
P10 4ºCI (2) 19% 37% 29% 7% 
P10 K6 (ctrl.) 12% 27% 10% 5% 
     

 

Aufsatz et al., Cao et al. specifically studied the initial effect in the first generations after 

introduction of the silencing locus by crossing. These results showed that, in the first 

generation, methylation levels were comparable in all residue contexts (generation F1, table 

11), whereas the F2 and F3 generations showed markedly higher levels in symmetric CpG 

residues as compared to CpNpG and asymmetric residues. This may indicate that the initial 

step of RdDM involves comparable amounts of de novo methylation in both symmetric and 

asymmetric residues, but not necessarily at very high total levels. Then, by longer-term 

processes, the methylation levels in CpG residues in particular may be reinforced specifically, 

for instance by interactions with the HDAC HDA6 and other chromatin components (Matzke 

et al. 2004). 

This model of RdDM is compatible with the methylation patterns in the silenced plants of line 

P4 in particular, as the generation studied here is the second studied (with one generation in 

between) that has displayed 100 % silencing. However, as was proposed above, also in line 

P10 it is conceivable that some of the observed methylation has been established in previous 

generations, indicated by a certain degree of conservation in symmetric cytosine methylation 

across the groups. Also when comparing particular patterns of methylation, there are 

similarities between the earlier reports and the results obtained in this thesis. In the papers 

from Aufsatz et al.39, detailed methylation patterns reveals several similarly methylated/non-

                                                 
39 The paper from Cao et al. does not provide specific methylation patterns. 

Table 11: Comparison of methylation levels (percentages of total cytosines in each category) in the nosp-
nptII sequence investigated by bisulphite sequencing. Values from the external reports on RdDM are given 
for the region of the nosp-nptII covered by the methylation-inducing dsRNA. For Cao et al. (2003), values 
are given for the first to the third generation after introduction of the silencer locus by crossing. For the lines 
investigated in this thesis, values are given for the cytosines located in the promoter region only. The P4 
control was not included because of the low overall level of methylation.  
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methylated areas in the nosp-nptII sequence. In particular, the areas of asymmetric cytosines 

at positions (counting only cytosines, figure 14, p. 52) 3-5 and 22-23 have very low levels or 

no methylation, as is the case for the results presented here.  

An apparent inconsistency in the results is that the level of methylation in CpNpG residues 

observed in this thesis is intermediate between the levels seen in CpG and CpNpN residues, 

instead of comparable to the level of asymmetric methylation in the other studies. However, 

this might be explained by differences between the inducing systems, as the nosp-transcripts 

or the methylation-inducing derivates thereof may not be present in as high or stable amounts 

as those transcribed from 35S-promoters (see also below). Particularly an unstable supply 

would not affect symmetric residues (either CpG or CpNpG) to the same degree as 

asymmetric residues, as the former can be maintained independently of de novo methylation.  

In sum, therefore, the methylation levels and patterns presented in this thesis seem compatible 

with those previously observed in cases of nosp-targeted RdDM, although some differences 

that could be connected to the particular RdDM systems are apparent. With this in mind, a 

possible model of silencing involving DNA methylation directed by derivates of the detected 

nosp-transcripts will be discussed in the following (summarised in figure 19, next page):  

Aberrancy of nosp-transcripts and RdDM  

Production of aberrant transcripts has been evoked in many models of silencing (see 

introduction and figure 2, p. 14). Although originally tied to PTGS-phenomena, two main 

characteristics of RNA-based silencing mechanisms suggest that aberrant transcripts also can 

be involved in RdDM: Firstly, PTGS is often associated with DNA methylation in the coding 

sequence, i.e. the region that is homologous to the transcript, and RdDM is generally assumed 

to be the underlying mechanism for this effect (e.g. Kovarik et al. 2000; Morel et al. 2000; 

Wassenegger 2000). Secondly, silencing caused by aberrant transcripts is thought to involve 

recognition by an RNA-dependent RNA polymerase (RdRP), which synthesises dsRNA (see 

introduction). This RNA-species is central to PTGS mechanisms, and can induce DNA 

methylation and TGS if containing promoter sequences (e.g. the above mentioned studies).  

A promoter transcript is in itself unusual, and can therefore be considered aberrant. However, 

as noted above, here I have followed the more strict definition, where aberrancy only is 

inferred when the transcripts are involved in silencing. Exactly what lies in such a definition 

is not clear. Nevertheless, it is evident that a sense transcript of a promoter sequence is not in 

itself sufficient, as the nosp-transcripts were detected in non-silenced sublines.  
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In addition, the nosp-transcripts may actually extend through the nptII coding region and 

‘pass’ as normal nptII transcripts (figure 19, transcript II), i.e. avoid detection by an RdRP 

sensor. Similarly, in contrast to the highly efficient induction of silencing and DNA 

methylation by 35S-nosp IR constructs in Mette et al. (1999) and the above mentioned 

studies, 35S-driven sense or antisense nosp single copies did not induce trans-TGS (Mette et 

al. 2000).  However, whereas the constructs in these studies constituted isolated loci, the 

Figure 19: Possible RNA species and RdDM in line P4 and P10. Top of figure corresponds to figure 8 (p. 
40) (only the primary RT-PCR primers for the sense transcripts are shown) with the addition of the cryptic 
sense/endogenous antisense promoter, represented by a hatched arrow. Transcript I is the normal nptII-
transcript; transcript II, but possibly also III and IV may be detected by the RT-PCR primers. II is a 
transcript originating upstream of the nos promoter, giving a full-length nptII-transcript with a longer 
5’UTR than normal, but possibly polyadenylated and functional; III is a truncated and/or otherwise 
aberrant version of II; IV (in line P4 only) can be either full-length or truncated in the 3’-end, but is 
hybridised in the 5’-end with the mRNA of At1g71720. Uncertain points of origin and termination are 
indicated with stippled segments. Both transcript III and IV may be recognised as aberrant by an unprimed 
RdRP, which synthesises dsRNA. Transcript IV may enter a separate pathway that involves initial 
targeting of the hybridised region, but that extends into the nosp-region by transitive silencing mechanisms.
dsRNA synthesis is concentrated to the region in and possibly upstream of the nos promoter region, but 
may also extend into the nptII coding region, probably depending on the length of the aberrant RNA. 
Either long dsRNA or siRNAs (dsRNA cleaved by Dicer-like enzymes) may be involved in the next steps 
(see figure 2, p. 14), causing DNA methylation in the nos promoter region. This is likely to result in TGS 
of transcript I, either directly, or through subsequent reinforcement by interaction with chromatin 
components and higher levels of methylation in symmetrical cytosines. The RdDM process is likely to be 
ongoing also after shut-down of the nos promoter.  
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nosp-transcripts detected here are transcribed from the region that is methylated: such a cis-

interaction could create a more ‘favourable’ situation where the nature or required levels of 

inducing RNAs might be different. Moreover, the initial transcription of both the nosp- and 

the normal nptII transcripts might result in some kind of interference in the overlapping 

regions. For instance, the movement of the RNA polymerase from the upstream initiation site 

could be disturbed when encountering the site downstream (which could be occupied by a 

second transcription complex), possibly leading to transcriptional termination. As was 

mentioned in the introduction, prematurely terminated and/or non-polyadenylated transcripts 

have been implicated in cosuppression (Metzlaff et al. 2000; Buhr et al. 2002), and have been 

proposed as one of the general features of aberrant transcripts (Fagard and Vaucheret 2000; 

Zamore 2002). Termination of the nosp-transcripts around the transcription initiation site of 

nptII is also consistent with the results presented here, as the truncated transcripts would be 

expected to lead to a higher incidence of methylation in the promoter region. This is exactly 

what is seen here, particularly with respect to CpNpG and CpNpN residues (figure 17, p. 54). 

These truncated transcripts would also not be detectable with the RT-PCR primers, as the 3’-

end primer is located in the transcribed region (figure 8, p. 40). This could explain the absence 

or very low level of transcripts detected in the plants of P10 subline 4ºCI. However, it is likely 

that the aberrant transcripts anyhow are processed and/or degraded in the RdDM process 

(perhaps similar to the degradation observed in PTGS-mechanisms), and judging from the 

presence of asymmetric methylation in the transcribed region, although at a lower level, some 

methylation-inducing RNAs may also extend into the transcribed region of nptII.   

This also brings up the question if aberrant transcripts actually are detectable in silenced 

plants. As mentioned in the results section there was a significant chance that one of the five 

P10 4ºCI plants picked for analysis was not silenced (59.9 %, see p. 40), as the plants were 

not Km-selected. Therefore, the positive identification of this transcript in one of the plants 

(confirmed with cloning and sequencing, see p. 41) cannot automatically lead to the 

conclusion that the nosp transcript is present, at least at detectable levels, in silenced plants.  

In line P4, an additional, putatively aberrant characteristic is the possible region of hybridised 

RNA in the 5’-end of the nosp-transcript (transcript IV, figure 19). Such a region of dsRNA 

may be recognised by Dicer-like enzymes, triggering a transitive mechanism in the 3’-

direction by the action of an unprimed RdRP (Jones et al. 1999; Vaistij et al. 2002; Tang et al. 

2003; see introduction). Alternatively, a double-stranded region could conceivably serve as a 

‘tag’ that leads to direct recognition by an unprimed RdRP.  
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Stochastic triggering and inheritance 

In any event, the incidence of aberrancy is likely to be of a stochastic nature, judging from the 

presence of nosp-transcripts in the non-silenced sublines and the unstable silencing observed 

over generations and between siblings in both line P4 and P10. However, the production of 

aberrant RNAs may be self-reinforcing. For instance, an initial, low level of methylation 

caused by a low level of aberrant transcripts, possibly reminiscent of the situation in the P10 

control for line P10, could be reinforced by an additional, stochastic event involving 

chromatin factors, leading to increased or stabilised production of aberrant RNAs, and 

subsequently, increased RdDM. Such a role has been proposed for DNA methylation of 

coding sequences in PTGS (see introduction), and may also apply here, as the nosp-transcripts 

are likely to be transcribed independently of activity from the nos promoter. Such 

mechanisms are also necessary to explain the inheritance of RdDM and asymmetric 

methylation through mitosis, or through meiosis in the case of P4 subline K8.  

In the latter case, one might speculate that the unstable silencing of different tissues (type III 

silencing, see figure 4, p. 32) are caused by an unstable supply of nosp-transcripts, for 

instance, if these are extensions of the antisense transcript of At1g71720. As this transcript 

appears to be somewhat tissue specific (detected in whole seedlings but not in roots or 

flowers), an extended transcript into the nosp-region is likely to be regulated in the same way. 

This could result in loss of ongoing RdDM and methylation in asymmetrical cytosines in 

some tissues, possibly releasing TGS of the nptII transcripts if the base level of methylation is 

insufficient. Alternatively, the proposed transitive process described above could be 

somewhat irregular, reminiscent of PEV in Drosophila, resulting in transition into the nos 

promoter region in some cases, but not in others.  

Summary: nosp-targeted RdDM and silencing in line P4 and P10 

In sum, the above discussions suggest the following model of RdDM and cause of Km-

sensitivity in silenced lines (see figure 19): In both silenced and non-silenced plants/tissue, 

transcripts covering the nos promoter are present, possibly extending through the nptII coding 

region and functioning as normal mRNAs. These may arise either in cryptic promoter 

elements (the most likely situation in line P10) or as an antisense transcript of the 

neighbouring, endogenous gene (more probable in line P4). However, in silenced plants, the 

transcripts are probably truncated and otherwise aberrant, causing recognition by an RdRP, 

synthesis of dsRNA and possibly post-transcriptional degradation. In the next step, either the 
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dsRNA or derived siRNAs could direct DNA methylation of homologous regions (see figure 

2, p. 14). In line P4 there is an additional possibility of a region of hybridised RNA upstream 

of the nos promoter that could trigger a transitive mechanism. For both lines, initial 

methylation established by RdDM mechanisms may be unstable, but can be reinforced by 

interaction with chromatin components. This may result in higher levels of methylation in 

symmetric CpG residues in particular and mitotic and/or meiotic inheritance of the 

characteristics leading to aberrancy and RdDM. Shut-down of the nos promoter resulting in 

Km-resistance may happen at any time during this process, but probably later in line P10 than 

in line P4, as there are indications of different threshold methylation levels required for 

silencing. These thresholds may be dependent on other, non-determined features in the 

surrounding genomic context. Judging from the high levels of asymmetrical methylation, 

RdDM is likely to be ongoing also after shut-down, and may be required for efficient 

silencing. 

Implications and Future Perspectives 

As reviewed in the introduction, read-through transcription from neighbouring sequences has 

been proposed as a possible factor in silencing, in particular when the read-through species is 

antisense to the silenced gene. Interference from sense read-through species has also been 

hypothesised, but then as a cause of aberrancy and PTGS of the normal transcript (Fagard and 

Vaucheret 2000). In contrast, the results in this thesis represent an intriguing possibility that 

read-through sense transcripts, through the mechanism of RdDM, can interfere with 

expression by causing TGS.  

Also, as mentioned above, although the presence of aberrant sense transcripts have been 

invoked in several models of transgene silencing, to date no such transcripts have been 

detected unless they are deliberately produced. This may partly be because they have only 

been sought after in silenced plants, where they may only be present in low or undetectable 

amounts due to rapid processing. In contrast, although the transcripts detected in the work of 

this thesis are not necessarily aberrant in the strictest sense, it is not unconceivable that they 

may become so through additional and perhaps reciprocal events on the DNA or chromatin 

level.   

A TGS-mechanism based on sense transcription through the promoter is not likely to have a 

significant role in developmental regulation – for that, this mechanism seems far too unstable. 
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However, the detection of such transcripts in two independently transformed single-copy lines 

means that such effects might not be that uncommon. In a wider perspective, this could mean 

that when evaluating position effects, as indicated by variegated silencing, also sense read-

through transcripts should be included. Judging from recent reports showing that the 

transcriptome in higher eukaryotes is significantly larger than previously anticipated, there 

could be ample opportunities for such effects, even in cases where there are no endogenous 

protein-coding genes located near-by or in the right orientation. For instance, as reviewed in 

the introduction the number of endogenous genes showing antisense transcription in humans, 

mice and Arabidopsis are much larger than expected. In addition, other transcripts originating 

in cryptic promoter elements or that otherwise have unknown functions may be more common 

than expected, both judging from the WGA study in Arabidopsis (Yamada et al. 2003) and 

the emerging picture of a broad range of functions of non-coding RNAs, often originating in 

areas previously thought to be transcriptionally inactive (e.g. Llave et al. 2002). 

Finally, the uniform methylation patterns evident in single plants represent a novel 

observation, probably because the standard procedure is to isolate DNA from multiple plants 

(e.g. all of the referenced RdDM/bisulphite sequencing studies in this section), and/or because 

bisulphite-mediated genomic sequencing has not been extensively employed. This might 

indicate a previously unanticipated level of conservation in RdDM and asymmetric 

methylation, at least through mitosis. The basis for such individual specificity is not easy to 

establish, but might become clearer with increased understanding of the biochemical 

pathways of RdDM.  

In the event of further pursuit, the involvement of the nosp-transcripts in RdDM should be 

more decisively established. A natural fist step would be analyses aimed at detection of 

siRNAs with homology to the methylated region. Although there still is uncertainty about 

what role these RNAs play in RdDM, detection would nonetheless indicate targeting and 

processing of the nosp-transcripts by components of the silencing machinery. Also, siRNAs 

with homology to the nos promoter would be expected to be present only in the silenced 

plants (in line P4), or at higher levels than in the non-silenced plants (in line P10). However, 

short RNAs may be present below the detection limit in this particular situation: for instance, 

(Melquist and Bender 2003), studying an endogenous locus (PAI) that was trans-silenced and 

methylated as a consequence of low-level transcription from an unlinked IR locus, were able 

to detect IR read-through RNA species, but not small RNAs. Therefore, an alternative 

experiment could be to investigate the presence of dsRNA, for instance by treatment of RNA 
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preparations with the ssRNA-specific RNase One and Northern blotting (e.g. Mette et al. 

2000; Aufsatz et al. 2002a). 

Secondly, the length and characteristics of the nosp-transcripts in silenced and non-silenced 

plants should be determined, in order to establish the site of origin and possible aberrant 

characteristics. The first step in such analyses could simply be to repeat the RT-PCR 

experiments with oligo-d(T) primers instead of specific primers, which would determine the 

presence of a poly(A)-tail. Either total RNA isolates or mRNA isolates could then be used for 

determination of the transcriptional start site, using a primer-walking technique in the 5’-

direction or 5’RACE with a specific primer (Sambrook and Russell 2001). These analyses are 

important to establish activity from the cryptic promoter sites (in line P10 in particular), 

and/or the possible involvement of the antisense transcript of At1g71720 in line P4. Also, in 

line P4 the possible involvement of a hybridised region upstream of the nos promoter would 

be clarified with this experiment, in particular if combined with a closer determination of the 

length of the 5’UTR of At1g71720. Furthermore, if the possibility for a hybridised region is 

confirmed, a natural next step would be to investigate this region for presence of siRNA or 

dsRNA species.  

Alternatively, or in addition to these experiments, analyses with mutants or RNAi knock-outs 

of components known to be involved in RNA processing and silencing could be performed, in 

the first round with P4 subline K8, as this line appears to show stable silencing over 

generations. In particular, mutations in the putative RdRP RDR2 or the Dicer orthologue  

DCL3 would be interesting, as these genes have been directly implicated in RNA-guided 

DNA and chromatin modifications (Chan et al. 2004; Xie et al. 2004).  

Variegated transgene silencing is still a phenomenon open to many questions. Hopefully, the 

results presented in this thesis may contribute to some of the answers, particularly through 

providing a possible example of cis-interactions leading to silencing on the transcriptional 

level. These observations should also contribute to a higher awareness of the transcriptional 

context of a transgene, also in upstream regions, as a possible factor in position effects.  
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 asRNA - antisense RNA 
 CDS - coding sequence 
 DMTase - DNA methyltransferase 
 DPE - downstream promoter element 
 dsRNA - double-stranded RNA 
 GUS - β-glucoronidase  
 gusA - β-glucoronidase A gene 
 HDAC - histone deacetylase 
 HMTase - histone methyltransferase 
 H3K9 - lysine residue 9 of histone H3 
 Inr - initiator element 
 IR - inverted repeat 
 Km  - kanamycin 
 KmR - Km-resistant 
 KmS - Km-sensitive 
 LB - T-DNA left border  
 mRNA - messenger RNA 
 MSRE - methylation-sensitive restriction enzyme 
 nosp - nopaline synthetase promoter 
 nptII - neomycin phosphotransferase gene 
 PCR - polymerase chain reaction 
 PTGS - post-transcriptional gene silencing 
 RB - T-DNA right border 
 RdDM - RNA-directed DNA methylation 
 RdRP - RNA-dependent RNA polymerase 
 RISC - RNA-induced silencing complex 
 RNAi - RNA-interference 
 RT-PCR - reverse transcriptase-PCR 
 siRNA - short interfering RNA 
 ssRNA - single-stranded RNA 
 TGS - transcriptional gene silencing 
 UTR - untranslated region 
 wt - wild type 
    

 
 

 

 

 

 

Table A1: Frequently used abbreviations 
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Experiment Primer name Sequence Tm* 

5’GS 5’-YATGAGYGGAGAATTAAGGGAGT-3’; Y=C/T - Bisulphite sequencing 
3’GS 5’-CCRAATARCCTCTCCACCCAA-3’; R=G/A - 

76LB-L 5’-GTTATCTTTAGAGCGATGATTACGTC-3’ 71ºC 
76LB-R 5’-TGGTTTTTGCGGTTTTGATTGTATC-3’ 69ºC 
76RB-L 5’-ATGAAAACCACAAACTTCGAGTCC-3’ 70ºC 

Detection of repeated 
sequences, 
line P4 

76RB-R 5’-TGATCTGCCACATAACAATTCACTC-3’ 71ºC 

HU 5’-AAAGGGGGATGTGCTGCAAGGCG-3’ 74ºC Detection of repeated  
sequences, probe HR-B Biotin-5’-GCTTCCGGCTCGTATGTTGTGTG-3’ 68ºC 

146LP 390 5’-AAGCGTGACTACAATTCGGAAGC-3’ 64ºC 
146RP 1787 5’-GAGCAAGGTGAGATGACAGGAG-3’ 61ºC 

Flank cloning right 
border line P10 

146RP 1718 5’-CAGTGACAACGTCGAGCACAGC-3’ 67ºC 

M13 forward 5’- CCCAGTCACGACGTTGTAAAACG-3’ 52ºC General sequencing 
M13 reverse 5’- AGCGGATAACAATTTCACACAGG-3’ 43ºC 

146-1L 5’-GAGTCACGATCCTACAGAAAGG-3’ 58ºC 
146-3R 5’-AATCAAAAGGCTCTTTCGTACC-3’ 59ºC Genotyping line P10 

5074+ 5’-AACGCTGCGGACATCTAC-3’ 57ºC 

146-1L See above  
146-1R 5’-AAGAAGAAGAACCACCAACCAC-3’ 60ºC 
146-2L 5’-AAAACCCAGAATTTTCCGACTCC-3’ 64ºC 
146-3R See above  
146-4L 5’-TCATGGACCCTGAAATCTCCTTC-3’ 64ºC 
146-4R 5’-ATGTCTGAGAGGAGGATTCATTATTCC-3’ 63ºC 
146-5L 5’-TTGTGACTGATTTATGAACAAAGTTCG-3’ 63ºC 

RT-PCR; At1g23980  

146-5R 5’-CAATATAGCTCTCTCTGGTCGTTCC-3’   62ºC 

act2int3_sense 5’-TCAGGAAGGATCTCTATGGAAAC-3’ 43ºC 
act2int3_antisense 5’-TTCCTGTGAACAATCGATGG-3’ 45ºC 
RT-PCR ab5' 5’-TGAGCGGAGAATTAAGGGAGTC-3’ 62ºC 
RT-PCR ab3'_2 5’-TGTTGTGCCCAGTCATAGCC-3’ 62ºC 
RT-PCR ab3'_2_2 5’-AACCTGCGTGCAATCCATC-3’ 62ºC 
RT-PCR as5' 5’-TCATAGGCGTCTCGCATATCTC-3’ 62ºC 
RT-PCR as3'_1 5’-CTGCTTGCCGAATATCATGG-3’ 62ºC 

RT-PCR; detection of  
nosp-/antisense  
RNA 

RT-PCR as3'_2 5’-CGCTTCCTCGTGCTTTACG-3’ 62ºC 

HU See above  Screening of  
transformants HR 5’-GCTTCCGGCTCGTATGTTGTGTG-3’ 68ºC 

    

 

Table A2: Primers used in this thesis. *As predicted by Primer3. 
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>div146 2F Cimarron 1.53 Phat 
AGCTACTACTCGAGCAATACAGAGACACACTGCACAATCACAGGCTCTTT 
CGTACCTTTGATCTCTTTGTAAAGAAACACAGGAAGAGCATCGATTAAAG 
CTTGATCTAGACCTGAATCATGGAGATGAAAGAGCTGTTGAAGCTGTCTT 
TGGTAAGTATCGGAGTCGGAAAATTCTGGGTTTGATTAGATTCGTTTGGT 
GACGACGAAAGGTTTGATCTTTTCTTCTTTAAGTAGTATCTGACCAACAA 
ATGTAGAATGCTACAGATGAAGAAGATTACGGATAAGAGAACGATGATGA 
AGAGAATGATGGGGCTTATTCGATTATTACCACCGGAGGAAGAAGAAGAA 
GAAGAGTCGGTTAATTGATGATTCAGGGTGATTGGAGAAGGAGCAGAAGG 
AGGCGAGATTTGATTCAAGTTGTCGTTTTTGAGCTGGGAATAATGAATCC 
TCCTCTCAGACATTTTTTGGTTTGGATGAAGAAGAAGAACAGAGACACCA 
TTTAACTTGACAACACTCTCTAATTCTTAATCATAAACCCTCAAAAAGAA 
ATGTAAATTCTAATCTCTGACTTGGTAGTAAAAATAAAATGTAGCGAATG 
AGTATGATGGTCAATATGGAGAAAAAGAAAGAGTAATTACCAATTTTTTT 
TCAATTCAAAAATGTAGATGTCCGCAGCGTTATTATAAAATGAAAGTACA 
TTTGATAAAACGACAAATTACGATCCGTCGTATTTATAGGCGAAAGCAAT 
AAACAAATTATTCTAATTCGGAAATCTTATTTCGACGTGTCCTACATTCC 
ACGTCCCAAAGGGGGGCTTNGATGAGAACCTTCAGAANCGAATGCCTTGT 
ATTTTCGCCATTTCCCCNGATACCCATTTCATCTTCCNNGGAATGGGCGG 
AGAATTATGNGGAAGATTTTTCACTCCATTTACCTTAATATACTGGGACG 
GTTGGACAGCTCACCAATCGAGGGNTAGGCCATAACCNTTACCNTNAATT 
CACTCTCCAATGGCTGGGAGGTCTGGTCACTCCGGGTACAATAGNCGGGC 
CACTATAAGCATAGTGGCCACATTTTCAAGGTCCCGCTAAANTACACACN 
TCTGTCGGGGGGGGAACACGNATGGGGGAAACAAATCTGATCCNGAGGGG 
AAATAGGGGTCCGTTTATGACCCCGCANTAANCGGGAAAGCGGTATGTGG 
GAAGACAA 
 
Position  19–597 = BACt23e23 60022-60605 
Position 598-886 = LB 60-342  
                     
>div121 3-7F Cimarron 1.53 Phat, reverse complement 
GTTCTAATCCTAATTACCATATTCTAATTCGGAAATCCTTATTTCACTGT 
GTCTACATTCACGTCCAAATTGGGTGTCTTAAGTATTGAGAACCCTTTCA 
CCGATCGATTCCCTTGAATTTTCCCCATTTCCCAGATACCCCAATTTCAT 
CTTCAGATTGTTCTGAGATTATGCGATATATACACTCATATTACCATAAA 
TACTGACAGTTTGAGCTTACCCAATTCAGTGTAGCCCATTACCTTACAGT 
AATTCACTCAAATGCTAGGCCAGTCTGTCAACTCGGCGTCAATTTGTCGG 
CCACTATACGATAGTTGCGCAAATTTTCAAAGTCCCTGGCCTAACATCAC 
ACCTCTGTCGCGCGGAAACCGAAGGCGGGAAACGACAATCTGATCATGAC 
GGAGAATTAAGGGAGTCACGTTATGACCCCCCGCCGATGACGCGGGACAA 
GCCGTTTTACGTTTGGAACTGACAAGAACCGCAACGTTGAAGGAGCCACT 
GAGCCAGCGGGTTTCTGGAGTTTAATGAGCTAAGCACATACGTCAGAAAC 
CAATTATTGCGCGTTCAAAAAGTCGCCTAAGGTCACTATCAGCTAGCAAA 
ATATTTCTTGTCAAAAAATGCTCCCACTGACGTTCCATAAATTCCCCTCG 
GTATCCCAAATTAGAGTCTCATATTCACTCTCAAATCCAAGATCCGGCAC 
CATGACCATGTGGATTGAACATAGATGGATTGCACGCAGGTTCTCCGGCC 
GCTTGGGTGGGAGAGGCTATTCAGGCTATGACTGGGGCACAAACAGACAA 
ATCGGCTGCTCTGATGCCNCCAGTGTTCCGGCTGTCAGCAGCAGGGGCAG 
CCCAGGTTCTTTTTGTCAAGACCAGGCCATGTCACAGGTGCCACATGAAT 
GAACTGCAGGACGAGGCAGCAGCGGCTATCGTGGCTGGCCACGACGGGCG 
TTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAATCGAATTCCCGCGGC 
CGCCATGCGCCGGGAGCATGCGACGTCGGCCCAATTCGCCCTATAGTGAG 
TCGTATACATCCGATCCTACAAGTGGCCCCCACCCCGG 
 
Position  20-365 = LB 222-549 
Position 366-985 = RB  40-631  

 

Figure A1: Right border sequencing line 
P10. Both sequences are from the same 
clone, but were independently sequenced 
using different primers. Raw sequences 
were base-called using the Cimarron 1.53 
Phat algorithm. Parts  in the periphery of 
each sequence is of lesser quality (marked 
with grey letters), but is included because 
of the size of the insert; because of this, 
matches are not perfect. Sequences that 
match parts of either the original left 
border (LB) or right border (RB) side of 
the T-DNA, or the BACt23e23 sequence, 
are marked in the same way as the 
explaining text under each sequence. Both 
sequences overlap in position 222-342 of 
the original LB sequence, which is 
marked with boxes and lines. The 
genomic junction and the junction 
between the RB and LB sequences are 
supported by several more clones, 
whereas the middle section of the LB IR 
(from position 136-295 in the original LB 
sequence) is supported by the presented 
sequences only.  
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