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1. Introduction 
 

1.1. Polarity and differential inheritance 
 

When evolution drove cells from unicellular towards multicellular organisms it had to cope 

with a very challenging problem: How can two distinct cell types derive from one common 

mother cell? The answer to that was asymmetric cell division. This can be achieved at the 

molecular level, with the differential inheritance of specific determinants or even cell 

organelles. Furthermore the derived daughter cells can take on different fates, resulting in the 

formation of morphologically distinct cell types and tissues. Since those early beginnings of 

polarity, nature has come up with a lot of different ways in establishing asymmetric cell 

division. 

But though higher developed organisms have almost perfected dealing with polarity, even 

single cells, which on the first glance look symmetric, do in fact have established polarity at 

the molecular level. 

In E. coli, for example, division takes place by longitudinal growth and separation by a newly 

forming septum. This means that the daughter cell inherits an old pole and a newly created 

pole. Over generations this ñoldò pole is always inherited by only one cell. Recent studies 

showed, that the cell, which inherits this old one ages over time, which manifests itself by 

reduced growth rate and offspring production and interestingly a higher chance of death 

(Stewart et al., 2005). 

But what is the purpose or reason of this aging? Recent studies found out, that protein 

aggregates and oxidized proteins are accumulating in the ñolderò daughter cell, giving the 

other offspring a rejuvenated start (Lindner et al., 2008). 

Given this knowledge, the very philosophical question arises, what was first: Was aging of 

cells a consequence of polarly dividing cells? Or was the differential inheritance of cellular 

components the answer on how to deal with fitness problems over the timespan? While recent 

studies seem to favor the latter (Ackermann et al., 2007), this questions remains to be solved. 

In unicellular organisms, the main drive for the establishment of differential cell division 

seems to be the circumvention of aging cells, which would lead to extinction at some point. 

In multicellular organisms on the other hand, the maintenance of stem cells as well as the 

generation of different tissues are the main reasons for polarity. 

A very well studied example for stem cell maintenance is the germ line of Drosophila 

melanogaster. Depending on the position in their distinct niche, those cells adopt different 
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fates. The stem cells stick to somatic hub cells and divide in a perpendicular orientation to 

those, generating one daughter that remains in touch with them and one daughter that loses 

direct contact. The latter start to differentiate whilst those, which are still in touch with the 

hub cells, keep their stem cell character (Yamashita et al., 2008). 

But much more important considering the aim of this work is the differentiation of different 

cell types. 

All higher organisms start with one fertilized egg cell and end up with producing hundreds of 

different cell types forming all kinds of tissues. This wouldnôt be possible without unequal 

cell division, resulting in two distinct daughter cells. 

The question remains, how the different fates are established. They can be achieved by the 

differential segregation of internal factors. Another possibility is the effect of external cues 

that are secreted by an adjacent cell. Those signal molecules drive one cell to adopt another 

fate than its neighboring cells. The latter case is an important developmental process in the 

maintenance of stem cell niches, where the destiny of a cell is often decided by its position 

within the surrounding tissue. 

Figure 1-1 depicts those two main mechanisms. 

 

 

Figure 1-1 Schematic illustration of the two main principles, which determine cell fates. 

An initially unpolarized cell can adopt two different fates upon cell division by the expression or differential segregation of 

an intrinsic cue. Furthermore, two primarily equal daughter cells can opt for different developmental paths by an extrinsic 

cue, which decides the fate of a cell depending on its position within the surrounding tissue. Picture taken from (Menke et al., 

2009). 

Both mechanisms are present and described in plants.  

An example for the first mechanism is the stomata formation in the leaf epidermis of 

Arabidopsis, which starts with the division of the meristem mother cell, resulting in the 

meristemoid and the stomatal lineage ground cell (SLGC). The first one undergoes several 
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rounds of division before differentiating into the guard cells of the stomata, whilst the latter 

one differentiates into a pavement cell. Interestingly, the protein BASL (Breaking of 

Asymmetry in the Stomatal L ineage) is already polarly localized to the periphery of the 

meristem mother cell. The daughter cell, which inherits this peripheral BASL, will become 

the SLGC while the meristemoid only contains nuclear localized BASL, which triggers 

further cell divisions. The importance of this internal factor becomes obvious in loss-of-

function mutants, where both daughter cells of the mother cell immediately differentiate into 

guard cells (Dong et al., 2009).  

The maintenance of the stem cell niche of the shoot apical meristem (SAM) is a well-

described example of the effect on an extrinsic factor on cell fate. WUSCHEL (WUS) is key 

regulator for stem cell maintenance in the SAM of Arabidopsis (Laux et al., 1996). Cells that 

are embedded within the niche retain their stem cell character, whereas cells that lose contact 

to that niche undergo differentiation. Since the SAM is a small region, the expression of WUS 

obviously has to be tightly controlled. The small, secreted peptide Clavata 3, which inhibits 

WUS via a downstream cascade, is a key factor in the regulatory feedback loop, which 

restricts the influence of WUS (Fletcher et al., 1999; Lenhard et al., 1999). Via this extrinsic 

cue, the expression of WUS is controlled thus enabling the differentiation of the cells that 

have left the stem cell niche. 

 So what arrangements do have to take place within the cell to form two distinct daughters? 

One typical answer to this question is the differential segregation of so called cell fate 

determinants, which can be proteins as well as RNA. 

A very well examined example is the differentiation of neurons in Drosophila. The crucial 

step in a progenitor cell division is the differential inheritance of a transcription factor called 

Prospero in combination with an adaptor called Numb, acting in the Notch pathway (Knoblich 

2008). But what keeps those factors restricted to a certain pole? A set of conserved proteins, 

PAR, co-operate in restricting the mentioned determinants to certain poles of the cell and help 

to orientate the spindle axis in its designated position (Knoblich 2008). How this is achieved 

is not clear yet, although some mechanisms suggest, that proteins are anchored at the plasma 

membrane and kept from diffusing away by forming large oligomers (Feng et al., 2007). But 

although homologs to the PAR proteins are found from Drosophila up to mammals, they are 

not present in plants and fungi, indicating, that those organisms have come up with other 

ways to establish polar cell division (Goldstein et al., 2007). 



INTRODUCTION 

 

4 

 

Nevertheless this is only a small fraction of a large variety of components, which are 

differentially distributed to the daughter cells, which range from extra-chromosomal DNA, 

Centrosomes, and ER to Vesicle trafficking. 

But most important in the context of this work is the differential distribution of RNA. This 

will be further highlighted in Chapter 1.3. 

Also in plants, a lot of tissues are the result of polar development, e.g. roots, stomata and of 

course the embryo. A closer look on the development of the first two examples would go far 

beyond the scope of this work especially since they are fairly well characterized. 

Therefore an emphasis is put on the early development of the Arabidopsis plant, starting from 

the egg cell, which is already a highly polarized cell towards the embryo. 

 

1.2. Development of the embryo 
 

In Arabidopsis, the result of the highly complex development of the female gametophyte is an 

embryo sac consisting of two synergid cells, one egg, one central cell and three antipodal cells 

which was previously extensively reviewed by Sprunck et al. (Sprunck et al., 2011). A 

schematic picture and a DIC image, showing a mature embryo sac from Arabidopsis is given 

in Figure 1-2. 
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When fertilization takes place, the pollen tube, which enters through the micropylar region, 

releases its two sperm cells, one of which fertilizes the egg cell and the other one the central 

cell. The newly formed cells give rise to the embryo, and the endosperm, respectively. Here, 

the emphasis will be put on the development of the embryo. 

In Arabidopsis, the zygote elongates about two- to three-fold (Faure et al., 2002) before it 

divides unequally into an apical and a basal cell. The small apical cell undergoes two rounds 

of longitudinal cell divisions followed by a transverse one, resulting in the 8-cell pro-embryo. 

The larger basal daughter on the other side only divides transversally, forming a filamentous 

structure. From those cells, only the uppermost, the hypophysis, will become part of the root 

meristems. The other cells form the suspensor, which pushes the embryo into the lumen of the 

seed (Jeong et al., 2011; Zhang et al., 2011). 

Recent studies found some cues, which determine the polar development of the zygote and 

the first divisions of the embryo. The members of the transcription factor family WUSCHEL-

related Homeobox Protein (WOX) (Haecker et al., 2004), a signaling cascade, including the 

Yoda (yda) kinase (Lukowitz et al., 2004) and the plant hormone auxin (Friml et al., 2003) all 

Figure 1-2 Schematic and microscopic view of a mature Arabidopsis embryo sac. 

(A) Cartoon of an embryo sac, showing the position of the female gamteophyte (FG) within the embedding tissue. 

The egg cell already is a highly assymetric cell. Within its stretched morphology the nucleus (ecn) is always 

oriented towards the nucleus of the much larger central cell (ccn). This orientation always is opposite of the 

micropylar region (mp), the entry site of the pollen tube. The large vacuole of the egg cell is also prominent. Next 

to the egg cell rest the two synergids (sn, synergid nuclei), which undergo cell death upon fertilization. On the 

chalazal pole lie the three antipodal cells (ap) which are a result of the cell divisions starting from the megaspore 

mother cell. 

(B) DIC picture of an embryo sac showing the same cells as in (A). Picture taken from (Sprunck et al., 2011).  
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are important factors in early embryogenesis. Their roles and interplays of those early 

determinants of embryogenesis remain to be elucidated. A schematic overview of the 

expression and distribution pattern of some of the mentioned key players is shown in 

Figure 1-3. 

Essential in triggering zygote elongation and suspensor fate is the mitogen-activated protein 

(MAP) kinase cascade filed around the MAP kinase kinase kinase YODA (YDA) and its 

MAP kinases MPK3 and MPK6 (Lukowitz et al., 2004). Loss-of function mutants in this 

cascade show zygotes, which fail to elongate and produce a smaller sized basal cell. This 

results in abnormally shaped suspensors. 

Furthermore, meristemoid cells, which are progenitors in stomata development, lose the 

ability for differential cell division in loss-of-function mutants of yda. This results in the 

formation of two guard cells instead of one pavement and one guard cell (Bergmann et al., 

2004).  

In contrast, overexpression of yda leads to hyper-elongated zygotes, larger basal cells and 

longer suspensor, which disturbs the formation of the proembryo. 

Recent findings revealed a protein called SHORT SUSPENSOR (SSP) that activates YDA. 

This protein is anchored to the plasma membrane and probably acts on YDA by mediating 

protein-protein interactions. In regard of this work, however, the most intriguing fact about 

SSP is, that its RNA is present in the pollen but not translated. Only upon fertilization, when 

the RNA is delivered into the egg cell, it gets translated and the protein can be detected (see 

1.3) (Bayer et al., 2009). 

Another important player, as in almost all developmental processes in plants, is auxin. It was 

reported, that auxin accumulates in the apical cell after the first cell division, as a result of its 

export from the basal cell by PIN7. Pin7 mutants seem to support this theory, since either 

auxin is accumulated in the basal cell or the formation of the apical cell is severely disturbed 

(Friml et al., 2003). 

The last factors, triggering the polar division of the egg cell, which are highlighted here, are 

the WOX genes, which are a plant-specific family of transcription factors. In the zygote, the 

transcripts of both WOX2 and WOX8 are present. While WOX2 is restricted to the apical cell 

after the first division, WOX8 is only present in the basal cell and the suspensor from the 1-

cell stage on. Additionally, WOX9 is initially formed in the basal daughter before it is 

restricted to the uppermost cell of the suspensor (Haecker et al., 2004). Interestingly, the 

maize orthologs are expressed in a similar pattern, indicating conservation (Chandler et al., 

2008). 
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Wox8 or wox9 mutants show no or at least not penetrant phenotypes (Wu et al., 2007). 

Double mutants, however, show irregular cell divisions and misshaped cells in the basal 

lineage. Furthermore, also the apical cell divisions are disturbed and auxin distribution 

becomes uniformly. This indicates an influence of WOX8/9 on the apical lineage as well 

(Breuninger et al., 2008).  

Surprisingly, neither combinations of wox2, 8 and 9 mutants, including the triple mutant had 

an effect on the zygote itself. Since at least WOX2 and 8 are present as transcripts, the 

question arises, if they are only stored and sequestered after the first division, or if the 

balanced expression of those transcription factors is necessary for triggering the asymmetric 

division of the zygote. The latter hypothesis is supported by the introduction of WOX2 into 

the wox8wox9 mutant background, which leads to the division of the zygote into two 

monomorphous cells (Breuninger et al., 2008). 
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Figure 1-3 Embryo development and asymmetric distribution of key factors in Arabidopsis thaliana. 

(A) Schematic scheme of the first divisions in the embryo. After fertilization the zygote stretches and divides asymmetrically, 

giving rise to the 1-cell embryo. The numbers are referring to the number of cells in the apical, thus the embryonic region 

only. The apical cell undergoes several rounds of cell division resulting in the 8-cell proembryo. The basal cell exclusively 

undergoes transversal cell divisions, forming a filamentous structure, of which only the uppermost cell, the hypophysis, will 

be incorporated into the embryo. At that stage (8-cell), four different tissues can be distinguished: the upper (green) and 

lower (light-green) tiers of the proembryo, the hypophysis (yellow) and the suspensor (white). Upon maturation of the 

embryo, the tissue will take on the fate corresponding to colors assigned in the 8-cell stage. 

(B) Schematic distribution of the expression of WOX genes in the proembryo. Noteworthy is the strict asymmetric 

distribution of WOX2 and WOX8 between apical and basal cell after first cell division. At the 8-cell stage, the WOX pattern 

coincides with the four distinct cell types (see A). 

(C) Image of the auxin maxima and localization of PIN7 in the proembryo. The auxin flow from basal to apical cell is 

facilitated by the localization of PIN7 to the upper membrane of the basal cell, thus generating a maximum in the apical 

domain.  

Picture from (Petricka et al., 2009). 

 

The results above show, that some factors of the first division of the zygote have been 

revealed but still a lot of details remain elusive. In regards to the aims to this work, the 

question still remains of how is the polar division of the zygote triggered? Is it solely a 

paternal factor like the SSP RNA? Or are also maternal factors involved, like in animals 

where maternally inherited RNAs are stored in the egg cell? It is still unclear if such a 

maternal-zygotic shift happens in plants. 
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1.3. RNA localization as a key factor in development 
 

During the last years a new perception of RNA has found its way into research. While in the 

beginnings of molecular biology, RNA was thought to be only the message bearer on the way 

from gene to protein, nowadays a lot of regulatory and developmental key processes are 

attributed to RNA. This is not only the case for small and non-coding RNAs but also for 

messenger RNA (mRNA). 

There is a whole set of mRNAs in all different species which is involved in spatial control of 

protein expression, thus increasing its concentration at a certain position of the cell, where 

they function mainly in differential cell division. An overview of well-studied examples is 

given in Figure 1-4. 
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Figure 1-4 Examples for polarly localized mRNAs. 

(A) Ash1 mRNA in budding yeast is localized towards the tip of the newly formed bud, preventing mating type switching. 

(B) In Drosophila melanogaster embryos bicoid localizes at the anterior pole, whereas oskar and nanos can be found at the 

posterior pole.  

(C) In Xenopus oocytes, the mRNA of  Vegetalizing factor 1 ( Vg1 )localizes to the vegetal pole of the cells. 

(D) ɓ-actin mRNA can be found in the protruding ends of lamellopodia in chicken and mammalian fibroblasts. 

(E) ɓ-actin mRNA can also be found at the distal growth cones in immature mammalian neurons. The mRNA of CamKIIŬ 

localizes to the distal dendrites in fully developed pyramidal neurons. 

 (F) In mammalian oligodendrocytes, MBP mRNA encodes for the myelin basic protein, thus localizing to myelination 

processes, which are required for ensheathing neuronal axons.  

Picture taken from (Martin et al., 2009).  

 

While Figure 1-4 gives just a snapshot, recent studies have shown that in Drosophila embryos 

about 70% of 3000 studied transcripts had a distinct localization (Lecuyer et al., 2007). This 

number gives rise to the speculation that mRNA localization might be of much larger 

significance than previously thought. But what is most eye-catching is the fact, that one 

domain is not present in the figure shown above: Plants. So far, no distinct RNA localization 

in a plant cell has been described (Shav-Tal et al., 2005; Martin et al., 2009).  

The importance of localization manifests itself in the occurrence of such a mechanism even in 

prokaryotes (Nevo-Dinur et al., 2011). 
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But what is the purpose of a cell to distribute RNA? The first reason is definitely the spatial 

control of protein expression translation. Another reason, which is related to the first one, is 

the temporal resolution, so that a local signal can trigger the translation of RNA. Additional 

reasons could be the efficiency, the establishment of protein gradients as well as the 

protection of some cell compartments from otherwise toxic proteins (Martin et al., 2009).  

There are three main mechanisms for a cell to concentrate RNA locally. 

 

1.3.1. Trapping of freely diffusing RNA 
 

One method is the local trapping of otherwise freely diffusing RNA. A well-studied example 

is nanos in Drosophila. This RNA is localized to the posterior pole in late oogenesis where it 

interacts with the germ plasm. It was shown, that this anchoring requires the actin 

cytoskeleton. This way of building up an RNA gradient, however is not very efficient and 

needs the aim of other mechanisms, like the one described in the next chapter (Forrest et al., 

2003). 

 

1.3.2. Local stabilization/degradation 
 

Another way of generating a locally increased concentration of RNA is the interplay between 

stabilization and degradation. To cite again the example mentioned above, nanos RNA is 

localized by this mechanism. Although the majority of RNA is delivered elsewhere, it is 

stable only at the posterior pole of the early embryo, whereas everywhere else, it is bound by 

Smaug (Smg), which triggers deadenylation and thus degradation of nanos (Zaessinger et al., 

2006). 

 

1.3.3. Directed transport of RNA 
 

But probably the most important way is the localization via Ribonucleoparticles (RNPs), 

which guide the RNA to its destination and in which the RNA is kept in a translational 

repression state.  

In mammals the RNA itself often possesses so-called ñzip codesò mainly found in the 3ô 

UTR, which form secondary structures. Those are recognized by RNA binding proteins 
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(RBPs), which form multimeric RNPs that are transported to their destination within the cell 

along the cytoskeleton.  

So far, no consensus sequence for a zip code could be identified. Furthermore it is likely that 

the stem loops, which those regions form, are more crucial for the localization. This strongly 

indicates the importance of the secondary structure of RNA in general. In Drosophila, the 

best-studied systems about RNA localization so far, the RNA of bicoid is localized at the 

anterior pole of the oocyte. For this, a cis-acting zip code is responsible, which resides in the 

3ô UTR and contains several BLE (bicoid localization elements) (Macdonald et al., 1993). It 

could be shown, that if the primary structure of those BLEs was altered in a way that kept the 

secondary stem loop structure, the localization still was performed correctly (Ferrandon et al., 

1997).  

A very well characterized example for a large RNP is the locasome in yeast. In Budding 

yeast, the RNA ash1 is localized to the emerging daughter cell to prevent mating type 

switching (see Figure 1-4). When ash1 RNA is transcribed, She2p binds the nascent mRNA 

and recruits Puf6p. After export from the nucleus this complex binds to She3p, which 

mediates the binding to Myo4p, a motor protein connected with actin fibers. Together with 

other co-associated proteins, this complex is transported along the actin cable towards the tip. 

During the transport, the bound Puf6p and Khd1p ensure the translational repression of ash1 

mRNA until it is anchored at the bud tip where translation is activated (Paquin et al., 2008; 

Muller et al., ). 

What is indeed interesting is the fact, that the binding of the single proteins to the RNA seems 

to happen with low affinity but when binding in a concerted manner, all RBPs together show 

a great affinity to their bound RNA (Muller et al., ). Furthermore, ash1 is not the exclusive 

target of this locasome, since many different transcripts have been identified within this RNP 

(Shepard et al., 2003). 

Taken together, the formation of RNPs seems to be a concerted interaction of several RBPs 

together with several RNAs to form a fairly big complex for RNA transport. 

In general, there are four major types of RNP granules, which differ in number and size: (i) 

germ-line granules; (ii) stress or stored granules (SGs); (iii) Processing bodies (P-bodies); and 

(iv) transport granules (Moser et al., 2010). 

The SGs and the PBs are microscopically visible foci, about 300 nm in size and they are 

mainly involved in RNA sorting, storage and degradation (Kedersha et al., 2005; Anderson et 

al., 2008). 
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So far little is known about the assembly and localization of RNPs in plants. This might be 

due to the accessibility of plant systems but also to the set of RBPs, which is unique in plants 

and doesnôt show any homology to metazoan proteins (Lorkovic et al., 2002). 

The probably best-studied system of localizing RNA in plants so far is the assembly of plant 

viruses, like the tobacco mosaic virus (Sambade et al., 2008). 

Until now there is only one example of a transported RNA in early Arabidopsis development: 

The interleukin-1 receptor-associated kinase IRAK/Pelle-like kinase SHORT SUSPENSOR 

(SSP), which was previously described to be transported in the pollen and delivered into the 

egg upon fertilization (see Chapter 1.2). It could be shown, that only the RNA is present in the 

pollen tube but not the corresponding protein, whereas there is no expression at all in the egg 

cell. After fertilization, the SSP protein became visible both in the newly formed zygote and 

central cell (Bayer et al., 2009). There it acts in the yoda pathway to trigger embryogenesis as 

described above. 

 

1.4. Visualizing RNA in plants 
 

To further elucidate the pathways and developmental processes mentioned in Chapter 1.3 the 

methods in monitoring the subcellular distribution of RNA need to be improved. In general, in 

situ hybridization techniques work in fixed and sectioned plant cells but due to the special 

requirements of plant tissues, this is only very labor-intensive and time consuming. 

Furthermore, due to the fixation no dynamic structures or transport processes can be 

monitored. 

To overcome this obstacle, a number of in vivo RNA imaging systems has been established, 

of which most have been shown to work in plants (Christensen et al., 2010). 

One method, which results in a good signal to noise ratio are the injection of directly labeled 

RNA. It takes advantage of the incorporation of fluorescently labeled nucleotides, while the 

RNA is transcribed in vitro. The invasive delivery of directly labeled RNA could recently 

show the visualization of viral RNA particles in plants in vivo (Christensen et al., 2009). 

Nevertheless, this method requires the direct injection of RNA into cells, thus damaging the 

surrounding tissue leading to stress or damage responses. Since the Arabidopsis egg cell is 

deeply embedded in its surrounding tissue, the direct delivery of RNA seems not only 

technically difficult, if not impossible, but could also lead to an artificial RNA distribution 

due to the disruption of the tissue. Furthermore, this method is very time consuming and 

requires high technical skills and is therefore not suitable for high throughput studies. 



INTRODUCTION 

 

14 

 

Another system is based on the Pumilio family of RNA binding proteins in connection with 

bimolecular fluorescence complementation (Pumilio-BiFC) (Ozawa et al., 2007). In this 

method, a specific Pumilio protein is randomly fused with one of two fragment of a 

fluorescent protein. When two proteins with the complementary fragments bind the same 

RNA in close proximity, the fluorescent protein becomes restored, thus emitting a signal. An 

advantage of this method is, that the sequence of the RNA to be investigated remains 

unaltered, since the Pumilio protein is genetically engineered to recognize specific stem loop 

structures within this RNA (Cheong et al., 2006). This already represents the drawback of this 

method: The successive optimization of the RNA-binding affinity by mutational variation is 

very time consuming and labor intensive. Additionally, one Pumilio is optimized for only one 

RNA molecule, thus making it unsuitable for high-throughput studies. Nevertheless, it has 

been successfully applied for the detection of viral RNA in plants (Tilsner et al., 2009).  

The mimicking of GFP by RNA, as previously reported by Paige et al. (Paige et al., 2011), 

seems also very promising. In this study, they found an RNA which specifically binds an 

organic molecule, which resembles the cyclic fluorophore within GFP. When bound, the 

RNA-fluorophore complex emits a light, which has similar properties, as the natural 

fluorescent protein. This method, however, is still at its beginnings. 

Apparently the best systems for high-throughput screening of RNA visualization are based on 

the capability of certain RBPs to bind to specific stem loops. Two systems have been 

previously described and will be the subject of this work.  

The MS2 coat protein (MS2CP), which is derived from the MS2 phage, binds its 

corresponding 19-nucleotide stem loops with high affinity (Kd= 6.2 nM) and specificity 

(LeCuyer et al., 1995). The MS2CP can be functionally fused to a fluorescent tag, thus 

making it suitable to track RNA in the living cell (Bertrand et al., 1998). So far, this system 

has been used several times successfully to study RNA transport dynamics in plants (Hamada 

et al., 2003; Sambade et al., 2008). 

Another system, which was introduced by Daigle and Ellenberg, uses a 22-aminoacid peptide 

fragment of the N protein from the lambda-phage giving it the name ɚN22 (Daigle et al., 

2007). This peptide binds its corresponding stem-loops, called boxB (15 nucleotides), with a 

lower affinity (Kd= 22 nM) than MS2CP. Before this work, this method proofed to work in 

animal cells and fungi (Lange et al., 2008; Konig et al., 2009) but not in plants. One great 

advantage of those two visualization methods in comparison with the direct labeling of RNA 

is the genomic integration of the target loops. This ensures, that the RNA is fully processed, 

including splicing. Recent studies showed the importance of correct splicing of oskar RNA in 
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Drosophila, where the formation of the so-called spliced oskar localization element (SOLE) is 

essential for the localization of the RNA to the posterior pole of the oocyte (Ghosh et al., 

2012). 

 

1.5. Aims of this work 
 

This work aims to unravel the fundamental mechanisms in the development of the 

Arabidopsis egg cell and embryo and if such processes are triggered by the polar localization 

of RNA. 

The utilization of two RNA visualization systems, MS2 and ɚN22, will be tested in plants. 

This will be performed by transient expression assays in N. benthamiana.  

Afterwards a versatile GATEWAYÊ compatible vector series will be generated, enabling the 

high-throughput screen of RNA distribution in the Arabidopsis egg cell. As a basis for this 

screen, a candidate list of putatively polarized RNAs will be compiled of microarray data, 

available for the gametophytic and embryonic tissue. 

Subsequently, transgenic reporter plants for all candidate genes will be generated and their 

RNA localization will be monitored in the Arabidopsis egg cell and the embryo. 

Furthermore, the protein composition of RNPs, which transport the putatively polar RNA 

towards its destination, will be investigated by biochemical studies.  

All this together will unravel the mysteries of the polar development of the Arabidopsis 

embryo in combination with its molecular and biochemical elements. 
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2. Results 
 

2.1. Visualizing RNA in plants 
 

For the general approach to study the localization of RNA in vivo, different methods have 

been described (see Chapter 1.4). In this work, the principle of an RNA binding domain fused 

to a fluorescent protein in combination with specifically recognized RNA stem loops was 

applied. 

 

2.1.1. ! ǾŜǊǎŀǘƛƭŜ DŀǘŜǿŀȅϰ ōŀǎŜŘ ǾŜŎǘƻǊ ǎŜǊƛŜǎ ŦƻǊ wb! ǾƛǎǳŀƭƛȊŀǘƛƻƴ ƛƴ Ǉƭŀƴǘǎ 
 

For visualization, both the MS2 system (LeCuyer et al., 1995) and the ɚN22 system (Daigle et 

al., 2007) were used, as introduced in Chapter 1.4. So far, only the MS2 system had been 

shown to work in plants (Hamada et al., 2003; Sambade et al., 2008) but not the ɚN22 system.  

In order to check the use of both systems in planta, a vector series for both was created. 

Generally, both detection systems consist of two separate parts, which have to be introduced 

into plants simultaneously.  

One half of the system is the so-called marker, which consists of the binding protein (BP), 

namely MS2CP or ɚN22, respectively. Both BP were C-terminally fused with the different 

fluorescence proteins (FP) CFP, GFP, mVenus and mCherry, respectively (Schönberger et al., 

2012). Furthermore, the construct contains the Nuclear-localization sequence (NLS) from the 

Simian Vacuolating Virus 40 large T antigen (SV40 Tag) (Kalderon et al., 1984) In the 

absence of target RNA (see below), the BP-FP-NLS fusion protein should remain in the 

nucleus, resulting in a fluorescence-free cytosol, thus reducing background signals. 

Additionally, the marker vectors were cloned under control of the ubiquitin 10 promoter from 

Arabidopsis (UBQ10) which has a high expression rate in transient experiments (Grefen et 

al., 2010). 

The other half is made up by the target RNAs. It contains the transcriptional fusion of the 

investigated RNA with the specific stem-loops, MS2, which is recognized by the MS2 coat 

protein (MS2CP, see below) or boxB, which is bound by ɚN22. In this case, a GatewayÊ 

based vector series was engineered, enabling the study of any number of transcripts with little 

cloning effort. In order to rule out any steric effects of the attached loops, six repeats of MS2 

and 16 repeats of boxB were each cloned either in 5ô or 3ô position of the GatewayÊ cassette. 
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These transcripts are expressed under the control of the strong 35S promoter from cauliflower 

mosaic virus (Benfey et al., 1989). 

Figure 2-1 shows a schematic representation of the two-component visualization system. 

 

 

 

2.1.2. ¢ƘŜ a{н ŀƴŘ ǘƘŜ ˂b22 systems are both suitable for RNA monitoring in planta 
 

To test the functionality of the vectors in plants, transient expression assays were performed 

by infiltration into Nicotiana benthamiana leafs and subsequent confocal microscopic 

Figure 2-1 Schematic illustration of the two component RNA visualization system. 

(A) Cartoon of the two-part RNA visualization system. A phage derived binding protein (BP, brown), MS2CP or ɚN22, 

specifically binds hair-loop structures, termed MS2 and boxB, respectively, which are attached as multiple repeats to RNA. 

Here the fusion to the 5ô end is depicted. The BP is fused to a fluorescent protein (FP: CFP, GFP, mVenus and mCherry) and 

to an NLS. 

(B) Illustration of the vector series. The T-DNA of the vectors between the left and right border is depicted. BP-FP-NLS is 

driven by the UBQ10 promoter. Selection of stable transformands can be performed with kanamycin. The target RNA, which 

is expressed under control of the 35S promoter, can be inserted in 3ô or 5ô position of the stem-loops via GatewayÊ 

recombination. For enhancement of signal, the sequence of six repeats of MS2 and 16 repeats of boxB are used respectively. 

Stable transformands can be identified by BASTA selection. Illustration taken from (Schönberger et al., 2012). 
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analysis (see Chapters 6.4.3. and 6.4.4.). Primarily, the vectors encoding the ɚN22-GFP-NLS 

and MS2CP-mVenus-NLS were tested. 

Both constructs showed a nuclear localization without any background in the cytosol. There 

was even a higher accumulation in the nucleolus (Figure 2-2 A, B, E and F).  

When co-infiltration was performed with bacterial strains, carrying vectors encoding a target 

RNA, the signal remained strongest in the nucleus, but there was also a clear redistribution of 

fluorescent signal into the cytosol indicating the export and cytosolic localization of the target 

RNA (Figure 2-2 C, D, G and H) (Schönberger et al., 2012). 

  

To rule out any unspecific binding of either of the binding proteins to any RNA, controls were 

performed. On one hand, ɚN22-GFP-NLS was either co-infiltrated with RNA without stem-

loops (Figure 2-3 A, B and C) or RNA fused to MS2 loops (Figure 2-3 D, E and F). On the 

other hand, MS2CP-mVenus-NLS was also co-infiltrated together with RNA without loops 

(Figure 2-3 G, H and I) or with boxB loops (Figure 2-3 J, K and L). To identify double-

infiltrated cells, this RNA was coding for tagRFP in all experiments as a scorable marker. 

Figure 2-2 Transient expression of both RNA visualization systems in N. benthamiana. 

(A-D) ɚN22-GFP-NLS. (E-H) MS2CP-mVenus-NLS. (A, B, E and F) In the presence of only the BP-FP-NLS 

constructs, the signal remained solely in the nucleus of the epidermis cells. Upon co-infiltration with a target 

RNA fused to the corresponding stem loops, fluorescence can also be observed in the cytosol (C, D, G and H). A, 

C, E and G are fluorescent light images. B, D, F and H each are overlays of the fluorescent and its corresponding 

bright light channel to depict the typical jigsaw shape of tobacco epidermis cells. Scale bars depict 10 µm each. 

Pictures were taken from (Schönberger et al., 2012). 
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None of the binding proteins shows neither unspecific binding to any RNA nor binding to the 

corresponding stem-loops derived from the other system based on the lack of cytoplasmic 

fluorescence (Figure 2-3) (Schönberger et al., 2012).  
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Figure 2-3 Co-expression of the BP-FP fusions with non-target RNAs. 

(A-C) Co-expression of ɚN22-GFP-NLS with a tagRFP-RNA containing no target stem-loops. (D-F) Co-expression of ɚN22-

GFP-NLS with tagRFP-6x-MS2-RNA (G-I) Co-expression of MS2-CP with a tagRFP-RNA containing no target stem-loops. 

(J-L) Co-expression of MS2-CP with tagRFP-16x-boxB-RNA. 

The nuclear localisation of the markers protein remained unaffected in all cases. Scale bars represent 10µm. Pictures and 

legend taken from (Schönberger et al., 2012). 
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In order to rule out, that the redistribution of fluorescence upon co-infiltration resulted from 

degradation of BP-FP fusions, a Western Blot analysis of total protein extract of infiltrated 

leafs was performed using an anti-GFP antibody.(Figure 2-4). It could be clearly seen, that the 

ɚN22-GFP-NLS only gave one signal at its expected size (31kDa) for both extracts, whereas 

the MS2CP-mVenus-NLS showed an additional band at the size of free GFP, when a target 

RNA was present. This indicates that fluorescent signals visible in the cytosol are a mixture of 

free mVenus and the intact BP-FP fusions. Furthermore, next to the expected size (43kDa) an 

additional band at about 90kDa was visible, which would correspond to the size of the dimer 

(Schönberger et al., 2012). 

 

Taken together, this indicates the general applicability of both systems in plants. For the ɚN22 

system this is the first proof of its applicability in plants. Additionally, the ɚN22-GFP-NLS 

seems to be more stable, since no aberrant bands were visible on the Western Blot when 

target RNA is present, whereas MS2CP seems to undergo proteolytic degradation upon co-

infiltration with target RNA. 

 

Figure 2-4 Western Blot of ɚN22-GFP-NLS and MS2CP-mVenus-NLS. 

Protein extract of infiltrated leafs as shown in Figure 2-2 was isolated in the absence 

(-) and presence (+) of target RNA labeled with corresponding loops. ɚN22-GFP-NLS 

could be detected in both cases as single band at the expected size of 31 kDa. 

MS2CP-mVenus-NLS showed the expected band at 43 kDa but also an additional 

band, which corresponds to the size of free mVenus (arrowhead), when stem-loop 

RNA was present. Furthermore, a band could be detected in both cases at the size of 

the expected dimer (~90 kDa). GFP: positive control cytosolic GFP. Picture taken 

from (Schönberger et al., 2012). 
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2.1.3. CǳǊǘƘŜǊ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ Ǿƛŀōƛƭƛǘȅ ƻŦ ǘƘŜ ˂b22 and the MS2 system and the 

influence of the position of the stem loops 

 

To further characterize the two systems as versatile tools for studying RNA distribution in 

plants in vivo, the influence of the position of the loops with respect to the RNA on its 

distribution and subsequent translation was analyzed. Therefore, co-infiltration experiments 

were performed with ɚN22-GFP-NLS and MS2CP-mVenus-NLS and their corresponding 

stem loops in 5ô as well as in 3ô position of the tagRFP-RNA. 
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Figure 2-5 Co-infiltration of ɚN22-GFP-NLS or MS2CP-mVenus-NLS together with tagRFP RNA containing the 

corresponding stem loops either in 5ô or in 3ô position to investigate the influence of the loop structure on translation. 

(A-C) ɚN22-GFP-NLS with 16x-boxB-tagRFP. (D-F) ɚN22-GFP-NLS and tagRFP-16x-boxB. (G-I) MS2CP-mVenus-NLS 

with 6x-MS2-tagRFP. (J-L) MS2CP-mVenus-NLS and tagRFP-6x-MS2. Co-expression of BP-FP with stem-loop RNA led 

to distribution of the marker protein to the nucleus and cytosol (A, D, G and J). Translation of the tagRFP reporter was only 

detectable with the loops in 3ô position of the ORF (E and K). Scale bars represent 20 Õm (D-F and J-L) and 10 µm (A-C and 

G-I), respectively. Pictures taken from (Schönberger et al., 2012). 
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As shown in Figure 2-5, signals of BP-FP constructs could always be detected in the cytosol, 

indicating export of RNA from nucleus independent of the position of the stem-loops (Figure 

2-5 A, D, G and J). Intriguingly, red fluorescence, indicating translation of the reporter 

tagRFP-RNA could only be detected, when the stem-loops were fused in 3ô position 

indicating a disturbing effect of the stem loops on protein translation (Schönberger et al., 

2012). 

In order to proof the presence of the target RNA, RT-PCR analysis of infiltrated leaf sections 

was performed (Figure 2-6). As can be seen, target RNA was present in all four assays. 

Furthermore, the actin controls show the purity of the isolated RNA proving the absence of 

contaminating genomic DNA (Schönberger et al., 2012). 

 

 

Figure 2-6 RT-PCR on the presence of tagRFP-RNA. 

mRNA from infiltrated leaf sections as shown in Figure 2-5 was isolated, followed by subsequent oligo-dT primed RT-PCR. 

tagRFP-RNA could be detected in all tissues isolated, independent from the position of the loops. gDNA: genomic DNA was 

taken as positive control; Actin controls show the exclusive presence of RNA only by size-shift vs. genomic actin. Picture 

taken from (Schönberger et al., 2012). 

 

Additionally, generated ɚN22-FP-NLS constructs, e.g. fusions with CFP, mVenus and 

mCherry were tested. The experimental procedure was the same as described above. As 

expected, all generated fusion proteins were suitable for localizing RNA within the cytosol, 

thus allowing in vivo monitoring of the RNA transport (Figure 2-7). 
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Figure 2-7 Fluorescence light images of ɚN22-FP-NLS constructs in transiently transformed N. benthamiana cells. 

(A) ɚN22-CFP-NLS. (B) ɚN22-mVenus-NLS. (C) ɚN22-mCherry-NLS. All constructs were co-infiltrated with the 5ô boxB 

constructs of the genomic region of At1g60030. The pattern resembled the observed one for ɚN22-GFP-NLS together with a 

target RNA. The nuclear signal remained the strongest, but a clear fluorescence signal could be monitored within the cytosol. 

Arrowheads in (A - C) indicate putative RNP particles. Scale bars are 10 µm. 

 

2.1.4. RNA is transported within microscopically visible RNA transport granules 
 

Interestingly, the signal of the binding protein often accumulated in cytoplasmic foci 

throughout all experiment. This was previously reported for RNA granules (Thomas et al., 

2011). However, there were clear differences in abundance and signal strength of those foci. 

Whereas for GFP and mVenus the detection was possible in almost every transformed cell, 

only few of those putative RNPs could be monitored when using the mCherry or CFP fusions. 

Whether this is due to signal strength or molecular preferences of the fluorescent proteins 

remains to be determined. Therefore, the further characterization of those foci was mainly 

performed with the ɚN22-GFP and the MS2CP-mVenus constructs. 

Figure 2-8 shows a detailed section of a cell that was co-infiltrated with ɚN22-GFP-NLS and 

tagRFP-16xboxB. Plotting the intensities of each pixel of the green channel against the 

intensities of the red channel resulted in the scatter blot in Figure 2-8 B. The highlighted 

pixels correspond to the marked foci in Figure 2-8 A (arrowheads). This shows, that the 

marked foci were comprised exclusively of binding protein and probably tagRFP-RNA 

(Schönberger et al., 2012). 
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Figure 2-8 Co-expression of ɚN22-GFP-NLS and tagRFP-16xboxB. 

(A) Close-up of a representative picture, showing ɚN22-GFP-NLS and tagRFP. Mostly, the two fluorescent signals co-

localized but the presence of distinct foci, comprised of GFP only could be detected (arrowheads). Those foci probably depict 

RNA transport granules.  

(B) Intensities of both channels were plotted against each other. The encircled pixels were very intense green and almost free 

of red signals. They corresponded to the marked granules in (A). Those data indicate that the granules consist exclusively of 

ɚN22-GFP-NLS and probably tagRFP-RNA. Scale bars are 20 µm. Pictures taken from (Schönberger et al., 2012). 

 

 

Additionally, the appearance of those foci was independent of the kind of RNA. Tests with 

RNA coding for tagRFP, for a secreted protein (At1g60030, Nucleobase-ascorbate 

transporter 7) or a nuclear protein (At3g04610, Flowering locus KH domain RNA binding 

protein) revealed no differences. 

To further rule out the possibility, that the monitored foci were the result of stress due to the 

over expression of ɚN22 or MS2CP, respectively, agrobacteria, hosting a vector encoding for 

DCP2-GFP were infiltrated into tobacco leafs. This decapping enzyme was previously 

reported to be involved in RNA degradation and part of processing bodies (Xu et al., 2006). 

The visualization of DCP2-GFP however revealed a totally different picture of cytoplasmic 

foci (see Figure 2-9) differing relatively much more in size than the ɚN22 or MS2CP foci, 

respectively (400 ± 200 µm vs. 1000 ± 200µm). Furthermore, the DCP2 foci hardly moved. 

 








































































































































































































