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ZUSAMMENFASSUNG 

Bedecktsamer (Angiosperme) reproduzieren sich sexuell und ihr Lebenszyklus alterniert 

zwischen einem diploiden, dominanten Sporophyt und einem haploiden, reduzierten 

Gametophyt. Die Aufgabe des Sporophyten ist die Ausbildung zweier haploider Sporen 

welche sich in weibliche und männliche Gametophyten weiterentwickeln. Der weibliche 

Gametophyt (Embryosack) besteht typischerweise aus zwei Gametenzellen (Ei- und 

Zentralzelle) und weiteren fünf Zellen (Zwei Synergiden- und drei Antipodenzellen). 

Der männliche Gametophyt (Pollen) besteht aus zwei Spermzellen und einer vegetativen 

Zelle. Vor der Befruchtung bildet diese vegetative Zelle einen Pollenschlauch aus, um 

die darin eingeschlossenen Spermzellen vom Stigma bis zum weiblichen  Gametophyten 

zu transportieren. Während der doppelten Befruchtung fusioniert eine der Spermzellen 

mit der Eizelle zur diploiden Zygote, und die andere Spermzelle mit der diploiden 

Zentralzelle zu einer triploiden Endospermzelle. Aus der Zygote entsteht in der Folge 

der Embryo und aus der Endospermzelle das Nährgewebe des sich entwickelnden 

Samens. 

Einige Angiosperme habe auch alternative Mechanismen zur Fortpflanzung durch 

Samen entwickelt. Apomixis ist eine asexuelle Reproduktion durch Samen, die nächste 

Generation wird ohne männlichen Beitrag zum Genom gebildet. Die entstehenden 

Nachkommen sind natürliche Klone. Apomixis hat schon lange das Interesse von 

Pflanzenzüchtern auf sich gezogen, weil dieser Fortpflanzungsmechanismus in 

Kulturpflanzen die Erzeugung und Erhaltung von komplexen Hybriden erheblich 

vereinfachen könnte. Die Vielfalt der beschriebenen apomiktischen Prozesse zeigt, dass 

Apomixis mehrmals unabhängig in der Evolution entstanden ist. Aus 

entwicklungsbiologischer Sicht kann Apomixis als zeitlich und räumlich deregulierter 

sexueller Prozess betrachtet werden: die Megasporen entwickeln sich ohne  meiotische 

Reduktionsteilung (Apomeiosis), die Eizelle bildet ohne Befruchtung einen Embryo und 

ein funktionelles Endosperm entwickelt sich. 

Die genetischen Komponenten der Apomixis sind weitgehend unbekannt. Weder 

Mapping-Ansätze noch das Einkreuzen dieses Merkmals von wilden apomiktischen 

Verwandten in Kulturpflanzen waren darin bisher sehr erfolgreich. Die Forschung mit 

sexuellen Model-Pflanzen wie Arabidopsis oder Mais ermöglicht Einblicke in diese 
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Form der Reproduktion. Mehrere Mutanten welche Aspekte apomiktischer Prozesse 

aufweisen wurden beschrieben. 

In dieser Arbeit wurden die molekularbiologischen Möglichkeiten in Arabidopsis 

thaliana eingesetzt in dem Versuch durch De-regulation der Genexpression in der 

Eizelle erste Schritte einer parthenogenetischen Fortpflanzung auszulösen. Dabei 

wurden mehrere Ansätze parallel verfolgt. 

Ein Gain-of-function Screen wurde in einer männlich sterilen Pflanzenlinie 

durchgeführt. Mit einem Zwei-Komponenten System wurden spezifisch im Eiapparat 

zufällig markierte Genen überexprimiert. Der chimäre Transkriptionsfaktor XVE wird 

zell-spezifisch exprimiert. Im Eiapparat dimerisiert XVE nach der Induktion mit 

humanem Östrogen, transloziert in den Zellkern und bindet an die künstliche 

Zielsequenz des LexA-Operators um die Transkription benachbarter Gene zu initiieren. 

Aus über 9000 analysierten individuellen Transformanden wurde kein reproduzierbarer 

parthenogenetischer Phänotyp identifiziert. 

In einem weitern Ansatz wurden acht Faktoren der Zellzyklusprogression im Eiapparat 

dereguliert. Während der G1/S Progression führt die Suppression des 

RETINOBLASTOMA RELATED PROTEIN1 (RBR1) zur Freisetzung dieser Faktoren, 

welche für die Zellzyklusprogression wichtig sind. In der lichtmikroskopischen Analyse 

der induzierten Linien wurden jedoch keine auf Parthenogenese hindeutenden 

Phänotypen identifiziert. 

Nebst der indizierbaren Expression von Genen wurden erste Schritte unternommen, das 

Zwei-Komponenten System für induzierbares Gen-Silencing mit Hilfe von amiRNAs zu 

etablieren. Für RBR1 und MULTICOPY SUPPRESSOR OF IRA1 (MSI1) wurden 

induzierbare amiRNAs hergestellt. MSI1 schient vor der Befruchtung zu verhindern, 

dass sich die Eizelle in eine Zygote entwickelt, spielt danach aber auch in der 

Embryoentwicklung eine Rolle. Ein Knock-down in der unbefruchteten Eizelle könnte 

demnach eine frühzeitige Ausbildung eines Embryos auslösen. Das indizuerbare 

amiRNA System befindet sich noch in der frühen Entwicklungsphase und benötigt noch 

weitere Experimente und Kontrollen, um fundierte Aussagen treffen zu können. 
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SUMMARY 

Angiosperms reproduce sexually and their life cycle alternates between a 

dominant diploid sporophyte and a reduced haploid gametophyte. The major role of the 

sporophyte is a production of haploid spores that develop into the female and male 

gametophytes, respectively. The female gametophyte (embryo sac) typically consists of 

gametes (the egg and the central cell) and accessory cells (two synergds and three 

antipodal cells). The male gametophyte (pollen) consists of two sperm cells and a 

vegetative cell. Upon fertilization, the vegetative cell generates a pollen tube to deliver 

two sperm cells to the female gametophyte. During the process of double fertilization 

one sperm cell fuses with the egg cell giving rise to the embryo, whereas the other 

fertilize the central cell resulting in the development of the nourishing tissue, the 

endosperm. 

Angiosperms developed also an alternative mechanism of propagation defined as 

apomixis. It is an asexual reproduction through seeds where the next generation is 

produced without a paternal contribution. The resulting offspring is genetically identical 

with the maternal component and represents a natural type of the clonal propagation. 

Apomixis receives a great interest from plant breeders. Installing of apomixis in 

important agricultural crops could facilitate the generation and propagation of highly 

complex hybrids. The genetic mechanisms that govern apomixis are still unknown. The 

diversity of reproductive mechanisms found in apomictic species suggests that apomixis 

evolved many times independently during evolution. From a developmental point of 

view, apomixis is thought to be a deregulation of sexual processes in time and space. In 

apomictic plants the endosperm develops either autonomously or its development 

requires fertilization of the central cell. Mapping approaches to identify apomictic genes 

revealed large non-recombining regions hampering this approach. Attempts to introgress 

apomixis from wild relatives into crops have been unsuccessful. In addition to studies in 

natural apomictic species, sexual model plants can provide insight into the apomixis 

trait. Several loss-of-function mutants were identified in Arabidopsis and maize that 

display elements of apomictic development. However, the fully apomictic plant was not 

obtained.  

Here, using the powerful molecular tool of the sexual model plant Arabidopsis 

thaliana we attempted to engineer parthenogenesis by the deregulation of the gene 
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expression in the egg apparatus. An egg apparatus specific gain-of-function screen in the 

male sterile background was initiated to identify genes that may be required for the 

parthenogenetic embryo development. An inducible two component system was used. 

This system relies on the inducible chimeric transcription factor XVE and its OlexA 

binding domain. An introduction of an egg apparatus specific enhancer (AtEASE) 

restricts the XVE expression to the egg apparatus. Upon induction with human estrogen 

XVE binds to the lexA domain and induces expression of genes adjacent. Screening of 

~9 000 mutants did not results in isolation of a mutant that displays the parthenogenetic 

embryo development in absence of fertilization.  

In addition, a candidate gene approach was used in order to engineer parthenogenesis in 

Arabidopsis thaliana. We verified genes of the G1/S phase of the plant cell cycle as 

potential candidates that can trigger the parthenogenetic embryo development in the 

Arabidopsis embryo sac. During the G1/S transition the suppression of the 

RETINOBLASTOMA RELATED PROTEIN 1 (RBR1) results in releasing of the 

transcription factors that promote the cell cycle progression. We overexpressed eight 

genes that positively regulate the G1/S phase in the egg apparatus of the male sterile 

mutant in order to induce parthenogenesis. Microscopic observations of the female 

gametophyte did not reveal developing embryos. Attempts to silence the RBR1 gene 

product in the egg apparatus by artificial microRNA failed. We did not obtain mutant 

plants.  

Artificial micro RNA method was used to silence the MULTICOPY SUPPRSSOR OF 

IRA 1 (MSI1) gene in the Arabidopsis egg apparatus. Before fertilization the MSI1 gene 

may be involved in the suppression of the egg cell activation, while after fertilization is 

required for the embryo development. We hypothesized that silencing of the MSI1 in the 

egg apparatus may result in parthenogenesis. Microscopic observations of the embryo 

sac did not revealed parthenogenetic embryos in obtained mutant lines. However, this 

experimental approach is still in the process to be established and controls are required 

to in order to make scientific statements.  
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1. INTRODUCTION 

1.1. Angiosperm Life Cycle 

The flowering plants (Angiosperms) reproduce sexually and their life cycle 

alternates between the dominating diploid sporophytic and the haploid gametophytic 

generation that differ morphologically and functionally (Gifford and Foster, 1989). As a 

result of the adaptation to life on land, in higher plants the sporophyte became the 

dominant phase, whereas the gametophytic generation producing the gametes became 

reduced to the very small size and develops within the sexual organs of the flower 

(Figure 1-1). 

 

The major role of the sporophyte generation is a production of two types of the 

haploid spores that subsequently develop into the female and male gametophytes, 

respectively. The female gametophyte, or the embryo sac, develops within the ovule 

located in the carpel’s ovary. The male gametophyte or the pollen grain is formed in the 

stamen’s anther. In the gametophytes the production of the haploid gametes for 

fertilization takes place. The fertilization process brings together the male and female 

 

 

Figure 1-1. Lilium L. flower morphology. The typical flower consists of four whorls of 
organs: sepals, petals, stamens and pistils. The very outer whorl in of the lily flower 
consists of tepals, which includes sepals and petals. The male reproductive organ the 
stamen consists of a long stalk, the filament, with the anther at the tip. The anther is a 
structure where pollen grains are produced. The female reproductive organ, the pistil is 
typically located in the center of the flower. It consists of a swollen base, the ovary 
containing ovules, the style arising from the ovary and a pollen- receptive tip, the 
stigma. 
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gametes which results in a zygote formation that is the next diploid sporophytic 

generation, thus completing the life cycle (Gifford and Foster, 1989; reviewed in Drews 

and Yadegari, 2004).  

 

1.1.1. Female Gametophyte Development 

 Among the angiosperms, more than 15 different patterns of the female 

gametophyte development were described (Maheshwari, 1950; Huang and Russell, 

1992). Major differences between them result from the variations in cytokinesis during 

meiosis, the number of mitotic division and the pattern of celullarization during 

gametogenesis (Yadegari and Drews, 2004). The most common structural and 

developmental pattern of the female gametophyte in angiosperms is the Polygonum 

type, first described in Polygonum divaricatum. This pattern of the gametogenesis is 

found in more than 70 % of flowering plants, including many important crop species 

like wheat or potato as well as in the model plant Arabidopsis thaliana (Maheshwari, 

1950; Huang and Russell, 1992). 

 

 

Figure 1-2. The Polygonum-type female gametophyte development. (a) During 
megasprogenesis, archesporial cell (AC) gives rise to the megaspore mother cell 
(MMC), which subsequently undergoes meiotic divisions leading to tetrad of 
megaspores. Only one megaspore survives to form a functional megaspore. (b) During 
megagemetogenesis, functional megaspore divides mitotically to form multicellular 
haploid embryo sac. (c) The mature embryo sac of the Polygonum type consists of seven 
cells: two synergides, one egg cell, one central cell and three antipodal cells. The nuclei 
in red are reduced (haploid) whereas in blue unreduced (diploid).  
 

Regardless of the developmental pattern, the female gametophyte development in 

Angiosperms can be divided into the two main developmental phases distinguished and 

described as a megasporogenesis and megagametogenesis (Schneiz et al. 1995; 
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Christensen et al. 1997). In Arabidopsis, during megasporogenesis the diploid 

megaspore mother cell (MMC) divides meiotically giving rise to the haploid megaspores 

(Figure 1-2a), whereas during megagametogenesis one of the megaspores develops into 

mature embryo sac (Figure 1-2b, 2c).  

Megasporogenesis in Arabidopsis consists of three major events: the megaspore mother 

cell generation, the meiosis that leads to four haploid megaspores formation and the 

megaspore spore selection. At the beginning of this phase, in the ovule, a single cell 

from the sporophytic tissue forms an archesporial cell that differentiates directly into the 

diploid megaspore mother cell (MMC). Subsequently, the MMC undergoes meiosis 

resulting in a tetrad of haploid megaspores. Three out of the four megaspores are non-

functional and undergo degeneration. In most species including Arabidopsis, the 

chalazal-most megaspore survives to form the unicellular female gametophyte (Schneiz 

et al., 1995; Christensen et al., 1998; Bajon et al., 1999). During the next phase of the 

embryo sac formation, megagmetogenesis, the three major events are involved, such: a 

series of mitotic divisions, cellularization of the nuclei and a cell differentiation. The 

functional megaspore mother cell that remained after megasporogeneis elongates along 

the micropylar – chalazal axis and at the same time its nucleus undergoes the first of 

three, rounds of mitosis, forming a two-nucleate female gametophyte with one nucleus 

at either pole. In the center a vacuole is formed. The second nuclear division leads to a 

formation of the four-nucleate structure. Finally, the third mitosis takes place leading to 

the formation of the eight-nucleate syncytium. Shortly after the last mitotic division, the 

syncytial embryo sac undergoes cellularization and forms the seven-celled Polygonum 

type embryo sac. In the mature embryo sac three cells at the micropylar pole organize as 

the egg apparatus consisting of the egg cell and two synergids whereas at the opposite 

chalazal end three antipodal cells are localized. The central part of the embryo sac is 

occupied by the diploid central cell formed from two nuclei which migrate after the third 

mitosis towards each other and fuse together (Schniez et al., 1995; Christensen et al., 

1998; Drews and Yadegari, 2004; Drews and Koltunow, 2011).  

 

1.1.2. Male Gametophyte Development 

The male gametophyte or pollen grain of angiosperms develops within the anther 

of the stamen (Scott et al., 2004) (Figure 1-1). This process consists of two phases: 
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microsporogenesis where the haploid microspores are formed and microgametogenesis 

during which mitotic divisions lead to formation of the mature pollen grain (Figure 1-3). 

 

Figure 1-3. Pollen development in Angiosperms. (a) In microsporogenesis a pollen 
mother cell undergoes meiosis and generates four microspores. (b) Subsequently, during 
microgametogenesis, each microspore undergoes mitosis resulting in a small generative 
cell and a large vegetative cell. Finally, the generative cell divides mitotically into two 
sperm cells. The nuclei in red are reduced (haploid) whereas in blue unreduced (diploid).  
 

At the beginning of microsporogenesis (Figure 1-3), cells of the anther sporophytic 

tissue differentiate and form the pollen mother cells (PMCs) which after two rounds of 

meiosis produce a tetrad of haploid microspores (Figure 1-3a). The next step 

encompasses an asymmetric mitosis of each microspore which results in a production of 

the bicellular pollen containing two cells of different fate: a vegetative cell and a 

generative cell (germ cell). The vegetative cell does not undergo any further division. 

Later during fertilization the vegetative cell forms the pollen tube to deliver sperm cells 

to the female gametophyte. The generative cell divides once more mitotically to produce 

the two sperm cells (Figure 1-3b). Usually the second mitotic division occurs during 

pollen tube growth but in some cases, like in Arabidopsis thaliana, it can also take place 

only before fertilization. Hence, the mature pollen grain consists of two sperm cells and 

one vegetative cell (McCormick, 1993, 2004; Suzuki, 2009).  

 

1.1.3. Double Fertilization 

A characteristic feature of angiosperms is their reproduction mode called double 

fertilization (Raghavan, 2003). This process was simultaneously discovered in two 

independent studies more than hundred years ago by Sergius Nawashin and Leon 

Guignard (Friedman, 1997; Boavida et al, 2005). Only recent years brought more 

information on the molecular mechanisms of the double fertilization (Weterings and 
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Russell, 2004). Double fertilization comprises a complex mechanism bringing together 

one sperm with the central cell and another sperm cell with the egg cell leading to the 

endosperm and the zygote formation, respectively. For a successful fusion of the 

gametes a series of interactions between the male gametophyte, both the female 

sporophytic and the gametophytic tissues are required (Hülskamp et al., 1995; Johnson 

and Preuss, 2002; Higashiyama, 2003; Higashiyama and Hamamura, 2008). The 

interaction starts when the pollen grains are deposited on the carpel’s stigma where they 

germinate, giving rise to a fast growing pollen tube. The pollen tube transports the 

immotile sperm cells through the female reproductive organs towards the ovules in the 

ovary (Lord and Russell, 2002). After reaching the ovary the pollen tube exits the 

transmitting tract and is attracted to the embryo sac. In vitro studies and laser ablation 

experiment in Torenia fournieri revealed an important role of these cells in the pollen 

tube guidance (Higashiyama et al., 2001). Similar results emphasizing an importance of 

these cells in pollen tube attraction were obtained in Arabidopsis thaliana. Furthermore, 

studies in Arabidopsis indicated also a central cell as an embryo sac structure likely 

involved in this process (Chen et al., 2007). The pollen tube enters the embryo sac 

through the receptive synergid. Upon entering to the receptive synergid the growth of 

the pollen tube is ceased and two male gametes are released in a process called a pollen 

tube discharge (Rotman et al., 2003). The molecular and genetic studies revealed several 

female gametophytic factors that control pollen tube reception (Huck et al., 2003; 

Rotman et al., 2003; Escobar-Restrepo et al., 2007; Capron et al., 2008; Kessler et al., 

2010).  On the male side only two genes involved in double fertilization were indicated 

(Boisson-Dernier et al., 2009; Miyazaki et al., 2009).  Shortly, or at the same time after 

the successful pollen tube discharge the receptive synergid undergoes cell death (Faure 

et al. 2002; Christensen et al., 2002). After the rupture, the cytoplasmic content of the 

pollen tube including the two sperm cells are released in the area between the egg cell 

and the central cell. Each of the sperm cells can fuse with either female gamete, 

demonstrating functional equivalency (Hamamura et al., 2011).  

Recent comparative studies with the reproductive mechanisms in basal 

angiosperms and their close relatives Gnetales (Ephedra) have led to better 

understanding of the evolutionary origins of this process and have suggested that the 

double fertilization is inherited from an ancestral of angiosperms in which the second 

fertilization event gives rise to another embryo that is genetically identical to the to the 
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normal embryo. The second embryo functions as nourishment for the other and it is 

suggested that in angiosperms it is modified into the endosperm (Friedman, 1998).  

 

1.2. Apomixis 

 

1.2.1. Definition of Apomixis 

Even though the sexual mode of reproduction is a tightly regulated process, some 

angiosperm plants have developed an alternative mechanism of propagation defined as 

apomixis. It is an asexual reproduction through seeds where the next generation is 

produced without a paternal contribution (Nogler, 1984a). Thus, the offspring is 

genetically identical to the mother and represents a natural type of the clonal 

propagation. Apomixis occurs frequently in angiosperms. It has been described in more 

than 400 taxa belonging to more than 40 families of flowering plants (Carman, 1997; 

Bashaw and Hanna, 1990). It is prevalent within Asteraceae, Rosaceae, Poaceae and 

improvement of methods determining apomixis might help to include many more taxa to 

an apomixis group (Bicknell and Koltunow, 2004).  

Significantly, the majority of asexual species are facultative apomicts which mean that a 

proportion of the progeny still is the result of the sexual reproduction. Apomixis often 

does not completely replace the sexual reproduction but rather those two reproductive 

pathways coexist in the same plant. This finding and the diversity of apomictic 

mechanisms lead to the suggestion that apomixis might result from the deregulation and 

relaxation of the sexual program in time and space. In other words, apomixis can be 

described as a ”short- circuiting” of the sexual reproduction, where gametes are 

produced without meiosis and embryo develops prior to fertilization (Grossniklaus et al., 

1998 Grimanelli et al., 2001; Koltunow and Grossniklaus, 2003). 

 

1.2.2. Classification of Apomixis 

Despite of the many different ways of apomictic reproduction there are three 

hallmark steps that distinct this process from the sexual propagation, such: (i) avoidance 

of meiosis – apomeiosis, (ii) embryo development in absence of fertilization – 
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parthenogenesis (iii) autonomous endosperm development (Grossniklaus et al., 1998; 

Savidan, 2000; Grossniklaus, 2001) (Figure 1-4).  

 

 

Figure 1-4. Sexual versus asexual mode of reproduction. In sexual species, MMC 
undergoes meiosis which results in reduced embryo sac development. After fertilization 
reduced central cell and egg egg cell develop into endosperm and an embryo. Two main 
types of apomixis are described. In gametophytic apomixis unreduced embryo sac 
results from avoidance of meiotic reduction. Embryos are formed parthenogenetically 
and endosperm develops autonomously or requires fertilization.  In sporophytic 
apomixis the embryo sac is formed directly from an unreduced nuclear initial cell. The 
embryo develops parthenogeneticaly and the endosperm requires fertilization. Red color 
represents reduced gametophytic stages whereas green unreduced sporophytic stage. 
Modified form Grossniklaus (2001). 

 

 

Apomixis is divided into two main classes (Figure 1-5): gametophytic apomixis 

in which the embryo develops pathenogenetically from the unreduced embryo sac and 

sporophytic apomixis in which the embryo develops from a somatic cell, usually a 

nucellar or integumentary cell of the ovule (adventitious embryony). Gametophytic 

apomixis is further subdivided into two pathways called diplospory and apospory. In the 

diplosporous type a normal meiosis of the megaspore mother cell either fails and is 

replaced by a mitotic-like division (mitotic diplospory) or a first division restitution 

takes place (meiotic diplospory). The diplosporous process leads to a formation of one 

or two unreduced megaspores (2n). Diplospory is observed in Antennaria and 

Taraxacum where the unreduced embryo sacs results from circumvention of meiosis or 
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a restitution of meiosis I, respectively. Another variation of the diplosporous apomixis 

exists in Allium type with a pre-meiotic additional round of the DNA replication 

(Grimanelli et al., 2001; Grossniklaus, 2001; Bicknell and Koltunow, 2004; van Dijk, 

2009). 

 

 

Figure 1-5. Embryo sac and embryo development in sexual and asexual plants. (a) 
During sexual reproduction, the megaspore mother cell (MMC) undergoes meiosis, 
resulting in four haploid megaspores. The mature embryo sac contains the haploid egg 
cell and the binucleate central cell. Double fertilization leads to a diploid embryo and a 
triploid endosperm formation. (b) In diplospory, either meiosis is omitted or first 
division restitution takes place resulting in mitosis to produce two diploid spores, one 
of which survives. In this type of apomixis, the endosperm development requireds 
fertilization of the central cell, whereas the embryo develops parthenogenetically. (c) In 
apospory, two embryo sacs co-exist in the ovule. They can originate eigther from 
haploid functional megaspore or from aposporous initials that develop  from somatic 
nuclear cells  next to the MMC. (d) In adventitious embryony or sporophytic apomixis, 
embryo develops directly from the nucellus or the integument of the ovule. The 
formation of the embryo sac occurs normally. The nuclei in red are reduced (haploid) 
whereas in green unreduced (diploid). Modified from Ozias-Akins and van Dijk (2007). 

 

In contrast, in the aposporous type of apomixis the unreduced embryo sac develops from 

somatic cells of the ovule (aposporus initial). This process might begin at different 
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stages of the ovule development and often, within the single ovule one or more 

unreduced embryo sacs (2n) compete with a normal reduced (n), but in most cases the 

sexually derived gametophyte degenerates. However, a low number of embryos is 

produced sexually from reduced (n+n) and unreduced (2n+n) embryo sacs is also 

observed. This type of apomixis is the most common one in higher plants e.i. in the 

Pilosella, Panicum, or Heriacium genus (Bicknell and Koltunow, 2004).  

In sprophytic apomixis the mechanisms are less extensively studied than the 

gametophytic pathway. It is known that the embryo is not produced parthenogenetically 

from non-reduced egg cell but it develops directly from somatic cells surrounding the 

ovule, the nucellus and the inner integument, through mitotic divisions. Thus, a 

gametophytic phase is missing. in this type of apomixis. The embryo growth requires the 

endosperm which development is induced by fertilization (pseudogamy). This type of 

apomixis occurs in Citrus species (Koltunow, 1993; van Dijk, Chapter 3, 2009).  

 

1.2.3. Endosperm Development in Apomictic Plants 

The Polygonum-type embryo sac consists of two haploid polar nuclei that fuse 

together and form the diploid central cell. Therefore, fertilization of the central cell 

results in a triploid endosperm that contains two maternal copies and one paternal copy 

of the genome (Berger, 1999). Disturbances of the maternal: paternal genome 

contribution in the endosperm of many sexual species often result in seed abortion (Haig 

and Westoby, 1991). A well illustrated case is maize, where any deviation from the 2m: 

1p ratio leads to a failure in endosperm formation and as a consequence seed abortion 

(Lin B-Y, 1984). In Arabidopsis, however, the endosperm development does not strictly 

require the 2m: 1p ratio (Scott et al., 1998). Interploidy crosses performed between 

diploid and tetraploid Arabidopsis plants affected only seed size but not viability. Even 

though, a moderate imbalance in Arabidopsis is tolerated, the 2m: 1p genome balance is 

required for the normal seed development. 

As in sexual plants, the development of the apomictic embryo is highly dependent on the 

endosperm formation. In apomictic plants, the endosperm development either requires a 

paternal contribution (pseudogamous endosperm) or is formed autonomously without 

fertilization (Koltunow, 1993). In both cases the endosperm develops from an unreduced 
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central cell while the male gametogenesis is normal. Such a pattern of reproduction 

disturbs the m: p genome dosage in the apomictic endosperm. For example, in 

pseudogamous apomicts fusion of the haploid sperm cell with the unreduced central cell 

is expected to result in endosperm containing 4m: 1p genome ratio. Similarly, in the 

autonomous endosperm the maternal: paternal genome balance is also disturbed as there 

is no paternal contribution (4m: 0p). Thus, such m: p imbalance in the apomictic 

endosperm might result in seed abortion. However, seeds derived asexually rarely show 

reduction of viability. Apomictic species developed mechanisms that help to circumvent 

the requirement for the m: p ratio in the endosperm. These mechanisms usually are 

divided into two main groups (Table 1-1) (Koltunow and Grossniklaus, 2003).  

The first group consists of apomicts that modify the fertilization mechanisms in order to 

maintain the 2m: 1p ratio like in sexual plants. Some apomictic grasses produce an 

embryo sac containing four diploid nuclei. Such an embryo sac contains only a one polar 

nucleus which is fertilized by a haploid sperm cell and, thus ensures a 2m: 1p balance 

after fertilization (Koltunow and Grossniklaus, 2003). Apomictic plants can also adjust 

the process of the pollen production to maintain required 2m: 1p ratio. Arabidopsis 

holboellii produces unreduced sperm cells that fuse with the unreduced central cell 

producing 4m: 2p ratio in the endosperm (Naumova et al., 2001). Another mechanism of 

the sperm cells delivery to the embryo sac undergoes modifications in order to ensure 

genome balance in the apomictic endosperm. For example, in Dichanthium annulatum 

both sperm cells fertilize unfused polar nuclei, resulting in a 4m: 2p ration in the 

endosperm (Haig and Westoby, 1991).  
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Species 
m: p ratio in 

endosperm 
Fertilization requirement 

Applied 

modification 

Sexual 

Polygonum 2m: 1p Double fertilization - 

Apomict 

Hieracium 4m: 0p Autonomous endosperm 

Insensitive to 

endosperm balance Tripsacum 4m: 1p 

Pseudogamous 

2 unreduced pn x 1 reduced 

sn 

Panicum 2m: 1p 

Pseudogamous 

1 unreduced pn x 1 reduced 

sn 

Modified embryo 

sac developmnet 

Arabis 4m: 2p 

Pseudogamous 

2 unreduced pn x 1 

unreduced sn 

Modified pollen 

development 

Ranunculus 4m: 2p 

Pseudogamous 

2 unreduced pn x 2 reduced 

sn 
Modified 

fertilization 

mechanism 
Dichanthium 2m: 1p 

Pseudogamous 

2 unreduced pn x 2 reduced 

sn 

 
Table 1-1. Modifications of the central cell fertilization resulting in the functional 
endosperm development in apomictic species. pn- polar nuclei, sn- sperm nuclei. 
Modified from Koltunow and Grossnikluas (2001) 
 

In the second group, the endosperm development is insensitive to the m: p ratio. To this 

group belongs Tripsacum dactyloides in which the endosperm developed normally, even 

though, a wide variety of the m: p ratios deviated from 2m: 1p proportion was observed 

(Grimanelli et al., 1997). A similar example of successful seed formation when 

maternal: paternal ratio in endosperm is imbalanced comes from Paspalum notatum. 

Studies on effects of pollen source and ploidy levels on the endosperm formation in this 
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species reflected the parental genome ratio in the endosperm ranging from 2m: 1p to 

8m: 1p in apomictic plants. Interestingly, in sexual plants of this species the m: p ratio 

imbalance in the endosperm resulted in seed abortion (Quarin, 1999). However, the most 

extreme examples of the tolerance for parental genome imbalance were observed in 

plants such as Taraxacum or Hieracium. In these species the endosperm is generated 

autonomously without the paternal contribution (Spielman et al., 2003). These results 

emphasize a tendency towards relaxation of the parental genome ratio requirement in 

apomicts while such predispositions are not observed in sexual plants.  

The dependence of seed development on the maternal: paternal genome dosage 

can be explained by existence of genomic imprinting present in the endosperm. 

Genomic imprinting is a process by which genes are expressed in parent-of-origin-

specific manner (Haig and Westoby, 1991). It means that some genes are expressed only 

from the paternally or maternally contributed allele. Hence, adding extra paternal or 

maternal genomes may lead to disturbance in endosperm development resulting in seed 

abortion.  

 

1.2.4. Genetic Mechanisms of Apomixis 

The genetic control of apomixis remains unclear. It is a heritable trait but it is not 

known how many genes are involved in this process. The first observations of apomixis 

were done on Hieriacium by Gregor Mendel who was not aware that facultative 

apomixis occurs in this species. Mendel conducted crosses using Hieriacium in order to 

validate his discoveries on the laws of genetic inheritance but obtained results were very 

confusing to him. Only 40 year later Mendel’s data were explained and associated with 

apomixis (Koltunow et al., 2011).  

The genetic analysis of apomixis mainly relies on crosses and recombination events. 

Recently, improved phenotypic methods and the application of molecular markers have 

contributed to these studies. However, genetic experiments on apomicts are time 

consuming and might encounter several complications, caused by: prevalence of 

polyploidy, epistatic effects, segregation distortions or suppression of recombination 

(Grossniklaus et al., 2001; Ozias-Akins and van Dijk, 2007). In the pioneering studies, 

inheritance of apomixis in Ranunculus auricomus and in Panicum maximum (Nogler, 
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1984b, reviewed in Grimanelli et al., 2001; reviewed in Bicknell and Koltunow, 2004) 

was suggested to be controlled by a single dominant locus. Moreover, apomeiosis and 

parthenogenesis were co-segregating in these species. Thus, all components of apomixis 

(apomeiosis, parthenogenesis or endosperm development) seemed to be inherited as the 

single locus that might be represented by a single master gene, a complex of genes or 

several tightly linked loci. Similar conclusions were drawn from subsequent experiments 

performed in other apomictic members of Poaceae genus representing aposporous 

species, such: Pennisetum squamulatum (Ozias-Akins et al., 1998), Bracharia 

decumbens (Pessino et al., 1998), Paspalum simplex (Pupilli et al. 2001) or diplosporous 

Tripsacum dactyloides (Grimanelli et al., 1998). In Hieracium inheritance of apospory 

was also found to be control by the monogenic dominant locus as well (Bicknell et al., 

2000). In other apomictic plants, however, mapping results suggest that parthenogenesis 

and apomeiosis are controlled by separate genes, as it was shown in Poa pratensis 

(Barcaccia et al., 1998) or in Erigeron annuus (Noyes and Rieseberg, 2000). Moreover, 

later reports from Poa pratensis supported this model of inheritance for this species 

indicating five genes required for apomictic development (Matzk et al., 2005). Recent 

studies performed in Panicum showed that three independent loci are involved in 

apomixis control instead of one locus that was reported previously (Kaushal et al., 

2008). In Hieracium, deletion mapping experiments revealed two independent loci for 

aposporous and parthenogenesis, named Loss Of Apospory (LOA) and Loss Of 

Parthenogenesis (LOP) (Catanach et al., 2006). The polygenic pattern of apomixis 

inheritance was found in Taraxacum officinale where diplospory and parthenogenesis 

are determined by two single dominant genes: Diplosporous (DIP) and Parthenogenesis 

(PAR) (van Dijk and Bakx-Schatman, 2004). 

In some apomictic species, attempts to map elements of apomixis revealed a strong 

suppression of recombination in these loci. This was found in aposporous grasses, such 

as Pennisetum (Ozias-Akins et al., 1998), Paspalum (Pupilli et al., 2001; Labombarda et 

al., 2002), Panicum (Ebina et al., 2005) as well as in diplosporous Tripsacum 

dactyliodes (Grimanelli et al., 1998). However, there are also apomictic species without 

suppression of recombination, like in Bracharia (Pessino et al., 1998), Poa pratensis at 

the locus of parthenogenesis (Matzk et al., 2005), Erigeron annuus (Noyes and 

Rieseberg, 2000) or Taraxacum officinale (Vijverberg et al., 2004; Vijverberg et al., 

2010). 
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Recent map-based cloning approaches resulted in preliminary sequences of the apomixis 

locus. Comparative analysis of the Paspalum simplex Apomictic Controlling Locus 

(ACL) with rice showed rearrangements in this region caused by transposable elements, 

deletions or single point mutations (Calderini et al., 2006). Such rearrangements can 

probably decrease a capacity of a local chromosome pairing which may result in 

suppression of recombination. Other studies of BAC sequences from the Apospory-

Specific Genomic Region in Pennisetum squamulatum selected a putative candidate – 

BABY BOOM-like which might be involved in apomictic pathway (Conner et al., 2008). 

Finally, recent mapping of Taraxacum officinale indicated that apomixis locus (200-

300Kb ) consisits of minimium two genes and possibly includes one or two enhancers or 

cis-regulatory elements (Vijverberg et al., 2010).  

In contrast to the genetic control, Carman (1997, 2007) suggested an alternative 

explanation of apomixis. He presented duplicate-gene asynchrony hypothesis suggesting 

a role for epigenetic mechanisms in apomixis. It is proposed that asynchronic expression 

of genes controlling reproductive pathways could be caused by hybridization between 

genotypes. 

 

1.2.5. Apomixis and Polyploidy 

Polyploidy is a result of whole genome duplication (autopolyploid) or 

hybridization of two or more different but related genomes (allopolyploid). Benefits of 

polyploidization are based on gene redundancy which improves organism fitness by 

preservation some gene copies from natural selection and allowing accumulation of new 

mutations.  

In animals the majority of polyploids are parthenogenetic, whereas only a small 

fraction of polyploid plants is apomictic. In fact, more than 99 % of the plant polyploids 

are sexual (van Dijk, 2009). But almost all gametophytic apomicts, irrespective of the 

mechanism, were found to be polyploids, whereas, sexual members of the same or 

closely related species are usually diploid (Asker and Jerling, 1992). To explain this 

relationship between the ploidy level and the reproduction mode, it was proposed, that 

the optimal expression of apomixis might be enhanced by polyploidization (Quarin et 

al., 2001) even though, some rare diploid apomicts were reported (Kojima and Nagato, 
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1997; Naumowva et al., 1999; Koltunow et al., 2000). However, in these diploid 

examples, apomictic seed production was low suggesting again that polyploidy may 

enhance apomixis expression but is not strictly required for asexual seed formation 

(Bicknell and Koltunow, 2004). Changes of ploidy status affecting methylation and 

expression of different alleles might facilitate apomixis in polyploids.  

Apomixis was induced in previously diploid plants upon chromosome doubling, but, 

plants used in this experiment were sexual relatives of apomicts (Quarin et al., 2001). 

Reports describing the reverse experiments of sexual plants recovered form apomicts 

after the doubling of an apomictic biotype of Potentilla argentea (Asker, 1967; reviewed 

in Bicknell and Koltunow, 2004). Finally, it is also known that the induction of 

polyploidy in plants rarely resulted in apomictic development. Yet another explanation 

of the prevalence of polyploidy in apomicts is the hybridization-derived floral 

asynchrony theory (Carman, 1997, 2007). This hypothesis suggests that apomixis results 

from the combination of polyploidy and hybridity which lead to asynchronous 

expression of genes involved in plant sexual reproduction steps. For example, apomixis 

may arise upon hybridization of divergent ecotypes different in start times and rates of 

megasprogenesis, megagametogenesis or fertilization.  

It was also proposed that supernumerary chromosomes (B-chromosomes) may be 

involved in apomictic development as a result of intraspecific hybridization (Roche et 

al., 2001). This conclusion may be supported by several facts. These “free” B-

chromosomes were found in some apomictic species. Supernumerary chromatin is 

present mainly in cross-pollinated species and gametophytic apomicts are also 

associated with cross-pollinating breeding systems. The lack of recombination around 

the diplospry locus in Tripsacum and Erigeron and the anomalies of meiotic and post-

meiotic events could be explained by the supernumerary nature of those genomic 

regions (reviewed in Roche et al., 2001).  

The inheritance of apomixis strongly depends on diploid or polyploid gametes. As it was 

observed in Ranunculus auricomus, a dominant allele conferring apomixis could be 

transmitted only by a diploid gamete. Haploid gametes were also observed in this plant. 

But, they were producing only sexual progeny suggesting that dominant apomixis allele 

is gamete-lethal (Nogler, 1984b, 1986). Similar data were obtained in Hieriacium in 

which lethality associated with the transfer of apomixis was observed at the zygotic 
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stage (Bicknell et al., 2000). Moreover, apomixis might be determined by two or more 

independent loci, such as in Erigeron (Noyes and Riesberg, 2000) or Taraxacum (van 

Dijk et al., 2004). Thus, the transfer of two independent loci to the next generation could 

be achieved by a production of unreduced gametes. Such a mode of inheritance results 

in an increased ploidy in the progeny compared to the parents. 

 

1.2.6. Apomixis in Agriculture  

Apomixis is wide spread in angiosperms but its prevalence in the agronomical 

important crops is low. Apomixis in crops was described mainly for perennial forage 

grasses, Paspalum, Panicum, Cenchrus, or horticultural plants like Citrus, apple, mango 

and also orchids (Bashaw and Hanna, 1990; Asker and Jerling, 1992; Carman 1995). 

However, apomictic relatives were also found in wild relatives of important crops, as 

millet, wheat, rice or maize (Asker and Jerling, 1992; Spillane et al. 2001).  

Apomixis represents a natural cloning system and is a trait of great interest for plant 

breeders. Its potential could be utilized in the production of hybrids and fixation of 

heterosis or any agronomical desirable genotype because in contrast to sexual 

reproduction it prevents the recombination and therefore the genetic segregation in the 

next generation. Thus, it assures absolute crop uniformity. Apomixis could reduce other 

problems arising from sexual reproduction, such as pollinators or cross-compatibility. 

The trait also drastically reduces the time and costs of hybrid seed production by a 

simplification of complex crossing schemes and ensuring seeds uniformity. An 

apomictic propagation of crops through seed could also result in a reduction of the viral 

transfer associated with a vegetative propagation of such crops like potatos (Jefferson, 

1994; Koltunow et al., 1995; Bicknell and Bicknell, 1999; Spillane et al., 2001). 

All these reasons led to numerous attempts to introduce apomixis into crop 

species. Two major approaches where taken. First, exploiting traditional breeding 

methods in which apomixis is introduced via back-crossing from close apomictic wild 

relative to sexual crop. Unfortunately, this approach results in high degree of the seed 

abortion, likely due to gene dosage imbalance. The second strategy takes advantage of 

genetic manipulation of genes involved in apomictic pathways. However, this method 
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requires extensive knowledge of the gene functions involved in the developmental 

pathways both in apomicts and sexual species (Spillane et al., 2004). 

Although benefits of apomixis technology in crop production are unquestionable there 

are also some concerns to address, especially about its potential negative impact on our 

environment. Those problems are primarily the “escape” of apomixis via a direct 

introgression of the dominant apomixis transgene into related outcrossing species with 

omitting evolutionary processes. This might cause a reduction of the genetic diversity in 

crops or in wild relatives and displacement of the sexual development (van Dijk and van 

Damme, 2000). 

 

1.3. Arabidopsis and Maize in Apomixis Research 

 

In addition to natural apomictic species, Arabidopsis and maize were employed 

in studies on the mechanisms of apomixis. There are several mutants reported in both 

Arabidopsis and maize that showed elements of apomxis development. However, there 

have been no full apomictic mutants recovered from sexual species today. Nevertheless, 

advantages of model organisms such Arabidopsis may help to shed light on the 

mechanisms that control the sexual and apomictic pathways.  

 

1.3.1. Apomeiosis  

In Arabidopsis thaliana the Polygonum-type of the embryo sac develops from 

the haploid megaspore that originates from meiotic divisions of the single cell within the 

ovule. The megaspore subsequently undergoes three rounds of mitosis and finally the 

seven-cell embryo sac containing haploid gametes is formed (Schneitz et al., 1995). 

Studies in Arabidopsis identified mutants of the DYAD/SWITCH1 gene (Siddiqi et al., 

2000; Mercier et al., 2001) that showed defects in female meiosis progression during 

megasporogenesis. The DYAD/SWITCH1 is involved in the regulation of the meiotic 

chromosome organization. Mutations in this gene led to a switch from meiotic to mitotic 

division of the megaspore mother cell. Such disturbances during meiosis resulted in 

female sterility, however, a few fertile ovules in the dyad mutant were also found. 
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Moreover, these ovules contained unreduced embryo sacs that resembled the apomeiotic 

embryo sac of the apomictic plant. Thus, the disruption of the single gene, in a sexual 

plant resulted in functional apomeiosis, which is a key component of apomixis. 

However, the dyad mutant is incompletely penetrant and produces only a few unreduced 

embryo sacs (Ravi et al., 2008). In contrast to dyad, the triple mutant called MiMe 

(“mitosis instead meiosis”) in which meiosis is totally replaced by mitosis is fully 

penetrant. In this mutant the replacement of meiosis with the mitotic division also 

resulted in the apomeiotic embryo sac production. As a consequence, the MiMe plants 

produce diploid gametes that are genetically identical to the mother. This phenotype was 

created by combining mutations of three genes: (i) Osd1 (omitting second meiosis1) – 

omits the second meiotic division, (ii) Atspo11-1 – eliminates recombination and 

pairing, (iii) Atrec8 – modifies chromatid segregation. The three genes conferring the 

MiMe phenotype show strong conservation among plants. This suggests that apomeiosis 

might be induced in many plant species, including crops, by manipulation of these genes 

(d`Erfurth et al., 2009).  

Recent results from the Arabidopsis thaliana ARGONAUTE9 (AGO9) gene suggested 

that epigenetic regulations may play a role in the plant reproductive development and in 

differentiation between apomixis and sexuality (Grimanelli, 2012). The AGO9 gene 

belongs to ARGONAUTE family of genes that are key components of RNA silencing 

complexes. In the ago9 mutant the archesporial cell does not undergo meiosis but 

directly differentiates into a functional megaspore and, the transition from sporophytic 

to reproductive fate is short-circuited. Consequently, diploid embryo sacs demonstrating 

aposprous-like phenotype are formed. These results suggest that many plants have the 

ability to reproduce asexually, but that potential may be suppressed by factors like 

AGO9 (Olmedo-Monfil et al., 2010).  

 Genetic screens performed in maize in order to dissect mechanisms of apomixis 

led to identification of mutants mimicking some aspects of apomictic development. To 

this group of mutants belongs elongate (el). Mutants homozygous for the recessive 

elongate gene produce reduced and unreduced eggs at varying proportion. Diploid eggs 

of this mutant originated from chromosome doubling at the second meiotic division 

(Rhoades and Dempsey, 1966). Another maize mutant called Dominant non-reduction4 

(Dnr4) forms viable unreduced female gametophyte and its phenotype strongly 

resembled diplospory. It was shown that the phenotype of Dnr4 results from defects in 
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chromatin condensation during meiosis of the megaspore mother cell and subsequently 

fails to segregate chromosomes. The Dnr4 encodes a protein belonging to the 

ARGONAUTE protein family, AGO104 and is functionally related to the Arabidopsis 

thaliana ARGONAUTE9 (AGO9). The AGO104 protein is known to be specifically 

accumulated during sporogenesis in the ovaries and anthers at the time of meiosis. 

Furthermore, AGO104 was found to be involved in gene silencing via methylation. 

Thus, maize AGO104 may play a role in the epigenetic regulation of gene expression in 

the ovule during sexual reproduction. The embryo sac of the ago104 mutant resembles 

diplospory, the type of apomixis found in the maize relative Tripsacum dactyloides. 

Interestingly, the AGO104 locus was located on the maize chromosome 6 in a region 

which is syntenic to the Tripsacum apomixis locus (Sigh et al., 2011). The loss-of-

function of two maize DNA methyltransferases DMT102 and DMT103 results in 

phenotypes reminiscent of AGO9 mutant in Arabidopsis. Inactivation of these genes 

induces production of unreduced gametes and formation of multiple embryo sacs in the 

ovule. Comparative analysis between the sexual maize, dmt mutants and apomictic 

hybrid revealed that the chromatin state in the archesporial tissue of the dmt102 mimics 

the chromatin state found in apomicts (Garcia-Aguilar et al., 2010). These results 

obtained in maize mutants as well Arabidopsis suggest the epigenetic regulation of the 

apomictic development.  

 However, to obtain the apomictic plant, in addition to apomeiosis, 

parthenogenesis should be induced, as well a normal endosperm development. While, 

mutants such ago9, MiMe and dyad still require fertilization to produce seeds.  

 

1.3.2. Parthenogenesis 

During sexual reproduction, the egg cell is released form meiotic arrest in a 

process called “egg activation”. In both, animals and plants, this developmental event is 

highly dependent on a dramatic increase of intracellular calcium ions (Antoine et al., 

2000; Miyazaki and Ito, 2006). In vitro studies in animals demonstrated that an 

increasing Ca2+ ionophore concentration can trigger parthenogenetic embryo 

development (Uranga et al., 1996), but similar experiments in plants were insufficient to 

trigger parthenogenesis in absence of fertilization (Antoine et al. 2001). However, the 

Arabidopsis egg cell has some potential to develop into the embryo without fertilization, 
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as was shown in the multicopy suppressor of ira 1 (msi1) mutant. A mutation in the 

MSI1 gene can trigger a parthenogenetic embryo and autonomous endosperm 

development. However, the embryos undergo abortion at early stages of their 

development (Guitton and Berger, 2005). In contrast to Arabidopsis, Hieracium MSI1 

(HMSI1) unlikely triggers the initiation of autonomous seed development in this plant 

(Rodrigues et al., 2010).  

 

1.3.3. Autonomous Endosperm Development 

 Genetic screens of Arabidopsis thaliana resulted in identification of several 

mutants displaying aspects of the seed development in the absence of fertilization. These 

mutants are associated to the loss-of-function of the Polycomb group complex encoded 

by members of the FERTILIZATION INDEPENDENT SEED (FIS) gene class. This 

complex contains several proteins, such MEDEA (MEA) (Grossniklaus et al., 1998), 

FERTILIZATION INDEPENDENT SEED 2 (FIS2) (Luo et al., 2000), 

FERTILIZATION INDEPENDEDNT ENDOSPERM (FIE) (Ohad et al., 1999), 

MULTICOPY SUPPRESSOR OF IRA 1 (MSI1) (Köhler et al., 2003). These genes 

were found to be expressed in the central cell of the female gametophyte where they are 

involved in the repression of genes promoting endosperm growth (Chaudhury et al, 

2001; Hsieh et al., 2003). Loss-of-function mutations in any of these genes lead to 

central cell nucleus division in absence of fertilization, resulting in autonomous diploid 

endosperm development (Chaudhury et al., 1997). However, in most fis seeds the 

endosperm can only progress to the cellularized phase. In these mutants, embryo like 

structures was formed at low frequency but their growth eventually is arrested at 

globular stages (Ohad et al., 1996).  

 Interestingly, specific downregulation of FIE in sexual Hieracium did not result 

in the autonomous endosperm proliferation but led to seed abortion after cross-

pollination. Furthermore, in apomictic Heracium specific downregulation of FIE 

inhibited autonomous embryo and endosperm initiation and most autonomous seeds 

showed defective embryo and endosperm growth (Rodriguez et al., 2008).  
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1.4. Approaches to Study Apomixis  

 

1.4.1. Molecular Mapping 

Apomixis components isolated via map-based cloning strategies might be 

introduced to crop species. To identify both, aposporic and diplosporic loci, several 

different molecular markers have been employed, like: amplified fragment length 

polymorphism (AFLPs) in Erigeron (Noyes and Riesberg, 2000) or in grasses (Pessino 

et al., 1998; Labombarda et al., 2002), random amplified polymorphic DNA (RAPDs) in 

Pennisetum (Ozias-Akins et al., 1998), or restriction fragment length polymorphism 

(RFLPs) in Cenchrus (Gustine et al., 1997). The majority of the mapping approaches 

indicate that apomixis is a dominant trait. Furthermore, in some plant species the 

apomixis loci were located in a genomic region where recombination is suppressed 

(Vijverberg and van Dijk, 2007). Suppressed recombination reduces the efficiency of 

map-based cloning strategies and no isogenic lines for apomixis can be obtained. 

However, using deletion mutagenesis associated with molecular markers might help to 

overcome this problem (Catanch et al., 2006).  

 

1.4.2. Gene Expression Profiling  

An alternative method to identify components of apomixis is the comparison of 

gene expression profiles form sexual and apomictic reproductive tissues. Such analysis 

revealed a few candidate genes that are differentially expressed between apomictic and 

sexual individuals. These candidates, however, had no clear function assigned (Chen et 

al., 1999; Pessino et al., 2001; Yamada-Akiyama et al., 2009; Polegri et al., 2010). 

Experiments carried out in Poa pratensis identified a group of genes putatively involved 

in signaling and trafficking events during sporogenesis, gametogenesis and 

embryogenesis (Albertini et al., 2004). A more ditailed analysis revealed PpSERK and 

APOSTART genes may play a role in apomixis in this grass species (Albertini et al., 

2005).  

Recent progress in the Laser-Assisted Microdissection (LAM) technique greatly 

increased the efficiency of differential gene expression screens. Using LAM it is 

possible to isolate specific cell types (i.e. egg cell, central cell) and combined with 
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RNA-Sequencing methods becomes a powerful tool to study a cell specific gene 

expression profiles (Schmid et al., 2012). This method was shown to be useful in 

experiments performed on female gametophyte cells which are embedded in sporophytic 

tissues of the ovule (Schmidt et al., 2011). The cell-type-specific transcriptome analysis 

of the Arabidopsis megaspore mother cell identified novel candidate genes that play a 

role in RNA processing and translational control at early stages of the sexual female 

gametophyte development. The transcriptome analysis of the Arabidpsis megaspore 

mother cell can provide insight into mechanisms controlling megasporogenesis. 

Subsequently, this knowledge may be used for the manipulation of this process towards 

apomixis.  

 

1.4.3. Loss-of-Function Approach 

A classic genetic approach to dissect a genetic pathway is the mutagenesis 

disrupting a single gene. Using this strategy in Arabidopsis thaliana, a number of 

mutants that exhibit elements of apomixis were idnetified (Grossniklaus et al., 1998; 

Ohad et al., 1999 Luo et al., 2000; Köhler et al., 2003). Nevertheless, the classical loss-

of-function screens have some limitations. Using this approach, many mutants may be 

overlooked since they have no obvious loss-of-function phenotype. Functional 

redundancy of genes, especially in plant genomes which consist of many duplicated 

genes or groups of genes hamper this approach (Blanc et al., 2000). Similarly, such 

screens are not suitable to identify genes which encode products that function at multiple 

stages of the organism life cycle and are early lethal. The second limitation of loss-of-

function screens is the existence of alternative metabolic pathways or regulatory 

networks (Gu et al., 2003). The problem of loss-of-function screens caused by gene 

redundancy can be circumvented by combining of several loss-of-function mutants in 

genes of the same family. 

 

1.4.4. Gain-of-Function Approach 

Another strategy relies on a gain-of-function approach (Weigel et al., 2000; Tani 

et al., 2004). In this approach the mutant phenotype can be achieved either by the 

ubiquitous ectopic expression of the gene using a constitutive promoter, like the 
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cauliflower mosaic virus (CaMV) 35S (Odell et al., 1985) or only by enhanced activity 

of the endogenous expression pathway of the gene of interest. In case of de novo 

apomixis engineering, overexpression of potential candidates in the egg cell could result 

in parthenogenetic embryo development (Curtis and Grossniklaus, 2007). A group of 

potential candidate genes identified in Arabidopsis includes: BABY BOOM (Boutilier et 

al., 2002), WUSCHEL (Zuo et al., 2002), SOMATIC EMBRYOGENESIS RECEPTOR-

LIKE KINASE 1 (SERK1) (Schmidt et al., 1997), LEAFY COLTYLEDON 1 (Lotan et al., 

1998) and LAEFY COTYLEDON 2 (Stone et al., 2001). All of these genes were found to 

trigger somatic embryogenesis on various tissues when ectopically expressed. 

However, ubiquitous and constitutive expression can lead to similar to loss-of-function 

lethal or sterile effects if a mis-expressed gene plays important role the plant 

development. This problem can be overcome by using inducible activation-tagging 

systems allowing temporal control of expression of tagged genes, and even a degree of 

spatial control (Matsuhara et al., 2000; Zuo et al., 2000). Restricted expression in 

tissues-specific manner in plants can be achieved by employing other systems, such as 

micro-induction system (Pien et al., 2001), the pOp/LhG4 transcription factor system 

(Baroux et al., 2005) or glucocorticoid-dependent gene induction (Craft et al., 2005). 

The temporal and spatial control of the gene expression is provided by an ethanol-

inducible system (Deveaux et al., 2003), but its usefulness is limited by the volatile 

nature of the inducer causing unwanted gene activation in neighboring plants. The two-

component system for tissue specific gene induction developed in our laboratory (Brand 

et al., 2006) allows localized, conditional gene induction within sectors of the plant 

exposed to inducer. This system was proved to be able to conditionally activate genes in 

the Arabidopsis reproductive tissues. Thus, it could be useful for gain-of-function screen 

for elements of apomixis.  

 

1.5. Aims of the Thesis 

 

The aim of this thesis was to shed light on apomictic processes, focusing on 

parthenogenesis. The main goal was an attempt to activate the Arabidopsis egg cell to 

develop into an embryo without fertilization. As apomixis displays a deregulation of the 
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sexual reproduction in time and space, and is inherited as a dominant trait we performed 

a gain-of-function screen to engineer parthenogenesis in Arabidopsis. We used the 

inducible two component XVE system (Brand et al., 2006) (Figure 1-6) to randomly 

mis-express genes in the egg apparatus of the Arabidopsis thaliana male sterile mutant 

in order to induce the egg activation. The two component system provides reliable and 

conditional gene activation in restricted tissues and cell types. This system relies of 

chemically inducible chimeric transcription factor XVE (Zuo et al., 2000) and its lexA 

binding domain (Figure 1-6). The egg apparatus specific enhancer (AtEASE) (Yang et 

al., 2005) allows to restrict the XVE expression to the egg apparatus. Upon induction 

with human estrogen XVE binds to the lexA domain and induces expression of adjacent 

genes.  

 In addition to the gain-of-function screen we tested capability of candidate genes 

to trigger parthenogenesis. Based on preliminary results obtained in our lab (L. Brand, 

PhD thesis, 2007), mis-expression of the gene encoding WUSCHEL (WUS) in 

Arabidopsis thaliana was performed. Ectopic expression of the WUS gene (Zuo et al., 

2002) is known to induce somatic embryo development in the roots. Preliminary results 

suggested that siliques of plant lines inducibly expressing WUS can elongate upon 

application of estradiol, prior to anther dehiscence.  

We also verified genes involved in the G1/S phase of the plant cell cycle as 

potential candidates that can trigger cell division and initiate embryogenesis. The 

Retinoblastoma Related Protein 1 (RBR1) is a key regulator of G1/S phase transition in 

plants and animals (Ebel et al., 2004). By binding to E2F/DP transcription factors, 

RBR1 inhibits progression of the G1/S phase arresting a cell in the G1 phase. It has been 

suggested that RBR1 acts on the egg cell to keep it in the G1 (Sundaresan and Alandete-

Saez, 2010) to prevent the progression to the S phase and subsequently completing the 

cell cycle which could lead to the egg cell activation. Hence, we selected a set of the cell 

cycle genes important for the RBR1 suppression in order to test whether the mis-

expression of these genes in the egg apparatus of the Arabidopsis male sterile mutant 

will result in the egg cell activation. Moreover, we also decided to directly silence the 

RBR1 gene by using an artificial microRNA. 

In addition to RBR1, the Arabidopsis MSI1 gene is also suggested to prevent the 

egg cell activation before fertilization (Sundaresan and Alandete-Saez, 2010). This 
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hypothesis was supported by observation of parthenogenetic embryos in msi1 knockout 

mutants (Guitton and Berger, 2005). However, these embryos abort early suggesting that 

the MSI1 gene is also required for the embryo growth. An artificial microRNA 

(amiRNA) (Schwab et al., 2006) was designed to silence the MSI1 transcript. The 

expression of amiRNA against MSI1 was restricted only to the Arabidopsis egg 

apparatus to avoid affecting MSI1 functions after fertilization. We hypothesized that the 

absence of MSI1 transcript in the egg apparatus may induce the parthenogenetic embryo 

production. Moreover, the functional MSI1 protein after the embryo initiation should 

prevent its abortion.  

In addition to the experiments described in this thesis, two side projects were 

carried out. Results of these projects are described in two publications that are attached 

in the appendix (Appendix, 6.1). During the first project we characterized female 

gametophytic mutants of Arabidopsis thaliana that were identified in a gene trap 

insertional mutagenesis screen (Brukhin et al., 2011). The PhD student was responsible 

for: (i) determination of the T-DNA location in the genome of two mutants by Inverse-

PCR, (ii) designing six primer pairs for genotyping of the T-DNA insertion in identified 

six mutants; (iii) screening of 31 T-DNA insertion lines in order to confirm phenotype 

of mutants; (iv) examination of the mature pollen grains of six gametophytic mutants by 

DAPI staining. 

The second project was focused on the role of the cullin-containing ubiquitin ligase that 

is a component of the ubiquitin proteasome pathway in developmental processes in 

plants (Dumbliauskas et al., 2011). The contribution to this project was microscopic 

examinations of the cul4 homozygous mutant seed at different developmental stages. 
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Figure 1-6. The XVE inducible system. The chimeric transcription factor XVE consists 
of three components: the DNA-binding domain of the bacterial repressor LexA (green), 
the transactivating domain of VP16 (black), the human estrogen receptor regulatory 
region (beige). (a) In the absence of inducer, XVE is restricted to cytosol. (b) Upon 
induction with 17-ß-estradiol XVE dimerises and translocates to the nucleus. In the 
nucleus XVE binds to the LexA target sequences. The LexA consists of eight copies of 
the LexA operator fused to the -46min35S promoter to activate adjacent genes. The 
VP16 domain recruits the transcription machinery to the OlexA-TATA. 
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2. MATERIAL AND METHODS 

 

2.1. Plant Material 

 

2.1.1. Wild Type Arabidopsis thaliana Strains and Male Sterile 

Mutants 

Arabidopsis thaliana (L.) Heynh., accessions Columbia (Col) and Landsberg 

erecta (Ler) were used as wild type strains. Screens performed in order to induce 

parthenogenetic embryo development relyed on two tightly regulated, conditionally 

male-sterile plant lines. The observed mutant phenotype is caused by the disruption of 

the ALLENE OXIDE SYNTHASE (AOS) gene (at5g42659) that encodes one of the key 

enzymes involved in jasmonic acid biosynthesis. Mutant lines exhibit defects in anther 

dehiscence process and reduced filaments elongation that result in male sterility. The 

mutation has no effect on the female gametophyte and these plant lines can produce 

seeds after fertilization with wild-type pollen. The A. thaliana Col accession mutant 

delayed-dehiscence2-2 (dde2-2) (von Malek et al., 2002) was identified in an En1/Spm1 

transposon-induced mutagenesis (Wisman et al., 1998). In this mutant transposon 

footprint created a BstUI restriction site that allows genotyping using CAPS markers 

(Appendix, Table 6-1) (L. Brand, PhD theses, 2007). The A. thaliana Ler accession 

dde2 mutant (exotic line collection GT27) was generated by exploiting the Ac/Ds gene 

trap transposon tagging system (Sundaresan et al., 1995) within the EXOTIC 

consortium of the Fifth Framework program of the EU. The Ds element contains a 

kanamycin resistance gene (nptII) allowing the selection on MS medium with the 

appropriate antibiotic.  

In both mutant lines pollen production resulting in normal seed set can be restored by 

spraying the flowering plants daily with 0.01% (v/v) Methyl-Jasmonate (C13H20O3) 

solution (pure Methyl Jasmonate, Serva Electrophoresis GmbH, Heidelberg, Germany).  
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2.1.2. Activator Line for Gain-of-Function Screen 

The LB122 line was developed as an activator line in the conditional male-sterile 

dde2-2 Col background for the inducible activation tagging screen for elements of 

parthenogenesis. This line contains the activator construct pLB12-AtEASE (Figure 2-1) 

controlling expression of the XVE transcription factor. In addition an OlexA-

TATA:GUS fragment is present in this vector (Brand et al., 2006).  

 

 

Figure 2-1.Scheme of the T-DNA of the pLB12-AtEASE activator vector. The AtEASE 
enhancer is located upstream of the XVE chimeric transcription factor restricting XVE 
expression to the Arabidopsis egg apparatus. The pLB12-AtEASE vector includes an 
OlexA-TATA:GUS unit. It allows verifying the pattern and inducibility of the XVE. 
This vector contains the kanamycin resistance gene in plants controlled by Nopaline 
synthase promoter (nosP) and terminator (nosT).  
 

 

2.1.3. T-DNA Insertion Lines 

 The mutant alleles krp2 and krp4 correspond to Salk_130744 and Salk_102417 

lines (Alonso et al., 2003), respectively. Mutant krp6 is a Sail_548_B03 line (Sessions et 

al., 2002; McElver et al., 2001) whereas krp7 allele is GABI-841D12.03 line (Rosso et 

al., 2003). The T-DNA specific primers were used to confirm the insertion in the 

genome of mutants (Appendix, Table 6-2). 

 

2.1.4. Plant Growth Conditions 

Surface-sterilization of the seeds was done by washing in 70 % EtOH for 10 min 

followed by Javel treatment for another 10 min (Javel contains 2.5 % sodium 

hypochlorite, Coop, Switzerland), alternatively 0.01 % Triton X-100 was used. Then the 

seeds were washed 3-4 times with ddH2O. Subsequently, the sterile seeds were kept in 

water to stratify at 4 °C in the cold room for 3-5 days before the seeds were spread on 
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MS plates. MS medium contained 4.3 g/L Murashige Skoog slats (Carolina Biological 

Supply Company, Burlington NC, USA), 10 g/L Sucrose, pH 6 (KOH), 10 g/L 

BactoAgar (Chemie Brunschwig AG, Basel, Switzerland). Antibiotics were added to the 

medium after autoclaving (50 µg/L kanamycin, AppliChem, Darmstadt, Germany; 15 

µg/L hygromycin, Invitrogen Corporation, Carlsbad CA, USA; 5.25 mg/L sulfadiazine, 

Sigma-Aldrich, St. Louis MO, USA). MS plates with seeds were kept at 22 °C with 

14/10 h light/dark cycle in the plant incubator (CU-36L6/D. Percival Scientific Inc., 

Perry IA, USA) for 14-20 days. The seedlings were then planted in pots containing soil 

(Einheitserde Classic ED73SM, Einheitserde Werkverband, Sinntal, Jossa, Germany) 

covered with sand (Quarzsand, Top Quarz M, Top Mineral AG, Wahlen, Switzerland) 

and watered with 0.6g/L nematodes Steinernema felitiae (Andermatt Biocontrol AG, 

Switzerland) and Solbac (1.2 % Bacillus thuringiensis var. israelensis (12 g/L, 

Andermatt Biocontrol AG, Grossdietwil, Switzerland). Plants on soil were grown in a 

greenhouse with 16/8 h light/dark and 22/16 °C temperature cycles at 60 % humidity for 

the rest of the life cycle. Basta selection was performed on soil by spraying of the plants 

with 0.05 % (v/v) Basta (Plüss and Stauffer, AG/SA, Oftringen, Switzerland). 

 

2.1.5. Plant Transformation 

For plant transformation, the floral dip method was used (Clough and Bent, 

1998). The Agrobacterium thumefaciens GV3101 bacterium strain containing the 

required plasmid was grown at 28 °C in a shaker at 180-200 rpm in 5 mL LB medium 

supplied with gentamycin, rifampicin for the helper plasmid and GV3101 selection and 

an appropriate antibiotic for plasmid selection. Subsequently, a 250 mL of LB culture 

containing gentamycin and required antibiotic was inoculated with the pre-culture and 

was incubated again for 20 h at 28 °C, with shaking at 180-200 rpm. Then the bacteria 

were pelleted by centrifugation (Beckman centrifuge Avanti J-E, JA-10 rotor, 5000rpm 

for 10 min in 4 °C; Beckman Coulter, Krefeld, Germany) and resuspended to OD600= 

0.8 in transformation medium (5 % w/v sucrose, AppliChem, Darmstadt, Germany) 

containing 0.02 % v/v Silwet L-77 (Lehle Seeds, Round Rock TX, USA), added before 

dipping. The flowering plants were transformed as soon as flowers developed. After 

dipping, the plant pots were laid on their side and covered with a lid for about 24 h. 



 
   

30 

Afterwards plants were set upright. Conditional male-sterile mutants were daily sprayed 

with Methyl Jasmonate to allow normal seed set. 

 

2.1.6. Plant Crossing 

Plants producing pollen were emasculated 2-3 days before the planed crossing 

and were pollinated by hand. 

 There was no need to emasculate dde2 male-sterile flowers when used as 

females. To restore the normal pollen production, 3-4 days before the planned crossing 

the plants were sprayed with Methyl Jasmonate. As soon as mature pollen was observed, 

stamens were picked for pollination.  

 

2.1.7. Estradiol Induction 

The method of estradiol induction depended on the purpose of the experiment. 

The female gametophyte was induced with solution containing 50 µM 17-ß-estradiol 

(Sigma-Aldrich Inc., St. Luis MO, USA) and rape-seed oil (Schweizer Rapsöl, Coop, 

Switzerland). A drop of oil containing estradiol was deposited on a plant inflorescence. 

To mix estradiol with rape-seed oil, a DMSO stock with 20 mM estradiol was used (20 

mM estradiol stock in 100 % DMSO). The female gametophyte induction was also 

carried out by uptake of 20 µM 17-ß-estradiol by transpiration through the vasculature 

tissue. Estradiol induction on the female gametophyte was also performed by regularly 

dipping inflorescences in estradiol solution (20 µM 17-ß-estradiol in H2O supplied with 

0.01 % non-ionic tensides Breakthru S240 (Goldschmidt GmbH, Essen, Germany) that 

increases the uptake of the inducer through plant tissues). Watering plants on soil (50 

µM 17-ß-estradiol in tap water) was an alternative and likely inefficient method of 

induction used. For analysis of plant at the seedling phase, induction using 2 µM 17-ß-

estradiol in MS plates was carried out (stock solution 20 mM estradiol in 100 % EtOH, 

added with antibiotics to MS plates). 
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2.1.8. GUS Staining  

For GUS staining floral tissue was harvested and pistils were dissected. 

Subsequently, the tissue was transferred to the GUS solution [(50 mM Na-phosphate pH 

7, 10 mM EDTA, 0.1 % v/v Triton X-100, 2 mM potassium ferrocyanide, 2 mM 

potassium ferricyanide, 1.5 mg/mL 5-bromo-4-chloro-3-indoxyl- ß-D-glucuronic acid, 

cyclohexylammonium salt (X-gluc, Biosynth AG, Staad, Switzerland)]. In the next step 

samples were vacuum infiltrated for about 20 minutes and incubated for about 2 h at 37 

°C.  

 

2.1.9. Screening of Transformants 

Approximately 9000 individual transformants were screened for gain-of-function 

phenotypes exhibiting elements of parthenogentic embryo development. The T1 and T2 

plants were visually assessed for silique elongation 3-5 days after induction with 17-ß-

estradiol in the male sterile background. The gametophyte induction was carried out by 

applying a drop of rape-seed oil containing estradiol on the Arabidopsis inflorescence.  

 

2.1.10. Ovules Clearing  

For the morphological characterization of ovules, an adaptation of the clearing 

protocol was used (Yadegari et al., 1994). The floral tissue was transferred to an 

ethanol: acetic acid (9:1) mixture and incubated at 4 °C o/n, followed by washes with 90 

% and 70 % EtOH, for 1 h each. The chloral hydrate solution (40 g chloral hydrate, 

Riedel-DeHaën, Seelze, Germany; 5 mL glycerol anhydrous, Fluka AG, Buchs, 

Switzerland) dissolved in 10 mL of ddH2O was used to clear ovules directly before 

performing the light microscopy. 
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2.2. Imaging 

 

2.2.1. Stereomicroscope and Light Microscopy 

Tissue for microscopy was dissected using a Leica CLS 100X Stereomicroscope 

(Leica Microsystems, Wetzlar, Germany).  

Specimens were analyzed using a Leica DMR light microscope under DIC Nomarski 

optics (Leica Microsystems, Wetzlar, Germany). Digital images were made using a 

Magnafire camera (Optronics, Goleta CA, USA) and the Image Pro Express software 

(Media Cybernetics, Silver Spring MD, USA).  

Digital images obtained from microscopy analysis where further processed by Adobe 

Photoshop 8.0 (Adobe Systems Inc., San Jose CA, USA). 

 

2.3. Standard Protocols, Enzymes and Kits 

 

Standard molecular procedures were carried out as described in Sambrook and 

Russell (2001) whereas special kit set were used according to manufacturer’s 

recommendations. Chemicals were obtained from Sigma-Aldrich Inc. (St. Louis, MO, 

USA) unless specified otherwise. Restriction enzymes and the corresponding reaction 

buffers were purchased from New England Biolabs (Ipswich MA, USA). Ligation 

reactions were performed using T4 DNA ligase from Takara (Takara Ligation Mix, 

Takara Bio Inc., Otsu, Japan). Taq DNA polymerase and appropriate buffer used for 

artificial micro RNA product amplification was obtained from Takara (ExTaq
TM DNA 

Polymerase, Takara Bio Inc., Otsu, Japan). Tail-PCR reactions were carried out using 

Taq DNA polymerase (Sigma-Aldrich Inc., St. Luis MO). The cDNA of G1/S genes was 

amplified with Phusion polymerase, supplied HF buffer and DMSO (Phusion® High-

Fidelity DNA Polymerase, New England Biolabs Inc., Ipswich MA, USA) and all PCR 

reaction were performed according to the instructions of the manufacturer. DNA 

purification for cloning and PCR product purification from agarose gels was performed 

by using the NucleoSpin® Extract II Kit (Macherey-Nagel GmbH & Co. KG, Düren, 

Germany). The Qiagen PCR cloning kit was used for direct cloning of PCR products 
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(Qiagen, Düseldorf, Germany). Large scale plasmid extractions were carried out with 

the JetStar 2.0 Plasmid Midiprep Kit (Genomed, Chemie Brunschwig AG, Basel, 

Switzerland).  

The GatewayTM cloning system from Invitrogen (Carlsbad CA, USA) was used to 

perform BP and LR reactions according to the manufacturer requirements with two 

modifications, only half of the amount of the clonase enzyme was used and a longer 

incubation time was applied (overnight). 

 

2.3.1. Bacterial Strains, Media, and Transformation 

Two strains of chemo-competent Escherichia coli, DH5αTM (Fˉ recA1 endA1 

hsdR17(rk
ˉ, mk

+) supE44 λˉ thi-1 gyrA96 relA1) and DB3.1TM (Fˉ 
gyrA462 endA1 Δ(sr1-

recA) mcrB mrr hsdS20(rB
ˉ, mB

ˉ) supE44 ara14 ga/K2 lacY1 proA2 rpsL20(Smr) xyl5 

Δleu mtl1) were used for cloning and plasmid propagation. Transformation of both E. 

coli strains was performed following the calcium chloride (heat-shock) method. Bacteria 

were stored at -80 °C. Propagation of E. coli was performed at 37 °C in Luria Bertani 

(LB) liquid medium or on LB-plates (LB medium and 1.8 % w/v Bacto Agar, Chemie 

Brunschwig AG, Basel, Switzerland) supplied with the required antibiotics (25 µg/mL 

chloramphenicol; 10 µg/mL gentamycin sulfate, Fluka AG, Buchs, Switzerland; 50 

µg/mL kanamycin, AppliChem, Darmstadt, Germany; 100 µg/mL spectinomycin, 

Duchefa Biochemie RV, Haarlem, Netherlands). 

The Agrobactrium thumefaciens strain GV310 containing the helper plasmid pMP90 

was used for plant transformation (Koncz and Schell, 1986). The A. thumefaciens strain 

contains gentamycin (40 µg/mL gentamycin sulfate, Fluka AG, Buchs, Switzerland) and 

rifampicin (50 µg/mL rifampicin) resistance genes. The A. thumefaciens competent cells 

were obtained by growing 25 mL LB liquid culture over night at 28 °C with shaking 

180-200 rpm and subsequently were pelleted by centrifugation at 4000 rcf for 10 min. 

The obtained pellet was re-suspended in 1 mL ice-cold 20 mM CaCl2 and 50 µL aliquots 

were frozen in liquid nitrogen and stored at -80 °C. The A. tumefaciens transformation 

was performed by adding 1-2 µg of plasmid DNA to frozen competent cells and 

incubated for 5 min at 37 °C. Subsequently, 200 µL of LB medium was added and 

samples were further incubation at 28 °C for 2-4 h. After incubation bacteria were 
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spread on LB plates containing appropriate antibiotics and kept at 28 °C for 3 days in 

the bacteria incubator. After incubation colonies were harvested and grown in 5 mL LB 

liquid culture followed by the plasmid mini-prep. Subsequently, the isolated plasmid 

was control analyzed by restriction digest or sequencing.  

All small scale plasmid extraction (mini-preps) was carried out by alkaline lysis method 

from 1 mL of culture and later dissolved and stored in 20 µL of TE buffer pH 8.0. 

Bacteria containing plasmids were stored at -80 °C in 10 % glycerol (glycerol 

anhydrous, Fluka AG, Buchs, Switzerland). 

 

2.3.2. PCR and Sequencing 

Standard PCR reactions using Taq polymerase were carried out using a PTC-200 

thermocycler (MJ Reasearch, Waltham MA, USA) or S1000TM thermocycler (BioRad, 

Laboratories, Hercules, CA, USA). The standard PCR reaction was performed at 94 °C 

for the initial 3 min denaturation step, followed by 29-37 cycles of 15 sec denaturation 

at 94 °C, annealing temperature (Ta) for 20 sec and elongation at 72 °C. An additional 5 

min at 72 °C elongation step followed the last cycle. The annealing temperature was set 

2 °C below the melting temperature of the primers as specified by the supplier (Sigma-

Aldrich Inc., St. Luis MO, USA). The elongation time was calculated based on an 

assumed synthesis rate of the one kilobase (kb) amplified product per minute (1 kb min-

1). PCR reactions carried out using Phusion polymerase were performed according to 

manufacturer instructions.  

The amplified fragments were separated in 1.2 % agarose gels containing TBE buffer 

(90 mM tris-borate; 2 mM EDTA) and 0.4 µg mL-1 ethidium bromide. 

Electrophoregrams were visualized under UV light and documented using Gel Doc-It 

TSTM Imaging system (UVP, Upland, CA, USA) 

 

2.3.3. Tail-PCR 

 Genomic sequences flanking the T-DNA insertion were identified by thermal 

asymmetric interlaced (Tail-) PCR (Liu et al., 1995). Three nested primers within the 

left border of the insertion in combination with either the AD1 or the AD2 degenerate 
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primers were used (Appendix, Table 6-3). The three subsequent PCR reactions were 

performed as described in Liu et al. (1995) with the following modifications. The initial 

incubation of the first PCR reaction was performed at 94 °C for 2 min. In the secondary 

and tertiary PCR reactions 15 supercycles and 34 low-stringency cycles were performed, 

respectively.  

The PCR reaction products were purified from an agarose gel and sequenced. Insertion 

sites were aligned with the library of genomic sequence of Arabidopsis thaliana by 

Basic Local Alignment Search Tool (BLAST) algorithm 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences obtained from Tail-PCR were used 

to design the T-DNA insertion specific primers. Subsequently, the insertion sites were 

verified using these specific T-DNA insertions primers and the left border (LB) Tail 1 

primer. 

 All sequencing reactions were performed using a capillary sequencing machine, 

Hitachi DNA Analyser 3730 (Applied Biosystems, Foster City CA, USA). 

 

2.3.4. Southern Blot 

The number of T-DNA genomic insertions present in transformed plant lines was 

assessed using the Southern blotting technique. Genomic DNA was extracted from 

leaves. Subsequently, DNA was digested with SacI endonuclease and the obtained 

fragments separated on 0.8 % agarose gel. Then the separated DNA fragments were 

transferred on a positively charged nylon membrane (Nylon Membranes positively 

charged, Roche Diagnostics GmbH, Mannheim, Germany) by the capillary blotting 

method. Dig probes for pMJ1 and pMJ2 insertions were produced by PCR amplification 

(Appendix, Table 6-4) to allow incorporation of the anti-digoxigenin-AP Fab fragments 

(Roche Diagnostics GmbH, Mannheim, Germany) into the probe DNA. Visualization of 

the probe was performed according to the standard protocol for chemiluminescence 

using the CDP-star substrate (Boehringer, Mannheim, Germany). Subsequently the 

nylon membrane was exposed to standard laboratory X-ray film (FUJIFILM, FUJIFILM 

Corporation, Tokyo, Japan).  
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2.3.5. Ploidy Analysis 

Ploidy measurements were carried out using a Ploidy Analyzer PA-I from Partec 

(Münster, Germany) according to the manufacturers’ instructions. All buffers used for 

the analysis were supplied by the manufacturer. A piece (~1 cm2) of leaf tissue was 

collected from the plant of interest and finely chopped. The measurements were 

proceeded by a calibration of the polidy analyzer with diploid plant material (WT Col). 

The gain and the lowest level (L-L) (minimal signed intensity to be scored as real count) 

were set in accordance to the controls and ranged generally from 350 to 450 for the gain 

and from 20 to 50 for the L-L. The speed was set at 2 µl/s.  

 

2.4. Vectors 

 

2.4.1. pMDC113 

In order to ectopically express the WUSCHEL gene pMDC113 was used (Figure 

2-2). This construct was derived from an estradiol inducible vector pMDC7 (Curtis and 

Grossniklaus, 2003) and contains an XVE transcription factor (Zuo et al., 2000) under 

the transcription control of the GT10-90 promoter and the OlexA-TATA:WUS responder 

unit.  

 

 

Figure 2-2. Scheme of the pMDC113 vector. This vector was used for condtional mis-
expression of the WUS gene. The pMDC113 construct contains XVE and the OlexA-

TATA responder unit. The expression of the XVE is controlled by the GT10-90 
promoter. (LB/RB) left and right borders, (nosP) nos promoter, (hpt) gene conferring 
hygromycin resisistance in plants, (nosT) nos terminator, (attB/R) GatewayTM 
recombination sites, a WUS gene CDS is inserted into the CDS- cassette, (T3A) 
terminator for the GatewayTM cassette are the remaining components of the pMDC113 
vector.  
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2.4.2. Responder Vectors Used for Gain-of-Function Screen 

For the activation tagging screen using the pLB12-AtEASE activator, the 

responder constructs pLB66 and pLB71 were used (Figure 2-3a and b). 

Vector pLB66 (Figure 2-3a) contains two OlexA-TATA XVE-responsive promoters. One 

is located upstream of the GatewayTM cloning cassette, the other is adjacent to the right 

border (RB) sequence of the insertion, so that this vector can be used for conditional 

activation tagging experiments (Brand et al., 2006). 

The pLB71 was derived from the pLB66 vector by removing a ~5600 bp XbaI fragment 

between Nos promoter and RB adjacent OlexA-TATA cassette. In the new responder 

vector the fragment between left and right border consists of the hygromycin resistance 

genes with its promoter and terminator and one OlexA-TATA cassette adjacent to the RB 

(Figure 2-3b). 

(a)

 

(b) 

 

Figure 2-3. The T-DNA of responder vectors.  
(a) The pLB66 vector contains two OlexA-TATA units. (LB/RB) left and right border, 
(nosP) nos promoter, (hpt) gene conferring hygromycin resisistance in plants, (nosT) 
nos terminator, (attB/R) GatewayTM recombination sites, a GFP reporter gene CDS is 
inserted into the CDS- cassette, (T3A) terminator are components of the pLB66 vector. 
Further, this vector contains the pBluescriptSK sequence (pBSK), providing a bacterial 
origin of replication (ColE1 ori) and ampicillin resistance for plasmid resque. 
(b) The pLB71 T-DNA. Between (LB/RB) left and right borders of the pLB71 T-DNA a 
(nptII) gene conferring kanamycin resistance in plants, (nosP) nos promoter, (nosT) nos 
terminator and the OlexA-TATA unit are present. 
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2.4.3. Construction of pMJ1 and pMJ2 Vectors 

The pMJ1 and pMJ2 vectors were developed in order to mis-express candidate 

genes in the Arabidopsis thaliana egg apparatus under control of the AtEASE/min35S 

promoter (Figure 2-4). 

 

Figure 2-4. Generation of the pMJ1 and pMJ2 expression vectors.  
(a) The T-DNA of pMoa binary vectors. The pMoa series confer the spectinomycin 
resistance in bacteria and provide different markers for plant selection. These markers 
for plant selection are controlled by the Nopaline synthase promoter (nosP) and 
terminator (nosT). pMoa33 confers kanamycin resistance (kan

r) and pMoa36 basta 
(bar

r) resistance, respectively. MCS- multiple cloning site, LB- left border, RB- right 
border. 
(b) The T-DNA of pHA1 and pQAN1 vectors contains the OlexA-attR1-Cmr-ccdB-
attR2 fragment and a marker gene for selection in plants. pHA1 confers kanamycin 
resistance (kan

r) and pHA1 basta (bar
r) resistance, respectively. 

(c) pMJ1 and (d) pMJ2. Both vectors contain the GatewayTM cassette consisting of 
(attB) GatewayTM recombination sites, (CMr) chloramphenicol resistance in bacteria 
and (ccdB) gene. Upstream of the Gateway unit, the At EASE/ -46min35S promoter 
was cloned. T-DNA of these vectors contains genes conferring a kanamycin (nptII) and 
basta resistance (bar

r) in plants, respectively. The transcription of selectable marker 
genes is controlled by Nopaline synthase promoter (nosP) and terminator (nosT). These 
vectors confer spectinomycin resistance in bacteria. 
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The pMJ1 and the pMJ2 were constructed based on the pHA1 and the pQAN1 

plasmids, respectively. The pHA1 (obtained from Hiroko Asano) and the pQAN1 

(obtained from Quy A. Ngo) were derived from minimal T-DNA binary vectors pMoa 

(Barrell and Connor, 2006). The pMoa vectors have very small T-DNAs with different 

marker for plant selection and the right border of the T-DNA a multiple cloning site was 

introduced (Figure 2-4a). pHA1 and pQAN1 were generated by introducing the OlexA-

attR1-Cm
r
-ccdB-attR2 fragment into pMoa33 and pMoa36, respectively (Figure 2-4b). 

The attR1-Cm
r
-ccdB-attR2 is an integration region from the GatewayTM cloning system 

(Invitrogen) containing att-recombination sites flanking the ccdB gene (Bernard and 

Couturier, 1992) for positive selection in the E. coli DB3.1 strain and the bacterial 

chloramphenicol resistance (cmr) gene. The 3’ of the Gateway cassette for coding 

sequences (CDS) is followed by a T3A terminator. The attR1-Cm
r
-ccdB-attR2 fragment 

was obtained from the pMDC221 vector and introduced into pMoa33 and pMoa36 by 

conventional cloning using XbaI and SacI restriction enzymes. 

In order to generate pMJ1 and pMJ2 vectors (Figure 2-4c and d) the AtEASE/-46min35S 

promoter was cloned into pHA1 and pQAN1, respectively. The sequence of the AtEASE 

together with 35S minimal promoter was amplified using Phusion polymerase 

(Phusion® High Fidelity Polymerase, New England Biolabs Inc., Ipswich, UK) from the 

pWY-093.1 vector (Yang et al., 2005) using primers containing XbaI and AscI 

restriction site adapters (Appendix, Table 6-5). The amplified fragment was sub-cloned 

into the pDrive vector (Qiagen PCR Cloning Kit, Qiagen, Düseldorf, Germany), 

propagated in DH5α competent cells and isolated by alkaline lysis method. 

Subsequently, pDrive-AtEASE/-46min35S and the destination vectors pQAN1 or pHA1 

were digested overnight at 37°C using XbaI and AscI restriction enzymes. The digests 

were heat-inactivated at 65°C for 20 min and subsequently ligated. The resulting 

plasmids were propagated in DB3.1 cells. 

 

2.4.4. pEntry Vectors 

Entry clones were generated by amplifying cDNA of CDKA;1, CDKD;3, 

CycA3;1, CycD2;1, CycD3;1, CycH;1, E2Fb and DPb using two set of primers, first set 

for gene-specific amplification including 12 bases of the attB1 and attB2 site and the 

second to get the complete attB sequences of the PCR product (Appendix, Table 6-6). 
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Products were amplified using Phusion polymerase. Subsequently, the attB-PCR 

products were integrated into pDonor207 using BP clonase and then transfered into 

pMJ1 or pMJ2 using LR clonase. The resulting vectors were propagated in DH5α and 

sequenced. 

2.5. Generation of Artificial microRNAs  

 The artificial microRNA (amiRNA) targeting the RBR1 and MSI1 genes, 

respectively, were designed using the artificial microRNA a web designer the Web 

MicroRNA Designer (WMD) platform (Schwab et al., 2006; Ossowski et al., 2008). 

The introduction of the amiRNA-RBR1 (TACTGTGTGAAATAAGAGCGT) and 

amiRNA-MSI1 (TTAGCGTTAATATCCCACGAG) sequences into the Arabidopsis 

thaliana microRNA precursor MIR319a was carried out by overlapping PCR using four 

oligonucleotides for each amiRNA and two generic primers (Appendix, Table 6-7) 

hybridizing to the pRS300 vector. The pRS300 plasmid used as a PCR template harbors 

the Arabidopsis endogenous miR319a precursor in a pBluescript SK backbone (Schwab 

et al., 2006).  

The obtained precursor fragments were cloned into the pDrive plasmid and propagated 

using DH5α competent cells. Modified amiRNAs were amplified by two sets of PCR 

primers, first set for the fragment specific amplification including 12 bases of the attB1 

and attB2 site and the second to get the complete attB sequences of the PCR product. 

The resulting PCR products were introduced by the BP reaction into pDonor207 to 

create pENTRY vectors. Subsequently, the LR reaction was performed to introduce the 

amiRNAs into destination vector pMJ1. After sequencing, the expression vectors pMJ1-

amiRNA-RBR1 and pMJ1-amiRNA-MSI1 were used to transform Arabidopsis Columbia 

dde2-2 male sterile mutant. 
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3. RESULTS 

 

3.1. Gain-of-Function Screen 

 

Progeny of sexually reproducing flowering plants results from the fusion of the 

reduced female and male gametes in a process described as double fertilization. During 

apomictic reproduction, the progeny is produced in the absence of meiosis and without 

paternal contribution. The mechanism of this process is thought to have evolved from a 

deregulation of ancestral sexual processes resulting in (i) circumvention of meiosis 

(apomeiosis); (ii) embryo development without fertilization (parthenogenesis) and (iii) 

the development of functional endosperm (Koltunow and Grossniklaus, 2003). Since 

apomixis is a dominant trait, a gain-of-function screen to deregulate gene expression in 

the egg apparatus in order to induce parthenogenesis was performed. A versatile two-

component system providing reliable conditional gene activation in the egg apparatus 

was employed to express randomly tagged genes in the tissue specific manner (Brand et 

al., 2006). This system comprises of an activator and a responder unit. The activator T-

DNA unit consists of the chemically inducible chimeric transcription factor XVE (Zuo 

et al., 2000) with a minimal CaMV 35S promoter under a transcription control of the 

egg apparatus specific promoter, AtEASE/min35S (Yang et al., 2005). The responder T-

DNA component contains an XVE-responsive promoter, lexA operator that can be used 

to mis-express randomly tagged genes. Upon chemical induction with 17-ß-estradiol the 

chimeric transcription factor XVE bind to its responsive promoter lexA and 

transactivates the adjacent gene. We aimed to generate 9 000 independent transformants 

and screen for elements of apomixis upon induction in the male sterile background.  

The conditionally male sterile LB122 (Brand et al., 2006) line containing XVE 

transcription factor under a transcriptional control of the AtEASE promoter was used as 

the activator line in the screen. Subsequently, this line was super-transformed with the 

responder vector pLB66 (Brand et al., 2006) and double transformants containing both 

units of the inducible system were generated. On MS plates containing appropriate 

antibiotics about 5200 double transformants were obtained. Each T1 line was supposed 
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to be homozygous for the activator unit and heterozygous for the responder unit and 

segregate in a 3: 1 ratio in the next T2 generation. Seven seedlings of each T2 line 

showing a segregation ratio of 3: 1 were planted in one pot. During flowering 

inflorescences of these lines were induced with 17-ß-estradiol and screened for gain-of-

function mutants that show conditional seed development phenotypes in the absence of 

fertilization. In order to activate the embryo development in the female gametophyte the 

chemical inducer needs to enter and efficiently penetrate the egg apparatus of the 

embryo sac at the micropylar end of the ovule. In case of this screen the chemical 

induction was carried out by applying a drop of pure rape-seed oil containing 50 µM of 

17-ß-estradiol. However, there were two other alternative application methods tested, to 

determine which is the fastest and the most efficient to screen a high number of lines. 

Estradiol induction was carried out by normal watering with tap water containing 

estradiol. Alternatively, inflorescences were dipped in estradiol solution. However, both 

methods, in comparison to rape-seed oil based induction, were found not to be ideal for 

screening thousands of individuals. Dipping requires regular treatment (3-4 times) of the 

plant which causes damages and stress to the plants. Induction by watering does not 

stress the plant, however, it is not possible to maintain induced and un-induced sectors 

on the plant. Randomly collected transformant’ flower samples were checked 2-4 days 

after rape-seed oil based for GUS activity to assure effectiveness of the chemical 

induction. The figure 3-1A shows that the induced GUS gene expression in the egg 

apparatus of the ovules can be detected in synergids already one day after the induction 

with estradiol. Subsequently, the GUS expression is observed in the whole egg apparatus 

(Figure 3-1C). 3-4 days after the induction a diffusion of the GUS product is observed in 

the embryo sac and surrounding tissue (Figure 3-1D).These observation suggested that 

50 µM concentration of 17- ß-estradiol is sufficient to activate GUS expression. 

 

Figure 3-1. Expression of 
the GUS reporter gene in 
the egg apparatus of the T1 

individuals after induction 
with 50µM of 17-ß-
estradiol. (A) GUS 
expression 1day after 
induction (dai). (B) GUS 
expression 2 dai. (C) GUS 
expression 3 dai. (D) GUS 
expression 4dai.  
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Usually 3-5 days after the induction transformants were screened for silique elongation. 

From the T2 generation we isolated 78 candidates. Siliques of selected individuals 

seemed to be longer on induced inflorescences in comparison to those found on not 

induced ones (Fig. 3-2). However, in contrast to the wild type, these siliques were thin 

and not very long suggesting lack of the developing seed inside. Besides the visual 

assessment, candidates were analyzed by light microscopy. Unfortunately, the estradiol 

induction method using rape-seed oil generated technical problems regarding pistil 

dissection and clearing of ovules, the structures of the embryo sac were not easily 

distinguishable.  

 

Figure 3-2. Length of siliques 
observed on not induced (A) and 
induced (B) infloresecences. Some 
siliques from induced inflorescrnces 
were longer in comparison to the 
control, however, no developing seeds 
were found. 
 

 

Six lines (468a, 959, 854, 3621, 3615, and 3876) produced WT siliques before 

application of 17- ß-estradiol and were found not to carry dde2-2 mutation (Figure 3-3). 

 

Figure 3-3. The footprint of the dde2-2 mutation 
created a novel BstU I restriction site, which can 
be used for genotyping. A cleaved amplified 
polymorphic sequence (CAPS) marker is not 
present in wild type plants. 
100 bp- CAPS marker; 200- bp wild type marker 

 

The putative mutants isolated in this screen were treated with methyl jasmonate to 

restore the pollen production and obtain seeds. The T3 generation was re-screened to 

confirm heritability of the observed phenotype. Progeny of putative candidates was 

planted on soil and induced with estradiol diluted in oil. Alternatively, candidates were 

planted in closed plastic containers containing MS medium with 2 µM 17-ß-estradiol. 

This method helped to overcome problems with dissecting and tissue clearing and 
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prevented tested individuals from accidental pollination which might occur in the 

greenhouse where male sterile mutants often grow in vicinity of fertile plants. However, 

re-screening of candidates did not support the initial results and ovules of induced 

siliques did not show parthenogenetic embryo development. The observed ovules 

contained a WT embryo sac without any structures suggesting embryo development 

(Figure 3-4). 

Among the selected 78 putative candidates, there 

were two mutant lines (1255 and 4368) producing 

siliques which were round suggesting developing 

seeds inside. However, there was only a single 

longer silique usually containing only one seed 

which suggested accidental pollination. 

Nevertheless, even such individuals were further 

analyzed. Developing embryos were rescued and 

plated on MS plates without any antibiotic and the 

maternal plant was sprayed with methyl jasmonate 

to obtain seeds. Developing seedlings were planted on soil and ploidy level of these 

lines was checked (Figure 3-5). If these plants resulted from parthenogenetic embryo 

development they should be haploid like the egg cell. Unfortunately, these plants proved 

to be diploid confirming that seed development was caused by pollination. Additionally, 

these candidate lines were induced with estradiol but no silique elongation was 

observed. 

 

Figure 3-5. Ploidy analysis. (A) Wt diploid plant. (B) Candidate mutant line 1255. On 
the X-axis size of the nuclei is represented (50=2n, 100=4n, etc) while on the Y-axis 
represents number of counting for a specific size.  
 

 

Figure 3-4. The dde2-2 ovule 
containing normal embryo sac. 
CC- central cell, ECN- egg cell 
nucleus, SN- synergids nuclei. 
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At the right border the responder vector pLB66 contains OlexA-TATA fragment which 

consists of eight copies of the lexA operator fused to the -46 min 35S promoter. During 

our screen, sequencing of the responder pLB66 vector isolated from Agrobacterium 

competent cells revealed truncations in the OlexA-TATA fragment. Such truncation may 

result from recombination that takes place during bacteria reproduction. Thus, a new 

modified responder vector pLB71 was constructed. The pLB71 vector was generated 

from the pLB66 vector by removing a ~5600 bp XbaI- fragment between nos promoter 

and the right border adjacent the OlexA-TATA cassette. The resulting plasmid contains 

following functional features: the hygromycin resistance gene for plant selection under 

the transcriptional control of the nos promoter and terminator, respectively, and one 

OlexA-TATA cassette adjacent to the right border for activation tagging. In order to 

confirm the identity of the OlexA-TATA fragment, an amplification of this fragment by 

PCR was carried out on DNA of mutant plants containing the new tagging pLB71 

construct. Primers flanking the OlexA-TATA/35S minimal promoter fragment were used 

to amplify 417 base pairs DNA fragment (Appendix, Table 6-8). For this purpose 10 

random mutant plant samples were collected and PCR analyses were carried out 

revealing that in 9 mutants the analyzed fragment was of expected size while one mutant 

contained shorter PCR fragment (20-30 bp shorter) (Figure 3-6). 

Thus, even in more compact modified pLB71 

vector recombination still takes place. 

Nevertheless, screen for gain-of-function 

phenotype was continued using the activator 

line LB122 as before and the pLB71 vector as 

the new responder vector. The last fraction of 

approximately 4000 mutants was screened in 

the T1 generation in order to reduce the time for 

completing the screen. The chemical induction 

with 50 µM 17-ß-estradiol was carried out as 

described. Methyl jasmonte was applied to produce progeny of individuals chosen for 

the re-screen in the T2 generation. Out of the 4000, 14 mutants were identified as 

putative candidates. Five of these lines (1, 2, 3, 4, and 9) produced longer WT-like 

siliques containing seeds (Figure 3-7). 

 

Figure 3-6. Amplification of the 
OlexA-TATA/35S fragment form T-
DNA insertion of the pLB71 vector. 
The red triangular indicates an 
individual containing shorter OlexA-
TATA/35S fragment indicating 
recombination in this part of the T-
DNA. The remaining mutant lines 
contain OlexA-TATA/35S fragment 
of expected size. 
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 Suspiciously, such siliques were 

observed on both induced and un-

induced inflorescences. The mutant 1 

was analyzed by light microscopy and 

observation of developing seeds 

revealed presence of both embryo and 

endosperm (Figure 3-8). A PCR using 

diagnostic dde2-2 primers revealed that 

this mutant line as well as line 9 does 

not carry the dde2-2 mutation. The 

remaining lines (2, 3, and 4) were re-screened in the next T2 generation by growing them 

in closed plastic containers on MS medium containing 2 µM 17-ß-estradiol. None of 

selected putative candidates showed a parthenogenetic phenotype in T2 generation, there 

were no developing embryos in the embryo sac observed. This suggested that a seed 

development observed in these mutants most probably resulted from accidental methyl 

jasmonate application or pollination.  

 

 

 

 

 

 

Figure 3-7. (A) Silique 
containing unfertilized 
ovules (B) Fertilized 
silique containing 
developing seeds. 

 

Figure 3-8. Normal seed development 
observed in the candidate mutant line. 
EM- embryo, EN- endosperm nucleus.  
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3.2. Candidate Gene Approach 

 

3.2.1. WUSCHEL Ectopic Expression Under Ubiquitous GT10-90 

Promoter 

Previous observation carried out on male fertile WT Ler plants transformed with 

the T-DNA vector pMDC113 suggested that the presence of 17-ß-estradiol might induce 

siliques elongation prior to anthesis. The pMDC113 vector contains the XVE 

transcription factor under the transcriptional control of the GT10-90 promoter and the 

OlexA-TATA-WUS responder unit. This vector was generated form pMDC7 (Curtis and 

Grossniklaus, 2003). Ploidy experiments revealed that plantlets derived from the seed of 

the induced plant are diploid. Microscopy analysis showed that seeds developing within 

elongating siliques after induction contain normal embryos most probably without 

endosperm. However, in the LB122 line ectopic expression of WUS in the egg apparatus 

showed no silique elongation. This finding suggested that embryos observed in Ler 

pMDC113 lines did not originate from the egg cell or that embryo development requires 

broader expression pattern of WUS (L. Brand, PhD thesis, 2007).  

In order to confirm these preliminary results from ectopic WUSCHEL expression, the 

Ler conditional male sterile dde2 line (GT27) was transformed with the inducible 

pMDC113 construct. The seeds of the primary transformants were first selected on MS 

plates containing appropriate antibiotics. Subsequently, seeds of the T1 population were 

plated on MS medium supplied with 17-ß-estradiol. Seedlings showing the ectopic WUS 

phenotype by producing somatic embryos on roots in the presence of estradiol were 

selected to grow on soil (Figure 3-9).  

 

Figure 3-9. Inducible somatic embryo 
developing on roots of the Ler dde2 
line containig the pMDC113 vector. 
Bar- 1mm.  
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Inflorescences of mature plant were induced with 17-ß-estradiol using two methods: 

induction by rape-seed oil application and induction in eppendorf tubes containing 17-ß-

estradiol in water. Screening of plants induced with oil containing estradiol did not 

reveal silique elongation. Floral organs were clearly suffering when using this 

application method. However, inflorescences of two individuals induced in eppendorf 

tubes with 17-ß-estradiol showed siliques elongation. Induced plants were screened by 

using light microscopy 4-5 days of induction. The analysis of these lines revealed seeds 

containing developing embryos and endosperm. The presence of the developing 

endosperm suggested that the tested inflorescences were fertilized. One seed containing 

an abnormal embryo was observed (Figure 3-10). This embryo seemed to grow from 

integument tissue. The endosperm nuclei in this seed were not observed. However, it 

may be caused by insufficient clearing. To determine if the seeds development was 

induced by fertilization event, new inflorescences of lines showing mutant phenotype 

were induced in eppendorf tubes like before. However, results obtained in the previous 

experiment were not reproducible. The observed ovules contained only the wild type 

looking embryo sac without structures resembling developing embryos.  

 

Figure 3-10. Embryos observed in mutant line ectopically mis-expressing WUS after 
induction with 17-ß-estradiol. (A) Normal embryo. (B) Abnormal embryo from the same 
silique. 
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3.2.2. Mis-Expression of G1/S Phase Genes in the Arabidopsis 

Egg Apparatus 

In addition to the gain-of-function screen, a candidate gene approach was 

undertaken in order to activate elements of apomixis. We tested ability of candidate 

genes to induce embryo development prior to fertilization. The selected candidate genes 

belong to the RBR/E2F/DP pathway controlling the G1/S phase transition of the plant 

cell cycle. These genes were mis-expressed in the egg apparatus of Arabidopsis male 

sterile mutant line dde2-2 of the Columbia ecotype.  

The RBR/E2F/DP pathway in plants is controlled by several gene groups. The universal 

drivers of the G1/S transition are cyclin dependent kinases (CDKs). Their activity is 

regulated by cyclins (cyc), CDK-activating kinases (CAKs), WEE1 kinases and kip-

related proteins (KRPs). CDK-cyclin complexes trigger the G1/S phase transition by the 

destruction of the transcriptional repressor the RBR/ E2F/ DP complex. The releasing of 

the E2F and DP transcription factors leads to expression of target genes which are 

required for the S-phase progression (Gutierrez et al., 2002). The more than 20 genes 

found to regulate this phase of the cell cycle are classified into different groups. The 

Arabidopsis CDKs belong to six subtypes (A-F). Among all of the CDKs, the only A-

type CDK (CDKA;1) seems to be the key player of the G1-to-S phase transition. 

CDKDs (;1, ;2, ;3) and CDKF function as a CDK-activating kinase (CAKs) and might 

be involved in the G1/S transition as CAKs were found to phosphorylate CDKA;1. 

Arabidopsis contains approximately 30 cyclins with putative role in the cell cycle which 

belong to A- (10 cyclins), B- (11 cyclins), D- (10 cyclins) and H-types (1 cyclin). 

During the G1 phase cyclins of the D-type, A-type and H-type are expressed. There are 

eix E2Fs (E2Fa, E2Fb, E2Fc, E2Fd/DEL2, E2Fe/DEL1, E2Ff/DEL3) transcription 

factors and their binding partners DPs (DPa and DPb) regulate the expression of many 

genes required for the entry and progression of the S phase in Arabidopsis (reviewed in 

Rossi and Varotto, 2002; Inzé and De Veylder, 2006; Francis, 2007; Gutierrez 2009).  

From all the genes involved in the G1/ S phase progression, eight were selected 

to be mis-expressed in the Arabidopsis egg cell in order to trigger parthenogenesis 

(Table 3-1).  
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Gene Open Reading Frame 

Name 

Destination Vector 

CDKA;1 At3g48750 pMJ2 
CDKD;3 At1g18040 pMJ1 
CycA3;1 At5g43080 pMJ1 
CycD2;1 At2g22490 pMJ1 
CycD3;1 At4g34160 pMJ1 
CycH;1 At5g27620 pMJ1 
E2Fb At5g22220 pMJ2 
DPb At5g03410 pMJ1 

 

 
Table 3-1. Table of genes used for the mis-expression experiment. The set of candidate 
genes consisted of four genes encoding cyclins of A-, D- and H-type, a gene encoding 
CAK, a gene representing the E2F transcription factor, a gene representing the 
dimerization partner DP and a CDKA;1. 
 

Candidate genes represented each important subgroup for the G1/S phase transition. We 

selected these genes based on their expression profiles in the Arabidopsis egg cell. The 

cell-type-specific transcriptomes were obtained using a combination of the laser-assisted 

microdissection (LAM) of the individual cell in the Arabidopsis female gametophyte 

with the Affimetrix ATH1 GeneChip microarray platform (Wuest et al., 2010). We were 

seeking for genes which transctipts were likely absent in the egg cell. According to the 

data, cyclins, the E2Fb transcription factor and the CDKA;3 were chosen. The CDKA;1 

transcriptome most likely is present but was selected because of its key role in the G1/S 

progression. No expression data were available for the DPb transcription factor. 

The coding sequences (CDS) of selected candidate genes were amplified from mRNA 

obtained from leaves of the WT Arabidopsis thaliana plant. Using primers with attB 

adapters the CDS of selected genes were introduced into the Gateway® cloning cassette 

of pMJ1 and pMJ2 vectors. The transcriptional expression of candidate genes was 

restricted to the egg apparatus of the female gametophyte by an egg apparatus specific 

enhance fused to the CaMV minimal 35S promoter (Yang et al., 2005) (Figure 3-11). 
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Figure 3-11. Expression pattern of the GUS reporter gene in dde2-2 Col transformed 
with (A) pMJ1-GUS and (B) pMJ2-GUS vector. EC- egg cell, SC- synergid cell 
 

The genes encoding the cyclins, CAK, and DPb were inserted into the pMJ1 vector. The 

genes encoding CDKA;1 and E2Fb were cloned into pMJ2 vector (Table 3-1). Different 

antibiotic resistance in plants enables selection of mutants containing both for pMJ1 and 

pMJ2. 

The candidate genes were mis-expressed in the male sterile dde2-2 Col background. The 

dde2-2 mutant plants were transformed by the dipping method using Agrobacterium 

tumefaciens GV3101. In total 60 independent T1 lines were generated. Subsequently, 

seeds of these lines were selected on MS plates containing the required antibiotic, and 

the 3: 1 Mendelian segregation ratio of T2 seedlings was checked in order to estimate the 

number of T-DNA insertions in the lines generated (Appendix, Table 6-9). Only lines 

showing 3: 1 segregation were subsequently screened for embryo development in 

absence of fertilization. Analysis was carried out on carpels of young flowers. 

Observations by light microscopy were performed on approximately eight individuals 

per line carrying the T-DNA insertion. Four carpels of each individual mutant plant 

were dissected and analyzed. In total of 32 carpels per line were screened in order to test 

if the mis-expression of genes involved in RBR/E2F pathway can trigger the embryo 

development in the absence of fertilization. Unfortunately, none of the analyzed lines 

showed parthenogenetic embryo development phenotype. The ovules of these lines 

analyzed contained wild type looking embryo sacs consisting of synergids, the egg cell 

and the central cell without structures that hint to the zygote or the embryo development 

(Figure 3-13) 

.  
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Figure 3-13. Light microscopy image of a 
WT Arabidopsis thaliana ovule containing 
normal embryo sac. CC- central cell, 
ECN- egg cell nucleus, SN- synergids 
nuclei. 

 

 

The progression of the G1/S phase of the plant cell cycle highly depends on the 

CDKA;1 which activity is modulated by cyclins or CDK-activating kinases. Such CDK-

cyclin complexes trigger the cell cycle progression by the inactivation of the 

RBR/E2F/DP complex. Thus, crosses between a line overexpressing CDKA;1 and lines 

over-expressing cyclins and CDKD;3 were performed in order to manipulate the 

regulatory machinery of the G1/S transition. Using the CDKA;1 mutant as a maternal 

line, five double mutants were generated by crossing: (i) CDKA;1/CDKD;3, (ii) 

CDKA;1/CycA3;1, (iii) CDKA;1/CycD2;1, (iv) CDKA;1/CycD3;1 and (v) 

CDKA;1/CycH;1. The F1 generation was put on MS plates with required antibiotics to 

select lines. Carpels of eight double heterozygous mutant plants representing one line 

were screened using light microscopy. Four carpels per individual were screened for the 

egg cell activation phenotype. However, no developing embryos could be identified. 

The tested ovules resembled the wild type phenotype of an unfertilized embryo sac. 

However, in all lines about 50 % of ovules contained arrested embryo sacs at the stage 

of the functional megaspore (Figure 3-14). 

 

Figure 3- 14. Functional 
megaspore mother cell observed 
in double mutants 
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Southern blot analysis revealed that most lines used for these crosses carried more than 

one insertion (Figure 3-15A). The only exception was a line with overexpressed 

CDKD;3 gene. 

New crosses between line overexpressing CDKA;1 and lines overexpressing cyclins or 

CDKD;3 were performed. Lines used for crosses likely carried single insertion (Figure 

3-16B). Microscopic observations of the F1 progeny of these crosses again revealed no 

developing embryos in embryo sacs. However, no embryo sac abortion was detected in 

the progeny.  

A 

 

B 

 

 

 

Figure 3-15. Southern blot analysis. (A) Lines used for crosses that revealed multiple T-
DNA insertions.(B) Lines used for crosses that contained a single T-DNA insertion. 
 

In the next step, attempts to generate triple or quadruple mutants overexpressing the 

G1/S phase genes in the egg apparatus were taken in order to induce parthenogenetic 

embryo development. As all cyclin genes and CDKD;3 gene were introduced into pMJ1 

vector containing kanamycin gene as a plant selection marker, specific primer pairs were 

designed to allow the genotyping of multiple mutant lines. The primers used for 

genotyping were designed base on the sequences obtained from Tail-PCR (Appendix 

Table 6-10). There were two combinations of triple mutants screened at the F1 

generation, CDKA;1/+; CDKD;3/+; CycD2;1/+ and CDKA;1/+; CDKD;3/+; CycA3;1/+ 

(Appendix, Table 6-11). There were 8 lines of the F1 generation screened; from each line 

4-6 carpels were analyzed for parthenogenetic phenotype, which in case of triple 

mutants was supposed to be observed in 12.5% of ovules. Microscopic observation 

revealed that no autonomous divisions of the egg cell resulting in the embryo 
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development were triggered. It is suggested that during the G1-to-S phase progression, 

the activity of the CDKA;1 protein is modulated by cyclins D (Boniotti and Gutierrez, 

2001). Further, such CDKA;1/cycD complex may be activated by CDKD (Menges et 

al., 2005) and cyclin H (Shimotohno et al., 2006) to finally inhibit the RBR/E2F/DP 

complex leading to the cell cycle progression. Hence, we attempted to crosses the triple 

CDKA;1/+; CDKD;3/+; CycD2;1/+ mutant line with the line overexpressing CycH;1 to 

further manipulate genes of the G1/S phase. However, no quadruple mutants were found 

in the F1 progeny. Only triple mutant lines resulting from this cross, such: CDKA;1/+; 

CDKD;3/+; CycH;1/+ or CDKA;1/+; CycD2;1/+; CycH;1/+ were isolated and screened 

(Appendix, Table 6-11). Again, light microscopy revealed that there were no developing 

embryos in the female gametophyte. The CDKA;1/+; CycD2;1/+; CycH;1/+ line, 

however, contained from ~ 37 % to 53 % arrested at the functional megaspore stage 

embryo sacs. The CDKA;1/+; CDKD;3/+; CycD2;1/+ line was also used for crosses 

with quadruple knockout mutant of the genes encoding Kip-Related proteins (KRP2, 

KRP4, KRP6, KRP7) that are known to negatively regulate the G1-to-S transition (De 

Veylder et al., 2001). Due to segregation, in the first generation we were not able to 

isolate any line that carry overexpressed both CDKD;3 and CycD2;1 genes. Two lines 

heterozygous in all insert loci, carrying either CDKA;1 and CycD2;1 or CDKA;1 and 

CDKD;3 in the quadruple heterozygous krp knockout mutant background were selected 

and propagated. The F2 generation was selected on MS containing antibiotics 

(kanamycin, basta, sulfadiazine) and genotyped. Because of segregation only three lines 

were selected for further analysis (Appendix, Table 6-11). One line (13_11) carries 

overexpressed both CDKA;1 and CDKD;3 genes in the homozygous triple krp (krp2, 

krp4, krp7) background. In two carpels, out of ten analyzed, ovules containing structures 

resembling multiple (double or triple) egg cells were observed (Figure 3-16). However, 

such embryo sacs were observed at a very low frequency ~ 4.5 %. 



 
   

55 

 

 

Figure 3-16. Embryo sacs observed in the 13_11 mutant line. (A) WT embryo sac of 
Arabidopsis thaliana. (B) and (C) Embryo sacs containing multiple egg cells. CN- 
central cell, EN- egg cell nuclei, S- synergid. Arrows indicate multiple nuclei. 

 

Another (13_12) line obatined, overexpressed both CDKA;1 and CDKD;3 genes but 

only krp2 and krp6 loci were homozygous, while krp4 and krp7 loci were heterozygous. 

The ovules of this line did not show any abnormalities. One single developing seed that 

was found contained normal embryo and endosperm which indicated accidental 

pollination event. The third line (41_24) contained only over-expressed CycD2;1 and 

three homozygous krp genes (krp2, krp6 and krp7), while the krp4 locus was found to be 

heterozygous. Embryo sacs observed in this line showed some abnormalities, such 

aborted embryo sacs at different stages (Figure 3-17). However, no developing embryos 

were observed in this line either. 

 

 

 

Figure 3-17. (A) Normal dde2-2 Col embryo sac. (B) Embryo sac aborted at functional 
megaspore mother cell stage. (B) Embryo aborted at two nucleate stage. Arrows indicate 
nuclei. 
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3.2.3. RBR1 and MSI1 Gene Silencing Using Artificial 

MicroRNAs 

In order to silence the MSI1 and RBR1 genes we chose an artificial microRNA-

based gene-silencing approach (amiRNA). Artificial microRNAs to target these genes 

were generated using the amiRNA design algorithm using the WMD3 Web MicroRNA 

Designer (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi; Schwab et al., 2006; 

Ossowski et al., 2008). The resulting amiRNA sequences were introduced into the 

expression vector pMJ1 using the GatewayTM cloning technology. The transcription of 

the amiRNAs against MSI1 and RBR1 was restricted to the Arabidopsis thaliana egg 

apparatus by using an egg apparatus specific enhancer (Yang et al., 2005). Similar to 

previous experiments the conditional male sterile dde2-2 line was. We obtained eight T1 

lines overexpressing amiRNA targeting MSI1. The ovules of these lines were screened 

using light microscopy. One line exhibited a silique elongation phenotype and produced 

seeds. Seeds of this line contained normal embryos and endosperm. These observations 

and presences of pollen suggest a wild type origin of this line. Screening of the 

remaining lines did not reveal any structures resembling a developing embryo. The 

unfertilized ovules of this lines contained wild type Arabidopsis embryo sacs without 

abnormalities. Although selection of transformats was successful and a sufficient 

number of T1 seedlings carrying amiRNA against RBR1 transcripts were obtained, 

seedlings of these lines died after they were transfer from plates containing selection 

media to soil.  
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4. DISCUSSION 

4.1. Overview 

 

 A rising world population, global climate change, urbanization and land 

destruction result in growing demands on agriculture. Currently, more than 1 billion 

people suffer from chronic malnutrition which is particularly harmful for woman and 

children. Therefore, it is very important to ensure an access for all people to food which 

meets their dietary needs. It is predicted that the agricultural yields should increase at 

least 70 % by 2050 to ensure food security for the growing world population (FAO 

data). Taken together, there is an urgent need to develop new, integrated approaches 

resulting in the higher production per unit area and a better adaptation of crops to 

changing climatic conditions. At the same time, there are demands that food should be 

produced in an environmentally friendly manner. These goals can be achieved by 

combining traditional plant breeding strategies with novel genetic, molecular and 

cytological methods. The combination of these methods will allow generating new 

varieties and traits that are better adapted to the different climatic regions of the world. 

One great breakthrough in agricultural research could be to employ of apomixis in plant 

breeding.  

Apomixis is an asexual mode of plant reproduction through seeds and it results in a 

generation of natural clones (Nogler 1984a). The offspring of the apomictic plant are 

produced parthenogenetically from an unreduced embryo sac and they are an exact 

genetic copy of the mother. This feature of apomixis could revolutionize agriculture by 

greatly facilitating the maintance and the propagation of heterosis (Spillane et al., 2005). 

Heterosis or hybrid vigor is a result of crossing genetically distant lines. The progeny 

obtained from such crosses commonly show an increased performance (yield or other 

agronomical trait) when compared with their respective parents, as for example 

illustrated in fox millet in which the yield of a hybrid population was 68 % greater than 

the average yield of the parental cultivars (Siles et al., 2004).  
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Apomixis is widely distributed among Angiosperms, but its prevalence in agronomical 

important crops is rather poor. There have been several breeding programs developed in 

order to introgress the elements of the asexual reproduction from wild apomictic 

relatives into valuable food crops through hybridization. For example, maize was 

crossed with its apomictic relative Tripsacum or pearl millet with Pennisetum. These 

attempts, however, failed due to numerous difficulties, such as loss of apomixis during 

introgression or failure to set seeds (Savidan, 2001; Grimanelli et al., 2001; Spillane et 

al., 2001). The incorporation of apomixis into plant breeding programs demands better 

understanding of sexual and apomictic processes. Genetic mechanisms controlling the 

apomixis development still remain unclear and may be as diverse as the apomictic 

species producing them. Attempts to identify genes controlling apomixis by mapping the 

trait in the progeny of the apomictic species with sexual relatives showed that apomixis 

is inherited in a Mendelian manner as one (Savidan, 2000) or more dominant traits 

(Albertini et al., 2004). Unfortunately, the resolution of a mapping approach was 

insufficient suggesting that apomixis loci are located in non-recombining genomic 

regions. Thus, breeding and molecular mapping of apomixis components have not 

revealed the mechanisms that confer apomixis. In this thesis we focused on alternative 

approaches using Arabidopsis thaliana, with its well characterized genetic tools, to 

identify genes that could be used to engineer the elements of apomixis de novo. 

 The aim of this thesis was identification of genes which are able to trigger 

elements of apomixis in the female gametophyte of Arabidopsis thaliana. As a first 

approach, relying on the theory that apomixis displayes a deregulation of the sexual 

pathway (Grossniklaus et al., 1998 Grimanelli et al., 2001; Koltunow and Grossniklaus, 

2003); we performed an activation tagging screen to randomly activate genes in the egg 

apparatus to initiate elements of parthenogenesis. The inducible two-component system 

allowing spatial and temporal control of gene expression was used in this experiment 

(Brand et al., 2006). This system relies on the XVE chimeric transcription factor. Upon 

induction with 17-ß-estradiol, XVE transactivates genes adjacent to its target binding 

sequence OlexA-TATA (Zuo et al., 2000). The gain-of-function screen was performed in 

conditional male sterile Arabidopsis thaliana mutant dde2-2 background. This mutant 

line facilitated screening for silique elongation in absence of fertilization. However, 

during the screen we did not identify mutants exhibiting elements of parthenogenetic 

development.  
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As a parallel approach, we tested several candidate genes for their ability to trigger the 

parthenogenetic embryo development upon mis-expression in the egg apparatus. 

Preliminary data obtained by our group indicated WUSCHEL as a potential candidate for 

mis-expression experiments. Inducible ubiquitous expression of this gene in floral 

tissues showed the viable seed development prior to fertilization (L. Brand, PhD thesis, 

2007). We performed further experiments in order to support a hypothesis that WUS can 

trigger the embryo development as on roots. Experiments carried out using male sterile 

mutants in Col as well as in Ler background could not confirm a preliminary finding.  

To overcome the suspected cell cycle arrest in the egg cell prior to fertilization 

(Sundaresan and Aledante-Saez, 2010), genes positively regulating the G1-to-S phase 

progression of the plant cell cycle were used for mis-expression experimants in the egg 

apparatus. Products of these genes are involved in a suppression of the RBR1 protein 

which is known as an inhibitor of the G1/S progression (Ebel et al., 2004). It was 

suggested that RBR1 may be required for maintaining of the Arabidopsis egg cell in the 

G1 phase (Sundaresan and Alandete-Saez, 2010). We selected eight genes important for 

the RBR1 inactivation to estimate their ability to induce embryo development in absence 

of fertilization. However, the over-expression of these genes in the Arabidopsis egg 

apparatus did not result in the RBR1 inactivation that may led to the egg cell activation.  

Additionally, we took a gene silencing approach in order to trigger the parthenogenetic 

embryo development. It was also shown that mutation in the MULTICOPY 

SUPPRESSOR OF IRA 1 (MSI1) gene leads to a formation of the embryo without 

fertilization. However, developing embryo aborts at early stages (Guiton et al., 2004). 

The MSI1, similarly as RBR1, may prevent the egg cell activation prior to fertilization. 

Base on this assumption, we designed artificial micro RNA constructs to silence the 

expression of both MSI1 and RBR1 in the Arabidopsis egg apparatus in order to induce 

embryo development without fertilization. Also in this case there were no developing 

embryos observed in the Arabidopsis female gametophyte.  
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4.1.1. The Gain-of-Function Screening Approach to Induce 

Parthenogenetic Embryo Development  

 The common features of apomictic and sexual reproduction modes show a strong 

evolutionary relationship which suggests that apomixis results from the deregulation of 

the sexual process in time and space (Grossniklaus, 2001; Grossniklaus and Koltunow, 

2003). It means that initiation of elements of apomixis takes place at the wrong time and 

in the wrong cell type, the apomictic embryo sac development initiates prior to meiosis 

and embryo is formed prior to fertilization. Depending on where and when this 

deregulation occurs, different types of apomixis can be produced. Furthermore, elements 

of apomixis are known to be regulated by a dominant, Mendelian trait. Genetic studies 

revealed that in some species apomeiosis and parthenogenesis co-segregate (Savidan, 

2000), while in others they can segregate independently (Sokolov, 2000; Albertini et al., 

2004). These traits, which may appear to be complex, are dominant to the wild type. 

Hence, a gain-of-function strategy was considered to be a promising approach to 

identify genes controlling parthenogenesis as key element of apomixis.  

To deregulate the expression of genes involved in the plant sexual reproduction the two 

component system allowing tissue-specific gene induction in Arabidopsis was used 

(Brand et al., 2006). This system provides reliable and versatile conditional gene 

activation in restricted tissue or cell types. It takes advantage of two components: (i) an 

activator T-DNA unit and (ii) a responder T-DNA unit. The activator unit contains XVE 

(Zuo et al., 2000), a chimeric transcription factor, which was composed by a fusion of 

the DNA-binding domain of the bacterial repressor LexA (X), the acidic transactivating 

domain of VP16 (V) and the regulatory region of the human estrogen receptor (E). The 

VP16 activation domain, an element of the chimeric transcription factor XVE is known 

to be a strong activator capable of long-range transcriptional activation (Laybourn and 

Kadonaga, 1992). It stimulates transcription by targeting histone acetylating complexes 

to the nucleosomal template causing a large-scale heterochromatin de-condensation 

(Tumbar et al., 1999; Vignali et al., 2000).  

The transcription of the XVE activator in this system is controlled by cell-type specific 

cis-elements. Upon activation with chemical inducer – estradiol – XVE binds to its 

responsive promoter lexA which leads to the transactivation of adjacent genes. The two 
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component inducible system was shown to faithfully induce genes in the cell-specific 

manner (Brand et al., 2006). Generation of conditional gain-of-function mutants (35S, 

SUC2, GL2 or TobRB7) in non-reproductive tissues showed the universal application of 

this method. In more than 72 % of the transformants the expression pattern of the target 

gene was reliably expressed in these tissue types, regardless of the position of the 

activator or responder units in the plant genome. Experiments with the diphtheria toxin 

A-chain (DT-A) cytotoxin gene, which inhibits protein synthesis, demonstrated the 

stringency of the system. Mutant plants with the responder unit containing DT-A grown 

in the absence of estradiol showed no phenotypic effects. Thus, this system allows tight 

regulation of theexpression of the gene of interest (Brand et al., 2006). It was also 

shown that using the XVE system it is possible to modulate the expression of genes by 

applying different concentrations of the inducer (Zuo et al., 2002).   

In order to limit the expression of the chimeric transcription factor XVE to the egg 

apparatus, an Arabidopsis egg apparatus specific enhancer (AtEASE) (Yang et al., 2005) 

was employed. The AtEASE was found using enhancer detection approach and it was 

shown to be highly efficient in controlling expression of genes specific for the egg 

apparatus (an egg cell and synergids). The EASE itself in not functional, however, when 

fused with CaMV 35S minimal promoter can drive the expression of genes, restricting 

their activity to nuclei of the egg apparatus starting from cellularization until late stages 

of the female gametophyte development and after fertilization in the zygote until the 

globular embryo stage (Yang et al., 2005). Thus, the expression pattern of the egg 

apparatus specific enhancer suggest it potential use in engineering of apomixis elements. 

Since the AtEASE sequence shows no activity at other stages of plant development it is 

ideal to control the mis-expression of genes inducing embryo development 

The two-component system was successfully used to conditionally activate reporter 

gene expression (GUS) in the egg apparatus of Arabidopsis in plants transformed with 

pLB12-AtEASE (Brand et al., 2006). Using the AtEASE enhancer it is possible to restrict 

the expression of XVE to the egg apparatus and transactivate T-DNA tagged genes in 

these cell-types, only in the presence of the chemical inducer – estradiol. In apomictic 

species, the initiation of the embryo development in the absence of fertilization most 

likely is related to the mis-expression of genes in the egg cell. Therefore, the egg cell is 

a good cell-type to ectopically express genes in order to induce parthenogenesis. This 

hypothesis could be supported by studies performed in the “Salmon” wheat line. In vitro 
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experiments showed that unfertilized egg cells are able to develop into an early embryo 

without fertilization and in the absence of ovary-derived signals (Kumlehn et al., 2001) 

suggesting that egg cell activation can be independent from external factors. However, 

the molecular mechanisms of this phenomenon are not known. Moreover, in many 

Angiosperm species, parthenogenesis is described to occur spontaneously at low 

frequency (Kimber and Riley, 1963). Also the production of haploid plants was 

observed in maize (Sarkar and Coe, 1966; Kermicle 1969) or barley (Hagberg and 

Hagberg, 1980). Morphological observation of haploids suggests that such individuals 

are weaker in comparison to diploids counterparts (Jauhar, 2006); however, they can 

achieve maturity or even produce seeds (Ravi and Chan, 2010). Spontaneously formed 

haploids were also observed in durum wheat and displayed reduced height, narrow 

leaves and a thinner steam when compared to the diploid parental cultivar. Similar 

observations were made in haploid Arabidopsis thaliana (Ravi and Chan, 2010).  

In order to avoid hand emasculation and an accidental pollination leading to generation 

of false positive lines, the tightly regulated conditional male sterile delayed dehiscence 

2-2 (dde2-2) mutant line (von Malek et al., 2002) in the Columbia background was used 

for the purpose of this screen. Phenotype of this mutant line is caused by a null mutation 

in the ALLENE OXYDE SYNTHASE (AOS), gene encoding an enzyme important for 

jasmonic acid biosynthesis. The null mutation results from a transposon after En1/Spm1 

transposon-induced mutagenesis (Wisman et al., 1998). The dde2-2 mutant can be 

rescued by the application of methyl jasmonate by spraying the inflorescences. The 

mutation has no effect on the female gametophyte and upon fertilization with wild type 

pollen this plant line displays normal seed set. Silique elongation in a male sterile 

mutant may suggest the apomictic seed development, and such an easy to score 

phenotype is crucial in a screen. Siliques will elongate even when only a small number 

of cell division takes place in the developing seed (Ohad et al., 1996; Chaudhury et al., 

1997; Kiyosue et al., 1999). For the purpose of our screen the dde2-2 mutant line was 

used to generate the activator line (LB122) containing the chimeric transcription factor 

XVE under the transcriptional control of the AtEASE promoter. The LB122 line shows 

inducible expression of the reporter gene GUS that is restricted to the egg apparatus. 

This allows screening for conditional gain-of-function mutants displaying silique 

elongation independently from fertilization. The activator line was super-transformed 

with the responder vector for the gene tagging. T-DNA transformants obtained are 
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normally hemizygous for the T-DNA insertion (Ye et al., 1999), therefore T2 and later 

T1 plants were screened for the dominant inducible phenotype. 

It was calculated that all transformants will generate an inducible activation-tagged 

gene. The Arabidopsis genome size is approximately 125 Mb and consists of ~ 25 000 

genes, with an average length of 2,013 kb and average density of ~ 1 gene per 4.2 kb 

(The Arabidopsis Genome Initiative, 2000) thus ~ 47 000 transformants should be 

required in order to be 95% confident of inserting at least one tagging T-DNA in any 

given 8 kb region of the Arabidopsis genome (from P= 1- (1- [x/ 125 000])n, where P= 

0.95, x= distance [kb], n= number of required transformants) (Krysan et al., 1999).  

Since the XVE chimeric transcription factor is capable to facilitate the activation of 

genes up to 8 kb from the DNA binding site (Zuo et al., 2002; Sun et al., 2003) it should 

be possible that each insertion is able to activate a gene in the Arabidopsis genome. 

However, a screen on such scale would be impractical. This project aimed in 

identification of a few candidate genes that might be important for apomictic 

development. Therefore, the goal of this screen was to look at approximately 10000 

transformants, sampling about one third of Arabidopsis genes.  

During this screen approximately 9000 transformant lines were screened for silique 

elongation in absence of fertilization. The T2 and later T1 plant generations were 

screened for a dominant inducible phenotype. The decision to change the screening 

population form T2 to T1 was made in order to reduce time and work force resources. 

Furthermore, we found that the responder unit isolated from GV3101 competent cell and 

form super-transformants most probably underwent recombination during bacteria cells 

propagation which resulted in shortening of the lexA. Therefore, the new tagging 

construct containing shorter and more compact insertion fragment was generated. But 

such recombination was observed also in case of the new tagging vector to some degree. 

The performed screen did not reveal any parthenogenetic embryo phenotype. None of 

potential candidates selected during the screen show the embryo development in the 

ovules from carpels under estradiol induction. The occasional silique elongation and the 

seed development observed in a few potential candidates were proven to be result of 

accidental pollination or seed contamination and did not display induced 

parthenogenesis. Moreover, in no case we were able to confirm the phenotype in the 

next generation.  
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The genetic basis of parthenogenesis is poorly understood. Data obtained from 

experiments on genetic control of apomixis are equivocal. Early studies suggested that 

parthenogenesis is closely linked to apospory in Ranunculus (Nogler, 1984b) and 

completely linked to apospory in Panicum (Savidan, 1980). These findings resulted in 

hypothesis that the expression of parthenogenesis is presumably a result of the 

pleiotropic effect of the apospory or the diplospory (Nogler, 1984b). On the other hand, 

recent data indicated an independent inheritance of parthenogenesis and apomeiosis 

(Noyes and Riesberg, 2000; van Dijk et al., 2004; Catanach et al., 2006, Kaushal et al., 

2008). It is not possible to exclude that the activation of such complex programs like 

apomeiosis or parthenogenesis requires more factors (Grimanelli et al., 2001). These 

factors could act upstream and regulate the activity of genes which mutations lead to 

development of elements of apomixis (Grossniklaus et al., 1998; Luo et al., 1999; Ohad 

et al., 1999). 

The data obtained in Poa pratensis support a multigenic model of the parthenogenesis 

development (Matzk et al., 2005). In this species two genes, out of five identified to be 

required for the apomictic reproduction, control parthenogenesis: the Parthenogenesis 

initiator (Pit) and the Parthenogenesis preventer (Ppv). Also studies of the apomeiotic 

locus revealed that the structure of the DIPLOSPOROUS (DIP) locus in Taraxacum 

officinale may consists of minimum two DIP-genes (Vijverberg et al., 2010) controlling 

this element of apomixis. Further studies performed in Erigeron annuus (Noyes, 2005) 

also support a multigenic control of apomeiosis. 

The attempt to induce parthenogenesis in sexual Arabidopsis thaliana undertaken during 

this PhD studies did not result in the isolation of a parthenogenetic mutant. As the onset 

of parthenogenesis could depend on multiple factors it might be difficult to activate all 

that are required to trigger parthenogenetic development of the embryo. A possibility is 

that we overlook very early aborted stages of the embryo development when looking for 

silique elongation phenotype.  

The diploid male sterile Arabidospsis thaliana mutant was used to perform the 

activation tagging screen in attempt to induce parthenogenesis. However, different 

hypothesis associating the apomictic development with polyploidy were established 

since almost all gametophytic apomicts are polyploids (van Dijk, 2009). According to 

these theories, an expression of apomixis is dosage dependent. That means that diploid 
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plants may carry apomixis genes, however, they occur below a required dosage ratio and 

are not expressed (Mogie, 1992, discussed in Noyers and Riesberg, 2000). It was also 

suggested that apomixis genes are dominant but have a recessive lethal effect which is 

exhibited when they occur in the haploid male gamete in the absence of compensatory 

wild type alleles (Nogler, 1984b). 

In apomictic Erigeron annuus, parthenogenetic seed production was only observed in 

plants that are diplosporous. Although markers linked to a parthenogenesis locus 

occurred in meiotic plants, parthenogenetic seeds were never observed. This was true for 

sexual diploid and sexual triploid hybrids. This finding suggested that the 

parthenogenetic embryos can develop from the reduced egg cell but abort prior to the 

seed formation. Alternatively, the absence of parthenogenesis in sexual plants is because 

the expression of the trait is contingent upon a diplosporous background (Noyes and 

Riesberg, 2000). Further, data indicated that the autonomous embryo and the endosperm 

development can occur in diplosporous as well as meiotic individuals (Noyes et al., 

2007). However, seeds from meiotic plants underwent abortion and failed to achieve 

maturity. This finding refutes the previous theory that the parthenogenesis in Erigeron is 

only expressed in the diplosporous background. However, it still suggests that an 

unreduced embryo sac is required for successful parthenogenetic seed (Noyes, 2006). 

Thus, we may conclude that a haploid embryo sac and a low a ploidy level may reduce 

the frequency of the autonomous seed development. 

The apomeiotic mutant in the male sterile background with still optimized induction 

protocol and subsequently screening by light microscopy would be points to improve in 

this convincing gain-of-function approach. 

 

4.2. Candidate Gene Approach 

 

4.2.1. WUS  

 The cloning of candidate genes that may induce apomixis is one of the strategies 

which can be applied to introduce this trait into crop species (Spilane et al., 2004). 

Genes with a proven role in the sexual reproduction are good candidates for mis-

expression experiments in order to induce elements of parthenogenesis. This group of 
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potential candidates includes genes whose mis-expression leads to the somatic embryo 

development on different plant tissues, such as BBM (Boulilier et al., 2002), WUSCHEL 

(Zuo et al., 2002), SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (Schmidt 

et al., 1997; Hecht et al., 2001), LEC1 (Lotan et al., 1998) or LEC2 (Stone et al., 2001). 

Previous experiments carried out in our lab (Brand, PhD thesis, 2007) suggested that 

WUSCHEL (WUS) might induce embryo development when mis-expressed in the 

female gametophyte prior to fertilization. In Arabidopsis the WUS gene regulates stem 

cell fate during the development. Mutations in WUS lead to failure in self-maintenance 

of the shoot and floral meristems (Laux et al., 1996). The expression of this gene is 

detected in the group of cells underlying the stem cell of the shoot meristem preventing 

their differentiation (Mayer et al., 1998). In addition to the role in shoot and floral 

meristems, WUS was found to be expressed in the nucellus and is involved in 

coordination of the ovule integument formation from the chalaza (Gross-Hardt et al., 

2002). Ectopic overexpression of WUS promotes the vegetative-to-embryonic transition 

and results in the somatic embryo formation on diverse plant tissues, most efficiently on 

roots suggesting its crucial role during embryogenesis (Zuo et al., 2002). Further, 

mutants ectopically expressing WUS produce ectopic meristems (Xu et al., 2005). The 

type of the meristem, however, is depended on developmental and physiological stages 

of the plant, e.g. floral meristems were preferentially formed on inflorescences, whereas 

shoot meristems producing leaf like structures on leaves. Hence, WUS overexpression in 

the female gametophyte could potentially promote the development of the embryo.  

In previous experiments WUS was mis-expressed using ubiquitously active synthetic 

promoter GT10-90 (L. Brand, PhD thesis, 2007). Plant lines induced with 17-ß-estradiol 

produce elongated siliques containing seeds. Observations of seeds revealed broad range 

of embryo development from early heart stages to mature embryos. Furthermore, in 

ovules containing early heart stage embryo endosperm was not observed. The results 

obtained from these experiments suggested that ubiquitous expression of WUS might 

lead to the embryo development without fertilization. However, restriction of WUS 

expression to the egg apparatus was insufficient to induce the embryo formation which 

suggests that, the embryo originates from other cell than the egg cell or may require a 

diploid egg cell (L. Brand, PhD thesis, 2007). Nevertheless, these promising results 

required further experiments confirming these findings, mainly because the mis-

expression of WUS was carried out using Arabidopsis thaliana WT plants and it may be 
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possible that observed embryos were the result of pollination. The Arabidopsis 

conditional male sterile mutant line dde2-2 in Columbia background was used to 

continue these experiments to exclude need of emasculation and reduce a risk of 

accidental pollination. This line was super-transformed with an inducible WUS construct 

(pMDC113). Unfortunately, no developing embryos were observed in the female 

gametophyte after induction with 17-ß-estradiol. We assumed that embryo formation 

prior to fertilization resulting from WUS mis-expression may also depend on the 

Arabidopsis ecotype background. Therefore, the conditional male sterile line dde2 of the 

Landsberg erecta ecotype was also super-transformed with the inducible WUS construct. 

However, induction with estradiol did not result in a parthenogenetic phenotype. 

Although the ectopic expression of genes, such as WUS or those mentioned above, 

stimulates somatic embryogenesis in culture or on vegetative organs, there is so far no 

evidence that they would induce parthenogenesis within a seed, which is requirement for 

apomixis (Spielman et al., 2003). The mis-expression of AtSERK1 in the female 

gametophyte in Arabidopsis thaliana did not result in potential apomictic either 

(Kantama, 2005).  

 

4.2.2. Mis-Expression of the G1-to-S Transition Genes 

 In addition to genes regulating the sexual pathway, other genes could be used to 

induce elements of apomixis in non-apomictic species. This group might include genes 

involved in callose degradation, cell wall formation or genes important for cell cycle 

progression (Grossniklaus, 2001). Since the Arabidopsis egg cell is proposed to be 

arrested at G1/ S (Sundaresan and Alandete-Saez, 2010), we decided to mis-express 

genes necessary for the transition of this phase in an attempt to activate the egg cell to 

develop into an embryo. Candidate genes were overexpressed in the egg apparatus of the 

conditional male sterile mutant dde2-2 (von Malek et al., 2002) under the transcriptional 

control of the AtEASE/min35S promoter (Yang et al., 2005). 

The cell cycle is a tightly regulated process resulting in the production of two daughter 

cells identical to their mother. The progression through the entire cell cycle encompasses 

several alternating events. First, after completing of the previous division, the post-

mitotic interphase (G1) takes place, then the DNA synthesis phase (S-phase), the post-

synthetic phase (G2) and finally mitosis (M) occur. At the G1 phase, a cell either re-
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enters the cell cycle by passing throughout the restriction point or exits from the cell 

cycle temporally or permanently (Murray et al., 2001). The transition from the G1 to S 

phase is controlled by the highly conserved the RB/E2F/DP pathway (Harbour et al., 

2000; Ramirez-Parra and Gutierrez, 2000) (Figure 4-1). The Retinoblastoma protein 

(RB) interacts with the E2F/DP complex, preventing the progression to the S phase. The 

E2F family of transcription factors and their dimerization partners DPs regulate the 

expression of genes required for the entry into the S phase and the cell cycle progression 

(Ramirez-Parra et al., 2003). The Arabidopsis genome contains six E2Fs: E2Fa, E2Fb, 

E2Fc, E2Fd/DEL2, E2Fe/DEL1, E2Ff/DEL3 and two DPs: DPa and DPb (De Veylder et 

al., 2002; Magyar et al., 2000; Vandepoele et al., 2002). 

 

 

Inzé and de Veyler, 2006 

Figure 4-1. Regulation of the G1/S phase transition. In the presence of growth factors 
(sucrose, auxin, cytokinon, brassinosteroids) cyclins D (CYCD) from an inactive 
complex with CDKA;1. This complex is probably activated by the CDK-activating 
kinase pathway, which involves CDKF and CDKD associated with a cyclin H (CYCH). 
The activated CDK/CYCD complex is negatively regulated by KRPs. The 
CDKA/CYCD complex triggers the G1-to-S by the destruction of the E2Fc/DP/RBR 
transcription repressor complex and by releasing the transcriptional activity of the 
E2Fa-b/DP/ RBR complexes. As a result, the expression of S-phase genes is activated. 
The DEL transcription factors might fine-tune the expression of the E2F target genes. 
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The E2F/DP complexes are inactive when the RB protein binds to it. The activity of 

these complexes is restored upon phosphorylation of the RB by the CDKs/cyclin 

complex. The Arabidopsis genome contains only one Retinoblastoma related protein 

(RBR1) (Durfee et al., 2000) that was also found to function as a negative regulator of 

the cell proliferation during megagametogenesis (Ebel et al., 2004). It was shown that 

Arabidopsis knock-out mutants of the RBR1 gene are gametophytic lethal because they 

fail to arrest mitotic divisions in the mature female megagametophyte which results in 

excessive nuclear divisions in the embryo sac. In these mutants autonomous endosperm 

development was also observed. Thus, there is an indication that Arabidopsis RBR1 is 

involved in the arrest of the mature, unfertilized embryo sac.  

During the G1/S phase transition different genes, such as cyclin-dependent kinases 

(CDKs) and cyclins are expressed (reviewed in Rossi and Varotto, 2002; Gutierrez et 

al., 2002; Francis, 2007). Based on the sequence comparison with eukaryote 

homologues, different plant CDKs were identified and classified into five subgroups (A 

– E) (Joubes et al., 2000). The A-type CDK (CDKA;1) is known to be the universal 

driver of the G1/ S phase progression in plants. It was shown that the overproduction of 

the dominant negative CDKA of Arabidopsis thaliana in Nicotiana tabacum plants led 

to the overall reduction of the cell division rate (Hamerly et al., 1995). The activity of 

the CDKA;1 protein is positively modulated by cyclins (cyc). In the Arabidopsis 

thaliana genome 32 cyclins with a putative role in the cell cycle progression were 

identified and further divided into for subgroups (10 A-type, 11-B-type, 10 D-type, 1 H-

type) (Vandepoele et al., 2002). In a broad sense, cyclins belonging to the D-type, A-

type and H-type are thought to regulate the G1-to-S transition (Boniotti and Gutierrez, 

2001; reviewed in Inze and De Veylder, 2006; reviewed in Francis, 2007; Takahashi et 

al., 2010). Several experiments studying overexpression effects of the G1/S phase genes, 

such as: CycD2;1 (Cockcroft et al., 2000; Qi and John, 2007) and CycD3;1 (Menges et 

al., 2006; Schnittger et al., 2002) revealed the ability of these genes to stimulate the 

progression through the G1 phase and promote the S-phase entry and mitosis, 

respectively. Further, the CDKs/ cyclin complexes are known to be positively regulated 

by CDKs which are classified as cyclin-dependent kinase activating kinases (CAKs). 

Arabidopsis contains four genes encoding CAKs which belong to two functional classes: 

CDKD (CDKD;1 ;2 ;3) and CDKF (Umeda et al., 1998; Vandepoele et al., 2002; 
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Umeda et al., 2005). In the negative regulation of the cell cycle progression, cyclin-

dependent kinase inhibitors (CKIs) are involved (De Veylder et al., 2001). There are 

seven CKI proteins, Kip-Related Protein 1 (KRP1) to Kip-Related Protein 7 (KRP7) 

described for Arabidopsis, each of different structure and CDK binding specificity.  

A selection of candidate genes based on the Arabidopsis egg-specific expression 

profiling (Wuest et al., 2010). We identified genes which transcripts were likely not 

expressed in the egg cell. Lack of transcripts of these genes may suggest that their 

absence prevents the egg cell from further divisions before fertilization. Furthermore, 

the selected group of candidates was supposed to comprise representatives of all gene 

subclasses involved in the G1/S transition. Based on these assumptions we selected eight 

genes: CDKA;1, CDKD;3, CycA3;1, CycD2;1, CycD3;1, CycH;1, E2Fa and DPb for 

the overexpression in the egg apparatus. Although, the CDKA;1 transcript was present, 

we decided to use this gene in the experiment because it is a key component of the G1/S 

phase progression. The DPb gene was mis-express because it is one of the two E2F 

dimerization proteins acting as positive regulators of the G1/S phase.  

Microscopic observations of the obtained single transformants revealed that 

overexpression of single genes involved in the G1/S phase transition did not induce 

divisions of the egg cell. In a next step, we tested weather double transformants 

overexpressing CDKA;1 and one of cyclins are able to trigger the parthenogenetic 

embryo development. It is known that the activity of CDKs depends on a noncatalytic 

partner, the cyclin. In Arabidopsis thaliana both D2 and D3 (Boniotti and Gutierrez, 

2001; Healy et al., 2001) as well as A3;1 (Takahashi et al., 2010) cyclins were shown to 

regulate the activity of CDKA;1 leading to an inactivation of the RBR protein (Boniotti 

and Gutierrez, 2001; Healy et al., 2001). The CDKD;3 protein was found to be involved 

in the activation of CDKA;1/cyclin complexes before they can phosphorylate RBR 

(Umeda et al., 2005). It may also play a role in the activation of the CDK activity during 

a re-entry of the cell cycle (Menges et al., 2005). Further, in the CDKDs positive 

regulation CycH;1 may be involved (Shimotohno et al., 2006). Considering these 

interactions between different cell cycle proteins, we preformed crosses between lines 

overexpressing the CDKA;1 gene with lines overexpressing CycA3;1, CycD2;1 and 

CycD3;1 genes. Additionally, the line overexpressing CDKA;1 was used to perform 

crosses with plant lines overexpressing CDKD;3 and CycH;1. Similarly to single 

transformants, observation of lines overexpressing both components of the 
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CDKA;1/cyclin complex or CDKA;1/CDKD;3 carried out by using light microscopy 

did not reveal an expected phenotype, such as a zygote development in absence to 

fertilization. In the progeny of these crosses, we observed ovules carrying embryo sacs 

arrested at the functional megaspore stage. It was problematic to associate such 

phenotype with the activity of the AtEASE/min35S promoter used in this study to 

overexpress candidate genes. It was demonstrated that the activity of this promoter 

begins at a four-nucleate stage that is after the functional megaspore phase (Yang et al. 

2005). However, such unlinked gametophytic lethal events can be explained by 

translocations and other rearrangements of maternal chromosomes during the integration 

of the T-DNA. It was shown that among the T-DNA insertion lines, a rather high 

percentage (8 %) of lines exhibited a female semisterile phenotype that was not due to 

the insertion but it was caused by rearrangements and translocations of chromosomes 

during mutagenesis (Johnston et al., 2007). Moreover, crosses of the line overexpressing 

the CDKA;1 gene with lines overexpressing cyclins were repeated using different 

mutant lines than in the previous attempt. In the progeny of the repeated crosses we did 

not observe arrested embryo sacs. This observation emphasizes a presumption that 

embryo sac lethality resulted from the chromosomal translocations and rearrangements 

during mutagenesis rather than promoter activity. Further, to mimic putative interactions 

between components of the G1/S transition, crosses were performed to obtain multiple 

mutants overexpressing genes driving this process. However, also observations of triple 

mutants overexpressing genes promoting the G1-to-S transition carried out by the light 

microscopy did not reveal any phenotype suggesting the cell cycle progression. 

We hypothesized that attempts to overexpress selected candidate genes may not lead to 

the RBR1 phosphorylation resulting in the cell cycle progression and divisions of the 

egg cell. We did not analyze levels of the candidate gene transcripts in obtained mutant 

lines. Thus, we do not know if transcripts of these genes were elevated when 

overexpressed in the egg apparatus in comparison to the wild type Arabidopsis plant. 

However, the overexpression of the GUS reporter gene using pMJ1 and pMJ2 vectors 

resulted in blue staining in the egg apparatus suggesting that these vectors are useful for 

the overexpression experiment.  

To mis-express candidate genes we inserted their cDNA sequences into the Gateway 

cloning cassette of expression vectors. It was reported in plants, that cDNA transgenes 

seem to be at risk of the incomplete expression resulting in truncations of the gene 
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transcript (Brendel et al., 1998). Studies testing effects of CycD2 ectopic expression in 

Arabidopsis showed that cDNA transgene could not yield in a full-size cyclin protein 

because of the internal truncation of the transcript from cDNA (Qi and John, 2007). 

Only the ectopic expression of the genomic form of CycD2 resulted in full-length 

mRNA, increase of CDK/cyclin enzyme activity, reduced cell size at S phase and 

abundance of G1-phase cells (Healy et al., 2001). However, this problem may concern 

only the CycD2;1 protein but not the others that were overexpressed in this experiment 

(Arp Schnittger, personal communication). 

It is also possible that an overproduction of cell cycle proteins resulting from the 

overexpression will trigger protein degradation processes. Proteolysis was found to be a 

regulatory pathway which triggers a rapid degradation of target proteins providing an 

irreversible mechanism that drives the cell cycle progression (Genschik et al., 1998). 

Among components of the plant cell cycle, cyclins, such as A-, B- (Genschik et al., 

1998), D- (Planchais et al., 2004), are subject to extensive regulation by proteolysis. 

Especially, CycD3;1 was found to be a highly unstable protein whose proteolysis is 

mediated by a proteasome-dependent pathway. Other cell cycle regulators degraded by 

this pathway are E2Fc (del Pozo et al., 2002) or KRP2 (Verkest et al., 2005). Recently, 

Arabidopsis RBR1 and E2Fs proteins were reported to be regulated by proteasome-

dependent degradation during sucrose starvation (Hirano et al., 2011). Thus, the 

overexpression of cell cycle components may lead to the activation of the protein 

degradation mechanism. 

Beside cyclins and CAKs, the activity of the plant CDKs is regulated by additional 

factors. Among these, seven Arabidopsis Kip-Related proteins (KRPs) (Vandepoele et 

al., 2002) are negatively regulating different CDK/cyclins complexes in a tissue specific 

manner (De Veylder et al., 2001) and they might prevent phosphorylation of the RBR 

protein. In Arabidopsis all seven KRP proteins were shown to interact with D cyclins 

(Wang et al., 1998; Lui et al., 2000; De Veylder et al., 2001). The KRP2 was found to 

interact with CDKA;1 (Verkerst et al., 2005). The inhibition of the cell cycle caused by 

the KRP overexpression was complemented by co-overexpression of D-type cyclins 

(Zhou et al., 2003). Thus, we performed crosses of mutant lines overexpression the G1/S 

phase genes with Arabidopsis KRP knock-out mutants in order to test if a deficiency of 

the cell cycle negative regulators may induce parthenogenesis. Microscopic observation 

revealed that majority of observed ovules contained the normal wild type embryo sacs 
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without developing zygotes. However, we observed in at very low frequency ovules 

containing structures resembling multiple egg cell nuclei. These nuclei were smaller 

than the normal egg cell. We hypothesized that they may result from mitotic divisions of 

the egg cell nucleus without a replication of the genetic material. Such abnormal mitotic 

divisions without chromosomal replication after meiosis II were observed in the maize 

polymitotic (po) mutant (Wolfe and Liu, 1999). 

Plants as well animals display a high complexity of the cell cycle machinery. 

Components of the cell cycle, their functions and transcriptional regulation have been 

extensively studied. However, this picture is mainly based on experiments performed on 

isolated single cells and the role of the cell cycle in the developmental processes still 

remains elusive. The knowledge of processes like posttranslational modifications, 

proteolytic degradation of positive and negative regulators is also still limited. 

Furthermore, the cell cycle mechanism is likely coordinated with other processes of the 

organism, such as hormonal control, nutrient metabolism, light response, signaling and 

membrane dynamics, transcriptional regulation or chromatin regulation. In contrast to 

animals the plant G1 phase appears to be much more influenced by environmental 

factors (den Boer and Murray, 2000; Gutierrez, 2009). In general, one can conclude that 

the complexity of the cell cycle mechanisms in plants may cause difficulties in 

manipulating of genes that are involved in these processes. Reports from overexpression 

experiments of cell cycle genes under the transcriptional control of the another egg cell 

specific promoter (egg cell 2) similar to the experiments performed during this PhD 

work did not lead to the egg cell activation (Arp Schnittger, personal communication). 

Therefore, one conclusion is that the RBR/E2F/DP pathway is not directly involved in 

the egg cell activation and initiation of the embryo development in Arabidopsis thaliana.  

 

4.2.3. Artificial MicroRNA Targeting MSI1 and RBR1 Genes 

 In this experiment we tested if the silencing of MSI1 and RBR1 by artificial 

microRNAs expressed in the Arabidopsis egg apparatus can trigger parthenogenetic 

embryo development. The MSI1 and RBR1 genes are suggested to be involved in 

maternal gene networks and epigenetic modification processes in the Arabidopsis egg 

and the central cells (reviewed in Sundaresan and Alandete-Saez, 2010). The MSI1 

protein is required for the FERTILIZATION INDEPERNDENT SEED (FIS) complex 
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activity (Köhler et al., 2003). The complex is involved in both, the early seed 

development and the repression of seed development in the absence of fertilization. 

Beside of its role in the FIS complex, MSI1 was found to physically interact with the 

RBR1 protein (Ach et al., 1997; Johnston et al.,2008) in a pathway that is known to 

negatively regulate the expression of the main maintenance DNA methyltransferase 

MET1 in the embryo sac (Jullien et al., 2008). RBR acts on both, the central and the egg 

cell, and together with MSI1 binds to the promoter of MET1. This results in a decrease 

of methylation in both egg and central cell nuclear DNA. Mutations in RBR lead to an 

over-proliferation of the embryo sac and initiation of the autonomous endosperm 

development (Ebel et al., 2004). The msi1 mutants exhibit autonomous endosperm 

growth and form, at low frequency, parthenogenetic embryos that abort at very early 

stages of development (Guitton et al., 2004; Guitton and Berger, 2005). This is an 

indication that MSI1 may be important for repressing autonomous divisions of the egg 

cell. We assumed that silencing of the MSI1 transcript restricted only to the egg 

apparatus may also result in the parthenogenetic embryo development. However, in 

contrary to msi1 loss-of-function mutants, the parthenogenetic embryo should proceed to 

more advanced phases since MSI1 functions are not disrupted during the embryonic 

development.  

The microRNAs (miRNA) are approximately 21-nucleotide-long single-stranded RNA 

molecules found in metazoans, animals and plants. They regulate target gene expression 

by mRNA destabilization or by inhibition of protein translation (Pillai et al., 2007). The 

endogenous miRNA precursor sequences can be modified to create the amiRNA 

directed against any gene of interest (Schwab et al., 2006). Natural miRNAs were 

shown to be highly specific (Schwab et al., 2005, 2006), and their endogenous 

sequences can easily be modified to deregulate the expression of single or multiple 

highly conserved genes in planta without affecting the expression of other genes. An 

artificial microRNA can be generated by using the amiRNA designer interface WMD 

(Schwab et al., 2006; Ossowski et al., 2008). This web application facilitates the design 

of suitable amiRNA sequences for different plant species and also supports the design of 

primers needed for the endogenous miRNA modification. The amiRNAs have been used 

for efficient gene silencing in various species (Alvarez et al., 2006; Niu et al., 2006; 

Schwab et al., 2006; Warthmann et al., 2008; Khraiwesh et al., 2008).  
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We did not observe the parthenogenetic embryo development in lines expressing the 

amiRNA targeting MSI1 gene in the egg apparatus. However, there were no experiments 

performed to determine whether the MSI1 transcript is affected by the amiRNA. We 

cannot, therefore, conclude that the amiRNA is functional and if it is capable to down-

regulate its target. Furthermore, it is also recommended for experimental work to select 

at least two amiRNAs that bind the mRNA of their target gene at different locations, 

since the secondary structure is thought to influence the miRNA efficacy. Based on 

these preliminary experiments we cannot draw any conclusions regarding the role of 

MSI1 in the parthenogenetic embryo development. We need to complete the 

experimental work, confirming a reduced abundance of the MSI1 product by RT-PCR, 

or testing effectiveness in MSI1 transcript degradation of another amiRNA. In contrast 

to MSI1, mutant plants expressing amiRNA targeting RBR1 could not be recovered.  

4.3 Outlook 

 Attempts to dissect the molecular pathways involved in apomixis development in 

Angiosperms include: (i) studies of the genetic control in natural apomicts and a map-

based cloning of genes associated with this trait (ii) identification of genes required for 

sexual reproduction and a characterization of mutants of the sexual plant displaying 

elements of apomixis (iii) introgression or engineering of apomixis via classical 

breeding into sexual relatives. The molecular mechanisms controlling apomictic 

reproduction remain unclear and introduction of apomixis into crops of agronomical 

importance has so far been unsuccessful. As in other efforts undertaken to induce 

elements of apomixis, during this PhD studies the approaches taken to trigger aspects of 

parthenogenesis did not lead to the identification of novel genes involved in this 

developmental stages. The random gene activation tagging or mis-expressing of 

candidate gene in the Arabidopsis egg apparatus did not lead to the parthenogenetic 

embryo development in absence of fertilization. However, recent reports showed that 

genetic engineering technologies may allow constructing apomixis de novo and that 

clonal reproduction can be engineered in a sexual plant by manipulating two or four 

conserved genes that control meiosis and chromosome segregation (Marimuthu et al., 

2011). It remains crucial to bring more insight into apomictic processes and characterize 

the genetic pathway regulating this interesting trait.  
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It may be possible that the chances to trigger the seed development may be higher in the 

apomeiotic background. Recently identified mutants exhibiting apomeiosis could 

facilitate future attempts to engineer parthenogenesis. The triple apomeiotic MiMe 

mutant appears to be the most suitable for the purpose of an inducible activating tagging 

screen. The MiMe was shown to be fully penetrant. This mutant line produces viable 

pollen. Thus, MiMe should be introduced into the conditional male sterile background 

(dde2-2 line) that the screen for silique elongation will be possible. Combined with 

optimized induction methods, this approach taken remains a powerful tool in order to 

tackle the decades old milestone in plant reproduction and breeding. The extensive 

knowledge and molecular tool available in Arabidopsis allow an adjustment of the setup 

according to the gained insights. 

In future experiments, the mis-expression of candidate genes in the egg cell in the 

attempt to trigger parthenogenesis could be carried out by using a different promoter. 

This new promoter should show higher egg cell specificity. Recently published data 

indicated members of the RKD (RWP-RK domain-containing) transcription factor 

family (Kȍszegi et al., 2011) as the egg cell specific promoters. The RKD transcription 

factors were shown to be capable to induce a subset of the egg transcription profile in 

sporophytic cells, causing a reprogramming process. 

Achieving an inactivation of the RBR1 protein by overexpression of genes activating the 

G1/S transition was complicated due to the complexity of the cell cycle. Attempts to 

activate the egg cell divisions by the overexpression of genes promoting the G1-to-S 

phase transition should focus on direct silencing of the RBR1 gene. The vector 

containing an artificial micro RNA targeting RBR1 gene was generated during this PhD 

studies. Thus, generation of tranformants and microscopic observation of the female 

gametophyte of these lines should be the next step. 
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6. APPENDIX 

 

6.1. Publications 

Female Gametophytic Mutants of Arabidopsis thaliana Identified in a Gene Trap 

Insertional Mutagenesis 
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The Arabidopsis CUL4-DDB1 Complex Interacts with MSI1 and is Required to 

Maintain MEADEA Parental Imprinting 
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6.2 Primer Sequences 

 

Table 6-1. Diagnostic primers for the dde2-2 mutation 

primer name primer sequence (5’ to 3’) 

 

Pr_dde_F GGTGTACAGAGTCAACATGCCAC 

 

Pr_dde_R AGGTACGAGAGGATACGGTAGC 

 

 

Table 6-2. Primers for the T-DNA insertion lines genotyping 

name gene primer sequence (5’ to 3’) 

Pr_Salk_102417 KRP4 LP  TGGTTAAAATTGAAACTGGCG 

 

RP  CCTGGTAGTGGTTGTTCGTTC 

 

Pr_Salk_130744 KRP2 LP  GATTTATTGGAAAAGCCAGCC 

 

RP  AGACTCTTCCTTAACCTGCGG 

 

Pr_Sail_548_B03 KRP6 LP  ACAAACCAACGAAATCACCG 

 

RP  ATTCATCACCGGACTCTCATG 

 

Pr_Gabi_841D12 KRP7 LP  CGTTGAATTAATCAACGGCTC 

 

RP  TCTTGGTACGAAGAACAGATGAAG 

 

Pr_Salk_Lb1.3 

 

- ATTTTGCCGATTTCGGAAC 

Pr_Sail_LB1 

 

- GCCTTTTCAGAAATGGATAAAT 

Pr_Gabi_o8409 (pAC106)   

 

- ATATTGACCATCATACTCATTGC 
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Table 6-3. Tail-PCR primers 

primer name 

 

primer sequence (5’ to 3’) 

Pr_Tail_1 

 

TATAGCGCGCAAACTAGGATAAAT 

Pr_Tail_2 

 

TATCGCGCGCGGTGTCATCTA 

Pr_Tail_3 

 

CATCATACTCATTGCTGATCC 

Pr_AD_1 

 

NTCGASTWTSGWGTT 

Pr_AD_2 

 

NGTCGASWGANAWGAA 

 

Table 6-4. Primers for Southern blot probes generation 

primer name primer sequence (5’ to 3’) 

Pr_MJ1_probe_F 

 

GCTTGGGTGGAGAGGCTATT 

 

Pr_MJ1_probe_R 

 

GTCAAGAAGGCGATAGAAGGCG 

 

Pr_MJ2_probe_F 

 

GAGACAAGCAGCGTCAACTTC 

 

Pr_MJ2_probe_R 

 

ACTTCAGCAGGTGGGTGTAGA 

 

 

Table 6-5. Primers for AtEASE/min35S amplification from pWY-093.1 vector 

primer name primer sequence (5’ to 3’) 

Pr_XbaI_EASE_F 

 

AAAAATCTAGACTAAAACCAAAATCCAGGGGTAC 

Pr_AscI_min35SEASE_R 

 

AAAAGGCGCGCCCTCTCCAAATGAAATGAACTTCC 
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Table 6-6. Primers for CDS GatewayTM cassette 

primer name primer sequence (5’ to 3’) 

Pr_attB1_CDKA;1_F 

 

AAAAAGCAGGCT ATGGATCAGTACGAGAAAGT 

 

Pr_attB2_CDKA;1_R 

 

AGAAAGCTGGGT CTAAGGCATGCCTCCAAGA 

 

Pr_attB1_CDKD;3_F 

 

AAAAAGCAGGCT ATGCCGGAGCAGCCAAAGA 

 

Pr_attB2_CDKD;3_R 

 

AGAAAGCTGGGT TTACTGGAACTCAAGATCGA 

 

Pr_attB1_CycA3;1_F 

 

AAAAAGCAGGCT ATGGCCGACGAAAAAGAGAA 

 

Pr_attB2_CycA3;1_R 

 

AGAAAGCTGGGT CTAAATGTTGACATCTTCAAA 

 

Pr_attB1_CycD2;1_F 

 

AAAAAGCAGGCT ATGGCTGAGAATCTTGCTT 

 

Pr_attB2_CycD2;1_R 

 

AGAAAGCTGGGT TCATTGTTTTCTCCTCCTCT 

 

Pr_attB1_CycD3;1_F 

 

AAAAAGCAGGCT ATGGCGATTCGGAAGGAGGA 

 

Pr_attB2_CycD3;1_R 

 

AGAAAGCTGGGT TTATGGAGTGGCTACGATTG 

Pr_attB1_CycH;1_F 

 

AAAAAGCAGGCT ATGGCGGATTTTCAGACAT 

Pr_attB2_CycH;1_R 

 

AGAAAGCTGGGT TCAACCTATGGGTGGCGGT 

Pr_attB1_DPb_F 

 

AAAAAGCAGGCT ATGACAACTACTGGGTCTAAT 

 

Pr_attB2_DPb_R 

 

AGAAAGCTGGGT TCAATTCTCCGGCTTCATGCT 

 

Pr_attB1_E2Fb_F 

 

AAAAAGCAGGCT ATGTCTGAAGAAGTACCTCAA 

 

Pr_attB2_E2Fb_R 

 

AGAAAGCTGGGT TCAGCTACCTGTAGGTGATCT 

 

Pr_attB1 adapter GGGGACAAGTTTGTACAAAAAAGCAGGC 

 

Pr_attB2 adapter GGGGACCACTTTGTACAAGAAAGCTGGGT 
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Table 6-7. Primers for Artificial MicroRNA  

gene primer name primer sequence (5’ to 3’) 

MSI1 

 

I_miR-s gaTATCATCGTACTGACGAGGTTtctctcttttgtattcc 

 

II_miR-a gaAACCTCGTCAGTACGATGATAtcaaagagaatcaatga 

 

III_miR⃰ s gaAAACTCGTCAGTAGGATGATTtcacaggtcgtgatatg 

 

IV_ miR⃰ a 

 

gaAATCATCCTACTGACGAGTTTtctacatatatattcct 

RBR1 

 

 

I_miR-s 

 

gaTACTGTGTGAAATAAGAGCGTtctctcttttgtattcc 

II_miR-a 

 

gaACGCTCTTATTTCACACAGTAtcaaagagaatcaatga 

III_miR⃰ s 

 

gaACACTCTTATTTCTCACAGTTtcacaggtcgtgatatg 

IV_ miR⃰ a 

 

gaAACTGTGAGAAATAAGAGTGTtctacatatatattcct 

 

Table 6-8. Primers used for the OlexA-TATA fragment amplification in pLB71 

primer name primer sequence (5’ to 3’) 

 

Pr_ OlexA-TATA/min35S_F 

 

TCTAGAACTAGTGGATCCCCC 

Pr_ OlexA-TATA/min35S_R 

 

GTACTAGTGGTACCGGGCCCC 
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6.3 Result Tables 

Table 6-9. Χ2 test results. The 3: 1 segregation ratio was significant at P< 0.05. Lines showing 
the 3: 1 segregation ratio were marked in green.  
n-number of counted seedlings, O-observed segregation, E-expected segregation 

line 
n 

O E Χ2 

name nr  green white green white 

CycA3;1 

1 12 11 1 9 3 1,78 
3 211 142 69 158,25 52,75 6,67 
6 151 113 38 113,25 37,75 0,0022 
8 60 50 10 45 15 2,22 

11 201 152 49 150,75 50,25 0,04 
22 86 60 26 64,5 21,5 0,97 
30 210 167 43 157,5 52,5 2,29 
31 197 151 46 147,75 49,25 0,96 

CycD2;1 

1 88 70 18 66 22 0,96 
3 243 185 58 182,25 60,75 0,16 
4 106 88 18 79,5 26,5 3,66 
5 98 78 20 73,5 24,5 1,11 
6 91 71 20 68,25 22,75 0,23 
8 198 147 51 148,5 49,5 0,06 

CycD3;1 

6 99 75 24 74,25 24,75 0,03 
8 64 46 18 48 16 0,33 

27 73 54 19 54,75 18,25 0,041 
28 76 57 19 57 19 0 
31 160 116 44 120 40 0,53 
33 63 45 18 47,25 15,75 0,43 
1a 111 86 25 83,25 27,75 0,36 
2a 60 51 9 45 15 3,20 
9a 119 89 30 89,25 29,75 0,003 

10a 75 61 14 56,25 18,75 1,60 

CycH;1 

2 121 98 23 90,75 30,25 0,58 
3 162 86 76 121,5 40,5 41,5 
8 84 70 14 63 21 3,11 

10 50 40 10 37,5 12,5 0,67 
12 23 17 6 17,25 5,75 0,015 
13 158 104 54 118,5 39,5 7,09 
14 119 94 24 89,25 29,75 1,48 
15 65 40 25 48,75 16,25 6,28 
16 65 50 15 48,75 16,25 0,13 

CDKD;3 

2 79 61 18 59,25 19,75 0,20 
3 116 83 33 87 29 0,73 
8 38 26 12 28,5 9,5 0,88 
9 39 32 7 29,25 9,75 0,09 

10 71 42 29 53,25 17,75 9,51 
11 118 89 29 88,5 29,5 0,01 
14 101 82 19 75,75 25,25 2,07 
15 21 20 1 15,75 5,25 4,60 
16 110 80 30 82,5 27,5 0,31 
17 10 9 1 7,5 2,5 1,20 

DPb 
1 168 132 36 126 42 1,15 
2 112 87 25 84 28 0,44 
3 139 98 41 104,25 34,75 1,51 

DPb 

5 88 67 21 66 22 0,06 
6 54 41 13 40,5 13,5 0,02 
7 98 72 26 73,5 24,5 0,12 

12 57 49 8 42,75 14,25 3,65 

CDKA,1 

2a 76 56 20 57 19 0,07 
9 132 92 40 99 33 2,00 
8a 154 116 38 115,5 38,5 0,0085 
9a 78 62 16 58,5 19,5 0,84 

10a 163 100 63 122,25 40,25 16,8 

E2Fb 

4 184 138 46 138 46 0 
6 224 168 56 168 56 0 
7 74 59 15 55,5 18,5 0,88 

12 138 96 42 103,5 34,5 2,17 
14 153 117 36 114,75 38,25 0,17 
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Table 6-10. The T-DNA position in the genome and sequences of insertion specific 
primers for lines overexpressing CDKD;3 (line 2), CycA3;1 (line 30), CycD2;1 (line 8), 
and CycH;1 (line 10).  
 

line insertion position primer sequence 5’- 3’ 

pMJ1-

CDKD;3_2 

Chr. 2/ 9923933 F  TGTACAACAACCAACCTAAACC 

 

R  ACTCCTTATTAAACTGCTAGTCAT 

 

pMJ1-

CycA3;1_30 

Chr. 1/ 25614889 F  AACTCTTTCTGCTCCGTTTCT 

 

R  TCAGCTTGGTCAGGAACATTAT 

 

pMJ1-

CycD2;1_8 

Chr. 5/ 24667743 F  CTGAAAATGAGCTAAACATGGC 

 

R  AATTGAGTCGACGGAGGTTT 

 

pMJ1-

CycH;1_10 

Chr. 4/ 13482915 F  ACGGCTATGTTGTTTGTCTATG 

 

R  ATAATGGATGCGAATAGACCGA 
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Table 6-11. Table of mutant lines overexpressing the G1/S phase genes the observed 
phenotype.  
 

line genotype 
generation/number 

of screened plants 
phenotype 

CDKA;1/+;CycA3;1/+ 

 

F1/ 8 mutant plants 

 

first 

crosses:~50% 

embryo sac 

abortion; 

second crosses: 

normal embryo 

sacs; no 

developing 

embryos 

CDKA;1/+;CycD2;1/+ 

 

CDKA;1/+;CycD3;1/+ 

 

CDKA;1/+;CycH;1/+ 

 

CDKA;1/+;CDKD;3/+ 

 

CDKA;1/+;CDKD;3/+;CycD2;1/+ 

 

F1/ 8 mutant plants 

 

normal embryo 

sacs; no 

developing 

embryos 

CDKA;1/+;CDKD;3/+;CycA3;1/+ 

 

CDKA;1/+;CDKD;3/+;CycH;1/+ 

 

CDKA;1/+;CycD2;1/+;CycH;1/+ 

 
F1/ 8 mutant plants 

37-53% aborted 

embryo sacs at 

functional 

megaspore stage 

CDKA;1*;CDKD;3/+;krp2/krp2;krp4/krp4;krp7/krp7 

 
F2/ 1 mutant plant 

4.5% multiple 

egg cell nuclei 

CDKA;1*;CDKD;3/+;krp2/krp2;krp4/+;krp6/krp6;krp7/+ 

 
F2/ 1 mutant plant 

normal embryo 

sacs; no 

developing 

embryos 

CycD2;1/+; krp2/krp2;krp4/+;krp6/krp6;krp7/krp7 

 
F2/ 1 mutant plant 

embryo sac 

abortion at four 

or two nuclei 

stage 

* There were no the T-DNA insertion specific primers for this line. To genotype this insertion, primers 
pr_AtEASE/min35S_F (Table 6-5) and pr_attB2_CDKA;1_R (Table 6-6) were used. 
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