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Summary

Plant development is strongly regulated in Arabidopsis thaliana and often depends
on the perception, transduction and integration of extrinsic and intrinsic signals. These
signals are frequently transferred by kinases, proteins that phosphorylate their targets
thereby modulating their activity. One of these kinases is UNICORN (UCN) from the AGCVIII
family. It was shown that UCN is a tumor suppressor, regulating planar cell division in
integuments. This ovule organ shows protrusions in the ucn-1 mutant that carries a

missense mutation which putatively destroyed the kinase function of the protein.

In this work, | performed a detailed analysis of the ucn-1 mutant, carrying a
mutation in the genome of the Landsberg erecta (Ler) accession. | compared it to the ucn-2
mutant that carries a putative UCN null allele in Columbia (Col-0) background. In this study,
| used comparative analysis of the mutant phenotypes which revealed that UCN affects
many more developmental processes of the plant than only ovule development. The results
| present here show that UCN is expressed in all plant organs, above and below ground
presumably representing a role for UCN in cell division. Furthermore, | showed that some
phenotypical differences of ucn-1 and ucn-2 are due to genetic background effects rather

than due to the differences in the respective mutations.

| further showed that UCN affects the epigenome. The ucn-1 mutant has the
capability to inherit an early flowering phenotype to its offspring independent of the
mutated allele. In addition, | showed that other plant organs affected by the gain-of-
function of UCN were still affected even after the T-DNA segregated out and the lines had a

wild-type genome.

My analysis also revealed that UCN affects the transition to flowering. Depending on
the genetic background flowering time was accelerated or delayed in UCN gain-of-function
lines. In addition, | demonstrated that UCN physically interacts with ARABIDOPSIS
TRITHORAX-RELATED7 (ATXR7), a protein of the trithorax-family that enhances the
expression of FLOWERING LOCUS C (FLC). Moreover, | showed that UCN regulates flowering
through ATXR7. Finally, | demonstrated that UCN is required for the control of FLC

expression and the repression of FT and therefore represses flowering in Col-0.



Zusammenfassung

Die Entwicklung der Pflanze ist in Arabidopsis thaliana streng reguliert und hangt oft
von der Wahrnehmung, der Weitergabe und der Vernetzung extrinsischer und intrinsischer
Signale ab. Diese Signale werden haufig durch Kinasen, Proteine, die ihre Zielobjekte phos-
phorylieren und dadurch ihre Aktivitat modulieren, weitergeleitet. Eine dieser Kinasen aus
der AGCVIIlI Familie ist UNICORN (UCN). In einer ucn-1-Mutante, welche eine Missense-
Mutation tragt, die wahrscheinlich die Kinasefunktion des Proteins zerstort, zeigen Integu-
mente irregulare Zellteilung. Es wurde daher vorgeschlagen, dass UCN ein Tumorsuppressor

ist, welcher planare Zellteilung in den Integumenten reguliert.

In dieser Arbeit wurde die ucn-1-Mutante, eine Mutation im Genom von Landsberg
erecta (Ler), einer phanotypischen Analyse unterzogen. Sie wurde mit der ucn-2-Mutante
verglichen, welche vermutlich eine Null-Mutation im Genom von Columbia (Col-0) tragt. In
dieser Studie wurde durch vergleichende Analysen der Phdanotypen der Mutanten gezeigt,
dass UCN wahrscheinlich an viel mehr Entwicklungsprozessen der Pflanze als nur der
Ovulenentwicklung beteiligt ist. Die Ergebnisse, die hier prasentiert werden, zeigen, dass
UCN in allen Pflanzenorganen exprimiert wird, sowohl Uberirdischen als auch unter-
irdischen, was auf eine Rolle UCNs in der Zellteilung hindeutet. Darliber hinaus wurde
gezeigt, dass die phanotypischen Unterschiede von ucn-1 und ucn-2 mehr vom genetischen

Hintergrund der Mutation abhadngen als von den unterschiedlichen Mutationen selbst.

Ferner zeigte ich, dass UCN das Epigenom beeinflusst. Die ucn-1-Mutante besitzt die
Fahigkeit, ihren Friihblihphanotyp unabhangig vom mutierten Allel an ihren Nachwuchs zu
vererben. Darliber hinaus zeigte ich, dass andere Pflanzenorgane, die von der gain-of-
function von UCN betroffen waren, dies auch noch waren, wenn die T-DNA aussegregiert

war und die Linien ein Wildtyp-Genom hatten.

Die Analyse ergab auch, dass UCN den Ubergang zur Bliite beeinflusst. Abhingig
vom genetischen Hintergrund wurde durch die gain-of-function eine beschleunigte oder
verspatete Bliite eingeleitet. Zusatzlich konnte belegt werden, dass UCN physisch mit
ARABIDOPSIS TRITHORAX-RELATED7 (ATXR7) interagiert, einem Protein der Trithorax-
Familie, welches die Expression von FLOWERING LOCUS C (FLC) verstarkt. Mit dieser Studie
wird gezeigt, dass UCN Uber ATXR7 den Blihzeitpunkt reguliert. Letztlich wird belegt, dass
UCN an der ordentlichen Expression von FLC und der Repression von FT beteiligt ist und

dadurch die Bliite in Col-0 reprimiert.
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Introduction

Introduction

1.1  The plant’s life cycle in a nutshell

The life cycle of Arabidopsis thaliana can be divided into several developmental
stages. After germination, the new plant starts with the vegetative phase. In this phase
Arabidopsis builds up biomass by growing a rosette and performing photosynthesis. It builds
up nutrients and stores them not only for the plant itself but also for the subsequent
reproductive phase [1]. In the subsequent reproductive phase, Arabidopsis starts to
reproduce by growing flowers, the reproductive organs of a plant. In parallel to the
reproductive phase, the senescence already begins. The plant is gathering the nutrients and
otherwise stored energy from its vegetative organs to support its offspring [2]. In case of
Arabidopsis, an annual plant, the life cycle of the plant terminates with the end of
senescence. At the same time, the seeds, and therefore the offspring, are mature and the

end of one life cycle is also the beginning of several hundred new ones.

Germination of a seed is regulated by the plant hormones abscisic acid (ABA) and
giberellins (GA) where ABA supports dormancy and GA counteracts the effects of ABA and
supports germination [3]. External signals can also support germination. The uptake of
water by the seed and finally the rupture of the seed coat represents the beginning of the
vegetative phase [4]. The embryo that developed in the seed with the help of nutrients

delivered by the endosperm already contains cotyledons and the root [5].

The root is characterized by four zones, which are already established in the seed
itself [6]. The root cap, the meristematic zone, the elongation zone, and the maturation
zone: the root cap at the most distal end serves to save the meristematic tissue from
damage when the root is growing deeper into the soil [7]. The meristematic zone bears cells
acting as initials that characteristically divide. Thereby they produce cells that further divide
and differentiate into the cells that make up the root. The elongation zone is where
extensive cell elongation takes place. Although some cells still divide in this zone, cell
division decreases to zero with increasing distance from the meristem. Finally, the
maturation zone contains the mature cells. Here, cell division and elongation ceased, the
cells acquire their differentiated characteristics. In this zone, lateral roots and root hairs

develop [8].
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For the patterning of the different root tissues and the formation and maintenance
of the root meristem the plant hormone auxin plays a major role. In the root tip, there is an
auxin maximum needed for the maintenance of the quiescent center (QC), a group of rarely
dividing cells in the meristematic zone [9]. The auxin is further transported in the root by the
polarized distribution of PIN-FORMED (PIN) proteins, thereby establishing a flow
comparable to an inverted fountain, with a rush towards the QC in the stele and a rush away
from the QC in the epidermis [10]. This auxin gradient and transcription factors (TF) that
selectively react to certain auxin concentrations therefore build up the different root
tissues. In addition to the root formation, auxin is also involved in the initiation of lateral
roots [11]. Lateral roots emerge from pericylce founder cells and auxin primes the pericycle
cells from which the lateral root emerges [6, 12]. The architecture of a lateral root is not
very different from the architecture of the main root. It contains the same zoning as the
main root. In Arabidopsis, lateral roots emerge in a left-right alternation on the main root

developing at the edge of elongation and maturation zone [11].

Above ground, the shoot apical meristem (SAM) is responsible for indeterminate
growth. It localizes in the middle of the future rosette at the base between the cotyledons.
The SAM is divided into certain zones: the central zone (CZ, see figure 1.1.1) contains slowly
dividing, undifferentiated cells. Around that zone, the peripheral zone (PZ, see figure 1.1.1)
contains more frequently dividing cells that later form lateral organs. Beneath the central
zone lies the rib zone (RZ, see figure 1.1.1) with dividing cells that later form the internal
tissue of the stem. On top of the SAM lie three cell layers, L1, L2, and L3 (see figure 1.1.1)

which also contribute to the tissue of the shoot [13].

The size of the meristem is controlled mainly by WUSCHEL (WUS) and CLAVATA1
and 3 (CLV1, CLV3) [14]. WUS gives the SAM its identity and is expressed in the organizing
center (OC). From there, the protein moves into the central zone (CZ) where it promotes the
expression of CLV3 which in turn represses WUS (see figure 1.1.1) thereby controlling SAM
size [15].

Rosette leaves are initiated at the peripheral zone of the SAM (see figure 1.1.1). The
first two leaves grow between the cotyledons. From here, the rest of the leaves grow
anticlockwise in a spiral arrangement [16]. The leaves of Arabidopsis have a lanceolatic
shape and grow from their proximal to their distal end. Therefore, cell division takes place at

the proximal end of the leaf while at the distal end, the cells elongate [17]. The planar shape
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of the leaves is achieved through the generation of an adaxial-abaxial axis. Amongst other
factors, axis identity is regulated by KANADI and YABBY transcription factors that promote

abaxial fate. The adaxial identity is promoted by class Ill HD-ZIP transcription factors [18].

Leaf primordia

Figure 1.1.1: Schematic picture of the shoot apical meristem of Arabidopsis [19].

Picture shows the central zone (CZ, purple), the organizing center (OC, blue), the peripheral zone (PZ, red), the
three layers L1 to L3 (green, brown, pink), and the rib zone (RZ, light brown). CLV3 and WUS act together in a
negative feedback loop to determine meristem size. Leaf primordia develop in the periphery.

The vegetative phase is followed by the reproductive phase where the plant starts
producing flowers and with it, offspring. The transition to flowering is highly regulated and
will be described in more detail later. It is accompanied with the transformation of the SAM
into an inflorescence meristem (IM) which produces flowers instead of leaves [20, 21].

Genes such as TERMINAL FLOWERING1 (TFL1), AGAMOUS (AG), and LEAFY (LFY) but also

WUS are involved in floral meristem identity [14, 22].

In plants, a double fertilization takes place. Therefore, the pollen sticks to the
stigma, a small, sticky tissue on the most distal end of the carpel that starts developing
when the ovules are ready for fertilization. The pollen then grows into the carpel. Amongst
other factors, it is chemically attracted by the synergids of the ovules [23]. When reaching

Ill

the ovule the tip of the pollen tube grows into the micropyle, a small “whole” that is
generated by the integuments. There, it releases two nuclei, one fertilizing the egg-cell and
the other one fertilizing the central cell [24]. The zygote now develops into the plant embryo

while the central cell develops into the endosperm.
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After fertilization, embryogenesis starts with an unequal cell division, dividing the
zygote, the fertilized egg cell, into an apical and a basal cell [25]. The above ground tissue
will develop from the apical cell while the root develops from the basal cell. When
embryogenesis continues, certain stages of the embryo are visible [26]. In the so called early
heart stage, the anlagen of the cotyledons are already visible while in the following late
heart stage and the torpedo stage, the root and the shoot apex can already be clearly
distinguished. In the mature embryo, cotyledons and the two apices are completely
available. The endosperm was consumed by the embryo, supporting it with energy and the
embryo is now completely taking the place in the seed, persisting in dormancy and waiting

for the right signals for germination [4]. Then the cycle can begin from the start.

1.2  The transition to flowering

The transition to flowering that separates the vegetative phase from the
reproductive is tightly regulated since the right time to flower is a question of survival and,
more important, a question of the offspring’s survival. Therefore, the plant permanently
processes external signals, for example temperature, and internal signals, for example plant

age to find the perfect time for flowering.

In Arabidopsis two different “strategies” can be observed in the different accessions
reflecting their geographical localization. There are strains that need a prolonged time of
cold treatment called vernalization as a signal for flowering, the winter-annual strains. Other
strains are independent of vernalization and flower without cold treatment, the summer-
annual strains [27] such as Ler and Col-0. Winter-annual plants usually grow a rosette in
autumn which rests over winter. At that time, genes that prevent the flowering transition
are repressed by the low temperature. Subsequently, milder temperatures and longer days
in spring then promote flowering. In summer-annual strains, the vegetative phase is not
separated from the reproductive phase by winter and therefore, all developmental phases

are passed in one year. Therefore, the lines are independent of vernalization [1].

Temperature and the length of the days (photoperiod) are only two of multiple
external signals that the plants use to find the right time for flowering. Also nutrients, light
quality, and stress influences flowering time [1, 28]. The external signals are interconnected
with internal signals such as plant age. They are summarized in the autonomous flowering

pathway that promotes flowering by repressing FLOWERING LOCUS C (FLC) [29], a very
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potent flowering repressor. Also the plant hormone GA plays a role as an intrinsic signal in

flowering time regulation [30, 31] especially in short days (SD) [32].

Vernalization, at least in winter-annual plants, is the most potent signal for
flowering and depends mainly on the repression and subsequent silencing of FLC [33]. FLC, a
MADS box (for MCM1, AGAMOUS, DEFICIENS, SRF) protein that binds to CArG boxes
(CC(A/T)sGG), the consensus sequence recognized by this protein family, in turn directly
represses the flowering activator FLOWERING LOCUS T (FT) by binding to its first intron [34].
FT is a small protein comparable to a flowering promoting hormone and therefore described

as florigen.

FLC expression strongly depends on FRIGIDA (FRI), a transcriptional mediator that
assembles the transcription complex for FLC [35]. In fact, most of the summer-annual plants
that are independent of vernalization lack a functional FRI, FLC or both [36]. The Arabidopsis
Col-0 strain for example has a non-functional FR/ allele and the dependency of vernalization
can in part be re-established by transforming a functional FR/ allele into the plant [37]. The
Ler strain of Arabidopsis on the other hand contains a non-functional FLC allele that carries a
mutator-like transposon in the 3’ end of its first intron [36], an intron which also plays a role
in the regulation of FLC expression [38]. Due to these differences, the two accessions likely

also use different pathways to initiate the transition to flowering.

For the activation of flowering, repressors like FLC have to be repressed and
flowering activators need to be expressed. Therefore, it is distinguished between flowering
promotion, which is the repression of the flowering repressors, and flowering activation by
floral integrators such as FT, which is the actual transition of the SAM to an inflorescence
meristem (IM) that produces flowers [39]. The transition of the meristem is, amongst other
floral integrators, regulated by FT. FT activates flowering over long distances from the leaf
[40], where it is activated in the phloem [41], to the SAM. There, it acts together with other
proteins to reprogram the meristem into an IM. The activation of FT in one leaf is thereby
sufficient to activate flowering [42]. FT is induced under LD conditions in the ploem. In
cooperation with other proteins, FT then activates floral meristem identity genes, such as
APETALA1 (AP1) [43] to induce flowering. AP1 and LEAFY (LFY), two proteins acting
downstream of FT, regulate floral meristem identity. In fact, the expression of these two

genes in the floral anlagen of the IM is one of the earliest events in floral transition [44, 45].
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1.3 Flower and ovule development

After flowering transition, flower primordia are constantly formed in the periphery
of the IM. Flowers are by far the most complex organs of the plant. Arabidopsis flowers
consist of four sepals in the outer whorl, four petals, six stamens and finally two fused
carpels in the innermost whorl. It has been greatly accepted that the identity of the four
different whorls is regulated by an ABC system (see figure 1.3.1). This ABC system is built by
the homeotic flower genes, APETALA1 (AP1) and AP2, AP3 and PISTILLATA (PIl), and
AGAMOUS (AG). The expression of these genes is giving the four whorls of the flower their
identity [46]. In the inner whorl AG, the C class gene of the ABC system, is giving the carpels
their identity [47] (see figure 1.3.1, red). In the next whorl the B class genes AP3 and P/ are
co-expressed with AG. Together they are giving the stamen their identity [48] (see figure
1.3.1, yellow). The expression of the C class gene excludes the expression of the A class
genes and vice versa. Therefore, in the next whorl, the A class genes AP1 and AP2 are
expressed. Together with the B class genes AP3 and Pl which are giving the petals their
identity (see figure 1.3.1, green). In the outermost whorl only AP1 and AP2 are still
expressed giving the sepals their identity [44, 49, 50] (see figure 1.3.1, blue). Each loss-of-
function mutant of these genes shifts the ABC system to the benefit of the other genes and
therefore alters the structure of the flower. The flower of agl mutants for example lack

stamen and carpels which are replaced by petals [47].

Se Pe An Ca An Pe Se

-

||
|
B/c‘ c/B

Figure 1.3.1: Scheme of the ABC model of floral organ identity.

Floral organs develop by the different expression of class A, B, and C genes which give the organs their identity.
Thereby, A class genes (in blue) give the sepals (Se) their identity and together with B class genes (in green) they
give identity to the petals (Pe). B and C class genes (in yellow) give identity to the stamens (An) while C class
genes (in red) give rise to the carpels (Ca). Figure shows a scheme of the floral organs (upper figure) and a top
view of the whorls (lower figure)
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In Arabidopsis, the anthers on top of the stamen bear the pollen that contains the
haploid paternal genome while the maternal haploid genome is found in the ovules which
grow in the carpels in the inner whorl. Every carpel contains about 50 to 75 ovules which
after fertilization develop into seeds. Ovules appear in rows along the placenta in the carpel.
As cell division continues forming a small dome, three distinct tissues can be distinguished:
on proximal end, the funiculus connects the ovule with the motherplant. The tissue in the
middle is called chalaza and later develops the integuments, an outer one and an inner one.
These integuments, each contains an adaxial and an abaxial cell layer, grow strictly by
anticlinal cell division and later surround the megaspore mother cell (MMC), developing
from the nucellus at the most distal tissue primordium of the ovule. The integuments, which
later form the seed coat are, in contrast to the MMC and later the embryo, built-up from
diploid maternal tissue and therefore differs from the seedling in its genomic composition

[51].

—

megaspore integuments
\ antipodals
megasporocyte PN\ central cell L embryo sac
[ o | egg cell
I \_® )
nucellus * < synergids
\ megasporogenesis megagametogenesis _J
1x meiosis 3x nuclear division
followed by . |
cellularization/ micropyle
funiculus

Figure 1.3.2: Schematic diagram of the development of the ovule.

During megasporogenesis the megasporophyte meiotically divides into a tetrad. The megaspore proximal to the
chalazal side then undergoes megagametogenesis while the other three megaspores degenerate. The mega-
gametogenesis then results in the embryo sac containing seven cells.

The MMC develops from the megasporocyte that undergoes a meiotic divisions
building a tetrad of megaspores. One of these megaspores proximal to the chalaza survives,
giving rise to the embryo sac by undergoing three round of mitosis followed by
cellularization. The embryo sac then contains seven cells, three antipodal cells, a central cell
with two haploid nuclei, the egg cell, and two synergids (see figure 1.3.2) [52, 53]. When
double fertilization occurs, the egg cell and the central cell are fertilized. Subsequently, the
egg cell develops into the embryo (see above) while the central cell develops into the
endosperm. The endosperm which took up half of the seed volume is almost completely
resorbed by the embryo between seven and ten days after fertilization took place. The

parallel development of the seed can be roughly subdivided into three stages: accumulation
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of starch in the early embryogenesis, storage of oils and proteins in the maturation phase,

and water loss in the late maturation phase [54].

The seed size depends on endosperm and integuments and the cross-talk between
those two tissues. Therefore, it is determined by a completely maternal tissue, the
integuments, and a maternal-paternal tissue, the endosperm [51]. Furthermore, the
integuments are diploid while the endosperm is a triploid tissue after fertilization (two
maternal nuclei and one paternal nucleus). The two genomes derived maternally and
paternally are not functionally equivalent in Arabidopsis endosperm [55]. Thus, seed size is
also determined by a parent-of-origin effect. It therefore also depends on imprinted genes

and DNA methylation [56].

1.4 DNA and chromatin — location matters

Gene expression is not only dependent on transcription factors but also on the
chromatin structures found at the gene loci themselves. The chromatin is divided into
euchromatin in which active genes are located in and heterochromatin in which inactive
genes are located in. The chromatin structure is involved in the regulation of genes by
controlling the access of the transcription machinery to the DNA locus. Amongst other
modifications, it is established by direct modification of the DNA through methylation of the
cytosine C5 to 5-methylcytosine. While this methylation in animals only takes place in a CG
context, methylation in plants can take place in CG, CHG, and CHH (H = A, T, C) contexts [57].
The methylation of DNA is usually associated with gene silencing therefore it is often found
around transposons and the centromeres [58]. On the other hand, more and more
methylation patterns are found which are not associated with these functions but gene
regulation [59]. It was also demonstrated that DNA methylation in promoters can function
as a recognition site for proteins [60]. In plants, three pathways for the maintenance of DNA
methylation are known: METHYLTRANSFERASE1 (MET1) [61], CHROMOMETHYLASE3 (CMT3)
[62, 63], and DOMAINS REARRANGED METHYLASE1 and 2 (DRM1/2) [64, 65]. These DNA
methyltransferases also have overlapping functions and therefore single mutants can be
inconspicuous but a quadruple knock-out is causing embryo lethality demonstrating the

importance of a correct DNA methylation [66].

However, DNA methylation is also meiotically inherited to the offspring and can
therefore be used as a kind of “DNA memory” [61]. How this inheritance takes place is still

elusive since not much is known about the “equalization” of the DNA methylation patterns
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after fertilization where a maternal and a paternal epigenome come together and need to
be adapted to each other. It could be shown that a global demethylation takes place
although there is growing evidence that e.g. imprinted genes do not seem to be subject to
this process [67]. However, the DNA methylation pattern is one possibility to modify gene

expression and in addition inherit certain expression patterns trans-generationally [68].

Other modifications that influence gene expression are found on histones which are
octamers the DNA is wrapped around resulting in a kind of pearl necklace structure.
Histones consist of two copies of the monomers H2A, H2B, H3, and H4, although variations
are possible [69]. They can be modified post-translationally for example by phosphorylation
which is mostly associated with chromosome condensation [70], acetylation which
neutralizes polarity and weakens the interaction of histones and DNA, methylation to
regulate gene transcription, and further modifications like ubiquitination, histone tail
clipping, etc. [71]. Most modifications take place at the N-terminus of histone H3 which is
protruding from the molecule and therefore a great target for modifications. The different

histone modifications are summarized in the term “histone code”.

Two protein groups methylate H3 to regulate gene expression: proteins from the
trithorax (Trx) group methylate H3K4 and K36 and activate gene expression while proteins
from the polycomb group (PcG) methylate H3K9 and K27 and repress gene expression. Both
protein groups belong to the SET (for Su(var), E(z), trithorax) domain group (SDG) [72]. The
histone writing can be very specific and therefore add only one histone as for example
ARABIDOPSIS TRITHORAX1 (ATX1) which selectively trimethylates dimethylated lysine 4
(H3K4me2 -> H3K4me3) [73] or less specific like ARABIDOPSIS TRITHORAX-RELATED7
(ATXR7) which, amongst others, can mono-, di- and trimethylate H3K4 [74, 75].

The histone code is highly variable and the modifications need to be seen in context
with other modifications and the location of the histone itself. The active marks H3K4me2/3
and H3K36me3 antagonize the deposition of the repressive mark H3K27me3 [76]. Another
example is the grade of methylation. While H3K36me2 and me3 is associated with
activation, the monomethylation results in deactivation [77]. In addition, the histone code
cannot be separated from transcription and vice versa. These reactions are interconnected:
not only can the histone code influence transcription, but also can the transcription
influence the histone code [78]. The same is true for DNA methylation [60, 79] which in
addition can also influence the histone code and vice versa [80]. Therefore, the transcription

of a gene can influence the regulation while it transcribes the gene.
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1.5 The AGCVIII kinase UNICORN (UCN)

A common way of posttranslational modulation of proteins is phophorylation.
Phosphorylation of a protein can modulate its activity. It is carried out by kinases. The
genome of Arabidopsis is predicted to encode more than 1000 kinases and therefore much
more than the genome of any other representative metazoan organism [81]. Kinases are
divided into serine/threonine kinases and tyrosine kinases, according to the target amino
acid which is phosphorylated [82]. Protein serine/threonine kinases (PSTK) represent around
4% of the Arabidopsis proteome [83]. These kinases use the y-phosphate of ATP or GTP to
generate phosphate monoesters using the alcohol groups on serine or threonine as
phosphate acceptors [84]. The PSTKs can be further divided into several families of which
one of them is the AGC (for protein kinase A (PKA), protein kinase G (PKG), protein kinase C
(PKC)) family [85] which contains 39 members [81]. The AGC kinases are further divided into
five subfamilies, of which one of them is the AGCVIII subfamily. This subfamily is plant-
specific and contains 23 members [81]. They are identified by a common DFD (aspartic acid,
phenylalanine, aspartic acid) motif at the N-terminal end and the insertion of a variable
sequence between catalytic subdomain VIl and VIII [84]. The DFD motif is involved in the

coordinated binding of Mg**-ATP [81].

Most AGC kinases are primary targets for 3-phosphoinositide-dependent protein
kinase (PDK1), a master-kinase that activates their targets through phosphorylating their
activation loop [86, 87]. This activation then allows autophosphorylation and activation of
substrate kinases [86]. Although it can be shown that PDK1 interacts with multiple AGCVIII
kinases in vitro [81], the relevance of these interactions in plants is still discussed [88].
However, AGCVIII kinases play critical roles in cellular signaling and are involved in
converting developmental and environmental signals into cell responses. Known targets of
AGCVIIl kinases are rare [88]. In this work, the AGCVIII kinase UNICORN (UCN) is

investigated.

UCN was first described in 1997, growing protrusions on the integuments and
eventually fails to generate an embryo sac. It further shows semi-lethality [89]. The gene
was isolated and characterized in 2012. Alignments showed that UCN codes for an active
AGCVIII kinase, encoding two kinase domains separated by an insertion loop, a nuclear
localization signal lying in the insertion loop as well as a nuclear export signal flanking the
kinase domains, and a 3’-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE1 (PDK1) -

interacting domain at its C-terminal end. Like many other AGCVIII kinases UCN can interact
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with PDK1 in vitro and in yeast (unpublished data). UCN is localized in the cytoplasm as well
as in the nucleus of the cells. It was further shown that the protrusions are not restricted on
the outer integuments but also the inner integuments, filaments and petals. It could be
demonstrated that UCN is involved in planar cell growth by repressing the KANADI
transcription factor ABERRANT TESTA SHAPE (ATS). It was concluded that the relative levels
of ATS and UCN are critical for planar cell growth in the integuments. Further, former results
show that UCN acts in an organ-specific manner in floral organogenesis and that the
outgrowths develop autonomously of the plant hormones auxin and cytokinin. In addition,
UCN acts independently of the AUXIN RESPONSE FACTOR (ARF) genes ETTIN (ETT) and ARF4.
ETT is thought to form dimers with ATS to regulate integument development and polarity
[90]. This indicates that UCN acts in a different pathway than the ETT/ARF4 complex [91,
92].

1.6  Aim of this work

In this study, the spatial expression pattern of UCN was visualized for the first time
using a 3xVenus reporter gene coupled to the full promoter region of UCN. Further, the
ucn-1 mutant, a mutant in the Ler accession, was characterized focusing on different plant
organs than the flower and the ovules. It was compared to the ucn-2 mutant, a mutant in
the Col-0 accession carrying a putative ucn null-allele. | was able to show that, despite the
distinct differences in phenotype, the mutants have some features in common, although
ucn-2 displays these features in a much weaker fashion. | further present data that neither

IM

ucn-1 nor ucn-2 carries a “real” null allele and that ucn-1 is a negative-dominant allele. With
a gain-of-function approach, | further demonstrate that differences between ucn-1 and
ucn-2 are largely dependent on the accessions. The data presented here also suggests a role

for UCN in processes of other plant organs than the flower.

In the later part of this study | focus on a putative role of UCN in flowering time
determination. | will present data that shows that UCN likely interacts with the trithorax-like
SET domain protein ATXR7. Evidence is presented that, in some processes, UCN and ATXR7
act in the same pathways. | will further show that UCN putatively influences the expression
of the floral repressor FLC and the floral integrator FT. The results also suggest that this
influence is inherited trans-generationally through a modified epigenome in Col-0 as well as

in Ler.
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2 Material and Methods

2.1 Plant work

Arabidopsis thaliana (L.) Heynh. var. Landsberg (erecta mutant) (Ler) and var.
Columbia (Col-0) were used as wild-type strains. The ucn-1 (Ler background) and ucn-2

(Col-0 background) mutants were described earlier [89, 91] as was the atxr7-1 mutant [74].

Plants were grown either on Murashige & Skoog (MS) medium (4,4g/L) containing
0,8% Agarose or soil (Patzer Einheitserde, extra-gesiebt, Typ T, Patzer GmbH & Co. KG,
Sinntal-Jossa, Germany) mixed with perlite in either a long day cycle (LD; 16hrs light) or a
short day cycle (SD; 8hrs light) using a cold-white light. The light intensity was 100 to 150uE
in either LD or SD cycle. The growth temperature was 21°C (+ 1°C) in the light periods and
18°C (+ 1°C) in the dark periods. The relative humidity was 50 to 60%.

Before sowing seeds on MS, they were surface sterilized in 70% Ethanol for 3min on
a rotator. Regardless the medium used, seeds were stratified for 3d at 4°C prior to
incubation. Plants sown on soil were cultured under a lid for three to five days to support

equal germination.

2.2 Cloning

DNA and RNA used for cloning were extracted from Arabidopsis thaliana using the
NucleoSpin Plant Il kit (Macherey-Nagel GmbH und Co. KG) and the NucleoSpin RNA plant
kit (Macherey-Nagel GmbH und Co. KG), respectively, both according to the manufacturer’s
protocol. Before RNA was used as a template, mRNA was reverse transcribed into cDNA
using the RevertAid 1* strand cDNA synthesis kit (Fermentas) and a poly-T primer according
to the manufacturer’s protocol. Cloning was performed using standard methods described

in [93].

Vectors used in this work are listed in table 2.2.2. Q5 High-Fidelity DNA Polymerase
(NEB GmbH) was used according to the manufacturer’s protocol to receive the PCR-
fragments needed for cloning. Restriction enzymes and T4 DNA Ligase used for cloning were
also received from NEB GmbH and used according to the manufacturer’s protocols. PCR
products were purified using the NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel

GmbH und Co. KG) according to the manufacturer’s protocol. Plasmids were isolated with
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the NucleoSpin Plasmid kit (Macherey-Nagel GmbH und Co. KG) according to the
manufacturer’s protocol. Escherichia coli strain DH10B was used for amplification of the
plasmids. Bacteria were grown on corresponding selection media (Lacto-broth; for

concentration of antibiotics, see table 2.2.1).

Table 2.2.1: Concentration of Antibiotics used in this work for selection of E. coli.

Antibiotic Concentration [pug/ml]
Ampicillin 100

Kanamycin 50

Spectinomycin 100

Gentamycin 25

Rifampicin 10

Tetracyclin 12,5

Cloned plasmids were verified through sequencing by MWG-Biotech AG following

the company’s standards. Sequencing results were aligned with CloneManager Ver. 8.04 to

reference sequences

www.arabidopsis.org).

received from The Arabidopsis

Information Resource (TAIR,

Binary vectors used for plant transformation were based on GreenGate [94]. All

primer used in this work are listed in table 2.2.3.

Table 2.2.2: Backbone vectors used in this work.

Name Used for Description

DGADT7-GW Yeast 2 Hybrid Contains activation domain for Yeast two-hybrid interaction
tests

pGBKT7-GW Yeast 2 Hybrid Contains binding domain for Yeast two-hybrid interaction tests

pUC-SPYCE BiFC Contains C-terminal part of yellow flourescence protein (YFP)

pUC-SPYNE BiFC Contains N-terminal part of YFP

pGGAO000 GG entry vector Entry vector for promoter region of interest

pGGCO000 GG entry vector Entry vector for CDS of interest

pGGEOO0O GG entry vector Entry vector for terminator region of interest

pGGNOO0O GG intermediate vector Intermediate vector used to construct double T-DNA constructs

pGGMO000 GG intermediate vector Intermediate vector used to construct double T-DNA constructs

pGGZ001 GG destination vector Destination vector, binary vector for plant transformation

pGGA006 GG entry with pUBQ Entry vector carrying promoter sequence of UBQ10

pGGB003 GG entry with N-decoy Entry vector carrying N-decoy in case no N-tag is needed

pGGD002 GG entry with C-decoy Entry vector carrying C-decoy in case no C-tag is needed

0GGDO07 GG entry with linker:NLS Entry vector carrying nuclear localization signal with linker as
C-tag

pGGEO009 GG entry with tUBQ Entry vector carrying terminator of UBQ10

pGGF009 GG entry with Basta-R Entry vector carrying Basta resistance for plant selection
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Table 2.2.3: Primer used in this work.

Primer
Sequence (5' ->3') Purpose

number
2033 GACAAATCCTCCGCATCTTCTCT Genotyping ucn-1
2034 TTCCGGGTTCGGATCCG Genotyping ucn-1
3758 AACAGGTCTCAGGCTCAACAATGGTTGCGGTTGATTCC Amplifying ATXR7 for pGGC000
3952 AACAGGTCTCTCTGAGTTTAGCGATCCACGGCAC Amplifying ATXR7 for pGC000

Amplifying UCN/ucn-1 for
3561 AACAGGTCTCTCTGAGAAATCAACAAACGGATTGTTTTCAGAACA

pGGCO000
3562 AACAGGTCTCAGGCTCAACAATGGAGACAAGACCATCATCATCAT | Amplifying UCN/ucn-1 for

CTTCT pGGCO00

Amplifying pUCN (compl.) for
3978 AACAGGTCTCAACCTGACAAACAGCGCGACGTCACC

pGGA000

Amplifying pUCN (compl.) for
3552 AACAGGTCTCTTGTTTGTGAGAGAAAGAGAGAGAT

pGGA000

Amplifying tUCN (compl.) for
3688 AACAGGTCTCACTGCTCCACGCGTGGGAGAATCTATC

pGGE000

Amplifying tUCN (compl.) for
3549 AACAGGTCTCAGTGCTTATTGTTATAGATAACTGA

pGGE000

Amplifying Venus to assemble
3690 AACAGGTCTCAGGCTCAACAGCTGTCGCTGCGGCAGCG

3xVenus

Amplifying Venus to assemble
3744 AAAAAGCGGCCGCAGCAGCAGCCTTGTACAGCTCGTCCATGCC

3xVenus

Amplifying Venus to assemble
3745 AAAAAGCGGCCGCTGCTGCTGCTGCTATGGTGAGCAAGGGCGAG

3xVenus

Amplifying Venus to assemble
3746 TCAGGGAGTGGTTCCCTTGTACAGCTCGTCCATGCC

3xVenus

Amplifying Venus to assemble
3747 GGAAGCGGCTCTGGAATGGTGAGCAAGGGCGAG

3xVenus

Amplifying Venus to assemble
3748 AAAAATCCGGAACCACTCCCTGACTTGTACAGCTCGTCCATGCC

3xVenus

Amplifying ATXR7 for pUC-
3756 AAAAAGGCGCGCCATGGTTGCGGTTGATTCC

SPYCE/NE

Amplifying ATXR7 for pUC-
3946 AAAAACCCGGGGTTTAGCGATCCACGGCAC

SPYCE/NE

Amplifying bZIP63 for pUC-
3175 GGGGGGTCGACATGGAAAAAGTTTTCTCCGAC

SPYCE/NE

Amplifying bZIP63 for pUC-
3176 AAAAACCCGGGCTGATCCCCAACGCTTCGAATAC

SPYCE/NE
3975 AAAAACCCGGGCATGGTTGCGGTTGATTCC Amplifying ATXR7 for AD/BD
3976 AAAAACTCGAGTTAGTTTAGCGATCCACGGCAC Amplifying ATXR7 for AD
3977 AAAAAGCGGCCGCTTAGTTTAGCGATCCACGGCAC Amplifying ATXR7 for BD
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2.3 Generation of various constructs

2.3.1 Construction of overexpression constructs

For the overexpression constructs, the CDS of ATXR7 was amplified using cDNA
received from Col-0 total RNA using primer 3758 and 3952. The CDS of UCN and ucn-1 was
amplified using genomic DNA (gDNA) of Ler and ucn-1, respectively, as template with primer
3561 and 3562. All PCR products were digested with Bsal and ligated into pGGCOO0O resulting
in the entry vectors pGGC000::ATXR7, pGGCO000::UCN and pGGC000::ucn-1, respectively.

Vectors were further assembled with pGGA006, pGGB003, pGGD002, pGGEOQ9, and
pGGF009 (all kindly provided by Jan Lohmann) to pGGZ001::pUBQ:ATXR7:tUBQ,
pGGZ001::pUBQ:UCN:tUBQ and pGGZ001::pUBQ:ucn-1:tUBQ, respectively, following the

instructions of [94].

The entry vectors mentioned above were also used to construct the double
overexpression vector pGGZ001::pUBQ:ATXR7 pUBQ:UCN via pGGNOOO::pUBQ:ATXR7:tUBQ
and pGGMO000::pUBQ:UCN:tUBQ.

2.3.2 Construction of pGGZ001::pUCN:3xVenus-NLS

The destination vector pGGZ001::pUCN:3xVenus-NLS was assembled with the
GreenGate system. To clone pGGAQ0OQO::pUCN, the whole promoter region of UCN including
the 5’UTR (-1bp to -8365bp) was amplified with primer 3978 and 3552 using gDNA of Col-0

as template. The amplicon was purified and ligated into pGGAO00O as described before.

For pGGEO0QO::tUCN, the whole terminator region of UCN including the 3’UTR
(+1216bp to +3057bp) was amplified with primer 3688 and 3549 using from Col-0 gDNA as
template. The amplicon was purified, digested and ligated into pGGEOOO as described

above.

For the 3xVenus vector, the Venus CDS was amplified three times with different
overhangs using primer 3690 + 3744, 3745 + 3746, and 3747 + 3748 using a lab-created
Venus-plasmid as template. The amplicons were purified and subcloned into pJET1.2 using
the Clonelet PCR cloning kit (Fermentas) according to the manufacturer’s protocol. This
resulted in the three plasmids pJET1.2::Venus-1, pJET1.2::Venus-2 and pJET1.2::Venus-3. All

three plasmids were then used to ligate Venus-1 to -3 into pGGCOO0O in a single tube reaction
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using the GG digest/ligate reaction of [94] as a model. This resulted in the entry vector

pGGCO000::3xVenus.

The final vector pGGZ001::pUCN:3xVenus-NLS was then assembled from
pPGGAO000::pUCN, pGGB003, pGGCO00::3xVenus, pGGD007, pGGED0O::tUCN, and pGGFO009.

2.3.3 Constructing BiFC vectors

Protein interaction studies in protoplasts were performed with bimolecular
fluorescence complementation (BiFC) using the two vectors pUC-SPYCE and pUC-SPYNE. For
pUC-SPYCE::ATXR7 and pUC-SPYNE::ATXR7, the CDS of ATXR7 was amplified using primer
3756 and 3946 with Col-0 cDNA as template. The amplicon was purified then digested with
Ascl and Xmal, as also were the vectors pUC-SPYCE and pUC-SPYNE. Ligation partners were
then again purified and subsequently ligated to the final vectors pUC-SPYCE::ATXR7 and
pUC-SPYNE::ATXR7.

The control vectors pUC-SPYCE::bZIP63 and pUC-SPYNE::bZIP63 were constructed by
amplifying the CDS of bZIP63 with primer 3175 and 3176 using cDNA of Col-0 as template.
Amplicons were purified and digested with Xmal and Sall, as was the plasmids pUC-SPYCE
and pUC-SPYNE. Ligation partners were again purified then ligated to pUC-SPYCE::bZIP63
and pUC-SPYNE::bZIP63. All constructs were verified by sequencing.

All other plasmids needed for the BiFC were already constructed by former lab

members [91].

2.3.4 Constructing Y2H vectors

The backbone vectors for the Yeast two-hybrid (Y2H) analysis were pGADT7 AD
(further called AD) and pGBKT7 BD (further called BD). The CDS of ATXR7 was amplified with
different overhangs using primer pair 3975 + 3976 to clone it into AD and 3975 + 3977,
respectively, to clone it into BD. Again, cDNA of Col-0 was used as template. Amplicons were
purified and digested with Xhol/Xmal for cloning into AD and Xmal/Notl for cloning into BD.
The same digestion enzymes were used to digest the corresponding vectors needed. The
digests were purified and the products were ligated to receive pGADT7 AD::ATXR7 and
pGBKT7 BD::ATXR7.

Fragments of the ATXR7 CDS comprising 999bp were amplified using the pGADT7
AD::ATXR7 described above as template. In total, ATXR7 was divided into eight overlapping
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fragments, each amplified for AD and BD (for primer used see table 2.3.1) then purified.
Amplicons for AD and the plasmid itself were then digested with Xhol and Xmal, purified
and ligated. Amplicons for BD and the plasmid itself were digested with Xmal and Notl,

purified and also ligated. All constructs were verified by sequencing.

All other plasmids used were constructed by former lab members.

Table 2.3.1: Primer used to amplify fragments of ATXR7 for Y2H.

forward primer reverse primer (AD/BD) fragment amplified
3975 4333/4348 1-999

4334 4335/4349 502 - 1500

4336 4337/4350 1000 — 1998

4338 4339/4351 1501 — 2499

4340 4341/4352 1999 - 2997

4342 4343/4353 2500 - 3498

4344 4345/4354 2998 — 3996

4346 4347/4355 3499 - 4167

2.4 Phenotyping and microscopy

For the determination of flowering time, plants were grown as described above.
When the first flower opened, rosette and cauline leaves of the plant were counted and

summed up to the total leaf number (TL).

Seed size was determined by measuring the 2D seed area. Therefore, seeds were
dried for one month at room temperature (RT; 20 to 25°C) after harvesting then
photographed under the dissecting scope (Olympus). Pictures were transformed into binary
pictures using FlJI, ver. 1.51b. Each seed was marked with the wand tool to calculate its 2D

area.

To determine the germination rate, seeds from the same batch were harvested and
brought out randomized on MS plates (100+ seeds per GT spread on three plates). Plates
were then stratified for 3d and incubated under LD conditions for 7d. Subsequent to
incubation, germinated seeds were counted and the germination rate with standard

deviation was calculated with Microsoft Excel (Version 14.0.4760.1000).

To measure the root length of 5d old seedlings, seeds were plated on MS as
described above. After 24h, 36h, and 48h the germination rate was checked. 5 day after

germination (dag), considering the time of germination, a picture of each seedling was taken
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with the dissecting scope (Olympus) and the root length was measured from the tip to

hypocotyl using FlJI.

For the determination of the silique length plants were grown until short before
flower termination. Then, siliques of the main stem were used for the measurement.
Thereby, the first 3 to 5 siliques and the siliques of the last 3cm of the stem were skipped.
The length was measured by taking a photo of the siliques with the dissecting scope and

measuring their length using FlJI.

For the scatterplots and the calculations needed for comparison, RStudio, ver.

0.99.896 was used. To calculate significances, the student’s t-test was used.

The analysis of the ovules was done using a Confocal Laser Scanning Microscope
(CLSM; Olympus FV1000), using an inverted I1X81 stand and FluoView software (FV-10 ASW
version 01.04.00.09) (Olympus Europa GmbH, Hamburg, Germany). Before the analysis,
ovules were stained with propidium iodide (PI) according to [95]. For CLSM, ovules were
dissected in H,0 under a dissecting scope then covered with an 18 x 18 mm glass cover slip
(0,17mm thickness; #1, Menzel-Glaser, Braunschweig, Germany). For visualization, samples
were excited at 561nm using a multi-line argon laser and PI staining was detected at 627nm.
Images were obtained with a 20x or 40x water objective, respectively (PlanApo 40x/0.90,

WLSM).

The 3xVenus marker lines were also analyzed with the CLSM mentioned above. The
preparation of the samples was also done as described before. Samples were excited at
515nm and the signal was detected at 527nm. Images were obtained using the same 20x or

40x water objectives as before.

2.5 Generation of transgenic lines

Plants were transformed with different constructs using the floral dip method [96]
and Agrobacterium tumefaciens strain GV3101 [93] pretransformed with pSOUP needed for
amplification of the GreenGate constructs and selected with corresponding antibiotics listed
in table 2.2.1. Transgenic T, lines were selected on MS containing Phosphoinocitrin
(10pg/ml) or on soil using Basta (100mg/L Glufosinat-ammonium; Bayer CropScience
Deutschland GmbH) treatment for selection, seven and ten days after incubation. After
seven to ten days on plate or 14 days on soil, surviving seedlings were transferred to single

pots for further analysis.
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2.6  Yeast two-hybrid (Y2H)

For Y2H, the two Saccharomyces cerevisiae strains Y8800 (MATa) and Y8930 (MATa)
were used. Transformation of Yeast was done according to [97] transforming pGADT7 AD
constructs into Y8800 and pGBKT7 BD constructs into Y8930. Positive transformants of Y8930
were then selected on selective dropout plates lacking tryptophan (SD-W) and positive

transformants of Y8800 were selected on selective dropout plates lacking leucin (SD-L) plates.

For mating, colonies were picked from the SD-L and SD-W plates, respectively,
resuspended in 100ul water, diluted 1:10 and 3pl of these suspensions were mixed on an
YPD plate. Plate was then incubated at 30°C for O/N. After that, colonies were picked, again
resuspended in 100ul H,0 and diluted 1:10. Afterwards, 3ul of that suspension was then
plated on selective dropout plates lacking tryptophan and leucin (SD-LW) to verify the
mating success. Another 3ul of the suspension was plated on selective dropout plates
lacking tryptophan, leucin, and histidin (SD-LWH) and containing 2,5mM 3-Amino-1,2,4-

triazole (3-AT) to verify protein interaction.

To reduce false positive background, the SD-LW and the SD-LWH + 3-AT plates were
again plated over to fresh SD-LW and SD-LWH + 3-AT plates as described above. If colonies

still grew on the 2™ plates, interaction was taken for granted.

2.7 Bimolecular fluorescence complementation (BiFC)

To study protein interaction in protoplasts, bimolecular fluorescence comple-
mentation (BiFC) according to [98] was performed. Protoplast transfection with pUC-SPYCE
and pUC-SPYNE carrying the genes of interest (see table 2.7.1 for inserts and table 2.2.3 for
primers used for amplification) was done according to [99]. Interaction analysis was then

performed with the CLSM mentioned above.

The YFP signal was excited at 515nm with a multi-line argon laser and the emission

was detected at 527nm. Images were obtained with 20x or 40x water objectives.

Table 2.7.1: Genes of interest cloned into pUC-SPYCE and pUC-SPYNE for BiFC essays.

Gene (CDS) of interest Purpose

UCN Gene of interest tested with ATXR7

ucn-1 Gene of interest tested with ATXR7

bZIP63 Homodimer used as positive control

ATXR7 Gene of interest tested with UCN and ucn-1
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As a positive control, bZIP63 homodimers were used as in [98]. Empty pUC-SPYCE

and pUC-SPYNE vectors were used as negative controls.

2.8 Semiquantitative real-time PCR (sqRT-PCR) to verify UCN

overexpression

Because of an artifact in the quantitative real-time polymerase chain reaction (qRT-
PCR) when using two primers annealing in the CDS of UCN, the verification of the
overexpression of UCN in planta was done using a sqRT-PCR. Therefore, RNA of 10d old
seedlings was extracted and 3ug of it were reverse transcribed into cDNA as described
before. For the amplification of the UCN fragment, 1ul cDNA was used as template and the
GT primer 2033 and 2034 (see table 2.2.3) were used for amplification. The PCR reaction
was performed using Taqg Polymerase with ThermoPol Buffer (New England Biolabs Inc.)

according to the manufacturer’s protocol.

After sqRT-PCR, samples were separated on an Agarose gel (1,2%) via gel-

electrophoresis. The intensity of the bands was then calculated using FlJI and Excel.

2.9 Quantitative real-time PCRs (QRT-PCRs)

For quantitative real-time polymerase chain reactions (qRT-PCRs), plants were
grown on MS plates as described above. 10 days after incubation (dai), three times ten
seedlings per genotype were bulked representing a biological triplicate. RNA was extracted
using the NucleoSpin RNA plant kit (Macherey-Nagel GmbH und Co. KG) according to the
manufacturer’s protocol. 3ug of total RNA was reverse transcribed into cDNA using the
RevertAid 1% strand cDNA synthesis kit (Fermentas) according to the manufacturer’s
protocol. The reverse transcription was performed using poly-T primer to selectively reverse

transcribe the mRNA.

Before used as a template in qRT-PCR, the cDNA was diluted with H,0 to a factor of
1:100. For the gRT-PCRs, the GoTag qPCR mastermix (Promega) was used according to the

manufacturer’s protocol.

The CFX96 and CFX384 Touch Real-Time PCR Detection System (Bio-Rad) were used

as qRT-PCR devices. Bio-Rad CFX Manager 3.1 Software was used to setup and analyze the
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gRT-PCRs. The final calculations of the relative expressions were done with Microsoft Excel

according to [100].

Primers used in gRT-PCRs are listed in table 2.9.1. At4g33380, At2g28390, and

At5g46630 were used as reference genes.

Table 2.9.1: Primers used in qRT-PCRs.

Primer number or name

Sequence (5’ ->3’)

Target gene [evtl. Ref.]

2727 TGAAGGAGAGGAAGAGCCTGAGGAA At4g33380
2728 CCCCATCTCACTGCAGCACCAC

2729 AGATTGCAGGGTACGCCTTGAGG At2g28390
2730 ACACGCATTCCACCTTCCGCG

2731 CCAAATGGAATTTCAGGTGCCAATG At5g46630
2732 CAATGCGTACCTTGAGAAAACGAAC

UCN(qPCR_UTR)_F ATTCGTCGCCGGTGAAAG UCN
UCN(gPCR_UTR2)_R CGTTTCAGACCCACTCGTCTC

3760 CAGCAAGCATGTTCGTTTC ATXR7
3761 ATGCCTCCACAGACAAGTTC

FT(qPCR)_F GAGAAGACCTCAGGAACTTC FT [101]
FT(gPCR)_R TGGATTTTCGTAACACACAATCTC

3969 AGTTGAACAAGAGCATCGATAC FLC

3970 AAAGCTCTGAACTATGGTTCAC
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3 Results

3.1 Investigating the spatial expression pattern of UCN

In a former work it was shown that UCN is expressed in all plant tissues [91]. This
coincides with the data from AtGenExpress (see figure S5). To verify these results, an in-situ
hybridization approach was formerly tried but showed no result. Hence, | tested another
visualization approach in this work to maybe get a better impression of the spatial
expression pattern of UCN. For this purpose, a 3xVenus reporter gene coupled to a nuclear
localization signal (NLS) and expressed under the control of the complete promoter region
including the 3’UTR of UCN was transformed into Col-0. After pre-selecting the T,
generation for the YFP-signal, | analyzed three independent T; lines homozygous for the
T-DNA under the confocal microscope. Since in former works evidence for a role of UCN in
ovule development was presented [89, 91], | started my analysis with this plant organ and

the flower which is also impaired in ucn-1.

UCN expression is found throughout the ovule and also in all developmental stages
(see figure 3.1.1A to D). In very young ovules (figure 3.1.1A and figure 3.1.1B), UCN
expression is found in all cells, especially in the nucleus and the megaspore mother cell,
respectively (indicated with arrows in figure 3.1.1A and B). Expression is also found in the
carpel walls (see figure 3.1.1A). The expression continues throughout all developmental
stages of the ovule. In later stages (see figure 3.1.1C and D) it is still found in all tissues.
Before fertilization, two big nuclei show a stronger expression than the surrounding cells
(see figure 3.1.1C, indicated with arrow). After fertilization, the signal is not present any

more (see figure 3.1.1D).

The analysis of the UCN expression in other flower parts also revealed a ubiquitously
observed signal. It is found in all organs of the flower (sepals, petals, stamens, carpels) (see
figure 3.1.2A to D) and it remains constant throughout all the different developmental
stages. While the sepals and petals show a steady expression in all their cells (see figure
3.1.2A and B), it is restricted to the filaments in the stamens. The anthers themselves do not

show any expression (see figure 3.1.2C and D).
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Figure 3.1.1: Investigation of the spatial UCN expression pattern in ovules using a pUCN::3xVenus-NLS reporter
gene in Col-0.

UCN is expressed throughout all ovule stages. (A) In very young ovules (around stage 2-1) the expression is visible
in all cells including a bright expression in the megaspore mother cell (MMC; indicated with arrows). The picture
also shows expression in the cells of the carpel walls surrounding the ovules. (B) The bright expression in the
MMC (indicated with arrow) is still visible when integuments are visible (around stage 2-V). The UCN expression
is now also visible in developing integuments and the funiculus. (C) In the developed ovule before fertilization
the UCN expression is still visible in all cells. The two cells showing a brighter expression (indicated with arrow)
could not clearly be identified. (D) The signal is also visible in fertilized ovules. The expression is now equally
distributed. Channels are mentioned above (BF = bright field). Scale bars = 20um.

The expression pattern of UCN | found in the reproductive plant parts coincide with
the phenotype described earlier [89] and further suggests that the reporter construct can be
used to analyze the expression also in other plant organs. In addition to the reproductive
plant parts which are affected in the ucn-1 mutant, UCN expression is also found in other
tissues. In five to ten days old seedlings UCN expression is found in the root (see figure
3.1.3A to H). Here, it is restricted to the elongation zone and the meristematic zone (see

figure 3.1.3A), excluding an area in the root tip which is supposed to consist of the quiescent

cells (see figure 3.1.3B). In the maturation zone, the expression is restricted to the vascular
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tissue (see figure 3.1.3C and D). Because of the shape of the nuclei it can be hypothesized
that these cells are companion cells. However, the expression in these cells is much weaker

than the expression in the transition zone (compare figure 3.1.3A and B with C and D).

Venus merge

Figure 3.1.2: Investigation of the UCN expression pattern in flower organs using a pUCN::3xVenus-NLS reporter
gene in Col-0.

UCN is expressed in all flower organs. (A) In sepals as well as in (B) petals UCN expression is found all over the
tissue. Black spots are areas out of focus rather than areas with no UCN expression. In the vascular tissue the
UCN expression seems to be enhanced. (C) and (D) In stamens UCN expression was only found in the filaments,
not in the anther. Channels are mentioned above (BF = bright field). Scale bars = A to C: 150um; D: 50um.

When lateral roots emerge, the UCN expression in the maturation zone is re-
activated in the endoderm. It is found in the very first developmental stages of the emerging
lateral root (see figure 3.1.3E) and remains constant while the new root is growing (see
figure 3.1.3F). In longer lateral roots it decreases again in the maturation zone, in contrast to
the elongation zone and the meristematic zone where it remains constant (see figure 3.1.3G

and H). Again, the expression in the meristematic zone of lateral roots leaves out the area

where the quiescent cells are supposed to be (see figure 3.1.3H). Summarized, UCN
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expression in roots takes place where cell division is found. Later it is restricted to the

vascular tissue of the elongation zones, most likely the companion cells.

Venus

Figure 3.1.3: UCN expression in the root of 5 to 10d old seedlings visualized with pUCN::3xVenus-NLS in Col-0.
(A) and (B) UCN expression is found in the root tip of seedlings, localized in the transition zone and excluding
what is supposed to be the quiescent cells. (C) and (D) In the elongation zone of the root UCN is exclusively
expressed in the vascular tissue. (E) and (F) When lateral roots are emerging UCN is reactivated and the
expression remains stable in the transition zone as the lateral root develops. (G) UCN expression is again
restricted to the transition zone when the lateral root grows bigger. (H) In the very tip of the lateral root (and
also the main root) the expression again leaves out the quiescent cells. Channels are mentioned above (BF =
bright field). Scale bars: A, C, D = 50um; B, E to H = 20um.

UCN is also expressed in the above ground tissue of the seedlings (see figure 3.1.4A
to J). Even expression is found all over the cotyledons, the hypocothyl and also in emerging
leaves (see figures 3.1.4A and B). It seems to be less in the endoderm of the hypocothyl (see
figure 3.1.4A) where the signal almost disappears. On the other hand, in a growing leaf the
signal is much stronger indicating a much stronger expression of UCN. These results are
conforming to the previous observation in the root, that UCN expression is higher in tissues

with active cell division.

The signal strength decreases in older tissues like the cotyledons of ten day old
seedlings (see figure 3.1.4C), but it remains active in certain cell types. Although, the signal
is very weak in the hypocothyl (see figure 3.1.4A) it remains constant in the epidermis (see

figure 3.1.4D). Closer to the root, the signal is lost (see figure 3.1.4E) supporting the
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observation of a local expression in the vascular tissue of the elongation zone of the root. In
the shoot apical meristem (SAM) no signal is visible (see figure 3.1.4F). It is received around
the SAM where it is restricted to the epidermal cell layer leaving out the area where the

SAM is supposed to be.

Venus BF merge Venus BF merge

Figure 3.1.4: Analysis of the UCN expression in seedlings and above ground tissues of the plant visualized with
PUCN::3xVenus-NLS in Col-0.

(A) UCN expression can be found all over the seedling, especially where cell division takes place (4d old seedling).
(B) When the seedling is older, the expression localizes more and more to tissues with cell division (7d old
seedling) as in the 1% leaf pair compared to the cotyledons. (C) The expression also decreases in the tip of the
cotyledons (10d old seedling). (D) In the hypocotyl UCN expression is found in the epidermal layers (6d old
seedling). (E) It is repressed where the hypocotyl joins the root (6d old seedling). (F) In the SAM, no signal was
observed (10d old seedling). (G) and (H) UCN is also active in young leaves in the parenchyma (G: young leaf of
19d old plant; H: young leaf of 11d old plant), although the expression there is much weaker. (1) In middle aged
leaves (petiole of 10d old plant) expression is active in the region with cell division while it seems to decrease
from the vascular tissue on. (J) The UCN expression then decreases more and more near the tip of the leaf (leaf
tip of 1% leaf of 11d old plant). Channels are mentioned above (BF = bright field). Scale bars = A, D, E, F, G, H, I:
50um; B, C: 150um; J: 100pum.

The selective expression of UCN in regions with active cell division is continuously
found in all developmental stages of the plant. In young leaves which are still developing,
the signal is very strong (see figure 3.1.4G) while it decreases with the age of the leaves (see

figure 3.1.4H and J) although it never disappears completely. Also, a constant signal remains
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in the vascular tissue of the leaves, even if the surrounding signals are getting weaker (see

figure 3.1.41).

In conclusion, the investigation of the reporter construct pUCN::3xVenus-NLS in
Col-0 reveals that UCN is expressed in all plant organs and throughout the vegetative as well
as the reproductive phase. Strong UCN expression is found in developing tissue with active
cell division. In the root a region is left out what is supposed to be the quiescent cells. The
same holds true for the shoot apical meristem. With the elongation and differentiation of
the cells the expression of UCN decreases although it never disappears completely. In ovules
UCN is also expressed in all cells. A stronger signal is received from the nucellus and the

MMC, respectively and later in two nuclei close to the micropyle.

3.2  Phenotypical comparison between two mutant alleles of UCN —

ucn-1 and ucn-2

The ucn-1 mutation is a missense mutation in Ler background and results in an
amino acid exchange in the protein (G165S) [91]. Hence, the ucn-1 allele most likely is not a
null allele. Another UCN mutant, ucn-2, a loss-of-function line in Col-0 background carrying a
T-DNA in the coding sequence of UCN (see figure 3.2.1) resulting in a STOP codon 604bp
downstream of ATG, was formerly described as a UCN null-allele [91], although a
transcription upstream of the gene and therefore a translation of a truncated protein would
still be possible (see figure 3.2.1). A phenotypical comparison of both mutants in an earlier
work revealed that their phenotypes, especially regarding floral organs, are clearly different
[91]. Using a pUCN::3xVenus-NLS reporter line | was able to demonstrate that UCN is
expressed not exclusively in the floral organs and the ovules but also in many other plant
organs. Therefore, | re-examined both phenotypes to check if other organs are also affected
in ucn-1 or ucn-2. | further checked the UCN expression in ucn-1 and ucn-2 to confirm the
null-allele of ucn-2.

UCN600T-DNA
UTR ATG UCN CDS UGA UTR

TI.
N- <

Figure 3.2.1: Schematic view of ucn-2 mRNA and putative protein.

The T-DNA is inserted 600bp downstream of ATG (indicated with a white line) resulting in a truncated protein of
201aa. Primers used for verification of expression are indicated with arrows below DNA scheme. UTR =
untranslated region, ATG = start codon, UGA = stop codon, UCN CDS = UNICORN coding sequence, Tl. =
Translation.
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The determination of the UCN expression level in ten day old seedlings of ucn-1
reveals that it is decreased to 63% of the wild-type expression (see figure 3.2.2A). This result
indicates that there is less UCN mRNA in ucn-1. To analyze the expression of ucn-2, gRT- and
sqRT-PCRs were performed, amplifying fragments of UCN upstream the T-DNA insertion site
and another fragment downstream the T-DNA insertion site (see figure 3.2.1, arrows).
Compared to Col-0, the ucn-2 expression upstream of the T-DNA is 27% (p = 0,0028) (see
figure 3.2.2B). No ucn-2 expression is found using primer annealing downstream of the
T-DNA insertion site (see figure 3.2.2C). The remaining visible expression is background from

the gel used to analyze the sqRT-PCR. This suggests that ucn-2 is not a real null-allele.
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Figure 3.2.2: Expression level of UCN in ucn-1 compared to Ler and ucn-2 compared to Col-0.

(A) Ten day old seedlings of ucn-1 still show 62,8% of the wild-type expression. (B) Upstream of the T-DNA
insertion site, ucn-2 expression constitutes 27% compared to the expression of UCN in Col-0. (C) Downstream of
the T-DNA no expression of UCN is found in ucn-2, except the background of the gel. All data is from 10d old
seedlings grown in LD. For primer locations, see figure 3.2.1. Bars represent mean value of biological triplicate
with 1x standard deviation.

When the phenotypes of ucn-1 and ucn-2 were formerly described, the focus lied
strongly on the flower and the ovules [89, 91]. Here, ucn-1 displays a strong flower
phenotype (see figure 3.2.3C and D). Further, it also shows protrusions on the proximal side
of the integuments (see figure 3.2.3E and F). These features are not observed on ucn-2
flower and ovules, respectively (see figure 3.2.4D to G). The observation therefore verifies

former results [89, 91]. Since UCN expression is found in all plant organs, | re-examined the

two mutant lines ucn-1 and ucn-2 to check if other plant organs are also affected.

The investigation of the seed size revealed that it is affected in both mutants. The
survey of the 2D seed surface of ucn-1 reveals that the seeds have an average 2D seed area
of 71531um? (n = 66), whereas Ler seeds have an average 2D surface of 86761um? (n = 103)

(p = 8,7 * 10™) (see figure 3.2.5A). This result suggests that seeds of ucn-1 have smaller
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seeds than the wild-type. The investigation of ucn-2 seeds revealed that ucn-2 seeds are
bigger than Col-0 seeds. Seeds of ucn-2 have in average an area of 96239um? (n = 71) while
Col-0 seeds show an average 2D seed area of 78127um? (n = 93). Therefore, the 2D seed
surface of ucn-2 is 123% of the 2D seed surface of Col-0 (p = 5,4 * 10™") (see figure 3.2.5F).
This result is in contrast to the result received for ucn-1, where the seeds are smaller than
the seeds of the corresponding wild-type. However, in both cases the loss-of-function of

UCN has an influence on the seed size.

Figure 3.2.3: Phenotypical characteristics of ucn-1.
(A) Ler (left) and ucn-1 (right), grown 23d under LD conditions. Due to early flowering, ucn-1 is further developed
than Ler and therefore shows fewer rosette leaves. (B) Rosettes of Ler (left) compared to ucn-1 (right), 23dag,
stems removed. The rosette leaves of ucn-1 are inconspicuous regarding their shape and size. (C) and(D) Flowers
of Ler (C) and ucn-1 (D). Most ucn-1 flowers show a deformed shape. (E) and (F) Ovules of Ler (E) and ucn-1 (F).
Ovules of ucn-1 show protrusions at the proximal side of the integuments (indicated with arrow). (G) to (J) Fully
developed siliques of Ler (G and I) and ucn-1 (H and J). Siliques of ucn-1 are shorter than wild-type siliques.
Furthermore they bear degenerated ovules indicating embryo lethality. (K) Detail from (J) showing unfertilized,
degenerated ovules. Scale bars: A and B: 3cm; C and D: 500um; E and F: 20um; G to J: 2mm.

Besides the smaller seed size, the germination rate of ucn-1 is also affected. In total,
283 out of the 288 Ler seeds germinated (98,3%) while out of the 288 ucn-1 seeds only 204
seeds germinated (70,8%) (see figure 3.2.5B). Therefore, the germination rate of ucn-1 is
28% lower than the germination rate of the wild-type (p = 0,0235). This decrease is not
observed for ucn-2 seeds (see figure 3.2.5G). In summary, these results suggest that the

germination of ucn-2 seeds is not impaired like the germination of ucn-1 seeds.

Due to the UCN expression found in the root transition zone where cell division
takes place, the root length of the main root of five day old seedlings of ucn-1 and ucn-2 was
also analyzed. Roots of Ler seedlings have an average length of 11,2mm (n = 49) five days

after germination, whereas roots of ucn-1 seedlings have an average length of 6,3mm
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(n=50) (p = 1,89 * 10™) (see figure 3.2.5C). This result indicates that the root length of the
main root is also affected in ucn-1. An analysis of the root length of the main root of five day
old ucn-2 seedlings revealed that ucn-2 (n = 37) shows in average a root length of 13,8mm,
while Col-0 seedlings grow in average a root length of 15,8mm (n = 33) (see figure 3.2.5H).
According to the student’s t-test, the difference of 2mm is significant (p = 0,0400).
Therefore, both mutants display a shorter main root, although the difference between ucn-1

and Ler is much bigger than the difference of ucn-2 and Col-0.

Figure 3.2.4: Phenotypical analysis of ucn-2.

(A) When grown in LD, ucn-2 (right) flowers the same time as Col-0 (left). (B) and (C) Rosettes of Col-0 and ucn-2,
21dag, LD. No differences are found comparing the rosettes of Col-0 (B) to ucn-2 (C). (D) to (G) Flowers and the
ovules of ucn-2 (E and G) show no striking features compared to Col-0 flowers (D and F). (H) and (1) Siliques of
ucn-2 (1) do not differ in shape and only slightly in size compared to siliques of Col-0 (H). (J) and (K) Embryo
lethality as in ucn-1 was not found in ucn-2 siliques either (K) when compared to Col-0 (J). Scale bars: A: 3cm; B
and C: 2cm; D and E: 500um; F and G: 20pum; H and | 5mm; J and K: 2mm.

An analysis of the flowering time under long day (LD) conditions revealed that ucn-1
starts flowering earlier than the corresponding wild-type Ler (see figure 3.2.3A and 3.2.5D).
When the first flower opens, Ler has grown in average 17 total leaves while ucn-1 grows in
average only 13,6 total leaves until the opening of the first flower (p = 1,7 * 10™). The
analysis of the flowering time of ucn-2 under LD conditions revealed that there is no
difference compared to the flowering time of Col-0 (see figure 3.2.4A and 3.2.5l). In average,
ucn-2 starts flowering with in average 17,8 total leaves (n = 23) while Col-0 starts flowering
with in average 17,7 total leaves (n = 23) (p =0,7481). Therefore, in contrast to ucn-1, ucn-2

has no deregulated flowering time under the tested conditions.
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The flowering plant of ucn-1 shows no special features in its overall shape (see
figure 3.2.3A), lateral organs et cetera show the same number as the wild-type plant. Also,
the rosette and the leaves do not differ from the rosette and leaves of Ler (see figure
3.2.3B). The same holds true for ucn-2. The overall plant stature is inconspicuous compared
to Col-0 (see figure 3.2.4A). Rosette and leaves are indistinguishable from wild-type rosettes

and leaves (see figure 3.2.4B and C).
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Figure 3.2.5: Analysis of the characteristics of ucn-1 and ucn-2.
Plants were grown under LD conditions and compared to each other regarding specific characteristics. (A) to (E)
ucn-1; (F) to (J) ucn-2. 2D seed surface of ucn-1 (A) and ucn-2 (F); germination rate of ucn-1 (B) and ucn-2 (G);
root length of five day old seedlings grown on MS of ucn-1 (C) and ucn-2 (G); flowering time of ucn-1 (D) and
ucn-2 (1); silique length of fully developed siliques of ucn-1 (E) and ucn-2 (J); Blue dots represent samples, brown
dots with lines represent the mean with 1x standard deviation.

Due to the UCN expression in the carpel walls and the degenerated ovules observed
in the siliques of ucn-1, the length of fully developed siliques of ucn-1 and ucn-2 was also
investigated. This analysis revealed that the siliques of ucn-1 are smaller than the ones of
the wild-type (see figure 3.2.5E). In average, full-grown siliques of Ler have a length of
12,8mm (n = 68) while the average length of full-grown ucn-1 siliques is 11,1mm (n = 119)

(p=3,7 * 10"). However, the overall shape of the siliques was inconspicuous (see figure

3.2.3G and H). The analysis of the silique length of ucn-2 revealed that the siliques of ucn-2
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are slightly smaller than Col-0 siliques (see figure 3.2.5J). Full-grown ucn-2 siliques have an
average length of 15,7mm (n = 86) while siliques of Col-0 grow in average a length of
16,4mm (n = 85). The difference is very small but according to the student’s t-test it is highly
significant (p = 1,02977 * 107®). This is again a phenotypical feature that both mutants
display and again it is much weaker in Col-0 background than it is in Ler. The overall shape of

ucn-2 siliques is indistinguishable from the wild-type’s silique shape (see figure 3.2.4H and I).

The ucn-1 mutation also causes sterility. Siliques of ucn-1 often contain ovules that
are degenerated (see figure 3.2.3l, J, and K). The whitish color indicates that the ovules
degenerate before fertilization. This sterility varies from silique to silique and from plant to
plant. In contrast to ucn-1, no sterility is found in siliques of ucn-2 (see figure 3.2.4J) and K).
Table 3.2.1: Result of the comparison of ucn-1 and ucn-2 with their corresponding wild-types Ler and Col-0,
respectively.

Analysis was done regarding seed size (2D seed area), germination rate, root length of the main root, flowering

time (FT) in LD, overall plant stature, rosette leaves, and length of fully developed siliques including their ovules.
Values are relative to the corresponding wild-types.

Characteristic ucn-1 ucn-2
Expression level 62,8% 27%
Seed size 82% 123%
Germination rate 72% wild-type
Root length 56% 87%
FT (LD) 75% wild-type
Overall plant stature wild-type wild-type
Rosette leaves wild-type wild-type
Flower shape affected wild-type
Silique length 85% 96%
Degenerated Ovules yes no
Ovule shape protrusions wild-type

In conclusion, the comparative analysis of ucn-1 and ucn-2 shows that, in addition to
the flowers and ovules, multiple plant organs that are impaired. | was able to demonstrate
that neither ucn-1 nor ucn-2 carries a real null-allele. | was further able to verify former
results that ovules and flowers are affected in ucn-1 but not in ucn-2. Moreover, |
demonstrated that in ucn-1 additional plant parts are affected, namely seeds, germination
rate, main root, and silique length. In addition, the ucn-1 mutant displays rapid flowering. |
also found affected plant organs in ucn-2. The main roots and the siliques are a little shorter
than the wild-type organs. In addition, the seed size of ucn-2 seeds is enhanced compared to
Col-0 seeds (see table 3.2.1). The affected plant organs coincide with the spatial expression

pattern found before.
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3.3  Analysis of heterozygous ucn-1 and ucn-2 mutants

In an earlier work it was demonstrated that UCN can phosphorylate ABERRANT
TESTA-SHAPE (ATS) in-vitro. This phosphorylation is absent if ucn-1 protein is used instead of
UCN [91]. Furthermore, sk21-D, an over-activation line of ATS, also shows protrusions on the
integuments. These outgrowths are enhanced in ucn-1 sk21-D double mutants. In addition,
a homo-heterozygous mutant ucn-1/- sk21-D/+ is thought to titrate out UCN and therefore
also shows small protrusions [92]. It was thus concluded that UCN deactivates ATS by
phosphorylation to suppress aberrant cell division on integuments. This also suggests that
the planar growth of the integuments is a matter of the homeostatic concentration of UCN
and ATS [91, 92]. | demonstrated above that UCN might also play a role in additional
processes of the plant due to the multiple affected organs in ucn-1 and ucn-2, respectively.
A dosage effect as shown for ATS-UCN raises the question if UCN can also be titrated out in
the other processes it is involved in. Therefore, | generated heterozygous ucn-1 and ucn-2
mutants. If one UCN allele is not titrated out in the processes it is putatively involved in, the

heterozygous mutants should behave like the wild-type.

The analysis of the seed size revealed that the F, seeds of Ler x ucn-1 have a bigger
2D-seed area than Ler seeds. In average, | measured a 2D-seed area of 108868um? (n = 105)
for seeds of Ler x ucn-1, while | measured an average 2D-seed area of 89396um? (n = 77) for
seeds of Ler (p = 1,61543 * 10™) (see figure 3.3.2A). Since the integuments of these seeds
are built from maternal wild-type tissue, this result indicates that the paternal allele of ucn-1
might also influence the seed size. If | used ucn-1 as maternal (ucn-1 x Ler) crossing partner, |
measured an average seed surface of 75010um? (n = 82). This size is close to the seed size of
homozygous ucn-1 plants, for which | measured an average 2D-seed area of 72651um?’
(n=64) (p = 0,3678) (see figure 3.3.2A). Therefore, the seeds of ucn-1 x Ler are also smaller
than Ler seeds. Thus, in ucn-1 the maternal effect on seed size coming from the integuments
seem to override the paternal effect coming from the endosperm. | observed a similar effect
for the ucn-2 crossing with Col-0. In average, | measured a 2D seed area of 97133um” for
seeds of ucn-2 x Col-0 (n = 317). For the seeds of Col-0, | measured an average 2D seed area
of 74290um” (n = 82). Therefore, the seeds are bigger than Col-0 seeds (p = 1,5 * 10%) (see
figure 3.3.2E). If | used Col-0 as a maternal crossing partner (Col-0 x ucn-2; n = 350), the
average 2D seed area | measured is 91323um? and therefore also bigger than Col-0 seeds
(p= 1,5 * 10™). For the average 2D seed area of homozygous ucn-2 (n = 68) plants, |

measured 101009um? (p = 9,5 * 10%) (see figure 3.3.2E). This demonstrates that also in
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ucn-2 the paternal loss-of-function allele affects the seed size. It further suggests a role for

UCN for seed size determination from the paternal side.

Figure 3.3.1: Phenotypical analysis of heterozygous ucn-1 plants.

(A) Heterozygous ucn-1 plants still flower early. Figure shows (from left to right) Ler, ucn-1, Ler x ucn-1 (F,), and
ucn-1 x Ler (F;) plants, 37dag. (B) to (D) Ovules of heterozygous ucn-1 plants (D) still have small protrusions
(indicated with arrow), although these are much weaker than protrusions of ucn-1 (C). Ler shows no protrusions
(B). (E) to (G) Flowers of heterozygous ucn-1 plants (G) regained their shape and therefore look like wild-type
flowers (E) again. Compare to flower of ucn-1 (F). Scale bars: A: 3cm; B to D: 20um; E to G: 500pum.

When | analyzed the germination rate, 194 out of 288 seeds from ucn-1 x Ler
germinated while 284 out of 288 seeds of Ler x ucn-1 germinated. Therefore, the
germination rate of Ler x ucn-1 (98,6%) is just as good as the wild-type germination rate
(98,3%) (p = 0,4144) while the germination rate of ucn-1 x Ler (67,4%) is very close to the
germination rate of ucn-1 (70,8%) (p = 0,3844) (see figure 3.3.2B). This indicates that the
lower germination rate is inherited when ucn-1 is used as a maternal crossing partner. For
the ucn-2 crossings | measured a wild-type germination rate independent of the crossing
direction (see figure 3.3.2F). This result indicates that the loss-of-function of UCN in Col-0

does not influence germination rate.

34



Results

A .
—_ &
125000 e,
£ .
= ”~ra
‘5100000 +
g ."%, R %%
© s Y ¥
g 75000 + ) :
" <.
T4
50000/ I
Ler ucn-1  +/ucn-1_ ucn-1/+
120
B q g . D
~— 100 5
F - .o
= £ = ~
e
2 80 E J . ]
c T : 3 & ¥ <
S 60 ® i 215 ‘!
E 40 2 * i
£ 55 B
% 20 ]
0 5(
b arl - Rsrxucnd w2 e Ler ucn-1__ucn-1 x LerLer x ucn-1 Ler ucnd___ +ucnd___ ucn-1/+
120
E F G ..
120000 % g™ 25 , . ALY
g 34 " g Ez0 cof. e
2100000 .- E £ i i
o . Je =, | 2 . >
g 75000 & . : £ 0 =10 .. 5
@ 35 . o o
@ Pt & 20 = 5
50000 .
0
Col-0  ucn-2__ +ucn-2 _ucn-2/+ Col-0 uen-2  Coixnend Len2x kD Col-0 ucn-2 __ +ucn-2 _ucn-2/+

Figure 3.3.2: Analysis of the characteristics of heterozygous ucn-1 and ucn-2 mutants.

(A) Seed size of heterozygous ucn-1 mutants (F;). (B) Germination rate of heterozygous ucn-1 mutants (F,). (C)
Root length of heterozygous ucn-1 mutants (F;). (D) Flowering time of heterozygous ucn-1 mutants (F;). (E) Seed
size of heterozygous ucn-2 mutants (F,). (F) Germination rate of heterozygous ucn-2 mutants (F;). (G) Root
length of heterozygous ucn-2 mutants (F,). All seedlings were grown under LD conditions. +/ucn-1 = Ler x ucn-1,
ucn-1/+ = ucn-1 x Ler, +/ucn-2 = Col-0 x ucn-2, ucn-2/+ = ucn-2 x Col-0. Blue dots represent samples, brown dots

with lines represent mean values with 1x standard deviation.

| further analyzed the root length of the main root of five days old seedlings of
heterozygous ucn-1 and ucn-2. In average, | measured a mean main root length of 11,3mm
(p = 0,0273) for ucn-1 x Ler (n = 33). For Ler x ucn-1 (n = 34) | measured a mean main root
length of 10,7mm (p = 0,0036). The differences between the root length of the two crossing
directions is not significant (p = 0,2797). In contrast, | measured an average main root length
of 12,7mm for Ler (n = 29) and an average main root length of 7,1mm (p = 3,24 * 10”) for
ucn-1. The result shows that heterozygous ucn-1 mutants do not regain their wild-type root
length (see figure 3.3.2C). Surprisingly, when | analyzed the main root length of
heterozygous ucn-2 seedlings, | found that these seedlings show a longer main root than the
wild-type. | measured an average main root length of 20,6mm for five days old seedlings of
Col-0 x ucn-2 (n = 47) (p = 1,7 * 107), while | measured and average main root length of
20,2mm for five days old seedlings of ucn-2 x Col-0 (n = 48) (p = 1,1 * 107). Again, the
difference between the main root lengths of the different crossing directions is not
significant (p = 0,3278). For the control plants | measured a mean main root length of
15,8mm (n = 33) for Col-0 and 13,8mm for ucn-2 (n = 37) (see figure 3.3.2G). Therefore, the

roots of heterozygous ucn-2 seedlings are longer than the roots of wild-type seedlings. The
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results indicate that the heterozygous loss-of-function lines do not re-gain their wild-type

root length.

The analysis of the flowering time of heterozygous ucn-1 revealed that under LD
conditions, the F, generation of Ler x ucn-1 (n = 15) and ucn-1 x Ler (n = 15) starts flowering
with in mean 17,6 total leaves (p = 1,6119 * 10°) and 16,9 total leaves (p=8,72235 * 107),
respectively. The wild-type Ler (n = 14) starts flowering in mean with 20,6 total leaves and
ucn-1 (n = 12) starts flowering in mean with 13,7 total leaves (p = 1,47625*10°®). This shows
that one dysfunctional ucn allele also affects flowering time, although not as severe as in
homozygous ucn-1 mutants. Again, this effect is independent from the crossing direction
(see figure 3.3.1A and 3.3.2D). Since ucn-2 does not show a defect in flowering time

determination, the heterozygous ucn-2 lines were not tested for this characteristic.

The results | gained so far do not support the idea of a recessive ucn-1 allele
otherwise the heterozygous lines would not differ from the wild-type. Therefore, | also
analyzed the ovules and the flowers of these lines. In contrast to former information, |
discovered ovules with aberrant cell division in the integuments. Nevertheless, the
protrusions | observed were smaller than the protrusions of homozygous ucn-1 mutants
(see figure 3.3.1B to D). However, this demonstrates that also the integuments are impaired
in a heterozygous ucn-1 line. In contrast, the flowers of heterozygous ucn-1 plants displayed
the wild-type shape (see figure 3.3.1E to G).

Table 3.3.1: Summarized results of the analysis of heterozygous ucn-1 and ucn-2 plants compared to the
results gained for homozygous ucn-1 and ucn-2 plants.

Analysis was done regarding seed size (2D seed area), germination rate, root length of the main root, flowering
time (FT) in LD, and flower and ovule shape. Values are relative to the corresponding wild-types.

Characteristic ucn-1 ucn-1x Ler Ler x ucn-1 ucn-2 ucn-2 x Col-0 | Col-0 x ucn-2
Seed size 82% 84% 122% 123% 131% 123%
Germination 72% 67,4% wild-type wild-type wild-type wild-type
rate
Root length 56% 89% 84% 87% 128% 130%
FT (LD) 75% 82% 85% wild-type not tested not tested
Flower shape affected wild-type wild-type wild-type wild-type wild-type

. mild mild
Ovule shape protrusions . . not tested not tested not tested

protrusions protrusions

In conclusion, the results | gained for heterozygous ucn-1 plants suggest that ucn-1 is
not a recessive allele. For heterozygous ucn-1 mutants, the only characteristic that shows a
wild-type phenotype is the flower. The other characteristics of ucn-1 that | described before

are still affected in heterozygous mutants, although not as severe as in homozygous ucn-1
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plants. For ucn-2 | was able to demonstrate that the root of heterozygous seedlings is also
affected, although it grows longer than the wild-type roots. Other plant organs were not
investigated. | further demonstrated that UCN affects seed size not exclusively from the
maternal side, but also from the paternal. This was displayed by both loss-of-function lines

(see table 3.3.1).

3.4 The flowering phenotype of a segregating F, population of ucn-1

The phenotypes | gained for heterozygous ucn-1 plants contradict the statement
that ucn-1 is a recessive allele. It further raises the question if the phenotypes in
heterozygous ucn-1 plants suffer from a dominant ucn-1 allele or if ucn-1 affects the plant
epigenetically. If so, it would also result in phenotypically affected heterozygous ucn-1
plants. The difference would be that the origin of the effect comes from a modified
epigenome not the genome. To address this question a segregating F, population of ucn-1
was investigated regarding flowering time. If the ucn-1 allele is solely responsible for the
effect on flowering time, the segregating F, population is expected to split up into very early
flowering homozygous ucn-1 plants, less early flowering heterozygous ucn-1 plants, and
wild-type flowering plants that carry no ucn-1 allele any more (further called Ler/+ to
distinguish them from “original” Ler wild-type plants) (see also table 3.8.1 for punnett

square). In case of an epigenetic modification, this Ler/+ offspring would still be impaired.

>
@

total leaves
=y n
[ =]
—
.
—
%
taghe
LR
o e L
RS wN
total leaves
- n
o o
—
e
2 g

a
o
-
=

Ler ucn-1 +/ucn-1 ucn-1/+ Ler Ler/+ ucn-1/#+  ucn-1/-

Figure 3.4.1: Flowering time of a segregating F, population of ucn-1 grown under LD conditions.

(A) Flowering time of a segregating F, population of ucn-1, total result. (B) Flowering time of a segregating F,
population of ucn-1 after genotyping the segregating plants. Ler = wild-type, ucn-1 = homozygous ucn-1, +/ucn-1
= F, offspring of Ler x ucn-1, ucn-1/+ = F, offspring of ucn-1 x Ler, Ler/+ = wild-type offspring of Ler x ucn-1 and
ucn-1 x Ler, ucn-1/+ = heterozygous ucn-1 offspring of Ler x ucn-1 and ucn-1 x Ler, ucn-1/- = homozygous ucn-1
offspring of Ler x ucn-1 and ucn-1 x Ler. Blue dots represent samples, brown dots with lines represent mean
values with 1x standard deviation.

Interestingly, the F, generations did not segregate into the expected groups (see
figure 3.4.1A). Instead, the F, generation of ucn-1 x Ler (n = 21) starts flowering with an
average number of 13,8 total leaves (p = 2,77 * 10™) while the F, generation of Ler x ucn-1

(n = 25) starts flowering with an average number of 16,4 total leaves (p = 2,66 * 107).

Therefore, at least in average, the F, generation starts flowering earlier than the wild-type
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(n = 14) that starts flowering with an average of 20,6 total leaves and only slightly later than

ucn-1 (n = 12) that starts flowering with an average of 13,7 total leaves in this experiment.

For a more exact analysis of the flowering time of the F, generation, | genotyped the
offspring. The result reveals that there really is no segregation regarding flowering time (see
figure 3.4.1B). In average, the Ler/+ plants (n = 8) of the segregating F, generation started
flowering with 15,6 total leaves (p = 0,0009896). The homozygous ucn-1 mutants (n = 14) of
this generation started flowering with in average 17 total leaves (p = 1,19311 * 107). The
segregating heterozygous ucn-1 plants (n = 24) started flowering with an average number of
14,8 total leaves (p = 1,03338 * 10°). These results indicate that the offspring of a
heterozygous ucn-1 population does not regain its wild-type flowering time. They further

suggest that, at least partially, the early flowering is caused by epigenetic effects.

In summary, Ler/+ plants with a wild-type genome that segregate out of a selfed
heterozygous ucn-1 line still show rapid flowering. The result therefore suggests that the
flowering time deregulation can also be inherited epigenetically, independent of the ucn-1

allele itself.

3.5 Influence of the length of day on ucn-1 and ucn-2

The determination of flowering time is strongly regulated in Arabidopsis thaliana. It
is influenced by extrinsic and intrinsic signals the plant receives [102]. One signal is the
length of day-light. A long day (LD; 16 hours light per 24 hours) promotes flowering while a
short day (SD; 8 hours light per 24 hours) represses it. However, the two accessions Ler and
Col-0 also start flowering when grown under SD conditions, although much later than under
LD conditions. The reason for the flowering in the unfavorable SD condition is that intrinsic
signals promoting flowering override the repression. It was shown that the pathways
responsible for the flowering in SD are different from the pathways that promote flowering
in LD [31, 32]. Therefore, to shed more light on the question why ucn-1 flowers early under
LD conditions and why ucn-2 does not show a flowering deregulation, | grew the loss-of-
function lines under SD conditions. If involved in flowering activation or repression
depending on the length of light treatment, the flowering time of ucn-1 and ucn-2,

respectively should change.
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Figure 3.5.1: Result of the phenotypical analysis of ucn-1 and ucn-2 grown in SD.

(A) Like in LD, ucn-1 (right plant) flowers earlier than Ler (left plant) when grown in SD. (B) to (D) The protrusions
of ucn-1 ovules (C and D, arrow) get stronger compared to Ler (B). For a better visualization of the protrusion
visible in (C), a 3D reconstruction was done using FlJI (D). The protrusion is indicated with an arrow. (E) The
flowering time of ucn-2 (right plant) is still the same like the flowering time of Col-0 (left plant) when grown in
SD. (F) and (G) Ovules of ucn-2 (G) now also show protrusions (indicated with arrow) when compared to Col-0
ovules (F). Scale bars: A and E: 3cm; B, C, F, and G: 20um.

When growing ucn-1 and ucn-2 under SD conditions, ucn-1 starts flowering with in
average 43,1 total leaves. The control plant Ler (n = 20) starts flowering with in average 53,1
total leaves (p = 7,7 * 10™) (see figure 3.5.1A and 3.5.2A). The ucn-2 mutant (n = 29) starts
flowering with in average 62,5 total leaves while Col-0 (n = 21) starts flowering with in average
61,8 total leaves (p = 0,3372). This indicates that ucn-2 does not change its flowering time (see
figure 3.5.1E and 3.5.2B). The results therefore indicate that the early flowering of ucn-1 and

the wild-type flowering of ucn-2 is independent from the length of the light treatment.
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Figure 3.5.2: Determination of the flowering time of ucn-1 and ucn-2 in SD.
(A) Flowering time of ucn-1 under SD conditions. (B) Flowering time of ucn-2 under SD conditions. Blue dots
represent samples, brown dot with line represents average with 1x standard deviation.

| also checked if the growth under SD conditions influences the ovule phenotypes of
ucn-1 as well as ucn-2. The analysis of the ovules of the mutant plants shows a surprising
result. While ucn-1 ovules show no differences (see figure 3.5.1B to D), ucn-2 ovules do. The
integuments of plants grown in SD now show ucn-1 like protrusions (see figure 3.5.1F and G).

This result suggests that the length of the light treatment has an effect on the ovule shape

of ucn-2.
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Table 3.5.1: Comparison of the flowering time and the ovule shape of ucn-1 and ucn-2 grown under long-day
(LD) and short-day (SD) conditions.
Numbers are given in relation to the corresponding wild-type.

Characteristic ucn-1 (LD) ucn-1 (SD) ucn-2 (LD) ucn-2 (SD)
Flowering time 75% 77% wild-type wild-type
Ovules protrusions protrusions wild-type protrusions

In conclusion, the day-length has no influence on the flowering time of ucn-1 or
ucn-2 plants. However, when grown under SD conditions, ucn-2 displays ucn-1 like

protrusions on its ovules (see table 3.5.1).

3.6  Overexpression of UCN

| was able to show that neither ucn-1 nor ucn-2 is a real null allele. Both alleles are
still expressed. Although this expression is lower than the wild-type expression, there is a
chance that the transcribed mRNA also is translated into a truncated protein. To better
understand the function of UCN, | generated gain-of-function lines in Ler and Col-O0.
Therefore, | transformed the overexpression construct pUBQ::UCN into the wild-types. For
the subsequent investigations | chose three independent T, lines from each transformation.
| selfed them until | received homozygous T; lines. The plants with the UCN overexpression
construct in Ler will further be called LUox (for Ler UCN overexpressed) and CUox (for Col-0
UCN overexpressed). As above, the lines were analyzed phenotypically. Ideally, the gain-of-
function lines show the opposite results of the loss-of-function lines. This behavior would

suggest a direct involvement of UCN in the processes related to the impaired organ.

Figure 3.6.1: Phenotypical analysis of the reproductive organs of LUox.

(A) to (D) Flowers and ovules of LUox (B and D) are inconspicuous compared to wild-type flowers (A) and ovules
(C). (E) and (F) Siliques of LUox (F) can contain more than two fused carpels (lower silique in F) than wild-type
siliques (E). (G) and (H) LUox siliques also contain degenerated ovules (H) in contrast to Ler siliques (G). (I) Detail
of H, contrast enhanced. Scale bars: A and B: 500um; C and D: 20um; E to H: 2mm; | = Imm
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The analysis of the flowers of the gain-of-function lines LUox and CUox revealed no

specialties (see figure 3.6.1A and B and figure 3.6.2A and B). This also holds true for the

ovules (see figure 3.6.1C and D and figure 3.6.2C and D) and the germination rate (see figure

3.6.5B and 3.6.5H).

Figure 3.6.2: Reproductive plant parts of CUox compared to Col-0.

(A) and (B) Flowers of CUox (B) do not differ from Col-0 flowers (A). (C) and (D) Ovules of CUox (D) are also
inconspicuous when compared to ovules of Col-0 (C). (E) and (F) Siliques of CUox (E) also show no special
features compared to siliques of Col-0 (F). Scale bars: A, B and E, F: 2mm; C and D: 20um.

The analysis of the 2D seed area revealed that LUox produces slightly bigger seeds
than the wild-type (see figure 3.6.5A). The seeds (n = 66) have a mean surface area of
90874um?* while the seeds of Ler (n = 103) have an average 2D surface of 86761um’
(p =0,0169). The determination of the 2D seed area of CUox revealed that in average, the
seed surface of CUox is 67645um?* (n = 173) while the seed surface of Col-0 is in average

78127um’ (n = 93) (p = 9,36 * 10™°) (see figure 3.6.5G). This indicates that, regarding seed

size, the gain-of-function lines show the opposite phenotype than the loss-of-function lines.

Figure 3.6.3: Ler and LUox grown under LD (A) and SD (B) conditions.

(A) and (B) Compared to Ler (left plants), LUox shows a compact overall stature when grown under LD (A) or SD
(B) conditions. In both conditions, LUox (plants on the right) flowers earlier than Ler. In addition, LUox grows a
zig-zag formed stem when grown in SD (B). (C) and (D) When grown under LD conditions, the rosette of LUox (D)
is much smaller than the rosette of Ler (C) and its leaves show a more roundish shape than the lanceolatic of the
wild-type leaves. Scale bars: 2cm.
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The investigation of the root length of five days old seedlings revealed that both gain-
of-function lines grow smaller roots than the corresponding wild-types. LUox grows a main
root of an average length of 6,1mm (n = 34). The main root of Ler (n = 22) grows an average
length of 11,5mm (p = 1,92948 * 10°) (see figure 3.6.5C). CUox grows a main root of an
average length of 4,2mm (n = 53). In the same time, Col-0 (n = 60) grows a main root of an
average length of 8,9mm (p = 1,43717 * 10-11) (see figure 3.6.51). This observation indicates

that the gain-of-function of UCN impairs root growth even more than the loss-of-function.

The characterization of the flowering time revealed an early flowering for
pUBQ::UCN in Ler and a late flowering for pUBQ::UCN in Col-0. LUox (n = 17) starts flowering
with an average of 9,4 total leaves compared to the wild-type (n = 20) that starts flowering
with in average 17 total leaves (p = 3,4442 * 10™) or ucn-1 (n = 19), which starts flowering
with in average 13,6 total leaves (p = 1,66027 * 109 (see figure 3.6.3A and 3.6.5D). In
contrast, CUox (n = 13) starts flowering with in average 15,6 total leaves compared to Col-0
which starts flowering with in average 12,6 total leaves (p = 0,01194) (see figure 3.6.4A and
3.6.5]). This result indicates that a gain-of-function of UCN in Ler accelerates flowering while

it delays it in Col-O0.

Figure 3.6.4: Col-0 and CUox grown under LD (A) and SD (B) conditions.

(A) and (B) In contrast to LUox, the overall phenotype of CUox is inconspicuous compared to Col-0. When grown
under LD conditions (A), CUox (right plant) flowers later than Col-0 (left plant). When grown under SD conditions
(B), CUox (right plant) flowers the same time as Col-0 (left plant). (C) and (D) Compared to a wild-type rosette (C),
the rosette of CUox (D) shows no special features. Scale bars: 2cm.

The analysis of the siliques revealed that the siliques of LUox are inconspicuous in
length (see figure 3.6.5F) but they show a very striking phenotype in their shape. Instead of
constantly two fused carpels LUox shows a lot of pistils with up to four fused carpels (see
figure 3.6.1E and F). This supernumerous number in organs was restricted to the innermost
whorl of the flower. A look into the carpels revealed that they contain sterile ovules (see

figure 3.6.1G and H). Like in the siliques of ucn-1, the numbers of degenerated ovules vary a
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lot from silique to silique and also from plant to plant. In contrast to LUox, the siliques of
CUox show a slight increase in their length (see figure 3.6.5L). In average, the wild-type
(n=93) grows siliques of 16,4mm length while CUox (n = 104) grows siliques of 16,9mm
length in average (p = 0,001917). However, multiple fused carpels with more than two like
on LUox cannot be found (see figure 3.6.2E and F). Furthermore, no lethality was observed

(see figure 3.6.2G and H).
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Figure 3.6.5: Analysis of the characteristics of the UCN overexpressor lines LUox (upper two rows) and CUox
(lower two rows).

(A) Seed size of LUox lines. (B) Germination rate of LUox lines. (C) Root length of LUox lines, 5dag. (D) Flowering
time of LUox lines grown in LD. (E) Flowering time of LUox lines grown in SD. (F) Silique length of LUox lines. (G)
2D seed area of CUox. (H) Germination rate of CUox. (I) Root length of CUox, 5dag. (J) Flowering time of CUox in
LD conditions. (K) Flowering time of CUox in SD conditions. (L) Silique length of CUox. Blue dots represent
samples, brown dots with lines represent average with 1x standard deviation.

In addition to the above named features, LUox itself shows a very striking plant
phenotype. The leaves of the T-lines are round with less long petioles and the leaf blade is
more expanded than the leaf blade of Ler (see figure 3.6.3C and D). This leaf shape makes the
whole rosette smaller than wild-type rosettes. The overall plant also grows more compact
than the wild-type, giving it kind of bushy look (see figure 3.6.3A). However, the number of

lateral organs (lateral stems, 2ndary stems, cauline leaves, etc.) of LUox is the same number as

for Ler. These characteristics were not observed on CUox (see figure 3.6.4A, C and D).
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To check if the flowering time deregulations of LUox and CUox are also independent
of the length of the day, the gain-of-function lines were also grown under SD conditions. In
average, LUox starts flowering with 34,9 total leaves (n = 20) (p = 1,79978 * 10™®) whereas
Ler starts flowering with in average of 53,1 total leaves (n = 20). This acceleration in
flowering is still greater than in ucn-1, which starts flowering with 43,1 total leaves (n = 20)
when grown in SD (p = 7,70116 * 10™) (see figure 3.6.3B and 3.6.5E). Therefore, the early
flowering is again not dependent on the length of the light treatment. In contrast to LUox,
CUox starts flowering with in average 58,4 total leaves until the first flower opens while
Col-0 grows in average 59,8 total leaves (p = 0,0721) until flowering (see figure 3.6.4B and
3.6.5K). This indicates that CUox only flowers late in LD but not in SD.

It is noteworthy that LUox, when grown under SD conditions, shows stems that grew
in a zig-zag shape (see figure 3.6.3B). | observed this phenotype additionally to the smaller
stature and the striking rosette leaf form already observed under LD conditions. In contrast,
CUox shows no additional features when grown under SD conditions (see figure 3.6.4B).
Table 3.6.1: Conclusion of the analysis of the UCN gain-of-function lines LUox and CUox compared to their
corresponding loss-of-function lines ucn-1 and ucn-2.

Plants were analyzed for Flower and ovule shape, germination rate, 2D seed area (seed size), length of the root

of five day old seedlings (root length), flowering time (FT) in LD and SD, silique length and shape, ovule lethality,
and plant/leaf shape. All numbers are given in relation to the corresponding wild-type.

Characteristic ucn-1 LUox ucn-2 CUox
Ovule shape (LD) protrusions wild-type wild-type wild-type
Flower shape affected wild-type wild-type wild-type
Germination rate 72% wild-type wild-type wild-type
Seed size 82% 105% 123% 85%
Root length 64% 53% 87% 47%
FT (LD) 80% 55% wild-type 124%
FT (SD) 81% 66% wild-type wild-type
Silique length 85% wild-type 96% 97%
Silique shape wild-type >2 fused carpels wild-type wild-type
Ovule lethality yes yes no no
Plant/leaf shape wild-type compressed plant stature, wild-type wild-type
round leaves

In conclusion, the gain-of-function lines only show an opposite behavior to the loss-
of-function lines regarding the seed size. In Ler background, LUox shows a slight increase in
seed size while ucn-1 produces smaller seeds. In Col-0 background, CUox produces smaller
seeds than the wild-type while ucn-2 produces bigger seeds. The root length of both gain-of-

function lines is even smaller than the root length of the loss-of-function lines. The flowering
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time of LUox is even more rapid than in ucn-1 while CUox shows late flowering. In SD, the
late flowering is neutralized, while the length of day shows no effect on the rapid flowering
of LUox. CUox also grows slightly smaller siliques like ucn-2 while LUox shows no effect on
silique length but on the number of fused carpels per pistil. Furthermore, LUox shows
additional phenotypes, like roundish rosette leaves and a zig-zag shape of the stem when
grown in SD. In summary, the Ler background is again much more susceptible than the Col-0

background (see table 3.6.1).

3.7 Overexpression of ucn-1

With heterozygous ucn-1 lines | was able to demonstrate that UCN is likely not a
recessive allele. This raises the question what is responsible for the dominance. It could
come from a haplo-insufficiency, the need for both wild-type alleles for proper functioning.
Another explanation is a dominant-negative behavior of ucn-1. Here, the availability of ucn-1
negatively influences the processes UCN is involved in. To address the question, |
overexpressed ucn-1 in the wild-types Ler and Col-0 using a pUBQ::ucn-1 construct. For each
ucn-1 gain-of-function line | analyzed three independent homozygous T3 lines. For further
reading | call the overexpression of ucn-1 in Ler L1ox (for Ler ucn-1 overexpressed) and the
overexpression in Col-0 Clox (for Col-0 ucn-1 overexpressed). In case of a haplo-
insufficiency this should not have an impact on the plants. In case of a dominant-negative

behavior, | would receive a phenotype different from wild-type.

Figure 3.7.1: Phenotypical analysis of the reproductive organs of L1ox.

The overexpression of ucn-1 in Ler (= L1ox) does not influence the overall shape of the reproductive organs. (A)
to (D) The flower of Llox (B) as well as the ovules of Llox (D) look like wild-type flowers (A) and ovules (C),
respectively. (E) to (H) The same is true for the siliques of L1ox (F) which looks like wild-type siliques (E). A look
inside the siliques of L1ox (H) shows that there are no degenerated ovules when compared to wild-type siliques
(G). Scale bars: A and B: 500um; C and D: 20um; E to H: 2mm.
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Flowers as well as ovules of both ucn-1 gain-of-function lines are inconspicuous (see
figure 3.7.1A to D and 3.7.2A to D). Also germination rate, silique length and shape, ovule
survival, and rosette leaves are inconspicuous (see figure 3.7.1E to H, 3.7.2E to H, 3.7.3B, F,

H, and L, 3.7.4C and D, and 3.7.5C and D).

Figure 3.7.2: Phenotypical analysis of the reproductive organs of Clox.

(A) to (D) Flowers and ovules of Clox (B and D) do not show any special features when compared to flowers and
ovules of Col-0 (A and C). (E) to (H) The silique shape of Clox (F) does not differ from the Col-0 silique shape (E).
The overexpression of ucn-1 also has no influence on the ovules. The siliques of Clox do not bear any
degenerated ovules (H) just like wild-type siliques (G). Scale bars: A and B: 500um; C and D: 20um; E to H: 2mm.

The analysis of the 2D seed area of Llox revealed an average area of 77464pm?
(n = 159) while wild-type seeds (n = 103) have an area of 86761um’ (p = 1,8 * 107) (see
figure 3.7.3A). Seeds of Clox (n = 104) have an average 2D seed area of 90509um?, while
seeds of Col-0 (n = 93) show an average 2D seed surface of 78127um’ (p = 1,2 * 10”) (see
figure 3.7.3G). The result therefore indicates that the overexpression of ucn-1 increase the

seed size in Col-0 while it decreases the seed size in Ler.

The investigation of the main root length of five day old seedlings revealed that the
overexpression of ucn-1 also has an impact here. In average, L1ox seedlings (n = 32) grow a
root of 7,0mm length while Ler seedlings (n = 22) grow a main root that is in average
11,5mm long (p = 4,82 * 10”) (see figure 3.7.3C). Seedlings of Clox (n = 56) grow a 10,2mm
long main root while Col-0 (n = 53) grows a main root which is in average 11,1mm long
(p=0,02025) (see figure 3.7.31). The result indicates a negative influence of the
overexpression of ucn-1 on root size in both accessions, although the negative influence is

much stronger in Ler than in Col-O0.
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Figure 3.7.3: Analysis of the characteristics of Ler and Col-0 overexpressing ucn-1.

(A) 2D seed area of Llox compared to Ler. (B) Germination rate of L1ox does not differ from wild-type. (C) The
average root length of L1ox is smaller than the average root length of Ler. (D) L1ox flowers earlier than Ler when
grown in LD conditions. (E) L1ox still flowers early when grown in SD conditions. (F) The overexpression of ucn-1
has no influence on silique length. (G) 2D seed area of Clox compared to Col-0 seeds. (H) Germination rate of
Clox does not differ from Col-0. (I) The average root length of Clox is almost the same as Col-0. (J) In LD
conditions Clox flowers a little later than the wild-type. (K) Flowering time of Clox when grown in SD. (L) The
overexpression of ucn-1 has no influence on silique length. Each blue dot represents one sample, brown dots and
lines represent average with 1x standard deviation.

The analysis of the flowering time under LD conditions revealed that L1ox (n = 19)
flowers with in average 15 total leaves while Ler (n = 20) flowers with in mean 17 total
leaves (p = 0,0001715) (see figure 3.7.3D and 3.7.4A). In contrast, under LD conditions Clox
(n = 12) starts flowering with in average 14,3 total leaves while Col-0 (n = 13) starts
flowering with in average 12,6 total leaves (p = 0,04749) (see figure 3.7.3) and 3.7.5A).
These results indicate that the flowering time is also affected by the overexpression of
ucn-1. In both cases, the flowering time deregulation is a weaker phenocopy of

corresponding UCN overexpression lines.
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Figure 3.7.4: L1ox grown in LD (A, C, and D) and SD (B).

(A) and (B) L1ox (right plants) flowers earlier than Ler (left plants) independent of the length of the day (A: LD; B:
SD). (C) and (D) In contrast to LUox, the rosette of L1ox (D) is inconspicuous compared to Ler (C). Scale bars: A
and B: 3cm; C and D: 2cm.

When grown under SD conditions, L1ox (n = 22) starts flowering with in average 46,2
total leaves while Ler (n = 20) starts flowering with in average 53,1 total leaves (p = 6,13 *
10™) (see figure 3.7.3E and 3.7.4B). In contrast, Clox starts flowering with in average 58,7
total leaves (n = 16) and is therefore not significantly different from the wild-type that grows
60 total leaves (n = 8) until flowering (p = 0,264999) (see figure 3.7.3K and 3.7.5B). Hence,
the flowering deregulation caused by ucn-1 overexpression in Ler is again independent from

the length of day while the delay in flowering caused by ucn-1 overexpression in Col-0

accession is again rescued under SD conditions.

Figure 3.7.5: Phenotypical analysis of Clox (right plants) compared to Col-0 (left plants).

(A) Clox flowers late when grown in LD (right plant). (B) This late flowering disappears when growing the plant in
SD (right plant). (C) and (D) The rosettes of Clox (D) are inconspicuous compared to Col-0 (C). Scale bars: A and
B: 3cm; Cand D: 2cm.

In conclusion, the results clearly show a negative influence of the overexpression of
ucn-1. Thereby, the plant organs that are impaired are the same like in LUox or CUox, although
in a weaker extend. The flowering time phenocopies the corresponding UCN gain-of-function
lines, too. Pistils with multiple fused carpels like on LUox are not found on Llox. Also the zig-
zag shape of the stem is not observed when grown under SD conditions. The seed size of the

ucn-1 gain-of-function lines shows the behavior of the loss-of-function lines, although in a

weaker fashion (see table 3.7.1). Again, the overexpression impairs Ler stronger than Col-O0.
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Table 3.7.1: Summary of the analysis of the ucn-1 gain-of-function lines L1ox and Clox compared to the UCN
gain-of-function lines.

Plants were analyzed for Flower and ovule shape, germination rate, 2D seed area (seed size), length of the root
of five day old seedlings (root length), flowering time (FT) in LD and SD, silique length and shape, and ovule
lethality. All numbers are given in relation to the corresponding wild-type.

Characteristic LUox Llox CUox Clox
Flower shape wild-type wild-type wild-type wild-type
Ovule shape wild-type wild-type wild-type wild-type
Germination rate wild-type wild-type wild-type wild-type
Seed size 105% 89% 85% 116%
Root length 53% 61% 47% 92%
FT (LD) 55% 88% 124% 113%
FT (SD) 66% 87% wild-type wild-type
Silique length wild-type wild-type 97% wild-type
Silique shape >2 carpels fused wild-type wild-type wild-type
Degenerated ovules yes no no no

3.8 Some features of the plants are inherited epigenetically

| demonstrated that all plants of a segregating F, generation of a crossing of ucn-1
and Ler flower early independent of the ucn-1 allele (see above). Hence, also the plants
homozygous for wild-type UCN (Ler/+; see table 3.8.1) do not regain their flowering time.
This suggests a role for UCN in an epigenetic process which is then inherited independently
from the ucn-1 allele. | observed a similar effect when | analyzed the segregating T,
generations of the overexpression lines LUox, CUox, but also L1ox and Clox. Thus, all plants
independent of the T-DNA showed a similar phenotype. To gain more information about
that phenomenon and where it is involved in, the wild-type offspring of the different T,
generations (see table 3.8.2) was also analyzed. To distinguish the offspring lines from the

IM

“real” wild-types Ler, the abbreviation EMO will be used for epigenetically manipulated
organism. Therefore, an EMO line is the wild-type offspring of a heterozygous T-DNA line. To
distinguish between the EMO lines from LUox, CUox, Llox, and Clox, EMOs in Ler
background were further called EFL (for early flowering Ler, the offspring of LUox) and EFL1
(for early flowering Ler coming from ucn-1 overexpression, the offspring L1ox). The EMO
lines in Col-0 background are named EFC (for early flowering Col-0, the offspring of CUox)

and EFC1 (for early flowering Col-0 coming from ucn-1 overexpression, the offspring of

Clox), according to the naming of the EMO lines in Ler background (see also table 3.8.3).
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Table 3.8.1: Punnett square for the segregation of a heterozygous ucn-1 parental line.

maternal/paternal UCN ucn-1
UCN/UCN UCN/ucn-1

G (= Ler/+) (= het. ucn-1)
ucn-1/UCN ucn-1/ucn-1

g (= het. ucn-1) (= ucn-1)

Table 3.8.2: Punnett square for the segregation of a heterozygous T-DNA parental line.

maternal/paternal T-DNA wild-type (WT)
T-DNA/T-DNA T-DNA/WT
T-DNA (= hom. T-line) (=het. T-line)
i WT/T-DNA WT/WT
R Ssvpelladl) (=het. T-line) (=EMO)

Table 3.8.3: UCN and u

cn-1 gain-of-function lines and the corresponding EMO lines.

T-DNA line corresponding EMO line
LUox EFL
Llox EFL1
CUox EFC
Clox EFC1

Flowers, ovules, germination rate and the 2D seed area of the EMO lines are

inconspicuous (see figure 3.8.1Ato F, 3.8.2A to F, 3.8.3A, B, G, and H).

Figure 3.8.1: Phenotypical analysis of the reproductive organs of EFL and EFL1.

(A) to (C) Flowers of Ler (A), EFL (B), and EFL1 (C). No differences can be observed. (D) to (F) Ovules of Ler (D), EFL
(E), and EFL1 (F). Both EMOs do not show irregular cell division in the integuments. (G) to (1) Siliques of Ler (G),
EFL (H), and EFL1 (I). The siliques of EFL1 are inconspicuous as the siliques of L1ox were while siliques of EFL
show multiple fused carples (see H, lower silique, 4 fused carpels). (J) to (L) Open siliques of Ler (J), EFL (K), and
EFL1 (L). No EMO shows ovule lethality. Scale bars: A to C: 500um; D to F: 20um; G to L: 2mm.

The analysis of the root length of the main root of five day old EFL (n = 13) seedlings
revealed an average length of 4,4mm (p = 1,44 * 10”) while seedlings of EFL1 (n = 36) have
an average root length of 8,5mm (p = 0,00876) five days after germination (see figure

3.8.3C). In case of five day old EFC seedlings (n = 36), | measured an average root length of

8,9mm (p = 0,0284). Five day old seedlings of EFC1 (n = 58) grow an average root length of

50



Results

8,0mm (p = 3,23 * 10®) (see figure 3.8.31). Thus, all EMO lines grow smaller roots than their

corresponding wild-types Ler (n = 23; 10,3mm) and Col-0 (n = 53; 9,8mm), although the root

length of EFC is much longer than the root length of CUox.

Figure 3.8.2: Phenotypical analysis of the reproductive plant parts of EFC and EFC1.
(A) to (C) Flowers of EFC (B) and EFC1 (C) are inconspicuous (compare to Col-0 (A)). (D) to (F) Ovules of EFC (E)
and EFC1 (F) are not differing from Col-0 ovules either (D). (G) to (L) Siliques of Col-0 (G/J), EFC (H/K), and EFC1
(1/L). The silique shape of EFC (H) and EFC1 (I) show wild-type shape (G). They also bear no degenerated ovules
(compare J (Col-0) to K (EFC) and L (EFC1)). Scale bars: A to C: 500um; D to F: 20um; G to I: 3mm; J to L: 2mm.
The analysis of the flowering time under LD conditions revealed that EFL (n = 17)
starts flowering with in average 10,4 total leaves while Ler (n = 20) starts flowering with 17,0
total leaves (p = 1,29 * 10™'®). With a total leaves number of in average 15,3 total leaves,
EFL1 (n = 20) also flowers early (p = 0,00999) (see figure 3.8.3D and 3.8.5A and D).
Therefore, EFL grew a few more leaves than LUox which grows in average 9,4 total leaves
until flowering (see above). Compared to ucn-1 which grows in average 13,6 total leaves
(see above) the acceleration of flowering is still much stronger. In average, EFL1 grows 15,3
total leaves (n = 20) until flowering, which does not differ significantly from the average of
15 total leaves of Llox (see above). The analysis of the EMO lines in Col-0 background
revealed that in average, EFC (n = 12) grows 17,3 total leaves until flowering (p = 0,0006353)
while EFC1 (n = 12) grows 16,4 total leaves (see figure 3.8.3) and 3.8.6A and E). In both
cases, this is more than the 15,1 total leaves that Col-0 (n = 11) grows in average until
flowering (p = 0,02270). The number of leaves the EMO lines grow is therefore very close to
its T-DNA carrying ancestors (pcuox.erc = 0,6530, Pcioxercs = 0,3757). The results indicate that

the deregulation of flowering time not only depends on the overexpression of UCN or ucn-1,

but is also inherited epigenetically.
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Figure 3.8.3: Analysis of the characteristics of the two EMO lines EFL and EFL1.

(A) 2D seed area of EFL and EFL1 compared to Ler. (B) Germination rate of EFL and EFL1 compared to Ler. (C)
Root length of EFL and EFL1 compared to Ler. (D) Flowering time of EFL and EFL1 in LD conditions. (E) Flowering
time of EFL and EFL1 when grown in SD. (F) Silique length of EFL and EFL1 compared to Ler. (G) 2D seed area of
seeds from EFC and EFC1. (H) The germination rate of EFC and EFC1 do not differ from the germination rate of
Col-0. (I) Root length of EFC and EFC1. (J) Flowering time of EFC and EFC1 when grown in LD. (K) Flowering time
of EFC and EFC1 when grown in SD. (L) Silique length of EFC and EFC1. Each blue dot represents one sample,
brown dots with lines represent average with 1x standard deviation.

Further, | analyzed the silique length of the EMO lines. Siliques of EFL show the
wild-type length. Surprisingly, this was not the case for EFL1 siliques (n = 79). Here, fully
developed siliques have an average length of 13,4mm, which is significantly longer than
wild-type siliques (12,8mm) (p = 0,00052734) (see figure 3.8.3F). The siliques of EFC and
EFC1 show wild-type length (see figure 3.8.3L). Therefore, only siliques of EFL1 show a very
slight increase of 5% in their length. A much more striking feature is found for the silique
shape of EFL. Like already observed for LUox, the siliques of EFL still consist of more than
two fused carpels (see figure 3.8.1G to |). In addition, sterility is also still observed (see
figure 3.8.1J to L). This indicates that the silique shape of LUox is inherited epigenetically.
Furthermore, the ovules do not regain their viability and still degenerate. The rosette size
and the leaf shape of EFL are also phenocopying the overexpression line LUox, although in a

weaker fashion (see figure 3.8.4C). Leaves of EFL are more lanceolatic but still do not regain
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their full size. This suggests that UCN is involved in epigenetic processes that influence plant

organ shape.

Figure 3.8.4: Result of the phenotpical analysis of EFL (A to C) and EFL1 (D to F).

(A) and (D) When grown in LD, EFL (A; right plant) as well as EFL1 (D; right plant) are flowering earlier than Ler (A
and D; left plants). (B) and (E) When grown in SD, EFL (B; right plant) and EFL1 (E; right plant) are flowering
earlier than the wild-type (B and E; left plants). (C) and (F) The rosette of EFL (C; lower plant, 23dag, stem
removed) does not have the striking phenotype of LUox when compared to Ler (C; upper plant, 23dag, stem
removed). The rosette of EFL1 (F; lower plant, 23dag, stem removed) looks like the wild-type rosette (F; upper
plant, 23dag, stem removed). Scale bars: 3cm.

Since the flowering time of the overexpressor lines in LD conditions is epigenetically
inherited to the EMO lines, it was also analyzed how they behave when grown under SD
conditions. The analysis revealed that EFL (n = 20) starts flowering with in average 35,8 total
leaves. This is much earlier than the wild-type (n = 20) that starts flowering with in average
53,1 total leaves (p = 5,11 * 10"**). When EFL1 (n = 20) is grown under SD conditions, it starts
flowering with in average 47,7 total leaves which is also earlier than the wild-type (p = 2,6 *
107) (see figure 3.8.3E and 3.8.4B and E). The EMO lines with Col-0 background again lose
their delay in flowering (see figure 3.8.3K and 3.8.5B and F). The results indicate that the

EMO lines phenocopy the flowering time deregulation of their T-DNA carrying parental lines.
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Figure 3.8.5: Result of the phenotypical analysis of EFC and EFC1.

(A), (B), (E), and (F) Plants of EFC and EFC1 grown in LD (A and E) and SD (B and F).In LD, EFC (A; right plant) and
EFC1 (E; right plant) flower later than Col-0 (A and E; left plants). Under SD conditions, EFC (B; right plant) and
EFC1 (F; right plant) flower with Col-0 (B and F; left plants). The rosettes of EFC (D) and EFC1 (H) do not show any
features when compared to the wild-type (C and G). Scale bars: A, B, E, and F: 3cm; C, D, G, and H: 1cm.

In conclusion, the results demonstrate that an epigenetic inheritance of some
features as observed for the offspring of heterozygous ucn-1 plants can also be generated
through the overexpression of UCN or ucn-1. An epigenetic inheritance of features observed
for the overexpression lines is found for multiple plant organs (see table 3.8.4). The seed
size on the other hand and, in case of EFC, the silique length is not inherited epigenetically.
Table 3.8.4: Summary of the analysis of the EMO offspring of the gain-of-function lines Llox and Clox
compared to their T-DNA carrying ancestors.

Only affected plant organs are listed. Seed size = 2D seed area, Root length = main root length of five days old

seedlings, FT = flowering time in long day (LD) and short day (SD). Numbers are in relation to the corresponding
wild-types.

Characteristic LUox EFL Llox EFL1 CUox EFC Clox EFC1
. wild- wild- wild- wild-
Seed size 105% 89% 85% 116%
type type type type
Root length 53% 43% 61% 83% 47% 91% 92% 82%
FT (LD) 55% 61% 88% 90% 124% 115% 113% 109%
wild- wild- wild- wild-
FT (SD) 66% 67% 87% 90%
type type type type
. wild- wild- wild- wild- wild- wild-
Silique length 105% 97%
type type type type type type
.. >2 fused | >2 fused wild- wild- wild- wild- wild- wild-
Silique shape
carpels carpels type type type type type type
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3.9 UCN is putatively involved in processes that affect flowering

The determination of flowering time is strongly regulated. Multiple processes are
involved in this regulation. It comprises the processing of extrinsic signals, such as
temperature and day-length and also intrinsic signals, such as plant age [1]. The transition to
flowering is not only regulated genetically but also comes along with a chromatin change
[103]. Therefore, not only the early flowering but also the epigenetic inheritance of this
feature of ucn-1 might indicate an involvement of UCN in flowering time determination.
Thereby, a direct involvement in flowering transition in the SAM is unlikely, since UCN
shows no expression in the meristem itself. This does not exclude a role for UCN in the
promotion of flowering. Therefore, to address the question if UCN is involved in the process

of flowering promotion, | further investigated the deregulation of the flowering time.

3.9.1 UCN interacts with ATXR7 in yeast

With an Y2H screen that was previously performed to find proteins that interact
with UCN, amongst others ATXR7 was found as a candidate protein (unpublished data).
Since ATXR7 is known for being involved in flowering time regulation and ucn-1 and also the
UCN overexpression lines show deregulations in flowering time, the UCN-ATXR7 relation
was further investigated. To confirm the physical UCN-ATXR7 interaction in yeast ATXR7 (full
CDS and in fragments) was tested for interaction with UCN. The fragmented ATXR7 was
used to avoid eventual auto-activation of the system, since ATXR7 can interact with DNA

which might result in an activation of the system and therefore a false positive result.

After mating, all SD-LW plates show growth (see figure 3.9.1, (A) to (G)) indicating
that the mating worked out and the grown colonies carry both plasmids (AD and BD). On
SD-LWH, growth is observed for colonies with the plasmid combinations #23, #25, #26, #36,
#39 to #44, #71, #72, #81, and #93 to #105 (see figure 3.9.1(H) to (N); see also table S1 and

S2 for combinations).

Combinations #23 and #81 are the positive controls with the combination
UCN-PDK1.2 while combination #1 is the negative control with two empty vectors. The
growth of the positive controls in combination with the absence of growth in combination

#1 promotes the functionality of the Y2H system.
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oie | ‘
Figure 3.9.1: Y2H results after mating the colonies with the plasmid combinations of interest.

(A) to (G) SD-LW plates to verify the mating result: (A) Combinations #1 to #16, (B) Combinations #17 to #32,
(C) Combinations #33 to #48, (D) Combinations #49 to #64, (E) Combinations #65 to #80, (F) Combinations #81 to
#96, (G) Combinations #97 to #105. All combinations carry both plasmids (AD and BD) to check for possible
interactions. (H) to (N) SD-LWH plates with interacting combinations (Combinations have the same order as in
(A) to (G)). The following combinations show protein interaction: #23 (AD::ATXR7 [frag. 7] and BD::UCN),
#25 (AD::PDK1.2 and BD::UCN (positive control)), #26 (AD::ATXR7 [full protein] and BD::UCN), #36 (AD::ATXR7
[frag. 7] and BD::ucn-1), #39 (AD::ATXR7 [full protein] and BD::ucn-1), #40 to #44 (auto-activation: BD::ATXR7
[frag. 1] combined with: #40: AD::empty, #41: AD::UCN, #42: AD::ucn-1, #43: AD::PDK1.2, #44: AD::ATXR7 [full
protein]), #71 (AD::UCN + BD::ATXR7 [frag. 7]), #72 (AD::ucn-1 + BD::ATXR7 [frag. 7]), #81 (AD::UCN and
BD::PDK1.2), #93 to #105 (auto-activation: BD::ATXR7 [full protein] combined with: #93: AD::empty, #94:
AD::UCN, #95: AD::ucn-1, #96 to #103: AD::ATXR7 [fragments], #104: AD::PDK1.2, and #105: AD::ATXR7 [full
protein]. For further information see also supplemental information, tables S1 and S2.

The combinations that also show growth are #25, #26, #36, #39, #40, #41, #42, #43,
#44, #71, #72, and #93 to #105. In combinations #40 to #44, BD::ATXR7 (frag. 1) is involved,
while in combinations #93 to #105, BD::ATXR7 (full) is involved. Because of the one-sided

activation of the Y2H system (only BD::ATXR7 + X, not AD::ATXR7 + X) this is most likely the

expected auto-activation.

UCN interacts, regardless of the auto-activation in combinations #41 and #94 and
the positive control #25 and #81, with ATXR7 (frag. 7) in combinations #71 (AD::UCN —
BD::ATXR7frag7), #23 (AD::ATXR7frag7 — BD::UCN), and #26 (AD::ATXR7full — BD::UCN). The
other ATXR7 fragments show no growth in combination with UCN. Interestingly, the
combinations that work for UCN, also work for ucn-1, which shows colony growth for
combinations #36 (AD::ATXR7frag7 — BD::ucn-1), #39 (AD::ATXR7full — BD::ucn-1), and #72
(AD::UCN — BD::ATXR7frag7). Although ucn-1 is not interacting with PDK1 (combinations #38
and #82), it might be able to still interact with ATXR7. The result indicates that an ATXR7-
UCN as well as an ATXR7-ucn-1 interaction is possible and the interaction domain in ATXR7

is closely upstream of the SET domain.

3.9.2 UCN interacts with ATXR7 in protoplasts

Since | was able to verify the interaction between UCN and ATXR7 in yeast which is a

relatively artificial system and in addition ATXR7 was used as a fragmented protein, |
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performed an additional interaction test using a bimolecular fluorescence complementation
(BiFC) system. The BiFC system has the advantage that it is closer to plants than yeast since
plant protoplasts are used for the test. In addition, since the system is not based on the

interaction between DNA and protein, a full ATXR7 protein was used.

For the combinations pUC-SPYNE::ATXR7 + pUC-SPYCE::UCN as well as vice versa
(pPUC-SPYNE::UCN + pUC-SPYCE::ATXR7) a nuclear signal can be observed (see figure 3.9.2A).
The signal suggests that UCN and ATXR7 physically interact in protoplasts and that the

interaction is restricted to the nucleus.

Figure 3.9.2: Result of the investigation of ATXR7-UCN interaction in protoplasts via BiFC.
Upper row: pUC-SPYCE::ATXR7 + pUC-SPYNE::UCN; lower row: pUCN-SPYCE::ATXR7 + pUC-SPYNE::ucn-1. The
negative controls (combinations with empty vectors) show no signals (data not shown).

Because ucn-1 interacted with an ATXR7 fragment in yeast, this interaction was also
tested with the BiFC system in protoplasts. A nuclear signal was visible for the combinations
pUC-SPYNE::ATXR7 + pUC-SPYCE::ucn-1 and pUC-SPYNE::ucn-1 + pUC-SPYCE::ATXR7 (see
figure 3.9.2B). This result suggests that ATXR7 not only interacts with UCN but also with

ucn-1 in protoplasts. The ATXR7-ucn-1 interaction is also restricted to the nucleus.

3.10 Testing the influence of ATXR7 on UCN and vice versa

To further test the relationship of ATXR7 on UCN and vice versa, | used the atxr-1
single mutant. This mutant carries a loss-of-function mutation in ATXR7 in the Col-0
background. ATXR7 is a trithorax-like protein that modifies chromatin structure by
methylation of H3K4 and H3K36 [74]. It therefore enhances the expression of its targets. It
was shown that atxr7-1 flowers earlier than Col-0. The reason was claimed that genes
repressing flowering are targets of ATXR7 [75]. In atxr7-1, these genes are not expressed

properly and therefore, the repression of flowering is impaired. However, the focus of the
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atxr7-1 investigation was set on flowering time. Therefore, | re-examined the mutant

regarding the plant organs that are affected in the UCN loss- and gain-of-function lines.

3.10.1 Phenotypical characterization of atxr7-1

The atxr7-1 mutant was described earlier, often regarding flowering time regulation
[74, 75]. Here, | will re-examine the mutant regarding the features | found for ucn-1 and
ucn-2. Similarities in the phenotypes could indicate that ATXR7 and UCN are involved in the

same processes.

Flowers, ovules (including viability), germination rate, main root length, and silique

length and shape of atxr7-1 were inconspicuous (see figure 3.10.1, 3.10.2B, C, and F, and

3.10.3Cand D).

Figure 3.10.1: Result of the phenotypical characterization of the reproductive plant parts of atxr7-1.

(A) and (B) Flowers of Col-0 (A) and atxr7-1 (B). (C) and (D) Ovules of Col-0 (C) and atxr7-1 (D). (E) to (H) Siliques
of Col-0 (E) and atxr7-1 (F). Open siliques of Col-0 (G) and atxr7-1 (H). No embryo lethality is found. Scale bars:
A/B =500um; C/D = 20um; E to H = 2mm.

The analysis of the 2D seed area revealed that seeds of atxr7-1 (n = 96) have an
average surface of 100557um?. For Col-0 (n = 82), | measured an average 2D seed area of
74290um?’ (p = 2,97 * 10%). Therefore, the average seed surface of atxr7-1 is very close to
the average seed area of ucn-2 (100348pm?’, Pawr.1 = 0,9063) (see figure 3.10.2A). This

indicates that the loss-of-function of ATXR7 has the same effect on seed size like the loss-of-

function of UCN.
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Figure 3.10.2: Analysis of the characteristics of atxr7-1.

(A) 2D seed area of atxr7-1. (B) Germination rate of atxr7-1. (C) Root length of atxr7-1. (D) Flowering time of
atxr7-1 in LD conditions. (E) Flowering time of atxr7-1 in SD conditions. (F) Silique length of atxr7-1. Each blue
dot represents one sample, brown dots with lines represent average with 1x standard deviation.

The flowering time of atxr7-1 was also characterized. Here, former results were
verified [74]. Under LD conditions, the atxr7-1 mutant (n = 30) grows in average 13,4 total
leaves (p = 7,49 * 10™%). This is less total leaves than Col-0 (n = 33), which grows 18,8 total

leaves until flowering (see figure 3.10.2D and 3.10.3A). This confirms former results that

atxr7-1 flowers early when grown under LD conditions.

Figure 3.10.3: Phenotypical analysis of atxr7-1.

(A) and (B) Independent from LD (A) or SD (B) the atxr7-1 mutant flowers early (A and B; right plants) compared
to Col-0 (A and B; left plants). (C) and (D) The rosette of the atxr7-1 mutant (C) also has no significant
characteristics (compare to Col-0, (D)). Scale bars: A/B = 2cm, C/D = 1cm.

To analyze if the early flowering is independent of day-length, | also analyzed it
under SD conditions. Here, atxr7-1 (n = 14) grows in average 50,3 total leaves until flowering
while Col-0 (n = 8) grows in average 60 total leaves (p = 1,62 * 107) (see figure 3.10.2E and
3.10.3B). The result indicates that the early flowering of atxr7-1 is independent of the length

of day.
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Table 3.10.1: Comparison between atxr7-1, ucn-1, and ucn-2.

Only affected plant organs are listed. Seed size = 2D seed area, Root length = main root length of five day old
seedlings, FT = flowering time under long day (LD) and short day (SD) conditions. Numbers are given in relation
to the corresponding wild-types.

Characteristic atxr7-1 ucn-1 ucn-2
Flower shape wild-type affected wild-type
Ovule shape wild-type protrusions wild-type
Seed size 135% 82% 135%
Germination rate wild-type 72% wild-type
Root length wild-type 56% 87%
FT (LD) 71% 75% wild-type
FT (SD) 84% 77% wild-type
Silique length wild-type 85% 96%
Silique shape wild-type wild-type wild-type

In conclusion, the atxr7-1 mutant does not show a wide range of features. In
addition to the early flowering, | only found an enhanced seed size (see table 3.10.1).

Anyway, it should be mentioned that the seed size coincides with the seed size of ucn-2.

3.10.2 Phenotypical characterization of atxr7-1 ucn-2

To further verify the involvement of ATXR7 and UCN in the same processes or
maybe even in the same pathways, | generated atxr7-1 ucn-2 double mutants. Features
observed in atxr7-1 and/or ucn-2 should not be further enhanced in the double mutant.

Therefore, the double mutant was analyzed regarding the common features analyzed above

and compared to the atxr7-1 and ucn-2 single mutants.

Figure 3.10.4: Result of the phenotypical characterization of the reproductive plant parts of atxr7-1 ucn-2.

(A) and (B) Flowers of Ler (A) and atxr7-1 ucn-2 (B). (C) and (D) Ovules of Ler (C) and atxr7-1 ucn-2 (D). (E) to (H)
Siliques of Ler (E) and atxr7-1 ucn-2 (F). Open siliques of Ler (G) and atxr7-1 ucn-2 (H). No embryo lethality is
found. Scale bars: A/B = 500um; C/D = 20um; E to H = 2mm.
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Again, the flowers and ovules did not show any features. The same is true for the
other above-ground plant organs (see figure 3.10.4A to D and 3.10.6A and C). This indicates
that there are no new features observed in the double mutant when compared to each

single mutant. The same holds true for germination rate (see figure 3.10.5B).
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Figure 3.10.5: Analysis of the characteristics of atxr7-1 ucn-2.

(A) 2D seed area of atxr7-1 ucn-2. (B) Germination rate of atxr7-1 ucn-2. (C) Root length of atxr7-1 ucn-2. (D)
Flowering time of atxr7-1 ucn-2 in LD conditions. (E) Flowering time of atxr7-1 ucn-2 in SD conditions. (F) Silique
length of atxr7-1 ucn-2. Each blue dot represents one sample, brown dots with lines represent average with 1x
standard deviation.

The investigation of the 2D seed surface revealed that the double mutant atxr7-1
ucn-2 produces bigger seeds than the wild-type (see figure 3.10.5A). While the average 2D
seed area of Col-0 (n = 93) is 78127um?’, the average 2D seed surface of atxr7-1 seeds
(n=101) is 96783um” (p = 5,8 * 10°°) and the average 2D seed surface of ucn-2 (n = 176) is
96485um? (p = 2,7 * 10**). The difference in the 2D seed surface between the two single
mutants is not significant (p = 0,8422) indicating the same seed size for atxr7-1 like for
ucn-2. The seeds of the double mutant (n = 121) have in average a 2D seed area of
93186um* (p = 2,4 * 10™™). This is slightly smaller than the 2D seed area of each single
mutant (pyen2 = 0,0207, pawer-1 = 0,0389). However, this result suggests that there is no

additive or enhancing effect of atxr7-1 and ucn-2 regarding seed size.
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Figure 3.10.6: Phenotypical analysis of atxr7-1 ucn-2.

(A) and (B) Independent from LD (A) or SD (B) the atxr7-1 ucn-2 double mutant flowers early (A and B; right
plants) compared to Col-0 (A and B; left plants). (C) The rosette of the double mutant (lower plant, stem
removed) also has no significant characteristics (compare to Col-0, upper plant, stem removed). Scale bars =
2cm.

The analysis of the main root length of five day old seedlings revealed that atxr7-1
ucn-2 double mutants grow in average a 10,6mm (p = 0,04576) long root while the wild-type
(n =32) grows a root of in average 11,5mm length (see figure 3.10.5C). The result indicates
that the double mutants grow a slightly smaller root than the wild-type. Hence, the average

root length of the double mutants is close to the average root length of ucn-2.

Under LD conditions the flowering time of atxr7-1 ucn-2 does not differ from the
flowering time of atxr7-1. Both lines flower earlier than Col-0 (n = 33) or ucn-2 (n = 30)
which start flowering with in average 18,8 total leaves and 18,2 total leaves, respectively.
The single mutant atxr7-1 (n = 30) starts flowering with in average 13,4 total leaves (p = 7,49
* 10"°°) while the double mutant atxr7-1 ucn-2 (n = 33) starts flowering with in average 13,1
total leaves (p = 8,18 * 10™*) (see figure 3.10.5D and 3.10.6A). Thus, the difference between
atxr7-1 and atxr7-1 ucn-2 is not significant (p = 0,1423). This result indicates that ucn-2 has

no influence on the early flowering of atxr7-1.

The analysis of the silique length revealed that siliques of atxr7-1 ucn-2 (n = 72) have
in average a length of 15,2mm. Therefore, the double mutant has slightly shorter siliques
than the wild-type (n = 93) which grows in average siliques that are 16,4mm long
(p=0,08576) (see figure 3.10.5F). This result is comparable with the result of the root
length. The mutation of atxr7-1 has no influence on the silique size and it is not able to
enhance the decrease of silique size of ucn-2 either. The shape of the siliques was

inconspicuous and it does not bear degenerated ovules (see figure 3.10.4E to H).

| also checked if the early flowering of the double mutant is independent from

day-length by growing it under SD conditions. In SD the double mutant (n = 15) flowers with
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in average 48,9 total leaves (p = 9,05 * 10®). This is significantly earlier than the wild-type
(n= 8) or ucn-2 (n = 14) which starts flowering with in average 60 and 60,1 total leaves,
respectively. The atxr7-1 single mutant (n = 14) starts flowering with in average 50,3 total
leaves (see figure 3.10.5E and 3.10.6B). Therefore, the difference in early flowering between
atxr7-1 and atxr7-1 ucn-2 is not significant (p = 0,1121). Hence, the early flowering of atxr7-

1 and atxr7-1 ucn-2, respectively, is independent of the length of day.

In conclusion, the double mutant atxr7-1 ucn-2 does not show any new features
compared to the single mutants. Furthermore, no features observed for the single mutants
atxr7-1 and ucn-2 are enhanced or rescued (see table 3.10.2). The results therefore suggest
that at least in seed size determination, ATXR7 and UCN act in the same pathway.

Table 3.10.2: Summary of the phenotypical features of atxr7-1, ucn-2, and the double mutant atxr7-1 ucn-2.
Only affected plant organs are listed. Seed size = 2D seed are, Root length = main root length of five day old

seedlings, FT = flowering time in long day (LD) and short day (SD) conditions. Numbers are given in relation to the
corresponding wild-types.

Characteristic ucn-2 atxr7-1 atxr7-1 ucn-2
Seed size 123% 124% 119%
Root length 87% wild-type 92%
FT (LD) wild-type 71% 70%
FT (SD) wild-type 84% 82%
Silique length 96% wild-type 93%

3.11 Overexpressing ATXR7

The results above indicate that it is likely that ATXR7 and UCN are involved in the
same pathways to determine seed size. Also a common role for flowering time regulation
cannot be completely excluded. To gain more insight into the processes where ATXR7
and/or UCN is involved in and also to better understand ATXR7, | also generated gain-of-
function lines for ATXR7. This further has the advantage that a gain-of-function can also be
generated in Ler background where a loss-of-function line is missing. Thus, the role of ATXR7
can also be compared between the two accessions Ler and Col-0. Therefore, a pUBQ::ATXR7
construct was transformed into Col-0 and Ler, respectively. Three independent T, lines were
then chosen and inbred until | received homozygous T; lines. These lines are further called
LAox for Landsberg ATXR7 overexpressed and CAox for Colombia ATXR7 overexpressed),

respectively.
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3.11.1 Overexpression of ATXR7 in wild-type plants

The gain-of-function lines were first characterized regarding the plant organs as
above. If no other plant organs are harmed as found before in the atxr7-1 mutant this would
verify that ATXR7 is most likely not involved in more processes than seed size development
and flowering time determination. | also used these gain-of-function lines to compare the

role of ATXR7 in the two different accessions Ler and Col-0.

The flowers and ovules of LAox as well as of CAox are inconspicuous (see figure
3.11.1A to D and | to L). The same holds true for the germination rate (see figure 3.11.2B
and H).

The analysis of the 2D seed area revealed a background dependent result. The seeds
of CAox show a bigger 2D surface than seeds of Col-0 while seeds of LAox almost have the
same size as Ler (see figure 3.11.2A and G). Seeds of CAox (n = 122) have an average 2D seed
area of 110600um’ and are therefore bigger than the seed of Col-0 (n = 204), which is in
average 87436um? (p = 1,8 * 10°®) (see figure 3.11.2A). In contrast, seeds of LAox (n = 126)
have an average seed size of 89469um?, which is pretty close to the average 2D seed area of
the 86761um? that Ler (n = 103) shows (p = 0,3238) (see figure 3.11.2G). The result suggests

that the gain-of-function of ATXR7 is able to influence seed size in Col-0 but not in Ler.
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Figure 3.11.1: Analysis of the reproductive organs of LAox (A to H) and CAox (I to P).

(A), (B), (1), and (J) The flowers of LAox (B) and CAox (J) do not differ in shape or organ number from Ler (A) or
Col-0 (). (C), (D), (K), and (L) The ovules of LAox (D) and CAox (L) also show no features compared to Ler (C) and
Col-0 (L), respectively. (E) to (H) and (M) to (P) The silique shape of LAox (F) and CAox (N) does also not differ
from Ler (E) or Col-0 (M). Embryo lethality cannot be found in siliques of LAox (H) or CAox (P) (compare to Ler (G)
and Col-0 (0)). Scale bars: A, B, I, J = 500um; C, D, K, L =20um; E, F, M, N =5mm; G, H, O, P =2mm.

The analysis of the root size revealed no difference between CAox and Col-0 (see
figure 3.11.2C) and a smaller root of LAox compared to Ler (see figure 3.11.2l). Five day old
seedlings of Ler (n = 23) grow an average root length of 10,3mm whereas five day old
seedlings of LAox (n = 29) grow in average a root length of 8,6mm (p = 0,01917) and
therefore a smaller root (see figure 3.11.2l). This indicates that in case of Ler, the gain-of-

function of ATXR7 has a negative influence on root growth while in case of Col-0 the gain-of-

function of ATXR7 has no influence on root growth.
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Figure 3.11.2: Analysis of the characteristics of CAox (A to F) and LAox (G to L).

(A) 2D seed area of CAox compared to Col-0. (B) Germination rate of CAox. (C) Root length of CAox seedlings,
5dag. (D) Flowering time of CAox in LD conditions. (E) Flowering time of CAox in SD conditions. (F) Silique length
of CAox. (G) 2D seed area of LAox compared to Ler. (H) Germination rate of LAox. (I) Root length of LAox
seedlings, 5dag. (J) Flowering time of LAox in LD conditions. (K) Flowering time of LAox when grown in SD. (L)
Silique length of LAox. Each blue dot represents one sample, brown dots with lines represent the average with
standard deviation.

The analysis of the flowering time under LD conditions revealed that, interestingly,
the gain-of-function of ATXR7 has no influence independent of the background (see figures
3.11.2D and J and 3.11.3A and D). LAox as well as CAox start flowering like the wild-type.
This also holds true when grown under SD conditions (see figure 3.11.2E and K and 3.11.3B

and E). The result indicates that the gain-of-function of ATXR7 has, in contrast to the loss-of-

function, no influence on flowering time.

The analysis of the silique length showed an influence of the gain-of-function in Ler
background but not in Col-0 (see figure 3.11.2F and L). LAox (n = 102) grows siliques which
are in average 13,5mm long. These siliques are bigger than siliques of Ler (n = 68), that
grows siliques that are in average 12,8mm long (p = 9,99 * 10”). Anyway, independent of
background the siliques all show wild-type shape and also no degenerated ovules (see figure
3.11.1E to H and M to P). The results indicate that ATXR7 might have a slight influence on

silique length but exclusively in Ler background.
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Figure 3.11.3: Phenotypical analysis of CAox and LAox.

(A), (B), (D), and (E) Plants overexpressing ATXR7 in Col-0 background (A and B, right plants) or Ler background (D
and E, right plants) flower the same time like the corresponding wild-type (A, B, D, and E; left plants)
independent from LD (A and D) or SD (B and E). (C) and (F) The rosettes of plants overexpressing ATXR7 in Col-0
(C; lower plant) or Ler (F; lower plant) also show no special features when compared to Col-0 (C; upper plant) or
Ler (F; upper plant). Scale bars = 2cm.

In conclusion, the gain-of-function of ATXR7 only has mild effects on the investi-
gated plant organs and no effect is observed on common organs of both accessions. In case
of Col-0, ATXR7 overexpression only effects seed size, while in Ler, root and silique length
are affected. Further, no opposite effects were observed compared to atxr7-1. This holds
also true for the flowering time where the gain-of-function starts flowering like the wild-
type (see table 3.11.1).

Table 3.11.1: Comparison of the loss-of-function line atxr7-1 to its gain-of-function lines LAox and Caox.
Only affected plant organs are listed. Seed size = 2D seed area, Root length = main root length of five day old

seedlings, FT = flowering time under long day (LD) and short day (SD) conditions. Numbers are in relation to the
corresponding wild-types.

Characteristic atxr7-1 LAox CAox
Seed size 124% wild-type 126%
Root length wild-type 83% wild-type
FT (LD) 71% wild-type wild-type
FT (SD) 84% wild-type wild-type
Silique length wild-type 105% wild-type

3.11.2 Overexpressing ATXR7 and UCN in wild-type plants

The double mutant atxr7-1 ucn-2 indicated that UCN and ATXR7 could be involved in

the same processes and pathways, respectively, at least in seed size determination. The
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results could not yet be interpreted regarding for example epistasis. In addition, a loss-of-
function mutant of ATXR7 is not available in Ler background. Therefore, to get more insight
into the relationship of UCN and ATXR7, | generated double gain-of-function lines.
Comparable to the double mutant atxr7-1 ucn-2 these lines ideally do not add up in the
features they are showing. This should shed more light on the question which gene is

epistatic to the other.

For the double gain-of-function line | transformed a double overexpression
construct pUBQ::ATXR7 pUBQ::UCN into Col-0 (further called CAUox for Col-0 ATXR7/UCN
overexpression line) and Ler (further called LAUox for Ler ATXR7/UCN overexpression line).
Again, three independent T, plants of CAUox were inbred until | received homozygous T;
lines which were then used for the characterization of the common plant organs and
flowering time. For LAUox | only characterized the T, generation. Therefore, some

phenotypical characterizations were not possible.
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Figure 3.11.4: Analysis of the reproductive organs of LAUox (A to H) and CAUox (I to P).
(A), (B), (1), and (J) The flowers of LAUox (B) and CAUox (J) are indistinguishable from Ler (A) or Col-0 (1) flowers.
(C), (D), (K), and (L) The ovules of LAUox (D) and CAUox (L) also show no specialties compared to Ler (C) or Col-0
(K) ovules. (E) to (H) and (M to (P) The siliques of LAUox (F) and CAUox (N) are also shaped like wild-type siliques
of Ler (E) or Col-0 (M). Embryo lethality is not observed either, neither in LAUox (H) nor in CAUox (P) (compare to
Ler (G) and Col-0 (O), respectively). Scale bars: A, B, I, J = 500um; C, D, K, L = 20um; E, F, M, N=3mm; G, H, O, P =
2mm.

The reproductive organs of LAUox and CAUox show no specialties compared to the
wild-types Ler and Col-0. Neither the flowers nor the ovules show any striking characteristics
(see figure 3.11.4A to D and | to L). Also the germination rate is inconspicuous (see figure

3.11.58).

The determination of the 2D seed area of CAUox revealed that the seed surface
measured for the double overexpression line is almost the same like the seed surface of the
wild-type (see figure 3.11.5A). In average, the 2D seed area of CAUox (n = 258) is 88737um’
while the 2D seed area of wild-type seeds (n = 204) is in average 87436pum’ (p = 0,4044).

Since CUox shows a small decrease in seed area and CAox has a bigger 2D seed area than
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the wild-type, this result indicates that the overexpression of UCN and ATXR7 at the same

time neutralizes the effects of each other.
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Figure 3.11.5: Analysis of the characteristics of CAUox.
(A) 2D seed area of CAUox compared to Col-0. (B) Germination rate of CAUox. (C) Root length of CAUox
seedlings, 5dag. (D) Flowering time of CAUox in LD. (E) Flowering time of CAUox when grown in SD. (F) Silique
length of CAUox. Each blue dot represents one sample, brown dots with lines represent average with 1x
standard deviation.

The analysis of the root length of five day old seedlings revealed that in average,
seedlings of CAUox (n = 16) have a root of 10,0mm length while wild-type seedlings of the
same age (n = 13) have a root of 11,1mm length (p = 0,2736) (see figure 3.11.5C). Therefore,

the smaller root of CUox seedlings is rescued by the overexpression of ATXR7.

The determination of the flowering time of CAUox demonstrates that in LD, CAUox
(n = 76) starts flowering with in average 17,4 total leaves which is almost the same number
of total leaves as Col-0 (n = 26) that starts flowering with in average 17,3 total leaves
(p=0,6971) (see figure 3.11.5D and 3.11.6A). In Ler, the T, generation of LAUox (n = 38
independent transformants) starts flowering with in average 14,2 total leaves. This is slightly
later than the wild-type (n = 10) which starts flowering with in average 11,5 total leaves. In
this experiment, LAox (n = 29) starts flowering with in average 12,4 total leaves and LUox
(n = 26) starts flowering with in average 7,4 total leaves (see figure 3.11.6D and 3.11.7).
Thus, the early flowering of LUox and the late flowering of CUox is rescued by the parallel

overexpression of ATXR7.
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Figure 3.11.6: Phenotypical analysis of CAUox and LAUox.

The overexpression of ATXR7 rescues the phenotype which the overexpression of UCN causes to wild-type
plants. (A) and (B) The flowering time of CAUox in LD (A; right plant) as well as in SD (B; right plant) is the same as
the flowering time of Col-0 (A and B; left plants). (C) Regarding the rosette of CAUox (C; lower plant) there are no
special features compared to the wild-type rosette (C; upper plant). (D) LAUox starts flowering close to the wild-
type when grown in LD (D; rightmost plant) and therefore just like wild-type (D; leftmost plant) and LAox (D; 3rd
plant from the left). Hence, it rescues the early flowering of LUox (D; 2nd plant from the left). (E) In addition to
the flowering time, the rosette shape of LAUox (E; lower right) is like the shape of the wild-type (E; upper left)
and LAox (E; lower left), respectively, and not roundish like the rosette shape of LUox (E; upper right). Scale bars
=2cm.

| also investigated the flowering time of CAUox under SD conditions. Here, the
double overexpression line (n = 26) starts flowering with in average 62,4 total leaves, which
is not different from the 62,4 total leaves that Col-0 (n = 22) grows in average until the first

flower opens (see figure 3.11.5E and 3.11.6B). Hence, like the single gain-of-function lines,

the double gain-of-function line flowers like the wild-type when grown in SD.
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Figure 3.11.7: Flowering time of a T, generation of LAUox.
Figure shows the flowering time of 38 independent T, plants of LAUox compared to Ler, LUox, and LAox. Each
blue dot represents one sample, brown dots with lines represent average with 1x standard deviation.

An analysis of the silique length revealed that CAUox grows siliques of a similar size

than the wild-type. In average, siliques of CAUox (n = 140) have a length of 16,5mm
compared to the average silique length of Col-0 (n = 93) which is 16,4mm (p = 0,5550) (see
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figure 3.11.5F). The silique shape of CAUox is inconspicuous and no degenerated ovules are
observed (see figure 3.11.4M to P). This was also the case for siliques of LAUox. | found no
more siliques with more than two fused carpels. In addition, LAUox does not show ovule
degeneration (see figure 3.11.4E to H). The result suggests that the negative influence of the
UCN overexpression can be buffered by overexpression of ATXR7 to rescue silique length in

Col-0 and silique shape and ovule viability in Ler.

In addition to the phenotypical rescue of the LAUox siliques, the overall phenotype
related to LUox is also rescued. The stature is not compressed anymore and the rosette
leaves show the lanceolatic form instead of a roundish shape (see figure 3.11.6D and E). The
result indicates that the parallel overexpression of ATXR7 neutralizes the phenotypical

characteristics of the UCN overexpression independent from the background.

In conclusion, the overexpression of ATXR7 can neutralize all features observed for
the UCN gain-of-function lines (see table 3.11.2). In case of LAUox, the flowering time was

delayed compared to Ler. This might be a T, specific effect (see discussion).

Table 3.11.2: Comparison of the single ATXR7 and UCN gain-of-function lines to the ATXR7 UCN double gain-
of-function lines.

Only affected plant organs are listed. Seed size = 2D seed area, Root length = main root length of five day old
seedlings, FT = flowering time under long day (LD) and short day (SD) conditions. All numbers are given in
relation to the corresponding wild-types.

Characteristic LAox LUox LAUox CAox CUox CAUox

2D seed area wild-type 105% no data 126% 85% wild-type
Root length 83% 53% no data wild-type 47% wild-type
FT (LD) 108% 64% 123% wild-type 124% wild-type
FT (SD) wild-type 66% no data wild-type wild-type wild-type
Silique length 105% wild-type no data wild-type 97% wild-type
Silique shape wild-type >;::s;:l wild-type wild-type wild-type wild-type

3.11.3 Overexpressing ATXR7 in ucn-1 and ucn-2

The rescue of the effects of the UCN overexpression in wild-types by overexpressing
ATXR7 might be due to a posttranslational repression of UCN by ATXR7. Since ATXR7 can
possibly interact with ucn-1 and maybe ucn-2, this raises the question if characteristics of
ucn-2 and especially ucn-1 can also be rescued by the overexpression of ATXR7 and
therefore blocking the negative influence of ucn-1. To answer this question, the ATXR7
overexpression construct pUBQ::ATXR7 was transformed into ucn-1 and ucn-2. Three

independent T, lines per transformation into ucn-1 and ucn-2 were inbred until | gained
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homozygous T; lines | worked with. For further reading the ucn-1 mutants carrying
pUBQ::ATXR7 are called 1Aox (for ucn-1 ATXR7 overexpression line) and the ucn-2 mutants
carrying pUBQ::ATXR7 are called 2Aox (for ucn-2 ATXR7 overexpression line).

Figure 3.11.8: Phenotypical analysis of the reproductive organs of 1Aox and 2Aox.

(A) and (B) The overexpression of ATXR7 in ucn-1 partially rescues the flower shape. The flower shape of 1Aox (B)
is much closer to Ler (A) than to ucn-1 (compare also to figure 3.2.1). (C) and (D) The protrusions of the
integuments are not rescued. The ovules of 1Aox (D, arrow) still show outgrowths. These are never observed on
Ler ovules (C). (E) to (H) The siliques of 1Aox (F) are smaller than the siliques of Ler (E), although the siliques of
1Aox (H) contain a lot less degenerated ovules than ucn-1 (compare also to figure 3.2.1). (I) to (P) The
reproductive organs of 2Aox are inconspicuous. Flowers (J) and ovules (L) show no differences compared to wild-
type flowers (l) and ovules (K). The siliques of 2Aox (N) also show no special features compared to Col-0 (M)
neither do the siliques of 2Aox (P) contain degenerated ovules (O = wild-type). Scale bars: A, B = 500um; C, D =
20umM E, F: 4mm; E, F: 2mm.

An analysis of the flowers and ovules of 2Aox showed no differences compared to
the flowers of the wild-type, ucn-2, or CAox (see figure 3.11.8I to L). The flowers of 1Aox are
partially rescued. Compared to ucn-1, which shows a very striking flower phenotype, the

phenotype of 1Aox is much less severe (see figure 3.11.8A and B). On the other hand, the

ovule shape is not rescued (see figure 3.11.8C and D). They still show outgrowths on their
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integuments. Contrariwise, it looks as if they get bigger building knob like structures instead

of the peaked ones of ucn-1.

The investigation of the 2D seed area revealed that seeds of 1Aox (n = 240) have an
average 2D seed area of 83115um?, while Ler (n = 249) seeds have an average 2D seed area
of 85627um” (p = 0,0299) (see figure 3.11.9F). In average, 2Aox (n = 215) has a 2D seed area
of 100741pum? while Col-0 (n = 142) seeds have an average 2D seed surface of 115234pm? (p
= 9,2 * 10™) (see figure 3.11.9A). Hence, the influence on seed size of ucn-1 and ucn-2 is

rescued through the overexpression of ATXR7.
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Figure 3.11.9: Analysis of the characteristics of 2Aox and 1Aox.

(A) 2D seed area of 2Aox. (B) Germination rate of 2Aox compared to Col-0. (C) Root length of 2Aox. (D) Flowering
time of 2Aox when grown in LD conditions. (E) Silique length of 2Aox. (F) 2D seed area of 1Aox compared to Ler.
(G) Germination rate of 1Aox. (H) Root length of 1Aox seedlings, 5dag. (I) Flowering time of 1Aox under LD
conditions. (J) Flowering time of 1Aox under SD conditions. (K) Silique length of 1Aox compared to Ler. Each blue
dot represents one sample, brown dots with lines represent average with 1x standard deviation.

The quantification of the germination rate also revealed a rescue. 153 out of 158
seeds of 1Aox germinated after seven days of incubation (97%) which is close to the wild-
type germination rate (157 out of 158 seeds) (see figure 3.11.9G). Like observed before for

ucn-2 and CAox, the germination rate of 2Aox is inconspicuous (see figure 3.11.9B). For 1Aox
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the result indicates that the lower germination rate of ucn-1 is rescued through the ATXR7

overexpression. Seeds of 2Aox show no new features regarding germination rate.

The investigation of the main root length of five days old seedlings revealed that in
case of 1Aox (n = 62), the average root length is 11,1mm which is 15% smaller than the wild-
type (n = 39) root length of in average 12,8mm (p = 2,19 * 10°) (see figure 3.11.9H). In case
of 2Aox the root length of five days old seedlings (n = 17) is in average 11,0mm and
therefore not significantly shorter (p = 0,3682) than the wild-type roots (n = 18) which
measure in average 11,8mm (see figure 3.11.9C). The results indicate that in both cases the
ATXR7 overexpression rescues the shorter root of the ucn mutants. In case of ucn-1 the
rescue is not complete but the root length is rescued to the extent of the average root

length of LAox.

Figure 3.11.10: Phenotypical analysis of 2Aox and 1Aox.

(A), (C), and (D) Under LD conditions 2Aox (A; right plant) and 1Aox (C; right plant) flower earlier than the
corresponding wild-types Col-0 (A; left plant) or Ler (C; left plant). Under SD conditions, 1Aox flowers early (D;
right plant) compared to Ler (D; left plant). (B) and (E) Both ATXR7 overexpression lines, 2Aox (B; lower plant)
and 1Aox (E; lower plant), do not show any special features in rosette shape compared to Col-0 (B; upper plant)
or Ler (E; upper plant). Scale bars: A: 3cm; B to E: 2cm.

The analysis of the flowering time revealed that in average, 1Aox (n = 26) started
flowering with 12,7 total leaves while Ler (n = 20) starts flowering in average with 17,0 total
leaves (p = 3,82 * 10™?) (see figure 3.11.91 and 3.11.10C). In case of 2Aox (n = 21), the plants
start flowering in average with 12,9 total leaves while the wild-type starts flowering in

average with 16 total leaves (p = 0,00082) (see figure 3.11.9D and 3.11.10A). The results
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show that the overexpression of ATXR7 in ucn-1 slightly enhances the early flowering while

the combination of ucn-2 and an overexpressed ATXR7 causes early flowering.

The flowering time of 1Aox was further determined under SD conditions. In average
1Aox (n = 28) starts flowering with 43,4 total leaves. The wild-type (n = 20) starts flowering
with in average 53,1 total leaves (p = 2,13 * 10-16) (see figure 3.11.9) and 3.11.10D).

Therefore, the early flowering of 1Aox is also independent of the length of day.

Siliques of 1Aox and 2Aox are inconspicuous in their shape (see figure 3.11.8E, F, M,
and N). This corresponds with the observation that the siliques of the single mutants and
the ATXR7 gain-of-function lines, respectively, also show no special features in their silique
shape. The analysis of the silique length revealed that the siliques of 1Aox (n = 90) have an
average length of 11,1mm while siliques of Ler (n = 68) have an average length of 12,8mm
(p = 4,38 * 10™%) (see figure 3.11.9K). Although the silique length is not recovered the ovule
viability is rescued (see figures 3.11.8G and H). No degenerated ovules can be found in
siliques of 1Aox lines. The analysis of the silique length of 2Aox (n = 68) revealed that the
average length is 15,1mm while the wild-type siliques (n = 41) measure in average 15,6mm
(p = 0,00512) (see figure 3.11.9E). Siliques of 2Aox do not display any degenerated ovules
(see figure 3.11.80 and P). The results suggest that the silique length of ucn-1 and ucn-2,
respectively, is not rescued by the overexpression of ATXR7. They further indicate that the

ovule degeneration observed for ucn-1 is rescued.

In conclusion, the gain-of-function of ATXR7 rescues most features of ucn-1 to a very
great extent. 1Aox regained its germination rate, its seed size, and displays no degenerated
ovules. Also the flower almost regains its wild-type shape and the root length is the same as
in LAox, which is considerably longer than the root of ucn-1. Other features of ucn-1 like the
ovule protrusions and the early flowering are rather enhanced by the ATXR7 overexpression
than rescued or weaker. In 2A0x, the seed size and the root length is rescued whereas the
silique length is not. The mutant now also shows early flowering, although neither ucn-2 nor

CAox do (see table 3.11.3).
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Table 3.11.3: Comparison of the ucn mutants to the ATXR7 gain-of-function lines in mutant and wild-type
background.

Only affected plant organs are listed. Germ. rate = germination rate, Seed size = 2D seed area, Root length =
main root length of five day old seedlings, FT = flowering time in long day (LD) and short day (SD). All numbers
are given in relation to the corresponding wild-types.

Characteristic ucn-1 LAox 1Aox ucn-2 CAox 2Aox
Flower shape affected wild-type slightly wild-type wild-type wild-type
affected

Ovule shape protrusions wild-type protrusions wild-type wild-type wild-type
Germ. rate 72% wild-type wild-type wild-type wild-type wild-type
Seed size 78% wild-type 97% 123% 126% 87%
Root length 64% 83% 87% 87% wild-type wild-type
FT (LD) 80% wild-type 75% wild-type wild-type 81%
FT (SD) 81% wild-type 82% wild-type wild-type no data
Silique length 85% 105% 87% 96% wild-type 97%
Ovule lethality yes wild-type wild-type wild-type wild-type wild-type

3.11.4 Overexpression of UCN in atxr7-1

The results | gained for the double overexpression of ATXR7 and UCN and also for
the partial rescue of ucn-1 and ucn-2 features through ATXR7 overexpression suggest that
ATXR7 acts epistatic to UCN. To verify that relationship, | transformed the pUBQ::UCN
construct into atxr7-1. Again, | inbred three independent T, lines until | gained homozygous
T; lines. For further reading, these lines are called aUox (for atxr7-1 UCN overexpressed). |
analyzed the lines for seed size, germination rate, main root length, and flowering time. If
ATXR7 acts completely epistatic to UCN, it should rescue the phenotypes caused by UCN

ove rexpression .

Figure 3.11.11: Analysis of the atxr7-1 line overexpressing UCN (aUox).
Figure shows (from left) CUox, Col-0, atxr7-1, and aUox. Late flowering CUox is eliminated by atxr7-1.
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The analysis of the 2D seed surface revealed that in average, the Col-0 seeds have a
surface of 97239um? (n = 108) while seeds of aUox have in average a seed surface of
84690um? (n = 257) (p = 2,14 * 10™) (see figure 3.11.12A). This reduction was already
observed on CUox seeds. Therefore, the result indicates that the decrease in seed surface
observed on CUox cannot be suppressed in atxr7-1. The germination rate of the seeds was

inconspicuous (see figure 3.11.12B).

The measurement of the root size of five day old seedlings revealed that the main
root length of Col-0 seedlings (n = 31) measures 10,7mm. For the average root length of
aUox seedlings | measured 11,4mm (p = 0,1400) (see figure 3.11.12). Hence, the loss-of-
function of ATXR7 rescues the root length of the gain-of-function of UCN which has less than

50% of the wild-type root length.

| further checked the flowering time under LD conditions. In average, aUox (n = 48)
grows 10,3 total leaves until flowering while Col-0 (n = 9) grows in average 16,4 total leaves
until flowering (p = 6,2 * 10®) (see figure 3.11.11 and 3.11.12D). Therefore, the flowering
time phenocopies the early flowering of atxr7-1 (n = 10) which starts flowering with in
average 10,0 total leaves (payox = 0,2115). In contrast, CUox (n = 20) starts flowering with in
average 20,5 total leaves (p = 0,0025). The result suggests that UCN represses flowering
over ATXR7.
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Figure 3.11.12: Analysis of the characteristics of aUox.

(A) 2D seed area of aUox compared to Col-0. (B) Germination rate of aUox. (C) Root length of aUox seedlings,
5dag. (D) Flowering time of aUox when grown under LD conditions. Each blue dot represents one sample, brown
dots with lines represent average with 1x standard deviation.

In conclusion, no additive or enhancing effects are found. The seed size of atxr7-1 is
overridden by UCN gain-of-function. Regarding flowering time and root length the results

indicate that UCN cannot influence them in an atxr7-1 background (see table 3.11.4).
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Table 3.11.4: Comparison of the phenotypical features observed on atxr7-1, CUox, and aUox.

Only affected plant organs are listed. Seed size = 2D seed area, Root length = main root length of five days old
seedlings, FT (LD) = flowering timme under long day conditions. All numbers are given in relation to the wild-
type.

Characteristic atxr7-1 CUox aUox
2D seed area 135% 85% 87%
Root length wild-type 47% wild-type
FT (LD) 61% 125% 63%

3.12 gRT-PCR results

Since | was able to demonstrate a relationship between ATXR7 and UCN at least in
some processes, the question raises if the two genes only affect each other on protein or
also on transcriptional level. To answer that question, | performed gRT-PCRs with the mRNA
of ten days old seedlings grown in long day. If ATXR7 and UCN affect themselves on
transcriptional level, their expression level should differ from the wild-type transcription

level in the different loss- or gain-of-function lines.

3.12.1 The influence of UCN on ATXR7

To analyze if UCN influences ATXR7, | checked the expression levels of ATXR7 in

ucn-1, ucn-2, and the UCN gain-of-function lines.

The analysis of the ATXR7 expression in ucn-1 revealed that it is 97% compared to
Ler (p = 0,5304) (see figure 3.12.1A). In ucn-2 on the other hand, the ATXR7 expression
increases to 183% compared to Col-0 (p = 0,00566) (see figure 3.12.1B). The result indicates
that the loss-of-function in Ler has no influence on ATXR7 expression while the loss-of-

function in Col-0 increases ATXR7 expression.
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Figure 3.12.1: Analysis of the ATXR7 expression in ucn-1 and ucn-2.
(A) In ucn-1 ATXR7 expression is not deregulated. (B) ATXR7 expression increases in ucn-2. Data is from 10d old
seedlings grown in LD. Bars represent mean value of biological triplicate with 1x standard deviation.
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The analysis of the ATXR7 expression in the UCN and ucn-1 gain-of-function lines as
well as their EMO offspring revealed that in Ler background neither the overexpression of
UCN nor the overexpression of ucn-1 influences ATXR7 expression (see figure 3.12.2A and
B). In Col-0 background, only the overexpression of ucn-1 influences ATXR7 expression (see
figure 3.12.2C and D). In Clox, the expression level of ATXR7 increases to 139%
(p = 0,000454) compared to Col-0. CUox as well as the two EMO lines EFC and EFC1 do not
show any variation in their ATXR7 expression. The results therefore suggest that UCN has no
direct influence on the expression of ATXR7, although in ucn-2 and Clox the expression of

ATXR7 increases.
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Figure 3.12.2: Analysis of the influence of UCN/ucn-1 overexpression on ATXR7 expression.

(A) ATXR7 expression in LUox and EFL is not influenced. (B) The overexpression of ucn-1 has no influence on
ATXR7 expression. (C) In CUox and EFC, ATXR7 is expressed like in the wild-type. (D) ATXR7 expression slightly
increases in Clox but not in EFC1. Data is from 10d old seedlings grown in LD. Bars represent mean value of
biological triplicate with 1x standard deviation.

3.12.2 The influence of ATXR7 on UCN

The analysis of the UCN expression in atxr7-1 and the two gain-of-function lines
LAox and CAox revealed that in atxr7-1 the UCN expression decreases to 76% compared to
Col-0 (p = 0,003065) (see figure 3.12.3A). On the other hand, there is no influence on UCN
expression in the ATXR7 gain-of-function lines; neither in Ler nor in Col-0 (see figure 3.12.3B
and C). The results show that ATXR7 has no direct influence on UCN expression. The loss-of-

function of ATXR7 on the other hand could indirectly decrease the expression of UCN.
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Figure 3.12.3: Analysis of the UCN expression in atxr7-1 and the ATXR7 overexpressor lines LAox and CAox.

(A) In the loss-of-function mutant atxr7-1 the expression of UCN shows a mild decrease. (B) In LAox, UCN

expression is not affected. (C) CAox shows no difference in UCN expression compared to the wild-type. Data is

from 10d old seedlings grown in LD. Bars represent mean value of biological triplicate with 1x standard deviation.
In conclusion, in atxr7-1 the UCN expression mildly decreases while in ucn-2 and

also Clox the ATXR7 expression increases. A direct influence of UCN on ATXR7 or vice versa

is not found.

3.12.3 The influence of UCN on the expression of FLC

ATXR7 is a trithorax-like protein enhancing the expression of its targets by
methylating H3K4 and H3K36 [74]. One of these targets is FLC, a very potent flowering
repressor [104]. FLC represses the transcription of FT which is in turn a very potent
flowering activator [34]. Due to the involvement of ATXR7 in this relationship, |
hypothesized that UCN maybe also involved in flowering time determination via influencing
this relationship over ATXR7. The differences that | described for the two alleles ucn-1 and
ucn-2 could also be interpreted as a support for the hypothesis: Ler does not contain a
functional FLC allele [38, 104]. That could be part of an explanation why ucn-1 flowers early
while ucn-2 only shows wild-type flowering. Also the fact that ucn-2 does only show wild-
type flowering does not necessarily exclude a role for UCN in flowering time determination:
a prominent mutant that also shows wild-type flowering when grown under LD conditions is
flc-3, a FLC loss-of-function mutant [105]. Another example would be jmj15-1, a JMJ15 loss-
of-function mutants that shows no flowering time deregulation while the gain-of-function
line shows rapid flowering [106]. However, if UCN is involved in the process of flowering
time determination over ATXR7 it could have an influence on FLC expression. Therefore, |
checked the expression of FLC in the ucn-2 mutant. | further checked the FLC expression in

the atxr7-1 ucn-2 double mutant to verify an involvement in the same flowering pathways.
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The analysis of the expression of FLC in ucn-2 revealed that it is decreased to 34,8%
compared to the wild-type expression (p = 0,0316). In atxr7-1, the FLC expression decreases
to 12,3% (p = 0,0183). In the double mutant, the FLC expression decreases to 7,2%
compared to the wild-type (p = 0,0176) (see figure 3.12.4). This indicates that FLC expression
is impaired in ucn-2 but not as strong as in atxr7-1 (Paw7-1-uen2 = 0,0013). On the other hand,

no additive effect is found in the double mutant (paw7-1-ate7-1 uen2 = 0,1146).
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Figure 3.12.4: FLC expression in ucn-2 and atxr7-1 compared to wild-type.
RNA was extracted from ten days old seedlings grown under LD conditions. Bars represent mean value of a

biological triplicate with 1x standard deviation.
The result above suggests that UCN is needed for FLC expression. To further answer
the question if this role is direct or indirect, | analyzed the FLC expression in the gain-of-

function line CUox. If UCN is directly involved in FLC expression, this expression should be

increased in CUox.
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Figure 3.12.5: FLC expression in the UCN gain-of-function line CUox.

RNA was extracted from ten days old seedlings grown under LD conditions. Bars represent mean value of a
biological triplicate with 1x standard deviation.

In CUox, the FLC expression in inconspicuous compared to the wild-type (see figure
3.12.5). Therefore, the result suggests that UCN is not able to actively increase the

expression of FLC.

Summarized, the results indicate that UCN is needed for the proper expression of
FLC and that FLC expression does not decrease further in the atxr7-1 ucn-2 double mutant
when compared to atxr7-1, verifying indirectly the epistasis of ATXR7 and the involvement
of UCN and ATXR7 in the same flowering pathways. Furthermore, it could be shown that

UCN is not able to actively increase FLC expression.
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3.12.4 The influence of UCN on the expression of FT

FT, a very potent flowering activator, is known to be actively repressed by FLC [34]. |
was able to demonstrate that FLC is not properly expressed in ucn-2 (see above). Since
neither ucn-2 is flowering early nor the gain-of-function has an influence on FLC expression
the question remains why CUox flowers early. Due to the direct coupling of FLC expression

to FT, | analyzed also this expression in the loss- and gain-of-function lines of UCN in Col-0.
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Figure 3.12.6: Expression of FT in ucn-2 and CUox.
RNA was extracted from ten days old seedlings grown under LD conditions. Bars represent mean value of a

biological triplicate with 1x standard deviation.

The analysis of FT expression in CUox and ucn-2 revealed that the FT expression
slightly increases to 119% (p = 0,2543) while the FT expression decreases to 44%
(p=0,0575) in CUox (see figure 3.12.6). Therefore, the result indicates that the loss-of-

function does not influence the FT expression, but the gain-of-function does.

To better understand the influence of UCN on FT expression and also analyze it in an
atxr7-1 context, | also checked the FT expression in the double mutant atxr7-1 ucn-2. The
ATXR7 loss-of-function mutant shows a more than 2-fold increase in FT expression
(p =0,0011) while the double mutants atxr7-1 ucn-2 shows an increase to 181% (p = 0,0517)
(see figure 3.12.7). This result indicates that the loss-of-function of ATXR7 does have an

influence on FT expression.
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Figure 3.12.7: FT expression in atxr7-1 ucn-2

RNA was extracted from ten days old seedlings grown under LD conditions. Bars represent mean value of a
biological triplicate with 1x standard deviation.
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Summarized, the results indicate that the overexpression of UCN influences FT
expression negatively while the atxr7-1 loss-of-function increases the FT expression.

Thereby, the double mutant atxr7-1 ucn-2 shows no further increase in FT expression.

3.12.5 The influence of ATXR7 gain-of-function on the expression of FLC and FT

The influence of ATXR7 on FLC and also on FT is still not completely understood [76].
In addition it was studied in solely the loss-of-function line atxr7-1. Since ATXR7 gain-of-
function lines do not show late flowering and is even showing early flowering in 2Ao0x, |

investigated FLC and FT expression in the ATXR7 gain-of-function line.
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Figure 3.12.8: FLC and FT expression in CAox
(A) FLC expression in CAox. (B) FT expression in CAox. RNA was extracted from ten days old seedlings grown
under LD conditions. Bars represent mean value of a biological triplicate with 1x standard deviation.

In CAox the FLC expression decreases to 37% (p = 0,0067) while the FT expression
increases 3-fold (p = 0,0966) (see figure 3.12.8A and B). The result indicates that gain-of-
function phenocopies the loss-of-function. Although, the influence is weaker on FLC

expression, it is stronger on FT expression.

The result that the ATXR7 gain-of-function displays reacts in the same way than the
loss-of-function raises the question if the increase of ATXR7 expression in ucn-2 (see above)
is responsible for the decrease of FLC. To answer the question, the FLC expression of 2Aox
was analyzed and compared to the FLC expression of CAox. In addition the FT expression of
2Aox was also checked. An additive effect would explain why 2Aox flowers early while CAox
does not. Furthermore | checked the FLC and FT expression in CAUox. This should shed more
light on the question why CUox flowers late and how UCN and ATXR7 influence each other

or work together.

The analysis of FLC expression in 2Aox revealed that it decreases to 23% (p = 0,0224)
while the FT expression increases to 248% (p = 0,1317) (see figure 3.12.9 A and B). The
result indicates that 2Aox shows a similar FLC and FT expression pattern like CAox and
therefore suggests no additive effect. In CAUox, the FLC expression is 110% compared to the

wild-type (p = 0,4870) while the FT expression increases to 123% (p = 0,2022) (see figure
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3.12.9 C and D). Therefore, the FLC and FT expression in CAUox does not differ significantly

from wild-type expression.
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Figure 3.12.9: FLC and FT expression in 2Aox and CAUox.

(A) FLC expression in 2Aox. (B) FT expression in 2Aox. (C) FLC expression in CAUox. (D) FT expression in CAUoX.
RNA was extracted from ten days old seedlings grown under LD conditions. Bars represent mean value of a
biological triplicate with 1x standard deviation.

3.12.6 Epigeneticinfluence on the expression of FLC and FT in EFC

| was able to show that the FLC expression as well as the FT expression is impaired in
ucn-2 and CUox, respectively. The epigenetic inheritance of the flowering time from CUox to
EFC raises the question if one or both of these genes are also deregulated in the EMO line

EFC. Therefore, | analyzed the expression pattern of the two genes in EFC seedlings.
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Figure 3.12.10: FLC and FT expression in EFC.
(A) FLC expression in EFC. (B) FT expression in EFC. RNA was extracted from ten days old seedlings grown under
LD conditions. Bars represent mean value of a biological triplicate with 1x standard deviation.

The analysis of FLC expression in EFC revealed that it increases to 165% (p = 0,0012)
(see figure 3.12.10A). The FT expression on the other hand decreases to 28% (p = 0,0409)
(see figure 3.12.10B). The result indicates that the FLC expression increases while the FT
expression decreases. The decrease in FT expression is also observed in CUox but in CUox,

this decrease is not coupled to an increase in the FLC expression level.
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Table 3.12.1: Summarized results of the analysis of the FLC and FT expression in the different loss- and gain-of-
function mutants.

All numbers are given in relation to the wild-type expressions. Data is from ten days old seedlings grown under
LD conditions. Numbers represent mean values of biological triplicates.

atxr7-1
Gene ucn-2 atxr7-1 CUox EFC CAox 2A0x CAUox
ucn-2
FLC 35% 12% 7% 97% 165% 37% 23% 110%
FT 119% 217% 181% 44% 28% 302% 248% 123%

In summary, the results suggest a role for UCN in FLC expression as well as in FT
repression (see table 3.12.1). | was able to further demonstrate that the influence on FLC
and FT can be inherited to the EMO line. Surprisingly, the EMO line is the only line showing
an increase in FLC expression. Moreover, the effect on FLC expression seems to be rather
indirect while the effect on FT might be more directly. The analysis of the ATXR7 loss-of-
function mutant verified former results: FLC expression decreases [74]. Consistently with
that the FT expression increases. The expression patterns of FLC and FT in the gain-of-
function lines of ATXR7 were rather unexpected. | was able to show that the gain-of-
function of ATXR7 reacts the same way as a loss-of-function. This suggests that high ATXR7
levels are rather activating flowering than repressing it. However, the results of the
expression analysis confirm former results of the phenotyping. Furthermore, the CAUox line
demonstrates the neutralization of the effects of the single overexpression of ATXR7 or UCN

also on transcriptional level.
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4 Discussion

4.1 UCN s involved in processes of multiple plant organs

The AGCVIII kinase UNICORN (UCN), a protein that phosphorylates its targets and
thereby modulates their activity, was formerly shown to be involved in ovule and flower
development [89, 91]. Since one kinase is able to phosphorylate multiple different targets in
the same tissue and even in the same cell, it can be involved and therefore influence
multiple pathways at the same time. In addition, 4% of the Arabidopsis genome encodes for
phosphorylating serine/threonine kinases [83], highlighting the importance of these

proteins in development and signal transduction.

Using a 3xVenus reporter gene coupled to the complete promoter region of UCN, |
was able to confirm former results: the expression of UCN in the ovule and all floral organs.
This expression pattern coincides with the observed abnormalities on these organs in ucn-1.
In addition, the strong expression observed in the nucellus and the megaspore mother-cell
(MMC), respectively, suggests a role for UCN in embryo sac development. This suggestion
also coincides with the observation that ucn-1 is eventually developing no embryo sac [89]
and therefore at least contribute to the explanation why ucn-1 is semi-sterile. In later stages
of the ovule development, two nuclei are highlighted by their very strong signal. Due to the
number and localization, this could be the synergids, but without a second reporter gene a
safe statement is not possible. Anyway, the strong signal suggests that in later stages of
ovule development UCN still plays an important role. The spatial expression pattern of UCN
in the ovule refines the knowledge of the putative role for UCN in ovule development. It is
likely that it is not only involved in integument development but also in the development of
the embryo sac and maybe beyond. Further investigations are needed to answer the
question why ucn-1 eventually develops no embryo sac and if there is a certain stage in

ovule development that fails in ucn-1.

With the 3xVenus reporter line | further demonstrated that UCN is expressed in all
plant organs. Moreover, | showed that neither ucn-1 nor ucn-2 carries a real null-allele, since
both lines still show expression of their ucn alleles. | found more impaired plant organs on
ucn-1 as well as on ucn-2. Thus, it is likely that UCN plays a role in the processes of these
organs, too. Both loss-of-function lines have in common that they grow smaller roots and

siliques. This suggests a direct or indirect involvement in root and silique growth. Further-
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more, it raises the question if the shorter siliques of ucn-1 are due to the degenerated
ovules. Since ucn-2 also shows smaller siliques without bearing degenerated ovules, it is
possible that UCN is involved in processes that determine silique length. However, the
results | gained for the gain-of-function mutants suggest that the role of UCN in the
processes that impairs the root and siliques is rather indirect, otherwise an opposite effect

would have been expected.

Another feature both loss-of-function mutants display is the seed size, although
ucn-2 shows bigger seeds while ucn-1 shows smaller seeds. Anyway, it is the only feature
that shows an opposite result in the gain-of-function lines than in the loss-of-function lines.
Hence, the result suggests a direct role for UCN in seed size determination. Taking in
account the results | gained for the crossing experiments of the loss-of-function mutants
with their corresponding wild-types, it can further be assumed that UCN can influence the
seed size from maternal as well as from paternal side. Since seed size is determined from
the integuments as well as from the endosperm [51], this further suggests that UCN
influences seed size from both of these tissues. Moreover, the small seeds of CUox suggest
that the lower germination rate of ucn-1 is due to its background and not due to the small
seeds, otherwise CUox, which also shows much smaller seeds, would also show a problem in
germination rate. Due to the parent-of-origin effect on the seed size of ucn-1 as well as of
ucn-2, UCN might be involved in the imprinting of genes which would also influence seed
size [55, 107]. This assumption is further supported by the epigenetic effects shown by the
EMO offspring of UCN and ucn-1 overexpressor lines, respectively. In contrast to some
features still observable on the EMO lines, the seed size differences are not inherited to the
EMO offspring. This indicates that the seed size difference is probably not due to a change in

DNA methylation otherwise it would be inherited epigenetically.

All features described in this work are more severe in Ler background than in Col-0.
Furthermore, ucn-1 displays features that are not observed on ucn-2, like a rapid flowering
or the deformed flower shape. By using a gain-of-function approach | was able to
demonstrate that the overexpression not only affects different plant organs in the two
accessions, but also that the overexpression influences plant organs more severe in Ler
background than in Col-0. Although both lines have in common a massive reduction in root
length, CUox only shows a mild phenotype while LUox shows a strong phenotype including
additional features that are not observed on CUox. This suggests that the differences

displayed by the loss-of-function mutants are due to the different backgrounds rather than
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due to the different ucn alleles. If this also includes a more important or prominent role for

UCN in Ler than in Col-0 cannot be answered with the results | present.

The spatial expression pattern of UCN and the effect of the loss-of-function of UCN
on multiple organs suggest a role for UCN in cell division. This is supported by the
observation that the strongest expression is found in tissues with active cell division, like in
the elongation zone of the root or young leaves and the proximal ends of older leaves,
respectively. On the other hand, in mature, differentiated tissue, the signal decreased but
never disappeared completely. Moreover, this assumption is supported by the former
observation that cell cycle genes in ucn-1 are deregulated [108]. It is further supported by
the results of the gain-of-function lines where the root is even shorter than in the loss-of-
function lines or the leaves of LUox which show a roundish shape rather than a lanceolatic.
Phenotypes like this could be explained with the interference of maturing cells which cannot
properly elongate. If the loss-of-function of UCN is interfering with the cell cycle it can be
speculated that the ectopic expression would, too. Anyway, since organ growth and
therefore cell division is still possible, UCN is involved in the process of cell division but it is
not sufficient to repress it as a loss-of-function allele. If UCN is sufficient to repress cell
maturation when expressed ectopically, especially in Ler background, will need further

investigations.

Another phenotype observed on LUox is the pistils with up to four fused carpels.
When fully developed | also found degenerated ovules here, comparable to ucn-1,
suggesting that UCN is not only needed for ovule development but further that it is needed
in the right concentration. However, the multiple carpels could be explained by the
misexpression of UCN in the floral meristem. Although floral meristems were not explicitly
checked, unpublished data of Jan Lohmann (personal communication) indicate a WUS
binding site in the 3’ end of UCN used to repress its expression. This would also repress UCN
in floral meristems where WUS is also active. The explanation is further supported by the
missing expression of UCN in the SAM. However, a bigger floral meristem would explain the
phenotype of multiple fused carpels and also coincides with the mapping of the CLV1 region
(unpublished data, Jin Gao), a protein involved in SAM size determination, to rescue ucn-1
and therefore suggesting a relationship between these two proteins. Taken together, these
results suggest a role for UCN in SAM size determination. Further experiments are needed
to verify this hypothesis and also to answer the question if this role is restricted to floral

meristems or if UCN also plays a role in the SAM or even the root meristem.
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In conclusion, the results | gained broaden the view that we had from the role of
UCN in the different plant organs. In addition to integument development, UCN likely
contributes to in embryo sac development. | was further able to demonstrate that UCN is
involved in processes of multiple other plant organs and therefore plays a more prominent
role than thought. The phenotypes described in my comparable analysis between ucn-1 and
ucn-2 and the phenotypes | gained from the gain-of-function of UCN in combination with
the expression pattern points to a role in cell division. Moreover, | demonstrate that
ectopically expressed UCN likely interferes with cell maturation. | also presented evidence
that the different phenotypes of the two mutant alleles of ucn largely depend on
background. Moreover, | propose a possible role for UCN in meristem size determination at

least for the floral meristem.

4.2 The ucn-1 allele displays a dominant negative behavior

In a diploid organism like Arabidopsis thaliana genes are usually available in two
copies or alleles, one inherited from the maternal and one from the paternal side.
Therefore, if one allele is defect, the other one is usually able to buffer the putative effect.
Thus, the non-functional allele has no impact on the plant. In addition to these recessive
mutations, dominant mutations are also observed. These are mutations where one defect
allele already matters. There are multiple explanations for a dominant mutation. One
explanation is haplo-insufficiency, a situation where both alleles are needed for proper
function of the affected process. Another one is genetic imprinting [109, 110]. Here, the
maternal or paternal allele is silenced and therefore, a mutation in the active allele cannot
be buffered any more. A third explanation is a dominant-negative behavior of the affected

allele which “poisons” the processes it is involved in.

The ucn-1 mutant was formerly described as a recessive mutation [91], but the
results | received in this work are questioning that statement. All features observed for
homozygous ucn-1 plants were still observed in a weaker manner for heterozygous ucn-1
plants. These observations exclude a completely recessive behavior for ucn-1, although
there might be exceptions like the flower that displayed no phenotype any more in the
heterozygous ucn-1 mutant. Anyway, due to the independence of the different features of
the crossing direction, | was already able to exclude a genetic imprinting effect. Otherwise |
would have gained different results for the two heterozygous mutants depending on the

crossing direction. To exclude a haplo-insufficiency | used an ucn-1 gain-of-function
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approach. In case of a haplo-insufficiency, the resulting lines should not show any effect.
However, since the overexpression of ucn-1 does show an effect in Ler as well as in Col-0,
the only conclusion possible is a “poisoning” of the system by ucn-1 and therefore a

dominant-negative role.

A dominant-negative behavior would also be observed when ucn-1 would be a
neomorphic or hypermorphic protein. A neomorphic mutation causes the mutated protein
to do reactions which would not be performed by the wild-type protein. Such a mutation
would therefore be dominant. Also a hypermorphic mutation, which causes a protein to
over-activate its targets, would be dominant. Both of these possibilities needed to be
excluded, since they would interfere with the reverse-genetics approach to investigate the
function of UCN. | was able to exclude a neomorphic behavior because Llox is a weaker
phenocopy of LUox. This evidences that ucn-1 causes no additional features that would be
different in Llox compared to LUox. Furthermore, the features observed in L1ox are always

weaker than in LUox. Therefore, a hypermorphic behavior can also be excluded.

If ucn-2 also represents a dominant-negative allele could not be answered. A gain-
of-function approach with the truncated ucn-2 gene was not performed. The weak
phenotype of ucn-2 probably also makes it difficult to gain clear results for answering that
question. However, one approach that was not performed in this work is to grow
heterozygous ucn-2 plants under short day conditions. Here, | was able to demonstrate that
also ucn-2 grows protrusions on its integuments. Therefore, it is possible that heterozygous
ucn-2 plants also display smaller protrusions like heterozygous ucn-1 plants do under LD
conditions. However, this would still not answer the question if ucn-2 shows a dominant-

negative behavior but only if ucn-2 is also a dominant allele.

In addition to the recessive behavior of ucn-1 regarding flower shape, the ovules
seem to suffer from a haplo-insufficiency. | observed no protrusions for L1ox and therefore,
ucn-1 does not behave dominant-negative. On the other hand, | observed protrusions on F,
ovules from the crossing of ucn-1 with Ler. The integuments of these ovules have a hetero-
zygous ucn-1 genome, since the tissue is delivered completely from the F; motherplant.

Therefore, one UCN allele is not enough to determine the right cell division plane.

In conclusion, | present evidence that the ucn-1 allele is not recessive but dominant-
negative. Thereby, | was able to exclude a haplo-insufficiency and further a neo- or

hypermorphic behavior. If this holds also true for the ucn-2 allele needs further analysis.
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Anyway, the dominant-negative behavior is not observed for all plant organs ucn-1 affects.
For the flower phenotype, ucn-1 displays a recessive behavior while the ovule phenotype
displays a haplo-insufficiency. All other plant organs are also affected in Llox or Clox.

Therefore, ucn-1 displays a dominant-negative behavior here.

4.3 UCN s involved in epigenetic modifications

“An epigenetic trait is a stably heritable phenotype resulting from changes in a

chromosome without alterations in the DNA sequence” [111].

The structure of the DNA allows its modification by the methylation of cytosine
which can result in changes of the expression patterns of the affected genes. While in
animals, only cytosine in a CG context can be methylated, in plants also cytosine in CNG
(N = any nucleotide) and CHH (H = A, C, or T) can be methylated [59]. Furthermore, the DNA
is wrapped around histones, protein octamers that show certain sites for posttranslational
modification (methylation, phsphorylation, acetylation, etc.) which also influence gene
expression [71]. Both, DNA as well as histone modifications are inherited to the daughter
cell when cells are dividing [112]. Furthermore, DNA modifications are partly inherited
trans-generational, although the mechanism behind this feature is still poorly understood

[68].

In this work evidence is presented that UCN not only influences the plant on a
genetic level but also on an epigenetic level. | demonstrated that the early flowering that
the ucn-1 mutant displays can be inherited to a wild-type plant that segregates out in the F,
generation when a heterozygous F, generation of ucn-1 is self-pollinated (Ler/+ plants). This
demonstrates that the feature of early flowering can be inherited independently of the
ucn-1 allele and therefore epigenetically. Further evidence is presented that this epigenetic
inheritance is not restricted to flowering time but also on plant organs like the pistils of LUox
that are still observed on EFL. The inheritance is therefore not dependent on the
functionality of UCN since the ucn-1 gain-of-function lines also inherit features to their EMO
offspring EFL1 and EFC1, although in a weaker manner. This might suggest that here, the
concentration of UCN plays a more prominent role than the functionality. Also the physical
interaction with ATXR7 which | demonstrated in this work, further supports the theory of

the involvement of UCN into epigenetics, since ATXR7 is a known chromatin modifier [74].
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Vast epigenetic reprogramming is known from mutants such as ddm1 [113] or met1
[61, 114] where the whole DNA suffers from hypo-methylation. These mutants both show
abnormal development and demonstrate the importance of DNA methylation for
development. For the UCN mutants | excluded a vast epigenetic reprogramming like in
ddm1 and metl. If this would be the case, the phenotype of the EMO lines would be
instable comparable to ddm1 and metl1 [115, 116]. However, there is one restriction that
has to be made for the gain-of-function lines. In all these cases, UCN is ectopically over-
expressed. Therefore, this trans-generational effect could be the result of a chromatin
modification in a tissue UCN would otherwise not be expressed. However, this restriction is
challenged by the putative role of UCN in ovule development. This could indicate that UCN is
also active in the reprogramming of the epigenome and therefore that it should not
interfere with the process since it would be expressed anyway. Anyway, the process of
epigenetic reprogramming is still objective of ongoing investigations [67, 117] as is the role
of UCN in early embryogenesis. Therefore, the exclusion of a trans-generational inheritance

by misexpression of UCN needs further analysis.

In conclusion, | was able to demonstrate an involvement of UCN into epigenetic
modification and maybe trans-generational inheritance. Besides the flowering time that is
affected in Ler/+ plants segregating out from an F, generation of heterozygous ucn-1
mutants, | demonstrated that also the gain-of-function inherits features to its EMO
offspring. This effect depends rather on high UCN levels than on a functional UCN protein,
since the ucn-1 gain-of-function lines also show this effect. The inheritance of the features
suggests an involvement of UCN in DNA methylation but the physical interaction and the

sharing of some pathways with ATXR7 also points to a role in histone modification.

4.4 UCN and ATXR7 share pathways

ATXR7 is a histone methyl transferase that methylates lysine 4 and putatively lysine
36 of histone H3 [74, 75]. One known target gene of ATXR7 is FLC, more precisely the region
around the ATG, although atxr7-1 displays histone modifications throughout the entire locus
[75]. The atxr7-1 loss-of-function mutant displays rapid flowering [74], although this cannot
be explained with the loss of enhancement of FLC expression since flc-3, a loss of function
mutant of FLC displays no rapid flowering [104]. Anyway, there are multiple genes in atxr7-1

that are affected in their expression [74] and the combination of the misexpression of
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multiple genes involved in flowering time determination most likely causes the rapid

flowering.

In this work, | phenotypically characterized atxr7-1 focussing on plant organs rather
than on flowering time. | was able to show that the seeds of atxr7-1 are also bigger than
wild-type seeds. Furthermore, | demonstrated that a double loss-of-function line atxr7-1
ucn-2 does not further increase seed size. If two proteins act in two different pathways
influencing the same plant organ in the same way, a double mutant then usually adds up,
enhancing the feature the two proteins influence. Therefore, regarding seed size
determination it is very likely that UCN and ATXR7 act in the same pathway. Also the other
features described for the single loss-of-function lines never add up or show an enhanced
phenotype in the double loss-of-function line. This promotes the theory that UCN and
ATXR7 do not act independent from each other. Furthermore, it suggests that at least in

some processes, ATXR7 and UCN act in the same pathways.

Presently, only the loss-of-function of ATXR7 was investigated. In this work, | also
used a gain-of-function approach to further investigate the function of ATXR7. | found
evidence that the gain-of-function of ATXR7 is able to neutralize the gain-of-function of
UCN. This is not only true for CAUox, but also for LAUox where the overexpression of ATXR7
rescues the very striking phenotype of LUox. LAUox lines still show a flowering time
deregulation, but this phenomenon was also observed on other T, lines. The reason is not a
flowering time deregulation but the growing in bulks and the subsequent selection. In later
generations, where plants are brought out as single seeds, this deregulation is likely not
observed any more. Therefore, it can be expected that also the early flowering of LUox is
rescued by the overexpression of ATXR7. However, this behavior further evidences that UCN
and ATXR7 are involved in the same pathways. In addition, it suggests that ATXR7 acts
epistatic to UCN.

Other lines | generated further support this idea. Phenotypically | demonstrated that
UCN is not able to delay flowering without ATXR7, as shown with aUox. This also holds true
regarding root length, where the loss-of-function of ATXR7 rescues the dramatic decrease in
root length CUox shows. Interestingly, regarding seed size, the smaller seeds of CUox are
not rescued in atxr7-1. One reason might be that UCN is ectopically overexpressed and
therefore acts in cell lines it usually not expressed or in a much smaller amount. Another
explanation is that UCN is able to influence seed size from the endosperm and the

integuments and that ATXR7 influences seed size from only one of these tissues. This would
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also explain the discrepancy between the seed size of the double loss-of-function mutants
and the single mutants. However, the rescue of the features displayed in LUox and CUox by

ATXR7 overexpression further evidences the epistasis of ATXR7 over UCN.

More evidence is presented with the ATXR7 gain-of-function lines in ucn-1 and ucn-2
background. One reason for the phenotypes of UCN gain-of-function lines is that ATXR7 is
titrated out by the high protein levels of UCN. With the parallel overexpression of ATXR7,
the protein concentrations are again in a homeostatic condition as in a wild-type plant
resulting in the rescue of the phenotype created by the UCN gain-of-function. This is further
supported by the partial rescue of the ucn-1 phenotype. Although | demonstrated that the
ucn-1 product also putatively interacts with ATXR7, this interaction might be weaker.
Therefore, the wild-type concentration of ATXR7 is not able to counteract ucn-1. If ATXR7 is
overexpressed, the higher concentrations titrate out the ucn-1 levels and therefore prevent
the ucn-1 protein from causing a severe phenotype. Therefore, it adds up to the evidence
that ATXR7 is epistatic to UCN and that both proteins act in the same pathways. Some other
features are not rescued. Here, ATXR7 might simply not be involved in these processes and
therefore not able to rescue the feature by repressing UCN. Another explanation could be
that a different protein prevents the interaction in these organs and therefore the feature
cannot be rescued. In both hybrid loss- and gain-of-function lines 1Aox and 2Aox, the plants
start flowering earlier than the wild-types. This depends most likely on a special relationship

between ATXR7 and UCN in determining flowering time and will be discussed later.

Using qRT-PCR, | was further able to demonstrate that there is no direct effect on
transcriptional level, neither of UCN on ATXR7 nor of ATXR7 on UCN, since no deregulation
of the genes is found in the gain-of-function lines of UCN or ATXR7. Anyway, the expression
of ATXR7 in ucn-2 is higher than in the wild-type, while the expression of UCN decreases
mildly in atxr7-1. This demonstrates an indirect effect of ATXR7 on UCN and vice versa. The

result therefore further supports a connection between these two genes.

Summarized, the results | present show clear evidence for the relationship of UCN
and ATXR7. | demonstrated that it is possible that both proteins physically interact. | further
present evidence that UCN and ATXR7 act in the same pathways and that, at least in most
cases, ATXR7 acts epistatic to UCN. Furthermore, | was able to exclude a direct mutual

influence on transcriptional level, although | found an indirect one.
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4.5 UCN isinvolved in flowering time regulation

Flowering time regulation is a very complex process influenced by intrinsic as well as
extrinsic signals [39]. Deregulation of genes involved in pathways that regulate flowering
time is usually coupled with a delay or an acceleration of flowering in LD and/or in SD. One
very potent flowering repressor is FLOWERING LOCUS C (FLC) [104, 118]. Amongst others,
the expression of FLC is regulated by ATXR7 which modulates H3K4 and H3K36 methylation
to enhance the expression of FLC [74, 75]. It is also known that FLC represses FLOWERING
LOCUS T (FT), a very potent floral integrator that is expressed in the vascular tissue of the
leaves [34, 119]. Because of the deregulation of the determination of flowering time in the
UCN gain-of-function lines and also ucn-1 and furthermore the possible interaction of ATXR7
and UCN, it is possible that UCN plays a role in determining flowering time. Using the gain-
and loss-of-function lines | generated in this work, combined with an analysis of the
expression levels of FLC and FT, | further investigated that possibility. Thereby, | focused on
Col-0 background since FLC is disrupted in Ler [104] and therefore, the pathways | want to

examine might not be available in that background.

The fact that | found no flowering time deregulation for ucn-2 does not exclude its
contribution to flowering time determination. Even flc-3, a FLC loss-of-function line does not
show early flowering under LD conditions, although it does show slightly early flowering in
SD conditions [105]. Another example for a mutant involved in flowering time determination
that only shows a flowering phenotype in a gain-of-function line is JMJ15 [106]. Further-
more, there are multiple environmental conditions that were not investigated in this study,
like ambient temperature, heat stress, etc. Therefore, the wild-type flowering of ucn-2 does

not exclude a role for UCN in flowering time determination.

The putative interaction of UCN and ATXR7, a protein that is clearly associated with
flowering time determination, and the involvement of these proteins in the same pathways,
as shown above, support a role for UCN in flowering time determination. Furthermore, the
influence on flowering time of CUox is not possible in an atxr7-1 background, suggesting that
the flowering time delay of UCN is dependent on ATXR7. In addition, the gain-of-function of
ATXR7 eliminates the later flowering of CUox, too. To understand this result one has to take a
look on the results gained for the gain-of-function of ATXR7 in wild-type background. Usually,
in an ATXR7 gain-of-function line, a further enhancement or at least a stable expression of FLC
would be expected, since ATXR7 enhances FLC expression. Surprisingly, the FLC expression

decreases in CAox. In parallel, the FT expression strongly increases. The reason for this
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increase cannot be exclusively the decrease of FLC, which represses FT expression. Compared
to atxr7-1, the FT expression is much higher although the FLC expression decreases weaker.
Therefore, the FT expression in CAox is enhanced. This supports the idea that ATXR7 is also
necessary to promote FT expression [76]. Therefore it seems that UCN is repressing ATXR7
from activating flowering. This explanation is supported by the wild-type expression of FLC
and FT in CAUox. The early flowering of 2Aox further confirms this statement. The
overexpression of ATXR7 in wild-types activates flowering on genetic level but not that strong
that it is phenotypically visible. Therefore, the wild-type UCN expression seems to be enough
to repress an early flowering phenotype of CAox. Due to the loss-of-function of UCN in 2Aox

this repression is not possible any more resulting in an early flowering.

| found more evidence for the involvement of UCN in flowering time regulation by
checking the expression levels of FLC and FT in the different loss- and gain-of-function lines.
In ucn-2, the FLC expression decreases indicating that FLC is not properly expressed in this
loss-of-function mutant. The double mutant atxr7-1 ucn-2 displayed the same FLC expression
level like atxr7-1. Therefore, regarding flowering time determination, UCN is involved in the
same pathways as ATXR7 and also here, ATXR7 is epistatic to UCN since ucn-2 displays a
higher FLC expression level than atxr7-1. Since the gain-of-function of UCN did not result in
an increased FLC expression, it suggests that UCN has an indirect effect on FLC expression.
The question why exactly FLC is not properly expressed in ucn-2 remained unanswered. If
ATXR7 would need activation by UCN to enhance FLC expression, CAUox would show an
enhanced late flowering phenotype. Since UCN seems to be somehow involved in DNA
methylation which is used for tagging histones as targets, the region of the FLC locus where
ATXR7 is active was checked via bisulfite sequencing, but the methylation pattern showed no
difference to the wild-type (data not shown). Therefore, UCN is not involved in the recruiting
of ATXR7 either. Maybe UCN deactivates another protein that blocks ATXR7 from
methylating its targets in that region. However, | was not able to completely explain the

missing expression of FLC in ucn-2 and the phenomenon needs further investigation.

Surprisingly, FT expression was not increased in ucn-2, although the expression of its
repressor FLC decreased. Furthermore, in CUox the FT expression decreases. This suggests
that UCN has an effect on FT expression although, according to the flowering time of aUox,
this repression is not possible without ATXR7. Anyway, the repression of FT coincides with
the late flowering phenotype of CUox. The expression pattern of UCN in the leaf also
overlaps with the FT expression pattern in the vascular tissue of the leaves. Again, it is not

exactly clear how the repression happens. Since ATXR7 is also discussed as an activator of FT
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[76] UCN might be able to block that activation. The results suggest that UCN delays

flowering in Col-0 by repressing FT and supporting FLC expression.

The trans-generational inheritance of the flowering time was not investigated in
detail. Nevertheless, | was able to demonstrate that FLC as well as FT are deregulated in EFC.
The reason why FLC expression is not increased in CUox could be that UCN epigenetically
programs FLC to more expression. Due to the high expression of UCN, an antagonist of a
higher FLC expression gets over-activated by the gain-of-function of UCN blocking an
increased FLC expression. If the overexpression decreases as in EFC, the antagonist also
decreases and FLC expression, which is still epigenetically programmed for higher
expression, can therefore increase. However, that explanation needs experimental support
verifying a different methylation pattern somewhere in or around the FLC locus. The
decrease in FT expression could indicate that UCN does not only repress the gene but
further also modifies its DNA methylation pattern. As a consequence FT is repressed also in

EFC. However, the low FT expression explains the later flowering of CUox as well as of EFC.

| demonstrated that when grown under SD conditions, CUox as well as EFC flower
like the wild-type. This suggests that the SD conditions override the late flowering caused by
UCN. It is known that SD conditions activate different pathways for flowering than LD
conditions do, independent of FT [31, 32]. These pathways are likely activating flowering

under SD conditions overriding the repression of FT by UCN.

The observations | made for the possible role of UCN in flowering time deter-
mination also match the observations | made for the spatial expression pattern. UCN
expression was found stronger in young organs where cell division still takes place. With the
maturation of the cells, UCN expression decreased and according to the results | gained for
the gain-of-function lines, it might even be counterproductive. However, the more the cells,
and with them the organs, mature, the less UCN expression is found. This would result in
less FLC activation and less FT repression and therefore, flowering can occur. If this
assumption is correct it would further connect ATXR7, and therefore FLC expression, to
plant age. The observation that UCN expression is rather constant in the vascular tissue
while getting weaker in the surrounding cells suggests an additional player in the repression
of FT. FT is expressed in the vascular tissue of the leaves and therefore, the repression by
UCN needs to be neutralized. This could happen by repressing the unknown third player or
by an environmental influence that represses the interaction between UCN and its partner

that is needed for the repression of FT.

98



Discussion

In conclusion, it is very likely that UCN is involved in flowering time determination. |
was able to show that UCN represses flowering over ATXR7 in Col-0. On the one hand it is
needed for the proper expression of FLC and it represses FT expression. These observations
also coincide with the spatial expression pattern that | found, where UCN expression
decreases with the age of the cells and the organs, respectively. The results further suggest
that UCN represses ATXR7 from flowering activation since high ATXR7 levels are
counterproductive for flowering repression, decreasing FLC expression and increasing FT
expression. Furthermore, UCN is involved in processes that epigenetically inherit the

flowering time to the offspring.

Thus, the results point to the following model (see figure 4.5.1): ATXR7 enhances
the expression of FLC as well as of FT. UCN shifts these activations to the benefit of FLC.
Therefore, FLC is not properly expressed in ucn-2. In CUox, the activation of FLC via ATXR7 is
not further possible; therefore, the FLC expression is not further increased. The repression
of the FT activation on the other hand is enhanced and therefore, FT expression decreases.
This results in the late flowering phenotype of CUox. In atxr7-1 UCN is redundant, since the
whole regulation runs over ATXR7. Hence, neither gain- nor loss-of-function of UCN further
influences the flowering time of atxr7-1. In CAox, UCN is titrated out. Why this happens to
the benefit of FT activation instead of FLC activation is unknown. It is possible that other
factors that activate FLC and further repress FT activation are missing in Col-0 background.
However, the gain-of-function of ATXR7 activates FT and decreases FLC expression. In
CAUox, this is reset by the high levels of UCN that now can again control the high levels of
ATXR7: the wild-type situation is re-established.

ATR7

FLC FT

UCN

Figure 4.5.1: Model for the contribution of UCN to flowering time determination.
The model is based on the assumption that FLC and FT is activated by ATXR7. UCN promotes the activation of FLC
while it represses the activation of FT.
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Conclusion

In this work, the role of UCN in the involvement of different processes of the plant
organs and, in more detail, its role in flowering time regulation of Arabidopsis thaliana was
investigated. | was able to demonstrate that UCN is expressed ubiquitously in all plant
organs. Further, the expression is found predominantly in the parts where cell division takes
place, for example in the elongation zone of the root or young, developing leaves.
Elsewhere the expression decreases but never disappears completely. Also, parts of the
meristems, SAM as well as root meristem are left out. This expression pattern coincides with
the observation that in the loss-of-function mutants, multiple plant organs are affected. It is
therefore likely, that UCN is needed not only for proper ovule and flower development,
which was further verified in this work, but also in processes of other plant organs. | further
show that seed size is not only maternally influenced by UCN but also paternally. Thereby,

the results suggest that the maternal behavior dominates over the paternal.

With a gain-of-function approach | demonstrated that the ectopic expression also
affects almost all plant organs. Therefore, the regulation and repression is most likely
necessary for proper cell maturation. The gain-of-function of UCN also affects Ler much
more than Col-0. This coincides with the observation that ucn-1 displays more and more
severe features than ucn-2 and that the reason for that is most likely the different ecotypes
and not the different ucn alleles. However, the results and observations | gained suggest a
role for UCN in cell division. This also covers former results that cell cycle genes are

deregulated in ucn-1.

Using an ucn-1 gain-of-function approach, | was also able to demonstrate that ucn-1
is a dominant-negative allele. Not only do heterozygous ucn-1 plants still show a phenotype,
the ucn-1 gain-of-function also affects many plant organs. Thereby, | excluded neomorphic
or hypermorphic behavior. In addition, the dominant-negative behavior does not affect
flowers, where UCN behaves recessive or ovules, where the observations suggest a haplo-

insufficiency.

It was further demonstrated that UCN plays a role in epigenetics. Due to the
inheritance of several features to siblings that do not carry mutated alleles anymore, it
could be shown that UCN contributes to an epigenetic memory, especially for flowering

time. These results were additionally supported by the transcriptional level of some genes
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associated with flowering time regulation which were deregulated in gain-of-function lines

and whose transcription was resembled by the corresponding EMO lines.

In yeast and in protoplasts, evidence was found for a physical interaction of UCN
with ATXR7, a known enhancer of FLC expression. The ATXR7-UCN dependency was
additionally demonstrated by crossing ucn-2 with atxr7-1 and parallel overexpression of
ATXR7 and UCN. These lines verify that UCN and ATXR7 act in the same pathway, but
furthermore, that UCN depends on ATXR7 for flowering time repression in Col-0 and that
ATXR7 is epistatic to UCN. The deregulated flowering time displayed by the gain-of-function
of UCN in Col-0 was investigated in more detail, since ATXR7 is a known enhancer of FLC. |
presented evidence that UCN has a role in the expression of FLC and the repression of FT.
With gain-of-function lines | was further able to demonstrate that a too high ATXR7 level is
counterproductive for flowering repression. Therefore, | concluded that UCN represses

ATXR7 from flowering activation.
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Figure S1: Expression of ATXR7 in ATXR7 overexpression lines
Expression of AXTR7 in (A) CAox, (B) 2Aox, (C) CAUox, (D) LAox, (E) 1Aox, and (F) LAUox. Expression levels were

checked with gRT-PCR. Figure shows expression level of three working lines compared to a biological triplicate of
the corresponding wild-type expression.
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Figure S2: Expression of UCN and ucn-1 in UCN and ucn-1 overexpression lines (Ler background) incl. EMO

offspring

Expression of UCN/ucn-1 in (A) LUox, (B) EFL, (C) L1ox, and (D) EFL1. Expression levels were checked with sqRT-
PCR. Figure shows expression level of three working lines compared to a biological triplicate of the correspon-

ding wild-type expression.
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Figure S3: Expression of UCN and ucn-1 in UCN and ucn-1 overexpression lines (Col-0 background) incl. EMO
offspring

Expression of UCN/ucn-1 in (A) CUox, (B) EFC, (C) Clox, and (D) EFC1. Expression levels were checked with sqRT-
PCR. Figure shows expression level of three working lines compared to a biological triplicate of the corres-
ponding wild-type expression.
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Figure S4: Expression of UCN in double overexpression lines.

Expression of UCN in (A) CAUox and (B) LAUox. Expression levels were checked with sqRT-PCR. Figure shows
expression level of three working lines compared to a biological triplicate of the corresponding wild-type
expression.

Table S1: Abbrevations used in the Y2H assay.
AD-plasmids were numbered with A, BD-plasmids were numbered with B. For combinations tested see table S2.

ATXR7 fragments are given in numbers of basepairs.

AD Insert BD Insert

Al empty B1 empty

A2 UCN B2 UCN

A3 ucn-1 B3 ucn-1

A4 ATXR7 (1-999) B4 ATXR7 (1-999)
A5 ATXR7 (501 — 1500) B5 ATXR7 (501 — 1500)
A6 ATXR7 (999 — 1998) B6 ATXR7 (999 — 1998)
A7 ATXR7 (1500 — 2499) B7 ATXR7 (1500 — 2499)
A8 ATXR7 (1998 — 2997) B8 ATXR7 (1998 — 2997)
A9 ATXR7 (2499 — 3498) B9 ATXR7 (2499 — 3498)
A10 | ATXR7 (2997 —3996) B10 ATXR7 (2997 —3996)
A1l | ATXR7 (3498 —4167) B11 ATXR7 (3498 — 4167)
Al12 PDK1.2 B12 PDK1.2

Al13 ATXR7 B13 AXTR7
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Table S2: Combinations tested in the Y2H assay.
For abbrevations see table S1. Red boxes were not tested.

root

sten

leaf

whole plant

apex

flowers

seeds

BD/AD Al A2 A3 A4 | A5 A6 A7 A8 A9 A10 All Al12 Al13
Bl 1 2 3 4 5 6 7 8 9 10 11 12 13
B2 14 15 16 17 18 19 20 21 22 23 24 25 26
B3 27 28 29 38 39
B4 40 41 42 43 44
B5 45 46 47 48 49
B6 50 51 52 53 54
B7 55 56 57 58 59
B8 60 61 62 63 64
B9 65 66 67 68 69
B10 70 71 72 73 74
B11 75 76 77 78 79
B12 80 81 82 91 92
B13 93 94 95 96 97 98 99 100 101 102 103 104 105
1e+06 T T T T T T
AtGenExpress Atlg51178 =-=-> 265144_at ——
180088 7
10888 7
o
-
3
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Figure S5: Expression pattern of UCN from [120].
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Table S3: Summary of the characteristics of all lines phenotyped in this work.

Charac- ucn-1 | ucn-2 | atxr7-1 | atxr7-1 | LUox EFL Llox EFL1 CUox EFC Clox EFC1 LAox 1Aox CAox 2A0x aUox | CAUox | LAUox
teristic ucn-2
Seed size 82% 123% 135% 119% 105% wild- 89% wild- 85% wild- 116% wild- wild- 97% 126% 87% 87% wild- no
type type type type type type data

Germina- 72% wild- wild- wild- wild- type wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- no
tion rate type type type type type type type type type type type type type type type type data
Root 56% 87% wild- 92% 53% 43% 61% 83% 47% 91% 92% 82% 83% 87% wild- wild- wild- wild- no
length type type type type type data
FT (LD) 75% wild- 71% 70% 55% 61% 88% 90% 124% 115% 113% 109% wild- 75% wild- 81% 63% wild- 123%

type type type type
FT (SD) 77% wild- 84% 82% 66% 67% 87% 90% wild- wild- wild- wild- wild- 82% wild- no no wild- no

type type type type type type type data data type data
Overall wild- wild- wild- wild- compr | compr | wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild-
plant type type type type essed | essed type type type type type type type type type type type type type
stature
Rosette wild- wild- wild- wild- | round- | round- | wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild-
leaves type type type type ish ish- type type type type type type type type type type type type type

lanceo-
latic
Flower affect- | wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- slightly wild- wild- wild- wild- wild-
shape ed type type type type type type type type type type type type | affected | type type type type type
Silique 85% 96% wild- 93% wild- wild- wild- | 105% 97% wild- wild- wild- 105% 87% wild- 97% wild- wild- no
length type type type type type type type type type type data
Silique wild- wild- wild- wild- >2 >2 wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild-
shape type type type type fused fused type type type type type type type type type type type type type
carpels | carpels
Ovule yes no no no yes yes no no no no no no no wild- wild- wild- wild- wild- wild-
degene- type type type type type type
ration
Ovule protru | wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- wild- protru- wild- wild- wild- wild- wild-
shape sions type type type type type type type type type type type type sions type type type type type
(bigger?)
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