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CHAPTER 1: INTRODUCTION

Several genetic and/or environmental factors such as air, temperature, humidity can have
harmful effect on fruit- and seed-set in seed plants. To minimize the harmful effect of these
factors, it is important to get more information on the underlying genetics and physiology of
pollen biology, including pollen viability and the regulation of pollen germination and tube
growth, which is required to increase the safety of crop productivity (Abdelgadir, Johnson, and
Staden 2012). In this thesis, two different experimental approaches were described to better
understand the role of polyamines and plant-specific kinases (RLCK VI_A), respectively, on

pollen tube germination and growth in Nicotiana tabacum.

1.1 Polyamines (PAs)
Polyamines (PAs) are small polycationic organic molecules, containing amino groups, present

in cytosol and organelles. The PAs are naturally occurring in the cell as free and bound form
and their polycationic nature is due to the spatial distribution of total charge. PAs play an
important role in cell growth including pollen tube development in several species (Aloisi , et
al. 2016; Pegg and Casero 2011).

Polyamines are synthesized from the amino acids, namely from arginine, ornithine and
methionine. Arginine is converted to ornithine by the mitochondrial enzyme arginase.
Ornithine decarboxylase decarboxylate ornithine to produce putrescine (Put). Decarboxylated
S-adenosyl-L-methionine is then used to add an aminopropyl group to putrescine by
spermidine synthase to produce spermidine (Spd), or to spermidine to produce spermine (Spm)

by spermine synthase.

PAs are catabolized by two classes of amine oxidases (AOs) such as polyamine oxidases
(PAOs) and diamine oxidases (DAOs) (Moschou and Roubelakis-angelakis 2013). The
copper-containing diamine oxidases (DAOs) oxidize putrescine (Put) yielding hydrogen
peroxide (H202) and amino aldehydes. The apoplastic flavoprotein PAO terminally oxidizes
spermidine (Spd) and spermine (Spm), but not putrescine (Put) yielding Al-pyrroline, 1,3-
diaminopropane (1,3-DAP) and H;O, (Moschou and Roubelakis-angelakis 2013). H20:



regulates Ca®* influx, thereby a high Spd concentration enhances Ca?* influx beyond the
optimal, and thus has a deleterious effect (Wu et al. 2010). On the contrary, different studies
have demonstrated the efficient action of PAs in ROS scavenging (Aloisi,et al. 2015). PAs are
able to reduce oxidative damage that occurs due to drought and water stress. They can enhance
stress tolerance e.g. by elevating de novo synthesis of antioxidant enzymes and reducing lipid
peroxidation (He et al. 2008; Romero 2015).

Exogenous application of PAs into pollen culture strongly affects pollen maturation,
germination, and tube elongation depending on the dose and structure of PAs (Aloisi, et al.
2016; Aloisi, et al. 2015; Singh and Tandon 2012). Despite the number of studies about the
role of PAs in pollen germination and growth, it is still largely unclear by which mechanisms
PAs take part in the regulation of these processes. ROS as well as NO serve as signalling
molecules in plants and affect the control and regulation of many physiological and
developmental processes and cell functions (Gémes et al. 2011). NO plays an important role
in the regulation of tip growth, especially pollen tube growth (Neill et al. 2008; Prado,
Porterfield, and Feijo 2004). Despite the accumulating experimental data about the role of
polyamines, ROS and NO, respectively, in pollen germination and growth we have limited

information about the interconnection of these compounds in these processes.

The study presented in the first half of this thesis focuses on investigations related to the effect
of exogenous polyamines on tobacco pollen germination and growth through their influence
on ROS and NO production.



1.2 Receptor Like Cytosolic Kinases (RLCKSs)
Plants have a unique family of small GTPases, which termed as Rho-of-plants (ROPs). ROP

GTPases are members of the RAS superfamily of small GTP-binding proteins, which function
as two-state molecular switches depending on their confirmation such as GDP-bound (inactive
form) or GTP-bound (active form) (Jurca 2011; Lundquist 2006; Wennerberg, Rossman, and
Der 2005). The ROP GTPases have many effector and regulator partners including potential
ROP effector kinases, which belong to the large family of plant receptor-like kinases (RLK)
(Dorjgotov et al. 2009; Jurca et al 2008).

RLK family members represent around 2.5% of the protein-coding genes in Arabidopsis
thaliana. RLK family divided into three large groups of proteins based on domain
organizations considering an extracellular domain, an intracellular kinase domain, and
transmembrane domain. These are receptor kinases (RLKS), receptor-like proteins (RLPs;
lacking protein kinase domains) and receptor-like cytosolic kinases (RLCKSs; lacking
extracellular receptor domains) (Shiu and Bleecker 2003). Phosphorylation plays a key role in
regulating the activities of receptor complexes (Dua et al. 2016; Kadota, Shirasu, and Zipfel
2015; Kolbert et al. 2015; Liang and Zhou 2018). Among others, RLKs phosphorylate the ROP
guanine nucleotide exchange factors (RopGEFs) and thus activate ROP-dependent signalling
pathways (Fehér and Lajko 2015).

The potential ROP effector kinases belong to the RLCKSs, namely to the class RLCK VI, group
A (RLCK VI_A). The At RLCK VI kinase family has 14 members belonging to two groups
in Arabidopsis (Jurca et al. 2008), the first group is RLCK VI_A (ROP- interacting), having
N-terminal serine-rich domain and the second group RLCK VI_B (ROP - non-interacting)
having N-terminal UspA domain (Kerk et al. 2003). The member of these groups were
designated accordingly such as RLCK VI_A1-A7 and B1-B7 (Jurca et al. 2008).

Several common functions of RLKs and ROPs have been reported including their involvement
in pollen-pistil interaction (Kachroo, Nasrallah, and Nasrallah 2002; Fehér and Lajko 2015;

Liang and Zhou 2018). On the other side, very limited information is available about the



function of receptor-like cytoplasmic kinases including those belonging to the ROP-regulated

RLCK VI_A group and exhibiting strong expression in the pollen.

The antisense oligodeoxynucleotide (AS-ODN) technology is widely used as a genomic tool
for the identification of gene function, since it has been discovered by Zamecnik and
Stephenson in 1978 in Rous sarcoma virus for inhibition of replication and cell transformation.
In plants, the first time AS-ODN was used by Tsutsumi, Kanayama, and Tano in 1992 for the
inhibition of barley alpha-amylase gene. In pollen, the first time AS-ODN was used by Estruch
et al. 1994 for the inhibition of calcium-dependent calmodulin-independent protein kinase in
maize (Zea mays). Later on Moutinho et al. 2001 used AS-ODN for perturbation of protein
function in pollen tube of Agapanthus umbellatus, Ding et al. 2011 used for inhibition of
nucleus and chloroplast encoded proteins of chloroplasts in the higher plant, and Mizuta and
Higashiyama 2014 for inhibition of ANX1 and ANX2 in Arabidopsis pollen tubes.

We decided to use AS-ODN technology for the functional analysis of RLCK VI_A kinase in
Nicotiana tabacum pollen.



CHAPTER 2: SCIENTIFIC BACKGROUND

2.1 Pollen germination and tube elongation
The pollen grain is released as a fine/coarse powdery substance from the anther in a dehydrated

state. In this dehydrated state, pollens are transported over long distances to reach the female
apparatus (Lin and Dickinson 1984; Moscatelli and Cresti 1992) called stigma, either by direct
contact or mediated by various agents like insects, birds, animals, wind, etc.

The pollen tube is commonly used as a model system to study polar cell growth, which
represents a common process in all eukaryotic kingdoms (Breygina et al. 2016; Rounds and
Bezanilla 2013). When a pollen grain lands on a stigma it needs to undergo adhesion, hydration
(Dresselhaus and Franklin-tong 2013; Kessler and Grossniklaus 2011), pollen germination and
pollen tube formation. Pollen tube formation occurs when the pollen grain interacts with a
receptive stigma (Chebli and Geitmann 2014). Many genes are involved in this process (Caser
2018; Maruyama et al. 2014).

Several internal factors regulate pollen tube growth such as uptake of calcium ion, turgor
pressure, the plasticity of the apical cell wall, and the transport and fusion of Golgi vesicles
(Moscatelli and Cresti 1992; Pierson et al. 1995). The growth of the pollen tube in angiosperms
depends on the actin cytoskeleton and the actin-binding proteins get regulated by lipid
metabolites and ionic conditions (Ren and Xiang 2007), whereas the pollen tube growth of
gymnosperm depend on actin and microtubule interactions (Anderhag, Hepler, and Lazzaro
2000; Cheung et al. 2008).

The synergid cell produce chemical gradients (Cheung, Wang, and Wu 1995; Dresselhaus and
Franklin-tong 2013; Selinski and Scheibe 2014). The chemical gradients act as signal
molecules to attract the pollen tubes. The pollen tube grows through the style and reaches the
embryo sac (Ay, Kuroiwa, and Kuroiwa 2003; J. Derksen et al. 1995). The pollen tube rupture
is mediated by three receptor kinases that are FERONIA (FER) in synergid cells and ANXURE
1 and 2 (ANX1 and ANX2) in pollen tube through programmed cell death (PCD) of the
receptive synergid cell due to exaggerated Ca?* responses. The ruptured pollen tube releases

two sperm cells; one of them fertilizes the egg cell to produce an embryo, while the other fuses
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with the central cell to produce endosperm (Chai et al. 2015; Higashiyama and Takeuchi 2015;
Peng and Sun 2017).

2.2 Pollen Wall and Pectin
Pectin, the most complex class of wall polysaccharides, is the major component of the cell wall

at the pollen tube tip (Chen, Linskens, and Cresti 1994; Fry 1986; Knox et al. 1990) It has a
key role in determining cell wall mechanics. The removal of pectin by pectinase treatment
leads to depolarized growth of pollen tubes (Fayant et al. 2010; Yan 2010). During tip growth,
the newly synthesized soft pectin esters get exocytosed into the pollen tube apex cell wall with
the help of pectin methylesterase (PME). The soft pectin esters get converted into the rigid de-
esterized pectin. Reduced activity of PME leads to the bursting of pollen tube but the
overexpression of PME suppresses pollen tube growth; this indicates the important role of

pectin ester level on the strength of the cell wall (Bosch 2005; Yan 2010).

2.3 The cytoskeleton
The plant cell cytoskeleton consists mainly of microtubules (MT) and actin microfilaments

(MF) (Derksen et al. 1995). Actin MFs accumulate in the apical region of the growing pollen
tube where it is involved in the transport of secretory vesicles which is essential for cell
elongation (Taylor and Hepler 1997; Yen, Liu, and Cai 1995). However, to allow vesicle fusion
with the apical plasma membrane, the actin filaments must be depolymerized resulting in an
actin free clear zone at the very tip. There are three major arrays of MTs present in the pollen
tube but only the cortical MTs in the vegetative cell cytoplasm participate in pollen tube growth
(Ylstrs et al. 1994). The application of anti-MT agents in growing pollen tubes indicates that
microtubules (MTSs) are responsible for creating/maintaining cytoplasmic zonation (Astrom,
Sorri, and Raudaskoski 1995; Taylor and Hepler 1997)

2.4 Calcium lIons
The role of Caz" ion in tip-growth was identified by (Picton and Steer 1982). Ca," along with

other inorganic ions such as potassium, protons, and chloride also participate in pollen

germination (Breygina et al. 2012; Hepler et al. 2006; Holdaway-Clarke and Hepler 2003),



The Caz" enters into the pollen tube via calcium channels at the apical PM (Malho et al. 1995;
Yan 2010). A Ca?" gradient at the tip is essential for pollen tube elongation (Hepler, Vidali,
and Cheung 2001), and reorientation (Guan et al. 2013; Steinhorst and Kudla 2012). Removal
of tip-focused calcium gradient leads to growth arrest (Holdaway-Clarke, Feijo, Hackett,
Kunkel, et al. 1997; Pierson et al. 1996). Ca," ions regulate the cytoskeleton, secretion of cell
wall components (Brewbaker and Kwack 1963; Hepler et al. 2006), and vesicle transport
(Hepler et al. 2012). The application of either Ca?* channel blockers or Ca?* ionophores inhibit
the pollen tube growth, indicating a link between cytosolic Ca?*concentration and pollen tube
elongation (Guan et al. 2013; Picton and Steer 1983).

In addition to Ca?*, pollen tube growth is also regulated by pH (Fricker, White, and Obermeyer
1997; Hepler and Mckenna 2006). Ca?* causes stiffness of the unesterified pectin, whereas, a

high concentration of H* showed loosening effect (Steinhorst and Kudla 2012).

2.5 ROS in pollen tube growth
ROS has dual functions depending on the available concentrations in the cell. ROS at low

concentrations act as secondary messengers; regulate numerous physiological and
developmental processes in plants, such as cell expansion, polar growth, flower development,
regulation of the stomatal aperture, stress responses (Alvarez et al. 1998; Coelho et al. 2002;
Gémes et al. 2016, 2017; Moschou and Delis 2008), pollen tube development (Sirovaa et al.
2011), as well as pathogen defence (Miller et al. 2010; Mittler 2002; Sagor et al. 2016).
However, above the threshold levels, ROS act as a toxic molecule via causing damage to the
biomolecules such as proteins and nucleic acids through lipid peroxidation and oxidative

modification (Turpaev 2002). The various sources of ROS are given in the table 1.

Ca?" activates production of ROS by RbohH and RbohJ plasma membrane NADPH-oxidases
in Arabidopsis. ROS is essential for proper polar growth of pollen tube tip (H. Kaya et al.
2014). ROS get accumulated in the growing tip of pollen tubes. Use of ROS scavengers caused
reduction in ROS levels and inhibited pollen tube growth (Kaya et al. 2014; Potocky et al.
2007). In addition to ROS, NO also serves as signalling molecule in the growth and
reorientation of pollen tubes (Prado et al. 2004; Pradoa et al. 2008). It was also shown to inhibit
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pollen germination and pollen tube growth in response to UV-B light in Paulownia tomentosa

(He et al. 2007).

Table 1: The sources of Reactive Oxygen Species (ROS)

(Superoxide

ROS Sources of ROS Localization References
102 Excited chlorophyll Chloroplast (Liszkay, Fufezan, and Trebst
(Singlet 2008; Triantaphylidés and
Oxygen) Havaux 2009)
Photosynthesis ETS | Chloroplast (Asada 1999)
and PSl or Il
Respiration ETS Mitochondria (J. Dat, S. Vandenabeele, E.
O Vranova’, M. Van Montagu

2000)

and NADH

anions) NADPH oxidase Plasma (Grant and Loake 2000;
membrane Hammond-Kosack and Jones
1996)
Xanthine oxidase Peroxisome (Corpas, Barroso, and Del Rio
2001)
Peroxidases, Mn?* Cell wall (Grant and Loake 2000;
and NADH Hammond-Kosack and Jones
1996)
OH~ Peroxidase Cell wall (Cona et al. 2006; Liszkay et al.
(Hydroxyl compound 111 2008)
radical) (FesCO?)
Glycolate oxidase Peroxisome (Corpas et al. 2001)
Fatty acid B- Peroxisome (Corpas et al. 2001)
oxidation
H202 Oxalate oxidase Apoplast (J. Dat, S. Vandenabeele, E.
(Hydrogen Vranova’, M. Van Montagu
peroxide) 2000)
Peroxidases, Mn?* Cell wall (Grant and Loake 2000;

Hammond-Kosack and Jones
1996)

Amine oxidase

Apoplast

(Allan 1997; Mittler 2002a)




2.6 Exocytosis/Endocytosis in pollen tubes
The actin cytoskeleton dynamics is important for exocytosis and cell growth in pollen tube

(Kost, Spielhofer, and Chua 1998; Yan 2010). The pollen germination and tube elongation
depend on exocytosis of Golgi-derived secretory vesicles in the apical zone of the pollen tube
(Lord and Sandders 1992). The exocytosis taking place at the apex of the pollen tube serves to
deliver the materials for the new cell wall and plasma membrane to support tip growth (Hepler
et al. 2001). Mutants of exocytosis complex subunit genes in Arabidopsis show defects in

pollen germination and pollen tube growth (Hala et al. 2008).

Two different kinds of endocytosis have been reported that is clathrin-independent endocytosis
at the extreme tip of the pollen tube and clathrin-dependent endocytosis at the shoulder region
of the pollen tube apex (Dhonukshe et al. 2007; Guan et al. 2013; Moscatelli et al. 2007). The
endocytosed materials get internalized into an early endosome, after that they are sorted into
different intracellular destinations like in the late endosome for degradation or are recycled
back into the plasma membrane (Helling et al. 2016). Exocytosis is balanced by endocytosis
via the internalization of cell wall materials, plasma membrane, and associated signalling

molecules to maintain pollen tube tip growth (Guan et al. 2013; Hepler et al. 2001).

2.7 Pulsatory and Oscillatory Growth
Cytoplasmic streaming plays a major role in carrying organelles and vesicles to the growing

tip (Graaf et al. 2005; Guan et al. 2013). Pollen tube growth kinetics is characterized by
oscillatory changes in growth rate.

Several cellular parameters fluctuate at the pollen tube tip like the cytoplasmic concentration
of Ca?* and ion fluxes, actin polymerization, the thickness of the apical cell wall and local
enzyme concentrations what suggested that these processes maybe interlinked (Cameron and
Geitmann 2018; Holdaway, et al. 1997). F-actin levels of pollen tubes also oscillate ahead of
growth oscillation, showing a relationship between F-actin polymerization and growth (Kost
et al. 1998; Yan 2010). The ROP1 GTPase plays an essential role in the tip growth of pollen
tubes. It is localized at the tip where its activity oscillates with the same frequency as growth.
This oscillation is due to the coordinated action of two ROP1-regulated pathways: an F-actin
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assembly pathway that is in a similar phase with ROP1 activity and a delayed Ca?* gradient-
forming pathway, respectively. This allows the oscillating delivery and fusion of vesicles to
the plasma membrane since the former requires polymerized, the latter depolymerized actin at
the tip (Cardenas et al. 2008; Hwang et al. 2005)

2.8 ROP GTPases
Plants have a unique family of Rho-type small GTPases, which termed as Rho-of-plants

(ROPs). ROP GTPases are member of the RAS superfamily of small GTP-binding proteins,
which function as two-state molecular switches depending on their confirmation such as GDP-
bound (inactive form) or GTP-bound (active form) (Jurca 2011; Lundquist 2006; Wennerberg
et al. 2005). The cycling of Rho proteins between active and inactive states is dependent on
other regulatory proteins. The GTPase-activating proteins (GAPs) stimulate the intrinsic
GTPase activity and thus increase the ratio of the GDP-bound inactive form. In contrast,
guanine nucleotide exchange factors (GEFs) catalyse the exchange of GDP for GTP to activate
the GTPase. Guanine nucleotide dissociation inhibitors (GDIs) block spontaneous G-protein
activation and control the recycling of the GTPase between the cytosol and the cell membrane
(Berken and Wittinghofer 2008).

The several studies have been done on the functional analysis on the Plant Rho GTPases
(ROPs). The ROPs regulate multiple extracellular signals such as cell growth, development,
cytoskeleton dynamics/reorganization and vesicular trafficking required for polarity
establishment/ maintenance (including pollen tube tip growth), reproduction, and responses to
the environment (Feiguelman et al 2018).Their function is exerted via the spatial and temporal
activation of various downstream effector proteins (Feiguelman et al. 2018). Among these,
RLCK VI_A kinases are the only known potential ROP effector kinases (Dorjgotov et al. 2009;
Lajko et al. 2018), but their link to ROP-mediated signalling pathways could not be

demonstrated yet in planta.

2.9 RLCK VI_A kinases
In Arabidopsis, around a thousand of RLK genes have been identified (Jurca 2011; Walker and

Zhang 1990). Based on the presence/absence of the extracellular domains, the RLK family
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subdivided into 46 different subfamilies. Majority of them (75% in Arabidopsis) have amino-
terminal domain; a extracellular signal perception domain, transmembrane domain, and a
carboxyl-terminal kinase domain and the rest of other (25%) have only carboxyl-terminal
kinase domain but no apparent signal perception or transmembrane domains, which defined

them as receptor-like cytoplasmic kinases (RLCKSs).

Several functions of RLKSs have been identified in a different kind of signal responses, such as
pollen-pistil interaction (Kachroo et al. 2002; Liang and Zhou 2018), in hormone perception
(Li and Chory 1997) disease resistance (Song et al. 1995) and in the organization of the shoot
apical meristem (Clark et al 1997; Liang and Zhou 2018; Sharma, Carles, and Fletcher 2003).
In few instances RLKs were shown to interact with RLCKSs as downstream signalling targets.
The plasma-membrane-localized M-Locus Protein kinase (MLPK) RLCK interacts with S-
Locus (SRK; S-Locus B-Lectin Receptor Kinase) receptor kinase to regulate self-
incompatibility signalling in Brassica rapa (Kakita et al. 2007; Liang and Zhou 2018; Murase
et al. 2004). In tomato, Pto kinase (RLCK) provide resistance against the pathogen
Pseudomonas syringae by interacting with avirulence gene avrPto (Tang et al. 1996) The BIK1
RLCK (Botrytis Induced Kinasel) regulates the defense responses by interacting with an
immune receptor kinases (Kong et al. 2016; Liang and Zhou 2018). MARIS is a member of
Receptor-like cytoplasmic kinase (RLCK-VIII), and functions downstream of ANXUR1
(ANX1) and ANX2, CrRLK1L, BUDDHA’S PAPER SEALI (BUPS1) and BUPS2 to control
pollen tip growth and pollen tube integrity (Boisson-Derniera et al. 2015; Ge et al. 2017).

RLCK-VII family member BIK1 (Botrytis-induced kinase 1) and its closest homolog PBL1
(PBS1-LIKE1) mediate the immune response in the presence of FLS2 and also other PRRs
such as EFR, PEPR1, PEPR2, and LYKS5 (Liang and Zhou 2018; Liu et al. 2013; Lu et al.
2010). The mutation in bikl and pbll minimized the flg22-induced responses, including
calcium influx, ROS burst, callose deposition, actin filament bundling and resulted in the
inhibition of seedling growth (Liu et al. 2013; Lu et al. 2010; Zhang et al. 2010).

The RLCKSs based on structure are subdivided into 12 families (RLCK I to XI1I) which has193
protein-coding genes (Haffani, Silva, and Goring 2004; Jurca 2011; Shiu and Bleecker 2001,
2003). However, the alignment result showed that the At RLCK VI kinase family has 14
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members belonging to two groups in Arabidopsis (Jurca et al. 2008) that the first group is
RLCK VI_A (ROP- interacting) and the second group is RLCK VI_B ( ROP - non-interacting).
Our group identified that the RLCK VI kinases family is directly activated by plant Rho-type
(ROP) GTPases in Medicago, Arabidopsis (Molendijk et al. 2008) and Alfalfa (Dorjgotov et
al. 2009). ROP1 belongs to the Rho family of small GTPases and have a key role in the
regulation of tip growth in pollen tubes. The depletion or inhibition of ROP1 inhibited the
pollen tube growth, however constitutively expression of active mutants of ROP1 induces
growth depolarization (Gu et al. 2005; Li et al. 1999).

On the other side, very limited information is available regarding the receptor-like cytoplasmic
kinases (RLCKs). The cDNA and genomic DNA sequences of the RLCK VI_A family of
tobacco identification were based on the identified sequences of Arabidopsis. So we decided
to focus on the functional characterization of the tobacco RLCK Class VI _A family of protein

kinases during the pollen tube growth and development.

2.10 Antisense oligodeoxynucleotide (AS-ODN) technology
Antisense oligodeoxynucleotides (AS-ODN) are short, usually 17-22 nucleotides-long,

synthetic single-stranded DNAs representing segments of the antisense strand of genomic
DNA. The AS-ODNs mediate gene silencing based on two properties; first is the binding to
the complementary stretches of mMRNAs forming a duplex of AS-ODN/mRNA that interferes
with transcription, translation, splicing and prevents polyadenylation or cap formation; and the
second, susceptibility of the duplex towards cellular RNase H, which cleaves the target mMRNA
while has no effect on the AS ODN (Chan, Lim, and Wong 2006; Wu et al. 2004).

AS-ODN possesses several advantages as compared to alternative technologies such as using
short interfering RNAs (siRNAs) or artificial microRNAs. The plant/animal cells are able to
take up the AS-ODN directly, whereas short interfering RNA (SiRNAs) and artificial
microRNA are usually cloned into cloning vectors to be delivered into the cell (Ding et al.
2011; Scherer and Rossi 2003). AS-ODNs exhibit dose-dependent gene silencing and a single
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antisense AS-ODN can inhibit more than one gene of the same gene family (Ding et al. 2011;
Scherer and Rossi 2003).

The antisense oligodeoxynucleotide (AS-ODN) technology is widely used as a genomic tool
for the identification of gene function since it has been discovered by Zamecnik and
Stephenson in 1978 in Rous sarcoma virus for Inhibition of replication and cell transformation.
In plant, first time AS-ODN was used by Tsutsumi, Kanayama, and Tano in 1992 for the
Inhibition of barley alpha-amylase gene. In pollen, first time AS-ODN was used by Estruch et
al. 1994 for the inhibition of calcium-dependent calmodulin-independent protein kinase in
maize (Zea mays). Later on Moutinho et al. 2001 used AS-ODN for perturbation of protein
function in pollen tube of Agapanthus umbellatus, Ding¢ et al. 2011 used for inhibition of
Nucleus and Chloroplast encoded proteins of Chloroplasts in the higher plant, and Mizuta and
Higashiyama 2014 for inhibition of ANX1 and ANX2 in Arabidopsis pollen tubes.

2.11 Polyamines in pollen tube growth
Polyamines (PAs) are small aliphatic polycationic organic molecules, containing amino

groups, and are present in the cytosol and organelles. New results showed that Putrescine and
Spermidine are ubiquitous in all the organisms, whereas Spermine is mainly present in
eukaryotes and some bacteria (Pegg and Michael 2010).The PAs naturally occur in the cell as
free as well as bound form. Their polycationic nature is due to the equal spatial distribution of
total charge, which is important for their role in cell growth and development (Aloisi et al.
2016; Pegg and Casero 2011). At the physiological pH, Put, Spd and Spm or tSpm
(thermospermine) have 2, 3 and 4 positive charges respectively. The polycationic nature of
PAs makes them suitable to bind to cellular macromolecules such as proteins and nucleic acids
having negative surfaces (Galston and Sawhney 1990; Kusano et al. 2008) through
electrostatic, hydrophobic interactions (Pegg and Casero 2011) or covalent bonds (Walden,
Cordeiro, and Tiburcio 1997).

PAs act as sources and scavengers of ROS and activators of antioxidant enzymes (Kusano et
al. 2008; Pottosin et al. 2014; Pottosin and Shabala 2014). The PA-deficient cells accumulate
ROS in the spe2 mutant of Saccharomyces cerevisiae (Chattopadhyay, Tabor, and
HerbertTabor 2006), but the overexpression of Cu-Zn SOD (superoxide dismutase) reducing
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the accumulation of ROS protects these polyamine-deficient yeast cells (Balasundaram, Tabor,
and Herbert 1993; Chattopadhyay et al. 2006). The PAs, the di-amine putrescine (Put), tri-
amine spermidine (Spd) and the tetra-amine spermine (Spm) have been linked to several
physiological processes in plants, such as growth and development, as well as to a vast range
of biotic and abiotic stress responses (Gémes et al. 2016, 2017; Moschou, Paschalidis, et al.
2008; Wu et al. 2010). Moreover, H202, formed during PA catabolism itself act as a secondary
messenger by activating several important signal molecules such as Ca*and nitric oxide (NO)
(Quan et al. 2008; Wendehenne, Durner, and Klessig 2004) which indicates some overlapping
physiological roles of PAS and these second messengers in plants (Tanou et al. 2014;
Yamasaki and Cohen 2006).

Furthermore, exogenous PAs were shown to strongly affect pollen germination, maturation
and pollen tube elongation (Aloisi et al. 2016; Singh and Tandon 2012). There are also reports
about the influence of the polyamine biosynthesis inhibitor methylglyoxal-bis (guanyl-
hydrazone) (MGBG) on pollen germination and pollen tube growth in Prunus mume L.
(Wolukau et al. 2004) and C. roseus L. (Prakash et al. 1988). Despite the number of studies
about the role of PAs in pollen germination and growth, it is still largely unclear by which

mechanisms PAs take part in the regulation of these processes.

15



CHAPTER 3: AIMS

3.1 One of the aims of the present work was to investigate if PAs, reactive oxygen species

(ROS), and nitric oxide (NO) are interconnected in the process of pollen germination and tip-

growth.

X/
°e

To identify the effects of exogenous polyamines (Put, Spd and Spm) on pollen
germination and tube growth.

To investigate how the inhibition of ROS production or ROS treatment effect the
action of PAs on pollens/pollen tubes.

To investigate how the application of NO scavengers or NO donors affect the

germination/growth of polyamine-treated pollens.

3.2 Another aim of our work was to evaluate the function of the ROP-activated RLCK Class

VI group A family protein kinases in pollen tube growth. It was supposed that these kinases

should function in a similar way as ROP GTPases in the regulation of polar cell growth.

X/ R/ R/
L X4 L X4

0

K/
L X4

To identify the members of the tobacco (Nicotiana tabacum) RLCK VI_A family
To identify those RLCK VI_A genes of tobacco that are expressed in the pollen
Designing and synthesis of antisense oligodeoxynucleotides (AS-ODNs) against
the selected tobacco RLCK VI_A kinases.

To investigate pollen tube growth and morphology in relation to the application of
the synthesized AS-ODNs to pollen tubes
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CHAPTER 4: MATERIALS AND METHODS

4.1 Plant material, pollen germination and growth condition
Mature pollen was collected from tobacco plants (Nicotiana tabacum, SR1) and germinated in

germination media containing 1,61 mM H3BOs, 1 mM CaClz, 1 mM Ca(NOz)2, 1 mM MgSOs,,
10% sucrose, pH 6 (Lee et al. 2008; Wang and Jiang 2011). To monitor the effect of different
polyamines on pollen germination and tube growth, 10 uM of Put, Spd or Spm, respectively,
were added to the germination media for 4 hours at 28°C (Bezvoda et al. 2014). To determine
the mean tube length, at least 50 randomly selected pollen tubes were measured in each of
three replicates. Similar sampling strategy was used to study the pollen germination rate. Pollen
grains were considered as germinated if the tube length was greater than the diameter of the

grain.

4.2 In situ detection of nitric oxide and reactive oxygen species
After pollen grains were incubated in germination media with or without different PAs at 28°C

for 4 hours, samples were suspended in 10 uM NO-specific fluorescent probe, 4-amino-5-
methylamino-2’, 7'-difluorofluorescein diacetate (DAF-FM DA, Abcam, Cambridge) for 30
min in darkness at room temperature and then the excess fluorophore was washed out with
Tris-HCI buffer (10 mM, pH 7.4) (Feigl et al. 2013). DAF-FM DA responds to NO donors
and/or scavengers but not to hydrogen peroxide or peroxynitrite that is why it is considered as
a NO specific fluorescent probe (Kolbert et al. 2015). For in situ detection of ROS, 2, 7-
dichlorodihydro-fluorescein diacetate (H2DC-FDA, Sigma-Aldrich, St. Louis, MO) was
applied. Pollens were incubated in 10 uM H2DC-FDA solubilized in 2-N-morpholine-
ethansulphonic acid/potassium chloride (MES/KCI) pH 6.15 for 15 min at 37°C in darkness.
After staining, pollens were washed once with a dye-free buffer and the fluorescence of the
oxidized product of H2DC-FDA, dichlorofluorescein (DCF), was visualized by a fluorescent
microscope. To induce ROS production, H202 (0.5 mM, AnalaR, NORMAPUR) was used. As
ROS scavenger N,N’-Dimethylthiourea (DMTU, 5 mM) was applied. NO specificity was
assayed using 200 uM of the NO scavenger 2-(4-carboxyphenyl)-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, Enzo Life Sciences, Inc) or 100 uM of the NO
donor S-Nitros-N-acetyl-D,L-penicillamines (SNAP, Enzo Life Sciences).
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4.3 Isolation of mRNA and cDNA synthesis
For the gene expression analysis in tobacco, total RNA was isolated from pollens and leaves

by using the Dynabeads Oligo (dT)2s magnetic mMRNA isolation system according to the
manufacturer’s instruction (Life Technologies as part of ThermoFisher Scientific, Waltham,
MA USA). The cDNA was synthesized by using ThermoFisher Scientific’s RevertAid cDNA
Synthesis Kit.

4.4 BLAST search
A genome-wide homology search of RLCK VI_A genes was performed by using nucleotide

BLAST search (Basic Local Alignment Search Tool; http://blast.ncbi.nlm.nih.gov/) using one-
by-one the known sequences of Arabidopsis thaliana RLCK VI_A members as query and
restricting the search for Nicotiana tabacum sequences. Alignment of the predicted amino acid
sequences of the Arabidopsis and Tobacco kinases was made and a similarity tree was
generated by the CLUSTAL OMEGA tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The
Tobacco kinases were named after their closet Arabidopsis homologues.

4.5 Cloning and sequencing of PCR amplified Nicotiana tabacum Kinase
sequences
Total mRNAs were isolated from pollens of Nicotiana tabacum SR1 and converted to cDNA

as described above. PCR primers (given below in Table 2) were planned (Primer BLAST;
https://www.ncbi.nlm.nih.gov/tools/primer-blast/) using the Nicotiana tabacum sequences
obtained by the BLAST search as query (see above). PCR fragments were obtained using the
proofreading PHUSION II polymerase according to the manufacturer’s instructions
(ThermoFischer Scientific). The amplified cDNA fragments were purified after gel
electrophoretic separation and then ligated into the pBluescript 11 KS (+) vector (Stratagene,
La Jolla, CA, USA) and sequenced by using a BigDye v3.1 kit (Applied Biosystems, Foster
City, CA, USA).
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Table 2: Primers used for the RT-PCR analysis.

Name Sequence Length
NtVI_Al Fw 5'-ACATCGCGATATCAAAGCCT-3’ 20-mer
NtVI_Al Rev 5'-TCCCTTAACAAAAGGCTAACACA-3' 23-mer
NtVI_A2 Fw 5'-TGGGCACTTAGCACCAGAAT-3' 20-mer
NtVIl A2 Rev 5'-ACATGGAAGTTCAACCTCAAAA-3’ 22-mer
NtVI_A3 Fw 5'-GGACTTGCAAAGTGGTTGCC-3’ 20-mer
NtVIl A3 Rev 5'-AACAATGTCGTAGGCATCGC-3' 20-mer
NtVI_A4 Fw 5'-GGTGGTCTGCACCTTGTTCT-3' 20-mer
NtVI1 A4 Rev 5'-ATGGGTTCGTTCTCGCCTTT-3' 20-mer
NtVI_5 Rev 5'-GACGTACGTACCACCAGAGTC-3' 21-mer
NtVI_A5 Fw 5'-TCACAGCAAAGCCTCGTCAT-3' 20-mer
NtVI A6 Fw 5'-GTGGGCAAGTTTGAAGGCAC-3’ 20-mer
NtVI_A6Rev 5'-AAATAGTTTCGGCAGCGGGT-3' 20-mer
NtVI_A7 FW 5'-TCGGAATTCTAGTACATGTTGACC-3" | 24-mer
NtVI_A7 Rev 5'-GGTTTGGCCCACATCACAAC-3' 20-mer

4.6 The parameters for AS-ODN designing
The efficiency of AS-ODN depends on accurate prediction of mRNA secondary structure

because AS-ODN binds to open regions of target mMRNA. So the selection of potential AS-
ODN is a very important step in the antisense technology (Stein 2001). There are different
parameters that have to be considered to design potent AS-ODNSs such as the secondary
structure of RNA, preferably the local secondary structures, the sequence motif, GC content,
and binding energy (G°37) (Chan et al. 2006b; Chanda and Dave 2009).

4.7 Prediction of the secondary structure of mRNA
Secondary structure of mMRNA was selected based on the computational algorithms which are

freely available in the public domain such as the mfold and sfold programs. The mfold program
(http://www.bioinfo.rpi.edu/applications/ mfold) predicts all possible optimal and suboptimal
structures of mMRNA, overall minimal free energy and possible folding (Zuker 2003). The sfold
program (http://sfold.wardsworth.org/index.pl) predicts the best secondary structure of mMRNA
(Ding, Chan, and Lawrence 2004). The combination of both mfold and sfold, helps to
determine overall free energy and the most commonly occurring secondary structure of a given
mRNA. The locally conserved secondary structure of an mRNA which showed hairpin/ duplex

formation were not considered for AS-ODNs designing.
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4.8 Motif search for AS-ODN synthesis
Matveeva et al. in 2000 analysed more than 1000 motif for AS-ODN activity. The analysis for

motifs sequence search were based on the results of pulished data on oligonucleotides studied.
They used the program Oligostat (program was created in combination with Microsoft Excel)
for database analysis They found that the presence of 5'-GTGG-3', 5-TGG-3’, 5'-GGG-3', 5'-
AGGG-3', 5-GGGG-3', 5'-GAGT-3",5'-GGGA-3", 5'-TGGG-3', 5'-GGAT-3/, 5'-GGTG-3/, 5'-
TGGC-3',5'-GAG-3', 5'-ATGC-3, 5'-TGGT-3', 5'-GAT-3", 5-GTG-3', 5'-GATG-3', 5'-GGA-
3', 5'-GGT-3" and 5'-AGAG-3’ motifs in the AS-ODNs showed enhance the activity of AS-
ODN mediated mRNA knockdown whereas, the presence of 5-CCCC-3', 5'-CCC-3’, 5'-
TTTA-3', 5'-CAGT-3', 5-TTTC-3',5'-AGCC-3’, 5'-CCCA-3’, 5'-ATTT-3', 5'-TTAT-3', 5'-
TATT-3, 5'-CCGG-3’, 5'-TCC-3', 5'-CCAG-3’, 5'-TAT-35'-CAG-3', 5'-TTT-3', 5'-CTCC-3’,
and 5'-TTA-3" motifs in AS-ODNs, weakened AS-ODN activity (Chan et al 2006; Freier et al.
2004; Matveeva et al. 2000).

Total GC content determines the thermodynamic stability of the AS-ODN-mRNA duplexes
and cellular RNase H activity. The strong effects of AS-ODN were observed when the G or C
number was minimum of 11 residue in 20 bps, whereas only poor inhibition occurred if the G
or C the number was 9 or less than 9 (Chan et al. 2006; Freier et al. 2004). The binding energy
between AS-ODN molecules should be AG’37>-1.1 kcal/mol, whereas binding energy between
the AS-ODN and mRNA should be AG"37> -8 kcal/mol to get potent AS ODN (Matveeva et
al. 2000).

4.9 Designing of AS-ODNs
The cloned and sequenced regions of the Nt RLCK VI_A (Nt RLCK VI_A3, Nt RLCK VI_A4,

Nt RLCK VI_A®6, and Nt RLCK VI_A7) cDNAs were selected for AS-ODN designing. The
AS-ODNs were designed by the oligo5 program (W. Rychlick, National Bioscience Inc.,
Plymouth, MN, USA). All AS-ODN were 17-22 nucleotides long.
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4.10 Synthesis of AS-ODNs
The chemical synthesis of the AS-ODNs was performed in the “Nucleic Acid Synthesis

Laboratory”, Biological Research Center, Hungarian Academy of Science, Szeged, Hungary)
using a DNA/RNA/LNA H-16 synthesizer (K&A Laborgeraete) by standard p-cyanoethyl
phosphoramidite chemistry at a nominal scale of 0.2umol. The reagents for the automated AS-
ODN synthesis were from Sigma-Aldrich (https://www.sigmaaldrich.com). The AS-ODNs
were purified on Poly-PAK cartridges (Glen Research, Sterling, VA) yielding 97% full-sized
AS-ODNSs as shown by analytical ion exchange HPLC. Phosphorothioates were built in with
>98% efficiency by using TEDT (Tetraethylthiuram disulfide) sulphurizing reagent. HPLC

purification was used to reduce nonspecific cytotoxicity in the cell.

4.11 Chemical modifications of AS-ODNs
To provide stability to the AS-ODNSs is an important step towards successful application. AS-

ODNs otherwise easily get degraded by all types of cellular nucleases of the host organism
(Kurreck 2003). Possible sites for chemical modification of nucleic acids are the base, sugar,
and inter nucleotide linkage. The chemical modifications increases resistance against nuclease
degradation, leads to higher bioavailability and also helps the uptake of AS-ODNSs (Chan et al.
2006a; Kurreck 2003; Smith and Jain 2019).

In plants, phosphorothioate modifications were frequently used to enhance nuclease resistance
of AS-ODN:S. In the phosphorothioate chemical modification (belongs to the first generation
of chemical modifications of ODNSs) one of the non-bridging oxygen atoms is replaced by
sulphur in the phosphodiester bond. In each AS-ODNs, three bases at each end were
synthesized with phosphorothioate backbone (Bezvoda et al. 2014). This is the most commonly
used chemical modification for gene silencing studies in vivo and in vitro (Eckstein 2000).

Finally, the homology searches of designed AS-ODN with the available database in Genbank
were performed using BLAST (http://blast.ncbi.nm.nih.gov/Blast.cgi) search to avoid
significant homology to any other gene in the Nicotiana tabacum genome
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4.12 Delivery of AS-ODNs into growing pollen tubes
The cellular uptake of AS-ODN mainly occurs through an adsorptive endocytosis process but

unmodified AS-ODN which possesses net negative charge are unable to cross the plasma
membrane. The liquid media (mentioned above) were used to grow pollen in the wells of 24-
well microplates. Pollens (Nicotiana tabacum, SR1) were cultured in the liquid media along
with the AS-ODNs having 30pum concentrations (Mizuta and Higashiyama 2014; Potocky et
al. 2007). Pollens were cultured in a moisture chamber placed into an incubator at 28°C for 4
hours (Bezvoda et al. 2014). Three independent experiments were performed. Pollen tube
growth was observed by light microscopy.

4.13 Microscopic observation and statistical analysis
To detect fluorescence intensity, a Zeiss Axiovert 200 M-type fluorescent microscope (Carl

Zeiss, Germany) equipped with a high-resolution digital camera (Axiocam HR) was used. The
fluorescence intensity was analysed by the Axiovision Rel. 4.8 software using filter set 10
(excitation occurred at 450-490 nm and emission was detected at 515-565 nm). The same
camera settings were used for each digital image. The relative fluorescence intensities of at
least fifty pollen tubes in each of three replicates were used for analysis by the Image J software
and mean relative fluorescence intensities were calculated.

Bright field imaging was performed with Olympus Cell-R microscope for pollen germination
analyses. Objectives used during imaging were 4X (pollen germination analyses) and 10X
(pollen tube length measurements and identification of pollen abnormalities). Imagel
(http://rsbweb.nih.gov/ij/) was used for the quantitative analysis. The graphic analysis was
performed by the GraphPad Prism version 6 (GraphPad Software, La Jolla California
USA, www.graphpad.com).

Statistical analysis was performed by SIGMAPLOT12.0 statistical software. Quantitative data
are presented as the mean + SE and the significance of the difference between sets of data was
determined by one-way analysis of variance (ANOVA) following Duncan’s multiple range

tests; a P value of less than 0.05 was considered significant.
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CHAPTER 5: RESULTS

5.1 Effect of exogenous polyamines on the growth of pollen tubes

5.1.1 The various polyamines affect tobacco pollen grain germination dependent mainly
on the level of ROS but not NO

The effects of the three polyamines Put, Spm, and Spd on the germination rate of tobacco
pollens were different if applied at the same 10 uM concentration. While Put and Spd
increased, Spm decreased pollen germination rate compared to the untreated controls (Fig. 1A
and B).
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Figure 1: Germination rate in Put, Spd and Spm treated pollens, respectively. (A) The three
polyamines Put, Spm, and Spd on the germination rate of tobacco pollens were different
if applied at the same 10 uM concentration. While Put and Spd increased, Spm decreased
pollen germination rate compared to the untreated controls. (B) These are indicating pollen
germination. Data are means+SE of three biological replicates with five technical replicates
each. Different letters indicate significant differences of Duncan’s multiple comparisons
(P<0.05).

ROS are essential for pollen germination (Potocky et al. 2007), while in several studies,
NO had an inhibitory effect on it (He et al. 2007; Jimenez-Quesada et al. 2017). To examine
whether in the case of tobacco pollen, exogenous polyamines affected the germination rate
through regulation of ROS and/or NO accumulation, the levels of these compounds were
investigated in the treated pollen grains. None of the three polyamine treatments caused
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detectable changes in NO level (Fig. 2A). In contrast, Put and Spd decreased, but Spm

increased ROS levels in pollen grains compared to the controls (Fig. 2B).
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Figure 2: Polyamine induced NO and ROS production in germinated pollen grains. None of
the three polyamine treatments caused detectable changes in NO level (Fig. 2A). In contrast,
Put and Spd decreased, but Spm increased ROS levels in pollen grains compared to the
controls (Fig. 2B). Dataare means+SE of three biological replicates with fifty pollen (n=50)
were used for the measurements. Differentletters indicate significant differences of Duncan’s

multiple comparisons (P<0.05).

Since Put and Spd increased germination rate and Spm inhibited it, a correlation could be
established between the action of the various PAs and the ROS accumulation. It was further
strengthened by experiments where the co-application of Spm with the ROS scavenger
DMTU reduced ROS production and increased the pollen germination rate as compared to
the only Spm-treated pollens (Fig. 3A and 3B).
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Figure 3: Effect of DMTU on germination rate in Spm treated tobacco pollens. (A)
Inhibitory effect of DMTU on ROS production in Spm treated germinated pollen grains.
The co-application of Spm with the ROS scavenger DMTU reduced ROS production. (B)
Co-application of Spm and DMTU increased the pollen germination rate as compared to the
only Spm-treated pollens. Data are means£SE of three biological replicates with fifty pollen
(n=50) were used for the measurements. Different letters indicate significant differences of

Duncan’s multiple comparisons (P<0.05).

Our data therefore suggest that polyamines differentially affect pollen germination according
to their influence on the ROS, but not the NO level of tobacco pollen. The evolving
localization of ROS and NO, accumulating first in the tip region than in the whole length of
the tube, was observed during cucumber pollen germination (Sirova et al. 2011). It has been
reported that exogenous PAs modulate ROS-producing/scavenging enzymes during the
apical growth of pear pollen tube (Aloisi et al. 2015) and thus may also influence ROS
metabolism during germination. One can hypothesize that during the invitro germination of

tobacco pollen, exogenous Put and Spd may decrease stress-related ROS production
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maintaining the proper ROS homeostasis for germination while Spm evokes excess ROS

(Aloisi et al. 2015) disturbing the regulated ROS accumulation/distribution.

5.1.2 Exogenous polyamines affect tobacco pollen tube growth differentially altering the
relative NO/ROS ratio

The effect of the exogenously applied polyamines on tobacco pollen tube elongation was
also investigated. Among the three polyamines, each at 10uM, Spm had no effect on the
pollen tube length, while Spd enhanced, but Put decreased pollen tube elongation compared
to the control (Fig. 4A and B).
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Figure 4: Changes in pollen tube length treated with different polyamines (Put, Spd, Spm).
(A) Among the three polyamines, each at 10uM, Spm had no effect on the pollen tube length,
while Spd enhanced, but Put decreased pollen tube elongation compared to the control. (B)
These are indicating pollen germination.Data are means+SE of three biological replicates with
fifty pollen (n=50) were used for the measurements. Different letters indicate significant

differences of Duncan’s multiple comparisons (P<0.05).

PAs have been shown to control (promote or inhibit) pollen tube elongation in other systems
in a dose-dependent manner (Sorkheh et al. 2011). In Pyrus communis pollen tubes, the three
polyamines were also reported to differentially affect pollen tube growth: Spm decreased
tube length app. by 50% at 10uM, while Spd and Put inhibited the growth only at much higher
concentrations (Aloisi et al. 2015). The difference between these observations might be related
to the dissimilarity in the investigated species and/or in the time of application; we directly

germinated the pollen grains in the presence of the PAs while Aloisi and co-workers applied
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the PAs one hour after putting the grains into the germination medium. Considering the level
of ROS and NO levels in growing pollen tubes, the NO level could be well correlated with
the measured pollen tube length: Put decreased, but Spd increased NO production while Spm
did not have a significant effect on it (Fig. 5A and B).

NO (pixel intensity)
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Figure 5: Considering the level of ROS and NO levels in growing pollen tubes. (A) The
NO level could be well correlated with the measured pollen tube length; Put decreased, but
Spd increased NO production while Spm did not have a significant effect on it. (B) The Put
and Spm did not alter the ROS level of pollen tubes but the Spd treatment reduced it
significantly in comparison to the untreated controls. NO (A; C-F) and ROS (B; G-J)
production in control (C, G) Put (D, H), Spd (E, I) and Spm (F, J) treated pollen tubes,
respectively, after four hours treatment. Data are means+SE of three biological replicates
with fifty technical replicates each. Different letters indicate significant differences of

Duncan’s multiple comparisons (P<0.05).

We also observed that Put and Spm did not alter the ROS level of pollen tubes but the Spd
treatment reduced it significantly in comparison to the untreated controls (Fig. 5B). To
investigate that the observed changes in NO and/or ROS levels only correlates with or are
the cause of the observed pollen tube growth phenotypes, the NO and ROS levels were

manipulated in the polyamine treated pollen tubes. The NO-donor SNAP resulted in
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NO accumulation and complemented the negative effect of Put on pollen tube length without
altering the ROS level (Fig. 6 A and B).
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800 1 a
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Put + SNAP

0 —Control Put Put Spd Spd Spd
+SNAP +H,0, +cPTIO

Treatments

Figure 6: Effect of SNAP (NO donor), cPTIO (NO scavenger) and H2O2 on pollen tube
length in polyamine treated pollens. (A) The NO-donor SNAP resulted in NO
accumulation and complemented the negative effect of Put on pollen tube length without
altering the ROS level. (B) These are indicating pollen tube length.Data are means+SE of
three biological replicates with fifty technical replicates each. Different letters indicate

significant differences of Duncan’s multiple comparisons (P<0.05).

Effect of SNAP (NO donor), cPTIO (NO scavenger) and H202 on NO (A; C-H) and ROS
(B; 1-N) production in control and polyamine treated pollen tubes. (Fig 7 A) When Put was
treated with SNAP (NO donor) it increased NO level whereas with cPTIO (NO scavenger)
reduced the NO level. (Fig 7 B) When Spd was treated with H2O: it increased ROS level
whereas with cPTI10 (NO scavenger) reduced the ROS level.
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Figure 7: Effect of SNAP (NO donor), cPTIO (NO scavenger) and H202 on NO (A; C-H)
and ROS (B; I-N) production in control and polyamine treated pollen tubes. (A) When Put
was treated with SNAP (NO donor) it increased NO level whereas with cPTIO (NO
scavenger) reduced the NO level. (B) When Spd was treated with H>O> it increased ROS
level whereas with cPTIO (NO scavenger) reduced the ROS level. (A, I: control; D, J: Put
treated pollens; E, K: Put+SNAP treated pollens; F, L: Spd treated pollens; G, M: Spd+H20-
treated pollens; H, N: Spd+cPTIO treated pollens). Data are means+SE of three biological
replicates with fifty technical replicates each. Different letters indicate significant

differences of Duncan’s multiple comparisons (P<0.05).

In Spd-treated pollen tubes, the NO scavenger cPTIO reduced the accumulation of NO and
thus inhibited the positive effect of the treatment on pollen tube growth without affecting
the ROS level (Fig. 6-7). Interestingly, ROS accumulation due to exogenous H20:
application reduced the endogenous NO level and concomitantly pollen tube length in Spd-
treated pollen tubes in comparison to controls (Fig.6-7). These observations indicate that a
high NO/low ROS ratio promotes while the opposite inhibits tobacco pollen tube growth

and polyamines differentially affect this ratio primarily via decreasing (Put) or increasing

29



(Spd) the NO level. These results are somewhat in contrast with previous studies in which
the negative regulatory role of NO (He et al. 2007; Jimenez-Quesada et al. 2017; Pasqualini
et al. 2015; Prado et al. 2004; Pradoa et al. 2008) and positive role of ROS (Kaya et al. 2014)
in pollen tube growth have been reported. This contradiction might be explained by

differences in the endogenous

NO and ROS are strongly interconnected and their dose-dependent cellular effects are
also inter-reliant (Hancock and Neill 2019). Exogenous PAs may co-ordinately regulate
both endogenous NO and ROS levels since they are known to induce ROS (Moschou and
Roubelakis-angelakis 2014) as well as NO (Tun et al. 2006) production or to serve as ROS
scavengers (Aloisi et al. 2015). In our experiments, the relatively low exogenous PA
concentrations (10uM) might only fine tune the NO/ROS ratio in comparison to other

harsher treatments (e.g. direct exogenous application of NO or ROS).

5.2. The role of RLCK VI_A family kinases in pollen tube growth and polarity

5.2.1 Identification of Nicotiana tabacum RLCK VI_A Kinase cDNA sequences
A genome-wide nucleotide sequence homology search was performed by BLAST using the
known cDNA sequences of Arabidopsis RLCK VI_A family members as queries. The
parameters were used to limit the search for Nicotiana tabacum sequences. Alignment of the
predicted amino acid sequences of the Arabidopsis and tobacco kinases was made using the
CLUSTAL OMEGA tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The result of
homology search is shown below (Fig 8). Based on the sequence comparison a similarity tree
of Arabidopsis thaliana and Nicotiana tabacum RLCK VI1_A sequences was generated (Fig.

9) and the tobacco kinases were named after their closest Arabidopsis homologues.
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Figure 8: Part of the multiple sequence alignment comparison of Arabidopsis and Nicotiana
tabacum RLCK VI_A cDNA sequences. The comparison of the most conserved kinase
domains sequences are shown. 1,3,5,7,9,11,13 are the Arabidopsis RLCK VI_A sequences
(from 1 to 7); 2,4,6,8,10,12,14 are the Nicotiana RLCK VI_A sequences (from 1-7).

Conserved amino acids (>50%) have a yellow background.
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Figure 9: The similarity tree showing the relationships of RLCK VI_A sequences of Nicotiana
tabacum and Arabidopsis thaliana. The Nicotiana tabacum kinases were named after their

closest homologue of Arabidopsis thaliana.

5.2.2 Gene expression analysis of Nt RLCK VI_A in pollen and leaves of Nicotiana tabacum
Specific PCR primers were planned and synthesized for all Nicotiana tabacum RLCK VI_A

kinase cDNAs (given above in table 2).

The total RNA was isolated from the pollens and leaves of Nicotiana tabacum and then
converted into cDNA. The gene expression analysis of RLCK VI_A genes was performed by
RT PCR. The RLCK VI_A genes of Nicotiana tabacum showed variation in the level of gene
expression (Fig. 10). While the Nt RLCK VI_A1, Nt RLCK VI_A2, and Nt RLCK VI_A5
(hardly visible), genes showed stronger expression in the leaf than in the pollen, all the others,
namely Nt RLCK VI_A3, Nt RLCK VI_A4, Nt RLCK VI_AG6, and Nt RLCK VI_A7 showed

stronger expression in pollen than in the leaves (Fig 10).
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Nt RLCKVI_A1 Nt RLCKVI_A2 Nt RLCK VI_A3 Nt RLCK VI_A4

1000bp

Nt RLCK VI_AS5 Nt RLCK VI_A6 Nt RLCK VI_A7

1000bp

Figure 10: The expression pattern of the seven RLCK VI_A genes in Nicotiana tabacum as
determined by RT PCR.

5.2.3 Verification of Nicotiana tabacum RLCK VI_A sequences before the AS-ODN design
For the designing of specific AS-ODNSs, we wanted to know the exact DNA sequences of the
RLCK VI_A kinases from the same Nicotiana tabacum genotype that was used for the pollen
tube growth experiments since it is different from the genotypes that provided most of the
database sequences. Therefore, we isolated and sequenced PCR-generated cDNA fragments of
all pollen-expressed RLCK VI_A kinases (Nt RLCK VI_A3, Nt RLCK VI_A4, Nt RLCK
VI_AG6, and Nt RLCK VI_A7) of the SR1 genotype. Sequences of these specific regions were
used for designing the AS-ODNSs. The designed primers were (given below in table 3)

5.2.4 Designing of AS-ODNs

Based on the sequencing results, we planned AS-ODNSs against Nt RLCK VI_A3, Nt RLCK
VI_A4, Nt RLCK VI_A6, and Nt RLCK VI_A7 fragments to specifically silence the
expression of these pollen-expressed Nt RLCK VI_A genes.
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The oligo5 program (W. Rychlick, National Bioscience Inc., Plymouth, MN, USA) was used
for the AS-ODNSs design. AS-ODNs length was set between 17-22-nucleotides. An example

of AS-ODN designing is shown on Fig 11.

Table 3: The designed primers were

Name Sequence Length
A3 BamHI FW 5'-GGACTTGCAAAGTGGTTGCC-3' 20-mer
A3 Xbal Rev 5'-ttttctagaTAACGAGCTGCATATGACGA-3’ 29-mer
A4 BamHI FW 5'-GGTGGTCTGCACCTTGTTCT-3' 20-mer
A4 Xbal Rev 5'- ttttctagaTACTCCATAACGAGCTGCAT-3’ 29-mer
A6 BamHI FW 5'-ttggatccATTGGCAAAGGAGGGTATGCT-3" | 29-mer
A6 Xbal Rev 5'-ttttctagaTGTCGAGTTGTACTCGGCTG-3’ 29-mer
A7 BamHI FW 5'-TCGGAATTCTAGTACATGTTGACC-3’ 24-mer
AT Xbal Rev 5'-ttttctagaCACTGCCTGATTTTGCTGG-3’ 28-mer
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Figure 11: Analysis of tobacco RLCK VI_A3 for AS-ODN designing using the oligo5
program.

It is well known that the efficiency of AS-ODN depends on accurate prediction of the
secondary structure of mMRNA as well as on the nucleotide sequence of the oligo. The possible
secondary structure of tobacco RLCK VI_A mRNA sequences was determined by the mfold
software. The structure of RLCK VI_A3 is given as an example (Fig. 12. A). In addition, a
motif search was carried out to define oligo sequences that can be efficient in mMRNA binding
and silencing (Fig. 12. B; as an example). Combination of the results was used to determine
the best target sequence for designing an AS-ODN (Fig. 12). Finally, homology searches were
performed using the selected sequence to detect any significant homology of the designed AS-
ODN with other tobacco mRNAs. If any designed AS-ODNs showed significant homology to

any other gene it was discarded.
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Figure 12: Different parameter search for AS-ODN designing. (A) Possible secondary
structure of RLCK VI_A3 of tobacco mRNA created with the help of mfold program (Zuker
2003). The arrows are indicating potential target sites for AS-ODNs. (B) The motif search
results. Sequence motifs marked with green color letters indicate stronger AS-ODN effect; red
color letters indicate weaker AS-ODN effect. Light green color backgrounds highlight the
selected sequence for designing an AS-ODN against RLCK VI1_A3 of tobacco.
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5.2.5 Synthesis of AS/S-ODNs
The chemical synthesis of the AS-ODNSs was performed against Nt RLCK VI_A3, Nt RLCK
VI_A4, Nt RLCK VI_AGB, and Nt RLCK VI_A7 in the “Nucleic Acid Synthesis Laboratory”,

Biological Research Center, Hungarian Academy of Science, Szeged, Hungary.

The list of AS-ODNs which were used in this work for the gene silencing are Nt RLCK VI_
A3.1 AS (841L20mer); 5'catGTCCTCCTTTGCCAatc3', A4.2 AS (1127L21mer); 5'
CtcCAACTGCCACTTTATatc3, A6.1AS (1411L17mer); 5'catCGGTTTTCTCAtcc3',
AT7.2AS (1007L21mer) 5'cccTCCTTCA ACTCCATAtcc3'. 841L.20mer; L- Indicates left side
(L) of AS-ODN is the 841 position whereas 20mer- indicates the length of nucleotide.

The complementary sequences of AS-ODNs of Nt RLCK VI_A mRNA sequence used as a
negative control, e.g. Nt RLCK VI _A3.1 S (20mer) 5'gtaCAGGAGGAAACGGTtag3' and
AT7.2S (21mer) 5' gggAGGAAGTTGAGGTA Tagg3'. To provide stability enhancing nuclease
resistance to the AS-ODNs phosphorothioate (PS) chemical modification was used (Fig. 13).

Binding affinity and

specificity
N7 + 5-methyl
/ 5 1NH « 5-propynyl
| « 2-thio
PS; Phosphorothioate HO. N 3 +2,6-diaminopurine
group was added o) . 0
Nuclease stability and o OH
pharmacokinetics l A N
.PS O0=—P—0 3
-NP [ /K
1
0 0

. Nuclease stability and binding affinity
«2“0-Me
2' + 2-0-MOE
«24F
«LNA
«tc-DNA
« CEt-BNA

Figure 13: Possible sites for chemical modification of nucleic acids are base, sugar, and inter
nucleotide linkage. In our case we used phosphorothioate (PS) for the chemical modification.
Abbreviations: 2_-F, 2_-fluoro; 2_-O-Me, 2_-O-methyl; 2_-O-MOE, 2_-O-methoxyethyl;
CEt-BNA, constrained ethyl BNA; NP, N3_-phosphoramidate; PS, phosphorothioate; LNA,
locked nucleic acid; tc-DNA, tricyclo-DNA. The image is taken from Smith and Jain 2019.
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5.2.6 Effect of AS-ODN treatment on Nicotiana tabacum pollen

The silencing of Nt RLCK VI_A members like Nt RLCK VI_A3, Nt RLCK VI_A4, Nt RLCK
VI_A6, and Nt RLCK VI_A7 were done one-by-one. It was observed that the silencing of Nt
RLCK VI_AS3, 4, 6 and 7 lead to the increased rate of various abnormalities, like formation of
branches, knots, or widening, sometimes even bubble-like, tips of the pollen tubes (Fig-s 14-
16.) These abnormalities occurred in response to AS-ODNs of all investigated Nt RLCK VI_A
genes. In the case of control (without any treatment) and S-ODNs (sense strand; control)
altogether less than 2% abnormalities were registered, whereas in the case of AS-ODN
treatments 14 to 18% abnormalities were observed. Most of these abnormalities were
branching (10-16%; Fig. 14.) followed by knot formation (6-10%; Fig. 15.) and widening tips
(3-7%, Fig. 16.). All these abnormalities indicate polarity establishment defects. It was also

observed that the abnormal pollen tubes were always shorter (Fig. 17.).
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Figure 14: The effect of AS/S-ODNs on the rate of pollen tube branching. A) The AS-
ODN treatments targeting Nt RLCK VI_A3, 4, 6 and 7 caused increased rate of
abnormalities as compared to untreated or S-ODN-treated controls. Data are means+SE of
sixty pollen tubes each. B) Examples of abnormalities that were observed.
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Figure 15: The effect of AS/S-ODNSs on the rate of knot appearance on pollen tubes. A)
The AS-ODN treatments targeting Nt RLCK VI_A3, 4, 6 and 7 caused increased rate of
abnormalities as compared to untreated or S-ODN-treated controls. Data are meanstSE of

sixty pollen tubes each. B) Examples of abnormalities that were observed.
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Figure 16: The effect of AS/S-ODNSs on the rate of pollen tube tip widening including
bubble-like tips. A) The AS-ODN treatments targeting Nt RLCK VI_AS3, 4, 6 and 7 caused
increased rate of abnormalities as compared to untreated or S-ODN-treated controls. Data are

means+SE of sixty pollen tubes each. B) Examples of abnormalities that were observed.
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Fig. 17. Pollen tube abnormalities are associated with decreased pollen tube length. The
length of 60-60 pollen tubes were measured per treatment. In the case of antisense oligo-
treated pollen tubes the averages of normal and abnormal tubes were calculated and are

shown separately. The average and standard deviation is shown.
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CHAPTER 6: DISCUSSION

6.1 The effect of exogenously applied polyamines (PAs) on pollen
germination and the apical growth of pollen tube
The significance of polyamine homeostasis in pollen development and pollen tube growth is

well documented in several species (Aloisi et al. 2016). The polycationic properties of PAs
showed an important role in cell growth and development (Aloisi et al. 2016; Pegg and Casero
2011), and in vast range of biotic and abiotic stress responses (Gémes et al. 2016, 2017,
Moschou et al. 2008; Wu et al. 2010). Exogenous application of PAs to pollen cultures
disturbs this homeostasis and affects pollen maturation, germination and tube elongation

depending on the dose and structure of PAs (Aloisi et al. 2015).

Exogenous PAs may interact with pollen germination interfering with several interdependent
processes such as ROS production, Ca?* signalling, actin organization, and cell wall
remodelling (Aloisi et al 2017; Aloisi et al. 2016; Wu et al. 2010). In addition to
Ca2*, pH also plays a role in pollen tube growth (Feijo et al. 1999; Fricker, White, and Gerhard
1997). F-actin remodelling, the origin of polarity, and maintaining acidic condition which is

necessary to support the pollen tube elongation (Hepler et al. 2006; Holdaway et al 2003).

Exogenous polyamines are also known to induce the rapid biosynthesis of nitric oxide (NO)
in Arabidopsis thaliana seedlings (Tun et al. 2006). NO was shown to regulate pollen tube
orientation and growth (Prado et al. 2004). NO, and ROS actions strongly inter relate during
stress responses as well as developmental regulation (Hancock and Neill 2019). The
mechanism of plant pollen tube growth was also tightly linked to the proper temporal and
spatial adjustment of NO and ROS levels (Sirovaa et al. 2011). However, the possible
link between ROS and NO in the regulation of pollen germination and pollen tube growth is
poorly characterized. We found that the natural polyamines Put, Spm, and Spd differentially
affects the relative NO/ROS ratio in tobacco pollen grains/tubes and this correlates with their

effects on pollen germination and pollen tube elongation, respectively.

Exogenous PAs strongly affect pollen germination, maturation, and pollen tube elongation

(Aloisi et al. 2016; Singh and Tandon 2012). Analysing the effect of the three polyamines on
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the germination rate in tobacco pollens, we observed that Put and Spd increased, Spm
decreased pollen germination rate compared to the control. To examine whether polyamines
affected germination rate through to the regulation of ROS and/or NO accumulation, the levels
of these compounds were investigated in the treated pollen grains. While none of the three
polyamine treatments caused any changes in the NO level, all of them affected ROS
accumulation. Put and Spd decreased, but Spm increased ROS levels in pollen grains compared

to the controls.

In the case of PAs deficiency (Chattopadhyay et al. 2006), cells accumulated ROS in the spe2
mutant of Saccharomyces cerevisiae (Chattopadhyay et al. 2006), and the overexpression of
Cu-Zn SOD (superoxide dismutase) reduced the accumulation of ROS and protected
polyamine-deficient cells from toxic effects of oxygen (Balasundaram et al. 1993,
Chattopadhyay et al. 2006). Co-application of Spm with the ROS scavenger DMTU reduced
ROS production which caused an increase in pollen germination rate compared to the Spm
treated pollens. Next, the effect of the exogenously applied polyamines on pollen tube length
was investigated. Among the three polyamines, Put decreased, but Spd enhanced pollen tube

length compared to the control, while Spm had no effect.

Considering the level of ROS and NO levels in growing pollen tubes, the NO level could be
well correlated with the measured pollen tube length: Put decreased, but Spd increased NO
production while Spm did not have a significant effect on it. It was also observed that Put and
Spm did not alter the ROS level of pollen tubes but the Spd treatment reduced it significantly

in comparison to the untreated controls.

To investigate that the observed changes in NO and/or ROS levels only correlates with or are
the cause of the observed pollen tube growth phenotypes, the NO and ROS levels were
manipulated in the polyamine treated pollen tubes. The NO-donor SNAP resulted in NO
accumulation and complemented the negative effect of Put on pollen tube length without

altering the ROS level.

In Spd-treated pollen tubes, the NO scavenger cPTIO reduced the accumulation of NO and

thus inhibited the positive effect of the treatment on pollen tube growth without affecting
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the ROS level. Interestingly, ROS accumulation due to exogenous H.O> application reduced
the endogenous NO level and concomitantly pollen tube length in Spd-treated pollen tubes in
comparison to controls. These observations indicate that a high NO/low ROS ratio promotes
while the opposite inhibits tobacco pollen tube growth and polyamines differentially affect this
ratio primarily via decreasing (Put) or increasing (Spd) the NO level. These results are
somewhat in contrast with previous studies in which the negative regulatory role of NO (He
et al. 2007; Jimenez-Quesada et al. 2017; Pasqualini et al. 2015; Prado et al. 2004; Pradoa et
al. 2008) and the positive role of ROS (Hidetaka et al. 2014) in pollen tube growth have been

reported. This contradiction might be explained by differences in the endogenous

NO and/or ROS levels that could be achieved in the various experimental systems using various
treatments affecting the ratio of these interrelated regulators. NO and ROS are strongly
interconnected and their dose-dependent cellular effects are also inter-reliant (Hancock and
Neill 2019). Exogenous PAs may co-ordinately regulate both endogenous NO and ROS levels
since they are known to induce ROS (Moschou et al 2014) as well as NO (Tun et al. 2006)
production or to serve as ROS scavengers (Aloisi et al. 2015). In our experiments, the
relatively low exogenous PA concentrations (10uM) might only fine tune the NO/ROS ratio
in comparison to other more harsh treatments (e.g. direct exogenous application of NO or
ROS).

6.2 The functional analysis of the RLCK Class VI_A family in tobacco pollen
tubes
The At RLCK VI kinase family has 14 members belonging to two groups in Arabidopsis (Jurca

et al. 2008). The first group RLCK VI_A (characterized by N-terminal serine-rich region)
contains ROP-interacting and the second group RLCK VI_B (characterized by N-terminal
UspA domain, Kerk et al. 2003) ROP-non-interacting kinases (Jurca et al. 2008). Members of
the RLCK VI_A group are the only currently known plant kinases the activity of which is
dependent on their binding to active (GTP-bound) ROP G-proteins (Dorjgotov et al. 2009;
Lajko et al. 2018). Besides the ROP-dependent regulation of their activity, there is information
about the expression of the members of this family in Arabidopsis thaliana. Jurca et al. (2008)
reported that all At RLCK VI _A genes are only weakly expressed in dividing cultured cells
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while they exhibit various expression patterns in the plant organs. In the rosette and/or cauline
leaves RLCK VI_A2, and A4, in the root RLCK VI_A4, in the inflorescence stem RLCK
VI_AD5, in flower buds and open flowers RLCK VI_A6 and A7, and in the open flower RLCK
VI_A3 gene showed the highest expression level. Moreover, several of these genes (At RLCK

A3, A6, and A7) of these genes exhibited strong expression in the pollen.

Considering their ROP-dependent in vitro activity, one can suppose that the At RLCK VI_A
kinases have important roles in ROP G-protein regulated processes as ROP effectors. ROP
GTPases are well known to regulate cell polarity and one of the best characterized processes
in this respect is the polar growth (tip growth) of pollen tubes (Gu et al. 2005; Guan et al. 2013;
Lee et al. 2008; Li et al. 1999). Based on the strong expression of some of the At RLCK VI_A
kinases in pollen, we decided to test whether they are also involved in the regulation of pollen

tube growth and/or polarity.

In plant functional analysis of genes is frequently based on loss-of-function and/or gain-of
function experiments. Loss of gene function is generally achieved by mutagenesis, gene
silencing, or, recently, by genome engineering while the effects of gain of gene function can
be studied in transgenic plants ectopically overexpressing the given gene. Considering the
lengthy procedure to obtain mutant or transgenic plants and the possibility that interfering with
pollen tube growth can seriously affect their fertility, we decided to use a transient gene

silencing approach based on antisense oligonucleotides (AS-ODN).

There are several reports about the use of AS-ODNs for similar studies. Mizuta and
Higashiyama (2014) reported that using AS-ODNs against the genes coding for the ANX1 and
ANX2 receptor kinases, which implicated in cell wall maintenance, caused short, knotted and
ruptured morphology of Arabidopsis thaliana pollen tubes (Mizuta and Higashiyama 2014).
They also treated pollen tubes with AS-ODNs against ROP1 and CalS5 and that resulted in
waving or short PTs with a few callose plugs (Mizuta and Higashiyama 2014), respectively
Liao et al. (2013) characterized the role of the NtGNL1, a guanine exchange factor (GEF) for
the Arf family of G- proteins that play crucial roles in vesicle trafficking. Antisense-mediated

silencing of the gene MdCBL5 gene encoding a calcineurin B subunit protein disrupted the
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calcium ion concentration gradient in the pollen tube apex and inhibited pollen tube growth in
apple (Gu et al. 2015).

The AS-ODN technology seems to be a very good technique for high-throughput screening of
genes and proteins with yet unknown functions in pollen tubes. It has the advantage that it can
be used for species with only partially covered genome sequence because it requires less than
hundreds of base pairs for AS-ODN designing. This also means that specific regions
discriminating among the members of a gene family can be differentially targeted. Drawback
of AS-ODN technology is that only partial reductions of the target gene expression can be
achieved and only temporarily. The reduction of target gene expression varies between 40 to
80% depending on the AS-ODN designing (Bezvoda et al. 2014; Sun et al. 2005). Determining
silencing efficiency in pollen tubes is very difficult due to the limited number of experimental
materials, the unknown efficiency of transfection efficiency etc. Attempts were made using
fluorescently labelled AS-ODNs but problems were encountered considering the washing out
of oligonucleotides that were not taken up by the pollen tubes and caused considerable
background fluorescence without compromising pollen tube loss and viability (data not

shown). Further optimisations of the procedure are required in this respect.

Although there are reports about the use of the AS-ODN technology for Arabidopsis pollen
tubes (Mizuta and Higashiyama 2014), we had difficulties to reproducibly germinate and grow
Arabidopsis pollens. Nicotiana tabacum pollen, however, can easily be collected and cultured
and were routinely used in our laboratory for gain-of-function studies (Fodor-Dunai et al. 2011;
Lajko et al. 2018). Therefore, members of the RLCK VI_A family of Nicotiana tabacum were
identified based on their homology to the Arabidopsis sequences. Four of the seven tobaccos
RLCK VI_A kinases (A3, A4, A6, A7) expressed in the pollen were selected for AS-ODN

design that followed standard procedures.

The silencing of the selected kinase genes was done one by one. The As-ODN treatments
resulted in all cases (Nt RLCK VI_A3, 4, 6 and 7) in the formation of branches, knot, widened
or bubble-like tip structure of the pollen tubes. The types of abnormalities were only slightly

varying from one kinase to others, although care was taken to design specific antisense
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oligonucleotides against the given kinase cDNA sequences. One can suppose that all
investigate kinase take similar and partly overlapping roles in the pollen tube that results only
in around 10-15% of abnormalities if only one of them is silenced. Parallel silencing of several
of these kinases would be required in this case to cause a stronger phenotype.

In the treatment of AS-ODN in pollen caused branch formation more frequently rather than
knots in the middle or widening/bubble formation at the tip. Waving and limited growth was
reported for AS-ODN treatments against At ROP1 in Arabidopsis pollen, tubes but branching
not (Mizuta and Higashiyama 2014). Widening or bubble-like tip formation is characteristic
for pollen tubes ectopically expressing wild-type or constitutively active ROP1 (Fodor-Dunai
et al. 2011; Lajkoé et al. 2018) due to the loss of polarity. Branching of pollen tubes indicate
that more than one polarity sites were established during pollen tube growth. Knots might also
represent sites where polarity was temporarily lost. Therefore, the phenotypes observed in
pollen tubes treated by RLCK VI_A specific AS-ODNs support the view that these kinases
might be involved in ROP GTPase-mediated signalling controlling polarity establishment and
tip growth. This is further supported by the specific interaction of the kinases with active ROP

GTPases in pollen tubes as was earlier demonstrated by Lajko et al. (2018).
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CHAPTER 7: CONCLUSIONS

Pollen tube growth is a complex and well-coordinated process governed by various cellular
and molecular pathways. In this study, 1) the effect of different exogenous polyamines on
tobacco pollen germination and growth was studied through their influence on ROS and NO
production; 2) the role of ROP-activated Receptor Like Cytosolic Kinases (RLCKS) in pollen
tube growth was investigated using antisense oligonucleotide-mediated gene silencing.

Polyamines applied at a low concentration (10uM) affected pollen germination and elongation
differentially. Their negative influence on pollen germination rate was dependent on their
effect on ROS, but not NO level. However, during pollen tube growth they had a more
complex effect on the NO/ROS ratio. The relatively high NO/low ROS ratio promoted, while
the opposite inhibited pollen tube elongation. Taken together, our results further support the
involvement of PAs in the regulation of pollen germination and elongation affecting primarily
ROS or NO levels, respectively, but the outcome might be determined in both cases by the
endogenous NO/ROS ratio. Although, these data contribute to our understanding of how
PAs exert their effects on pollen germination and tube elongation, many pieces of the puzzle
are still missing to complete the picture of the mechanisms controlling these processes. Further
investigations on the physiological function of PAs and their molecular partners are still
needed. Especially as it seems that there is a wide variation in this respect among the various

species and experimental systems.

A group of Receptor Like Cytosolic Kinases (RLCK VI_A) has been previously shown to be
in vitro activated by ROP GTPases but their functions in plant were not investigated yet. Based
on their pollen specific expression, four Nicotiana tabacum RLCK VI_A kinases were selected
to reveal their potential role in polar pollen tube growth that is a well-known ROP-regulated
process. Partial silencing of RLCK VI_A kinase members was attempted using specifically
designed antisense oligonucleotides taken up into the growing pollen tubes. The observed
phenotypes of the treated pollen tubes support the view that these kinases are indeed involved
in the ROP GTPase-mediated polarity establishment and tip growth processes. However,

further investigations need to be performed to verify this finding including the determination
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of the silencing efficiency and the specificity of the oligonucleotides in association with the

observed phenotypes.
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CHAPTER 8: OSSZEFOGLALAS

A pollencsd ndvekedése egy komplex, cellularis és molekularis szinten jo1 koordinalt folyamat.
Ezzel kapcsolatban munkank soradn azt vizsgaltuk, hogy 1) a kiilonféle poliaminoknak a
dohany pollenek csirdzasara €s a pollencsé novekedésére gyakorolt hatdsa Osszefligg-e a
reaktiv oxigén fajtdk (ROS) ¢és a nitrogén monoxid (NO) szintjében bekdvetkezd
valtozasokkal, illetve, hogy 2) antiszenz oligonukleotiddal csendesitve egy specidlis kinaz
csalad tagjainak génjeit milyen valtozasok kovetkeznek be a dohany pollencsé polaris

novekedésében.

Alacsony (10uM) koncentracidoban alkalmazva a kiilonb6z6 poliaminok eltéré modon hatottak
a pollencsirdzasra és a pollencsd novekedésére. A pollencsirdzdsra valdo negativ hatdsuk
Osszefliggést mutatott a pollen ROS szintjének novekedésével, mig a NO szintek esetében ilyen
Osszefliggés nem volt megéllapithatd. A pollencsé novekedése alatt a hatds komplexebbnek
bizonyult, és a relativ NO/ROS arany valtozéasa volt megfigyelhetd. A viszonylag magas NO
és alacsonyabb ROS szint serkentette, mig az ellenkezd iranyu valtozas gatolta a pollencsdvek
megnyulasat. Eredményeink alapjan a poliaminok mind a pollen csirazésat, mind a pollencsd
novekedését specifikusan befolyasoljak, és hatasuk a ROS és/vagy NO szintek (aranyok)
specifikus megvaltoztatdsdval mutat Osszefliggést. Bar ezek az adatok hozzajarulnak a
poliaminok pollencsirdzasra és a pollencs6-ndvekedésre gyakorolt hatdsanak jobb
megértés¢hez, még szamos kérdés megvalaszolasa sziikséges a folyamatok teljes
feltérképezéséhez.  Tobbek  kozott  szikség van a  poliaminok  fiziologial
hatdsmechanizmuséanak és molekularis partnereinek mélyebb megismerésére. Annal is inkabb,
mert a kiilonboz6 fajok és kisérleti rendszerek esetében rendelkezésre 4ll6 kutatdsi

eredményekben kozott nagyok az eltérések.

Egy novényspecifikus kinaz csoport (Receptor Like Cytoplasmic Kinases Class VI group A,
RLCK VI_A) tagjairol ismertté valt, hogy in vitro aktivitdsukat kis molekulasulya GTP-k&td
fehérjek (ROP GTPazok) szabalyozzak, de a novényekben betoltott funkcidikrol még alig
allnak rendelkezésre adatok. Mivel szamos tagja a csoportnak pollenben magas szinten
termelddik, elhataroztuk, hogy megvizsgaljuk négy dohany (Nicotiana tabacum) kinaz

szerepét ebben a kozismerten ROP GTPazok altal szabalyozott folyamatban. A kindzok
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génjeinek részleges csendesitését specifikusan tervezett antiszenz oligonukleotidokkal
kiséreltik meg. Az oligonukleotidokkal kezelt pollencsévek novekedésében megfigyelt
valtozasok alapjan feltételezhetjiik, hogy a kindzok részt vesznek a ROP GTPazok altal
kontrollalt polaris ndvekedés fenntartasaban. Azonban tovabbi vizsgalatok kell elvégezni
ahhoz, hogy a megfigyelt valtozasok konkrét molekuléris, illetve cellularis hatterére fényt
derithessiink. Ehhez elsOként igazolni kell az oligonukleotidok altal kivaltott géncsendesités

specifikussagat és hatékonysagat.
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