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Abstract 

 
Activation-tagging is a powerful functional genomics technique used to identify 

plant genes and their functions. The random introduction of gene enhancers into the plant 

genome results in the overexpression of nearby genes, thus the gene responsible for a 

mutant phenotype can be determined based on the location of the enhancers. In a screen 

for activation-tagged Arabidopsis lines with aberrations in trichome morphology, a 

mutant (named P330) with unbranched trichomes was identified. In this thesis, the actin-

encoding gene ACT11 was found to be upregulated by T-DNA pSKI015 in P330. 

Additionally, this line also produces a second mutant phenotype, characterized by a 

significant reduction in seed set. The findings presented in this thesis build upon previous 

work that has shown ACT11 is strongly expressed in reproductive organs (such as pollen 

and ovules) and rapidly elongating tissues in Arabidopsis. The role of actin has been 

characterized in Arabidopsis trichome morphogenesis, however much remains unclear 

about actin dynamics in sexual reproduction. Our investigation on the effects of increased 

ACT11 expression adds to our understanding of these processes and also provides the 

framework for future studies into trichome morphogenesis and sexual reproduction in 

flowering plants. 
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DNA insertion site, the project progressed into the gene identification stage and the 

allowed for the assessment of mutant phenotypes. The A. thaliana line SALK_088189C 

was obtained from TAIR through the distribution of ABRC and was part of the SALK 

Confirmed T-DNA Project (Alonso et al., 2003). 
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Chapter 1: Introduction 

Plant cell growth is a coordinated process of cell wall and plasma membrane 

expansion. This process is dependent on the successful delivery of building materials to 

targeted expansion sites through secretory vesicles. This, in turn, is dependent on the 

regulation of the actin cytoskeleton through ATP-dependent polymerization and 

depolymerization reactions; the mechanochemical enzyme myosin carries secretory 

vesicles while travelling along actin filaments that continually have to be altered for 

continuous cell expansion (reviewed in Minton, 2013). Four types of cell growth are 

characterized in plants: isodiametrical growth, anisotropic growth, diffuse growth, and tip 

growth. The latter is observed in cells such as leaf epidermal trichomes, root caps, and 

pollen tubes (reviewed in Hepler et al., 2001). As with the other three types of plant cell 

growth, actin cytoskeleton regulation is essential; tip growth requires the continued 

unidirectional polymerization of actin subunits while secretory vesicles provide building 

materials to the expansion sites. Functional experimental analyses, such as the use of 

actin-depolymerizing agents, have revealed the key role of the actin cytoskeleton during 

tip growth and vesicle transport (reviewed in Hussey et al., 2006). Additionally, 

visualization of the actin cytoskeleton with various methods have allowed for the 

observation of these processes in real time.  

The involvement of actin, however, is not limited to cell expansion alone. Actin 

formations have also been involved in key processes of plant sexual reproduction 

(specifically flowering plants), such as sperm cell delivery and cytoskeletal remodeling in 

the ovule during fertilization (Weterings and Russell, 2004). As is the case with cell 
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growth, functional experimental analyses and visualization methods have revealed much 

about these processes. Gene knockdown methods, cytoskeletal staining, and various types 

of microscopy have all contributed to our understanding of the role of actin in sexual 

reproduction, but overall these processes are poorly understood and seem to be species-

specific with key differences between various flowering plants (Huang and Russell, 1994; 

Weterings and Russell, 2004). Continued experimental analyses, such as gene 

identification and protein localization, will better our understanding of the role of actin in 

plant sexual reproduction and cell growth. 

Cytoskeletal dynamics in trichome morphogenesis 

Trichomes are specialized epidermal outgrowths found in a wide range of plants 

that vary greatly in terms of abundance, structure, and function. The development of 

unicellular trichomes on the surface of Arabidopsis rosette leaves has served as an 

important model for understanding cell differentiation and patterning (reviewed in 

Szymanski et al., 2000; reviewed in Pesch and Hülskamp, 2009). Unlike the majority of 

cell types found in Arabidopsis, trichomes are only constrained on the proximal end of 

the cell (where it connects with the epidermal pavement cells) leaving the majority of the 

cell unconstrained by surrounding cells. This makes them ideal for the study of cell shape 

determination, as there are no adjacent cells to influence their growth. Through the action 

of a highly-regulated protein-protein interaction network, an emerging trichome cell 

grows out from the epidermal layer and begins to produce branches while trichome 

initiation is inhibited in neighbouring leaf pavement cells (reviewed in Pesch and 

Hülskamp, 2009). Although this may seem like a relatively simple developmental 
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process, as many as 50 unique genes have been identified that regulate trichome 

morphogenesis. 

 
Trichome morphogenesis is divided into the following six stages: (1) the initiation 

of a trichome precursor cell, (2) its growth out of the epidermal layer, (3) branch 

initiation, (4) extension and (5) re-orientation of the branches, and (6) maturation of the 

trichome (Szymanski et al., 1998). Stage 3 of this process involves two main branching 

events that have been shown to be genetically distinct from each other and are regulated 

primarily by two different proteins, STACHEL (STA) and ANGUSTAFOLIA (AN). 

Analysis of loss-of-function mutants has revealed that STA is responsible for the primary 

branching event while AN is responsible for the secondary branching event (Folkers et 

al., 1997). Further analyses of loss-of-function mutants have revealed a multitude of 

positive and negative regulators of trichome branching (Koornneef et al., 1982; 

Hülskamp et al., 1994; Krishnakumar and Oppenheimer, 1999; Luo and Oppenheimer, 

1999; Perazza et al., 1999; Silverstone et al., 2007). These findings highlight the large 

number of genes involved in just one aspect of trichome development in Arabidopsis. 

 
More recent findings also implicate hormonal regulation in trichome branching in 

Arabidopsis (Perazza et al., 1998; An et al., 2012) as well as other plant species (Kazama 

et al., 2004; Shi et al., 2006; Qin et al., 2007). The generation of induced mutations and 

the use of exogenous hormone application have revealed a number of hormone receptors 

that regulate trichome branching in Arabidopsis. Since trichomes are unicellular, 

trichome morphogenesis is simply a process of cytoskeletal growth and assembly 

(Szymanski et al., 1999). For example, receptor ETR2 (one of five known Arabidopsis 
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ethylene receptors) has been shown to modulate microtubule assembly in developing 

trichomes (Plett et al., 2009). Loss-of-function mutations generated in ETR2 result in 

decreased microtubule stability, cytoskeletal disorganization, and decreased trichome 

branch number. Although many studies have identified key proteins involved in trichome 

branching, fewer have focused on the cytoskeletal arrangement during this phase of 

trichome morphogenesis. 

In combination with the microtubule- and actin-destabilizing agents, visualization 

of the trichome cytoskeleton (either with immunolabeling, fluorescent cytoskeleton-

binding proteins, or staining) has revealed a stage-specific relationship between 

microtubule and filamentous actin (F-actin) assembly (Szymanski et al., 1999; Mathur et 

al., 1999; Mathur and Chua, 2000). More specifically, microtubule organization appears 

to have a greater influence than F-actin organization on trichome development in the first 

two stages of morphogenesis. Polar outgrowth is dramatically affected by the activity of 

oryzalin (a microtubule-destabilizing agent), whereas exogenous application of actin-

destabilizing agent cytochalasin D has no obvious effects on trichomes at this stage 

(Szymanski et al., 1999). In contrast, cytochalasin D has an effect on developmental 

coordination rather the establishment of cell polarity, resulting in distorted trichome 

morphology. These findings are consistent with results from other studies that used 

different microtubule- and actin-destabilizing agents (Mathur et al., 1999), suggesting 

trichome initiation and branching initiation are almost entirely dependent on microtubule 

growth. Although developing stage 2 trichomes contain loosely-aligned actin filaments, 

these results suggest F-actin appears to play more prominent roles in stages 3 and 4. 

 



! 5!

The organization of F-actin throughout all stages of trichome morphogenesis 

normally follows two patterns (Szymanski et al., 1999). First, in areas of developing 

trichomes where new structures (such as branch buds and apical regions) are being 

established, F-actin is present in comparatively low amounts. Second, areas of developing 

trichomes where structure has already been established, such as developed branches or 

stage 6 stalks, F-actin is found in higher amounts and organized into fine bundles. This 

suggests that one possible role of F-actin in trichome development is reinforcement and 

maintenance of the cell’s structure, while microtubule-dependent growth takes place 

beforehand. Interestingly, unpolarized globular-actin (G-actin) is found in high amounts 

in branch buds, suggesting it may form a base or starting point for the polarized growth 

of F-actin along the branch axes. Another possible role for F-actin in trichome 

morphogenesis involves intracellular vesicular trafficking and the deposition of materials 

to specific plasma membrane sites. Thin actin filaments, as opposed to thick, aggregated 

bundles, are associated with the ability to transport vesicles in various types of plant cells 

for targeted delivery of cell membrane and cell wall components (Valster et al., 1997; 

Guimil and Dunand, 2007; Kroeger et al., 2009; Ojangu et al., 2012). Since trichome 

stalk initiation and branch initiation are microtubule-dependent, the effects of actin-

destabilizing agents (e.g. distorted cell structure) may specifically be due to improper 

vesicular trafficking. Whatever the precise mode of action, it is clear that actin 

organization plays a crucial role in cell expansion and coordination after stage 2 in 

trichome morphogenesis. 

Actin may not only play a role in trichome structure reinforcement and 

maintenance, but also in facilitating proper microtubule organization in developing 
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Arabidopsis trichomes (Sambade et al., 2014). More recent evidence suggests that F-

actin, rather than G-actin, localizes to the branch site at the earliest stage of trichome 

branching prior to any sort of microtubule arrangement at this location. This discrepancy 

between G-actin and F-actin localization at the branch bud sites may be due to the use of 

different visualization methods, the more recent study using an improved actin GFP 

marker (GFP-fADP2; Sheahan et al., 2004) to observe actin filaments at the branch sites. 

Upon discovering that no microtubules are present at the first stage of trichome branching 

(characterized by a swelling bulge on the side of a developing trichome), the GFP-fADP2 

marker was used to determine if F-actin was responsible for the development of this 

outgrowth. F-actin was found to localize to the center of the bulge and is arranged in a 

manner that allows for proper colonization of cortical microtubules (Sambade et al., 

2014). These microtubules then form a ring that serves as a base for trichome branch 

extension. As the branch grows, the F-actin signal becomes stronger, suggesting that this 

F-actin cap is present at the distal end for this entire process (Figure 1). This process of 

outward growth involving an F-actin cap is very similar to root hair and pollen tube 

growth (Gibbon et al., 1999; Baluška et al., 2000; reviewed in Hepler et al., 2001; 

reviewed in Šamaj et al., 2006; Zheng et al., 2013). Although actin has been detected in 

developing trichomes before, the use of the GFP-fADP2 marker provides the most 

accurate and detailed visualization of F-actin networks (Sheahan et al., 2004), confirming 

the notion that trichome branches extend outwards by tip growth and branch initiation is 

actin-dependent and not solely microtubule-dependent. Future studies involving the actin 

cytoskeletal organization in developing trichomes should employ the use of the GFP-

fADP2 marker.  
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Pollen tube growth and dynamics 

 The successful fertilization of ovules in Arabidopsis and other flowering plants is 

dependent on, among many other factors, the unidirectional growth of pollen tubes in the 

style. This rapid process is dependent on actin polymerization and critical for successful 

double fertilization in the ovule (Franke et al., 1972; Mascarenhas and Lafountain, 1972; 

Derksen et al., 1995; Gibbon et al., 1999; Chen et al., 2003; Cheung and Wu, 2004; Wu 

et al., 2010). The process begins with pollen-stigma interactions initiating the outgrowth 

of the pollen tube through a germination pore, followed by actin filament polymerization. 

The structure of the actin cytoskeleton is critical for successful vesicular trafficking down 

the pollen tube; secretory vesicles travel along the axially oriented actin filaments to 

deliver membrane and cell wall materials necessary for normal tip growth (Cheung et al., 

2002; de Graaf et al., 2005; Chen et al., 2007; Bou Daher and Geitmann, 2011). This 

action is widely accepted to be dependent on the ability of myosin (a mechanochemical 

enzyme) to hydrolyze ATP, causing changes to its binding state to actin filaments and 

allowing it to walk along the actin cytoskeleton and deliver its cargo (reviewed in 

Shimmen and Yokota, 2004; reviewed in Shimmen, 2007). In contrast, organelle 

transport towards the distal end of the pollen tube appears to be microtubule-dependent; 

in vitro assays have revealed that organelles extracted from pollen tubes are able to travel 

along microtubules even in the presence of actin-destabilizing agents (Romagnoli et al., 

2003). This process of intracellular trafficking, specifically in the pollen tube, is known 

as ‘cytoplasmic streaming’ (reviewed in Cheung and Wu, 2008). Essentially, vesicles 

continually travel down the edges of the pollen tube and then reverse direction at the 

subapical region to move back towards the distal region.  



! 8!

 The process of cytoplasmic streaming in growing pollen tubes is strongly 

dependent on a number of proteins involved with actin polymerization and filament 

turnover, ensuring that longitudinal actin cables continue to extend and provide a path for 

vesicular transport. Some of these proteins include general actin-binding proteins (ABPs; 

reviewed in Higaki et al., 2007; Ye et al., 2009; Ye et al., 2013), resistance to inhibitors 

of cholinesterase proteins (RICs; Gu et al., 2003; Gu et al., 2005) and villins (Zhang et 

al., 2010; Qu et al., 2013). The activity of these proteins ensures the actin cytoskeleton is 

organized into three distinct regions (the shank, the sub-apical region, and the apical 

region) over the course of its growth period (reviewed in Cheung and Wu, 2008). The 

shank constitutes the longest portion of the pollen tube and is characterized by a region of 

long, filamentous actin cables upon which vesicles travel. A more dynamic actin 

network, however, characterizes the sub-apical region. The filamentous actin cables that 

run through the shank of the pollen tube congregate at the sub-apical region, creating an 

inverted cone-shape comprised of shorter actin filaments. This sub-apical region is also 

known as the mesh (Chen et al., 2002) or the fringe (Lovy-Wheeler et al., 2005), terms 

reflective of its disorganized structure. The current working model for actin dynamics at 

the sub-apical region suggests rapid disassembly of shank actin filaments and reassembly 

into the reverse stream to ensure the process of cytoplasmic streaming continues 

seamlessly (reviewed in Cheung and Wu, 2008; Figure 2). Finally, the apical region (also 

referred to as the ‘clear zone’) is characterized by a complete absence of actin filaments, 

occupied only by organelles and secretory vesicles (Lancelle and Hepler, 1992; Derksen 

et al., 1995; de Graaf et al., 2005). Continued pollen tube growth is highly dependent on 

successful vesicle targeting, delivery, and return towards the pollen tube base. It is widely 
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accepted that this region of actin filament absence allows for successful vesicle delivery, 

ensuring the growing plasma membrane continues to be supplied with necessary 

materials. 

 
Tip growth in pollen tubes is regulated by a wide range of cellular signals, 

including calcium (Pierson et al., 1994; Schiøtt et al., 2004; Cárdenas et al., 2008), 

calmodulin (Yokota et al., 2000; Rato et al., 2004), phospholipids (Monteiro et al., 2005; 

Helling et al., 2006), small GTPases (Lee et al., 2008; reviewed in Nielsen et al., 2008), 

and reactive oxygen species (ROS; Potocký et al., 2007; Liu et al., 2009). These 

signaling networks are involved not only in actin cytoskeletal growth, but also in plasma 

membrane structuring, calcium influx, organelle transport, and sperm discharge 

(reviewed in Malhó et al., 2006). The resulting coordination of signals culminates in the 

growth of one of the fastest growing cells in the plant kingdom (e.g. 1 cm per hour in 

maize in planta; Kiesselbach, 1949). 

Actin dynamics in double fertilization 

Since the discovery of double fertilization by Nawashin (1898), our understanding 

of this unique reproductive process in flowering plants has historically been hindered due 

to our inabilities to view the female gametophyte in detail and to observe this process in 

planta at the cellular level. Double fertilization, characterized by three distinct stages, 

involves the release of two sperm cells from the apical region of the pollen tube and each 

fusing with an egg cell or central cell (reviewed in Hamamura et al., 2012). Recent 

improvements in live cell imaging have revealed detailed sperm cell behaviour during 

this process in Arabidopsis (Hamamura et al., 2011) and analyses of loss-of-function 
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mutants have identified key genes involved with sperm cell motility in the ovule (Mori et 

al., 2006; Pagnussat et al, 2007; Aw et al., 2010). 

Following successful pollen tube growth down the style and into one of two 

synergid cells in the ovule (Iwano et al., 2012; Leshem et al., 2013), a three-step 

fertilization process is initiated. In the first step, the sperm cells are discharged and 

delivered into the synergid cell in a matter of seconds, quickly arriving at the egg cell-

central cell boundary. Depending on the species, the penetrated synergid cell breaks 

down after sperm discharge or has already started to degenerate.  In the second step, the 

sperm cells retain their position at this boundary for a few minutes. Finally, in the third 

step, the sperm cells fuse with their respective targets (the egg cell or central cell). The 

exact timing of each fertilization step has been determined in Arabidopsis (Hamamura et 

al., 2011), however the relative timing of cytoskeletal network formation during this 

process is as of yet unknown. 

Actin dynamics in the female gametophyte during fertilization have been 

examined in a number of flowering species (Huang and Russell, 1994; Huang et al., 

1999; Fu et al., 2000; Ye et al., 2002). The formation of two actin ‘coronas’ 

(characterized by two dense networks of actin) at the time of sperm cell discharge is a 

poorly understood phenomenon but considered critical for successful gametic fusion 

(Huang and Sheridan, 1998). These coronas are formed along the degenerated synergid 

cell with one extending to the egg nucleus and the other extending near the central cell. 

The current working hypothesis is that sperm cells travel along these coronas via 

actomyosin interactions (Zhang and Russell, 1999). Visualization of actin filaments 

(either with GFP or phalloidin) during fertilization has allowed precise characterization 
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of corona development, however regulation of this process remains unclear (Fu et al., 

2000; Gebert et al., 2008). Furthermore, the relationship between the timing of synergid 

cell degeneration and the timing of corona formation appears to be different across 

various plant species. In Zea mays, Phaius tankervilliae, Nicotiana tabacum, and Torenia 

fourmeri, synergid cell degeneration begins prior to pollen tube entry (Huang and 

Russell, 1994; Huang and Sheridan, 1998; Fu et al., 2000; Ye et al., 2002), however the 

timing of actin corona formation varies between the four. In all cases, the early formation 

of the two coronas can be detected prior to pollen tube entry, but they become much more 

dense either before or after tube discharge depending on the species. This raises the 

question as to where the actin subunits originate from; the coronas can be formed solely 

from actin previously kept in the receptive synergid cell or in combination with actin 

previously contained in the pollen tube, which rapidly depolymerizes during discharge 

(Weterings and Russell, 2004). Based on all the flowering plants that have been 

examined, including ones that do not contain synergid cells, it appears that this process is 

species-specific. In Glycine max (Dute et al., 1989) and Triticale (Hause and Schröder, 

1987) actin corona material originates from the receptive synergid cell, while pollen tube 

actin contributes to corona formation in Hordeum vulgare (Engell, 1989) and Plumbago 

zeylanica (Huang et al., 1993). Although many aspects of Arabidopsis double 

fertilization have been examined in detail, actin corona formation is not fully understood. 

It has been determined that synergid cell degeneration begins after tube discharge 

(Hamamura et al., 2011), but since it is not known whether pollen tube actin contributes 

to corona formation, the timing of this formation remains unclear. 
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Approaches to gene identification  

The direct manipulation of gene expression through a variety of methods has been 

instrumental in gene discovery in plants as well as other biological systems. These 

methods can be roughly categorized into two distinct approaches: reverse genetics 

(whereby genes of interest are targeted and manipulated to observe possible phenotypic 

differences) and forward genetics (whereby mutant phenotypes are observed and efforts 

are made to identify the gene(s) responsible). Compared to a reverse genetics approach, 

one major advantage of using forwards genetics is that no previous knowledge of gene 

candidates are needed. By observing a mutant phenotype in an organism, a completely 

uncharacterized protein-coding or non-protein-coding gene may become implicated in a 

process that results in that particular phenotype (reviewed in Peters et al., 2003). 

 
Forward genetic approaches have traditionally employed ‘knockout’ or 

‘knockdown’ methods to characterize gene function. By confirming a decrease or a 

complete elimination of mRNA transcripts originating from a candidate gene, one can 

implicate the candidate gene in the observed mutant phenotype. One major disadvantage 

of inhibiting gene activity, however, is the possibility of producing lethality. The only 

information that can be obtained from this is that the gene is somehow essential to the 

organism’s survival. Other major disadvantages of gene knockouts is the possibility of 

not seeing a phenotype because of redundancy in the genome, where another gene codes 

for a protein with an overlapping function with the gene of interest. This would not allow 

for the emergence of phenotypic differences. In contrast, increasing gene activity 

overcomes these disadvantages. Gain-of-function mutations obviate the need to produce 

homozygous lines (a requirement for studying loss-of-function mutations) and render the 
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possibility of multiple gene copies irrelevant. One method of generating gain-of-function 

mutations for gene identification is activation-tagging. 

 
Activation-tagging is a powerful and proven technique used to identify plant 

genes and their functions. This technique was first developed in Arabidopsis and involves 

the Agrobacterium-mediated transformation of a transfer-DNA (T-DNA) containing 

strong transcriptional enhancers into the genome (Weigel et al., 2000). Enhancers, such 

as the Cauliflower Mosaic Virus (CaMV) 35S enhancers, can activate transcription 

irrespective of their location, distance, or orientation to the promoters of genes (Banerji et 

al., 1981). A major advantage to activation-tagging is that observable phenotypic 

differences can be seen in primary transformants, thereby allowing the process of gene 

identification to begin right after the transformation process. Additionally, activation-

tagging results in a gain-of-function, which is more likely to produce a visible phenotype 

because there is no influence from redundant genes. The transformed T-DNA also acts as 

a tag to enable rapid identification of the insertion site.   

 
Recently, an activation-tagged T-DNA Arabidopsis population and a smaller T-

DNA insertion population were developed at the Saskatoon Research Centre in Canada. 

The larger activation-tagged population (termed SK) consists of almost 50,000 individual 

T3 seed lines from single-seed descent (Robinson et al., 2009). Vector pSKI015 

(containing 4 CaMV 35S enhancers) was used as the T-DNA for transformation. The 

smaller population consists of ~20,000 T2 knockout pAG lines; vector pSKI015 was also 

used for this population, however the T-DNA does not contain any enhancers. In a screen 

for variation in trichome structure and density, 10 of the recovered trichome variant lines 
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are thought to contain mutations affecting genes that have not been implicated in 

trichome morphogenesis. These 10 lines present an opportunity to further identify genes 

involved with trichome initiation and development. 

 
One of the lines identified in the SK activation-tagged T-DNA population is 

termed P330. Presumably as a result of the T-DNA influencing a nearby gene, P330 

produces unbranched, spikey leaf trichomes (Figure 3). Typically, Arabidopsis trichomes 

are three- and four-branched as a result of distinct branching events in their development 

(Folkers et al., 1997). Another phenotype of this mutant that was not picked up in the 

original screen relates to sexual reproduction. An unusually high proportion of mature 

siliques are quite short (0.5-0.7 cm) compared to wild-type (~three-fold difference) and 

contain what appear to be unfertilized ovules as well as small numbers of viable seeds 

(Figure 4). With the use of genome walking, the T-DNA location in P330’s genome was 

determined. 

Thesis objectives 

 The central focus of this project was to determine which gene is responsible for 

the two phenotypes in the activation-tagged line P330 and to initiate a longer-term study 

to understand the function of the gene and its protein. A typical forward genetics 

approach was employed to determine how the activity of this gene results in the 

production of unbranched trichomes and unfertilized ovules in certain siliques. A number 

of methods were used to: (i) identify the gene affected by the T-DNA, (ii) confirm the 

role of the candidate gene in trichome branching and sexual reproduction, and (iii) 

elucidate the mechanisms that give rise to these phenotypes. The results presented and 

discussed in this thesis provide further insight into the cytoskeletal dynamics of sexual 
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reproduction and trichome branching in Arabidopsis. Furthermore, these results (and 

results potentially obtained in the future of this project) may provide important 

information in the fields of agriculture and plant biotechnology. Trichomes are widely 

known to combat a number of biotic and abiotic stressors in natural environments, and 

thoroughly understanding their development may lead to useful strategies for maintaining 

agricultural plant populations. These strategies may also benefit from research in plant 

sexual reproduction; understanding various aspects of pollination, fertilization, 

gametogenesis, etc., may provide strategies that promote reproduction in agricultural 

plants even under stressful conditions. 
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Figure 1. F-actin localization during trichome branching. A schematic representation 
of the current working model for trichome branch initiation in Arabidospsis. F-actin 
(shown in red) accumulates at the new branch site before microtubules (in green) 
colonize the area. This arrangement of F-actin serves as a frame for cortical microtubules 
to eventually occupy the same position and continue branch extension (adapted from 
Sambade et al., 2014). 
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Figure 2. Cytoplasmic streaming in elongating pollen tubes. A schematic 
representation of the current working model for cytoplasmic streaming. The three distinct 
regions of a growing pollen tube (shank, sub-apical, apical) and the movement of vesicles 
are shown. Vesicles deliver their materials to the growing apical region and travel back 
along actin filaments towards the pollen grain (adapted from Cheung and Wu, 2008). 
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Figure 3. P330 trichome morphology. SEM pictures of P330 (A, B) and wild-type (C, 
D) leaf trichomes. Images A and C were taken at 50X magnification. Images B and D 
were taken at 200X magnification. The white bars represent 500 µm. All P330 leaf 
trichomes are unbranched while wild-type trichomes are three- or four-branched. 
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Figure 4. Dissected P330 and SALK_088189C siliques. P330 (A, B) and 
SALK_088189C (C) siliques measuring 0.6 cm were dissected to expose the number of 
viable seeds and unfertilized ovules (indicated by black arrows). 
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Chapter 2: Materials and Methods 

Plant material and growth 

 The A. thaliana activation-tagged line P330 was obtained from the recently 

reported activation-tagged population named SK (Robinson et al., 2009), which consists 

of almost 50,000 activation-tagged Arabidopsis lines. These lines each contain at least 

one copy of the binary vector pSKI015 and the activity of the CaMV 35S enhancer 

elements it contains leads to the upregulation of genes near the T-DNA insertion sites. 

This population was generated by Agriculture and Agri-Food Canada in collaboration 

with Queen’s University and Cold Spring Harbor Laboratory.  

 The A. thaliana line SALK_088189C was obtained from TAIR through the 

distribution of ABRC and was part of the SALK Confirmed T-DNA Project (Alonso et 

al., 2003). All plant material, including wild-type A. thaliana, was grown in growth 

chambers under the following conditions: grown in pots of soil, watered daily, fertilized 

weekly, and 16 h:8 h light:dark. 

Seed sterilization 

Arabidopsis seeds were sterilized using 70% EtOH followed by a wash with 50% 

bleach containing 0.1% (v/v) Triton. This was followed by three washes with sterile H2O 

to remove leftover bleach. 

qPCR Analysis 

 Total RNA was extracted from young developing leaves approximately 1 cm in 

length from both P330 and wild-type A. thaliana using Qiagen’s RNeasy Plant Mini Kit 

(catalog #74904). Using Invitrogen’s M-MLV Reverse Transcriptase Kit (catalog 
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#28025-013), cDNA was synthesized from the purified RNA samples after treatment 

with DNase. Primers for all genes within a 10 kb upstream/downstream range from the T-

DNA insertion site and primers for reference gene UBC21/PEX4, which codes for an 

ubiquitin-protein ligase, were designed manually with strict conditions so as to ensure 

specific and efficient binding (Appendix A). Primer specificity was tested on both gDNA 

and cDNA. Quantitative PCR was carried out using the Promega’s GoTaq® qPCR Master 

Mix (catalog #A6001) and protocol on the Applied Biosystems® 7500 Real Time PCR 

System (catalog #4351105) to analyze relative transcript levels of these 7 genes. After 

determining the optimal template amount for each gene, all reactions, including no-

template controls and reference gene controls, were run in triplicate on 96-well plates. 

The average Ct value for each triplicate reaction was used in the following general 

equation:  ΔCt = Ct(target gene) – Ct (reference gene). In this case the average Ct value from the 

UBC21/PEX4 reaction was used as the Ct (reference gene) value. To compare expression levels 

for the seven genes, each ΔΔCt value was calculated using wild-type ΔCt values and 

P330 ΔCt values in the following equation: ΔΔCt = ΔCt (mutant) - ΔCt (wild-type). The 

expression 2|ΔΔCt| was then used to calculate the relative fold-change in transcript levels. 

Two technical replicates were performed to confirm the initial qPCR results. After 

confirming the increased transcript levels of AT3G12110 (ACT11), two more primer pairs 

for this gene were designed and used to confirm the expression levels. The levels of 

ACT11 transcripts were also measured for SALK_088189C using primers TA-FP, TA-

RP, 110X-FP, and 110X-RP. 
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Confirmation of ACT11 intron splicing in P330 

 In a 12.5 µL reaction, 0.25 µL of P330 cDNA (82.0 ng/µL) was amplified with 

10X PCR Buffer, 0.2 mM dNTPS, 0.2 µM forward primer, 0.2 µM reverse primer, and 

one unit of Taq Polymerase. Wild-type A. thaliana cDNA was used in identical separate 

reactions as positive and negative controls depending on the primer pair being used. The 

PCR profile used 3 min denaturation at 94°C followed by 30 cycles of 30 s at 94°C, 30 s 

for primer annealing (temperature dependent on primers being used), and 1 min at 72°C 

in an Eppendorf Master Gradient thermal cycler (catalog #950000015, Eppendorf, 

Hamburg, Germany). PCR products were viewed using 1.5% agarose-ethidium bromide 

(EtBr) gels under UV illumination. 

Preparation of constructs for plant transformation 

Vector pCAMBIA 1305.1 was used to make a construct overexpressing the 

ACT11 coding region (termed 35S::ACT11-oe). Restriction enzymes NcoI and BstEII 

were used to remove the GUSPlus reporter gene located at the 8th bp position, 

downstream of the 35S promoter. The digested fragments were then loaded in a 0.8% 

agarose-EtBr gel to separate the GUSPlus reporter gene from the rest of the vector. Using 

Invitrogen’s PureLink® Quick Gel Extraction Kit (catalog #K2100-12), the remaining 

vector was isolated and purified from the gel according to protocol. The sample was also 

quantified using Thermo Scientific’s NanoDrop™ 1000 Spectrophotometer. Two primers 

with embedded restriction sites were used to amplify the coding region of ACT11: 5’- 

ATA TAT CCA TGG CAG ATG GTG AAG AC (forward primer with NcoI restriction 

site) and 5’- ATA TAT GGT CAC CTT AGA AGC ACT TCC TGT G (reverse primer 

with BstEII cut site). To ensure high fidelity, 0.5 units of New England Biolab’s Phusion® 
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High-Fidelity DNA Polymerase (catalog #M0530S) was used in a 25 µL PCR with the 

following components: 5.0 µL 5X PCR buffer, 0.2 mM dNTPS, 0.2 µM forward primer, 

0.2 µM reverse primer, 0.75 µL DMSO, and 0.25 µL of wild-type cDNA (76.0 ng/µL). 

The PCR profile was as follows: (1) 3 min denaturation at 98°C, (2) 2 cycles of 10 s at 

98°C, 30 s at 53°C, 30 s at 72°C, (3) 1 min denaturation at 98°C, and (4) 35 cycles of 10 

s at 98°C, 30 s at 58°C, 30 s at 72°C. An Eppendorf Master Gradient thermal cycler 

(catalog # 950000015, Eppendorf, Hamburg, Germany) was used to carry out the 

reaction. To ensure no non-specific products were synthesized, 3 µL of the PCR sample 

was loaded onto a 1.0% agarose-EtBr gel for viewing under UV illumination. The 

remaining PCR sample was prepared for restriction digests using Invitrogen’s PureLink® 

Quick PCR Purification Kit (catalog #K3100-01) according to protocol. After digests by 

NcoI and BstEII, the sample was once again cleaned up and quantified using Thermo 

Scientific’s NanoDrop™ 1000 Spectrophotometer. Using Promega’s T4 Ligase and 10X 

Ligase buffer, the coding region of ACT11 was ligated to the digested pCAMBIA 1305.1 

vector in a 3:1 insert:vector molar ratio in a 10 µL, 4°C overnight reaction. 

 
 A second construct (termed 35S::ACT11-as) was prepared also using vector 

pCAMBIA 1305.1. Restriction enzymes NcoI and BstEII were used to remove the 

GUSPlus reporter gene. Two primers with embedded restriction sites were used to 

amplify the coding region of ACT11: 5’-TAT ATA GGT CAC CAT GGC AGA TGG 

TGA AGA C (forward primer with BstEII cut site) and 5’-ATA TAT CCA TGG TTA 

GAA GCA CTT CCT GTG (reverse primer with NcoI cut site). In this case, swapping 

the restriction sites allowed for the coding region to ligate to vector pCAMBIA 1305.1 in 

reverse orientation. To ensure high fidelity, 0.5 units of New England Biolab’s Phusion® 
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High-Fidelity DNA Polymerase (catalog #M0530S) was used in a 25 µL PCR with the 

following components: 5.0 µL 5X PCR buffer, 0.2 mM dNTPs, 0.2 µM forward primer, 

0.2 µM reverse primer, 0.75 µL DMSO, and 0.25 µL of wild-type cDNA (76.0 ng/µL). 

The PCR profile was as follows: (1) 3 min denaturation at 98°C, (2) 2 cycles of 10 s at 

98°C, 30 s at 53°C, 30 s at 72°C, (3) 1 min denaturation at 98°C, and (4) 35 cycles of 10 

s at 98°C, 30 s at 58°C, 30 s at 72°C. An Eppendorf Master Gradient thermal cycler 

(catalog #950000015, Eppendorf, Hamburg, Germany) was used to carry out the reaction. 

To ensure no non-specific products were synthesized, 3 µL of the PCR sample was 

loaded onto a 1.0% agarose-EtBr gel for viewing. The remaining PCR sample was 

prepared for restriction digests using Invitrogen’s PureLink® Quick PCR Purification Kit 

(catalog #K3100-01) according to protocol. After digests by NcoI and BstEII, the sample 

was once again cleaned up and quantified using Thermo Scientific’s NanoDrop™ 1000 

Spectrophotometer. Using Promega’s T4 Ligase and 10X Ligase buffer, the coding 

region of ACT11 (in reverse orientation) was ligated to the digested pCAMBIA 1305.1 

vector in a 3:1 insert:vector molar ratio in a 10 µL, 4°C overnight reaction. 

 
 A third construct (termed 35S::ACT11-RNAi) was prepared using vector 

pFGC5941 (ABRC stock # CD3-447). A 10 µL aliquot of E. coli cells containing the 

vector was used to inoculate 5 mL of LB media containing 50 µg/mL kanamycin. The 

culture was grown overnight in an incubated shaker (New Brunswick™ Innova® 4000) at 

37°C, 210 rpm.  Invitrogen’s PureLink™HiPure Plasmid Miniprep Kit was used to 

isolate the plasmid according to protocol. Two primers with embedded restriction sites 

were used to amplify a 656 bp region of the mature ACT11 transcript: 5’-ATT CTA GAG 

GCG CGC CCC TCA GAG ATC CCC TCT C (forward primer with XbaI and AscI cut 
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sites) and 5’-ATG GAT CCA TTT AAA TGC TGA GGT AGT GAA TGA G (reverse 

primer with BamHI and SwaI cut sites). To ensure high fidelity, 0.5 units of New England 

Biolab’s Phusion® High-Fidelity DNA Polymerase (catalog #M0530S) was used in a 25 

µL PCR with the following components: 5.0 µL 5X PCR buffer, 0.2 mM dNTPS, 0.2 µM 

forward primer, 0.2 µM reverse primer, 0.75 µL DMSO, and 0.25 µL of wild-type cDNA 

(76.0 ng/µL). The PCR profile was as follows: (1) 3 min denaturation at 98°C, (2) 2 

cycles of 10 s at 98°C, 30 s at 53°C, 30 s at 72°C, (3) 1 min denaturation at 98°C, and (4) 

35 cycles of 10 s at 98°C, 30 s at 55°C, 30 s at 72°C. An Eppendorf Master Gradient 

thermal cycler (catalog # 950000015, Eppendorf, Hamburg, Germany) was used to carry 

out the reaction. To ensure no non-specific products were synthesized, 3 µL of the PCR 

sample was loaded onto a 1.5% agarose-EtBr gel for viewing. The remaining PCR 

sample was prepared for restriction digests using Invitrogen’s PureLink® Quick PCR 

Purification Kit according to protocol. This cloning strategy consisted of two construction 

steps. In the first construction step, the PCR product and the purified pFGC5941 vector 

were digested by AscI and SwaI, cleaned up Invitrogen’s PureLink® Quick PCR 

Purification Kit according to protocol, and quantified using Thermo Scientific’s 

NanoDrop™ 1000 Spectrophotometer. Using Promega’s T4 Ligase and 10X Ligase 

buffer, the digested PCR product was ligated to the digested pFGC5941 vector in a 3:1 

insert:vector molar ratio in a 10 µL, 4°C overnight reaction. After confirming the correct 

656 bp region was ligated into vector pFGC5941, the second construction was performed. 

The primary 35S::ACT11-RNAi construct itself was used as a template to amplify the 

same 656 bp region using PCR. Again, to ensure high fidelity, 0.5 units of New England 

Biolab’s Phusion® High-Fidelity DNA Polymerase (catalog #M0530S) was used in a 25 
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µL PCR with the following components: 5.0 µL 5X PCR buffer, 0.2 mM dNTPS, 0.2 µM 

forward primer, 0.2 µM reverse primer, 0.75 µL DMSO, and 0.25 µL of the primary 

RNAi-c construct (93.0 ng/µL). The same primers used in the first construction step were 

again used for this PCR. The PCR profile used 3 min denaturation at 98°C followed by 

35 cycles of 10 s at 98°C, 30 s at 55°C, 30 s at 72°C. An Eppendorf Master Gradient 

thermal cycler (catalog # 950000015, Eppendorf, Hamburg, Germany) was used to carry 

out the reaction. To ensure no non-specific products were synthesized, 3 µL of the PCR 

sample was loaded onto a 1.5% agarose-EtBr gel for viewing under UV illumination. The 

remaining PCR sample was prepared for restriction digests using Invitrogen’s PureLink® 

Quick PCR Purification Kit according to protocol. Both the remaining PCR sample and 

the primary 35S::ACT11-RNAi construct were digested by BamHI and XbaI, cleaned up 

Invitrogen’s PureLink® Quick PCR Purification Kit according to protocol, and quantified 

using Thermo Scientific’s NanoDrop™ 1000 Spectrophotometer. Using Promega’s T4 

Ligase and 10X Ligase buffer, the digested PCR product was ligated to the digested 

primary 35S::ACT11-RNAi construct in a 3:1 insert:vector molar ratio in a 10 µL, 4°C 

overnight reaction. 

Transformation into E. coli 

 The three constructs (35S::ACT11-oe, 35S::ACT11-as, and 35S::ACT11-RNAi) 

were individually transformed into Invitrogen’s MAX Efficiency® DH5α™Competent 

Cells using a modified protocol. Using 20 µL of thawed cells per transformation, 5 µL of 

ligated product was added and gently mixed. After a 30 min incubation period on ice, the 

cells were heat-shocked for 20 s in a 42°C water bath, placed on ice for 2 min, then 

grown up in 475 µL (final volume 500 µL) of pre-warmed LB media for 1 h in an 
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incubated shaker (New Brunswick™ Innova® 4000; 37°C, 225 rpm). For all three 

constructs, 100 µL of cells were plated on LB plates containing 50 µg/mL kanamycin. 

The plates were the incubated at 37°C overnight. Selected colonies were screened using 

colony PCR to ensure successful transformation and ligation. Each colony was used as a 

template in 25 µL PCR with the following components: 2.5 µL 10X PCR Buffer, 0.2 mM 

dNTPS, 0.2 µM forward primer, 0.2 µM reverse primer, and one unit of Taq Polymerase. 

The primers used to create the inserts for each construct were used in these colony PCRs. 

Each colony was picked off with a sterile pipette tip, streaked on a new LB plates 

containing 50 µg/mL kanamycin, and then deposited in a PCR tube containing 25 µL of 

PCR mix. The PCR profile used 5 min denaturation at 95°C followed by 30 cycles of 1 

min at 95°C, 90 s at for the annealing step (temperature varied depending on the primers 

used), and 1 min at 72°C in an Eppendorf Master Gradient thermal cycler (catalog # 

950000015, Eppendorf, Hamburg, Germany). PCR products were viewed using 1.5% 

agarose-EtBr gels under UV illumination. The newly-streaked LB plates were grown 

overnight at 37°C. Based on what was seen in the agarose-EtBr gels, colonies containing 

their respective constructs were used to inoculate 2.2 mL of LB media containing 50 

µg/mL kanamycin and grown overnight in an incubated shaker (New Brunswick™ 

Innova® 4000) at 37°C, 210 rpm. Invitrogen’s PureLink™HiPure Plasmid Miniprep Kit 

was used to isolate the plasmids according to protocol. The plasmids were then 

sequenced to ensure the correct inserts were ligated to their respective vectors.   

Agrobacterium transformation 

The three final constructs (35S::ACT11-oe, 35S::ACT11-as, and 35S::ACT11-

RNAi) were individually transformed into competent Agrobacterium cells using the 
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following procedure: 500 ng of each construct was added to a tube containing 200 µL of 

thawed cells. The tubes were held on ice for 30 min and then thrown into liquid nitrogen 

for 5 min. This was followed by a 5 min heat-shock period in a 37°C water bath and 5 

min on ice. One mL of LB media was added to each tube and then incubated in a shaker 

(New Brunswick™ Innova® 4000) at room temperature for 4 h, 180 rpm. After the 

incubation period, 100 µL of each culture was plated on LB plates containing 50 µg/mL 

kanamycin and 50 µg/mL rifampicin. The plates were then grown at room temperature 

for 2 days. Selected colonies were screened using colony PCR to ensure successful 

transformation. Each colony was used as a template in 25 µL PCR with the following 

components: 2.5 µL 10X PCR Buffer, 0.2 mM dNTPS, 0.2 µM forward primer, 0.2 µM 

reverse primer, and one unit of Taq Polymerase. The primers used to create the inserts for 

each construct were used in these colony PCRs. Each colony was picked off with a sterile 

pipette tip, streaked on a new LB plates containing 50 µg/mL kanamycin and 50 µg/mL 

rifampicin, and then deposited in a PCR tube containing 25 µL of PCR mix. The PCR 

profile used 5 min denaturation at 95°C followed by 30 cycles of 1 min at 95°C, 90 s at 

for the annealing step (temperature varied depending on the primers used), and 1 min at 

72°C in an Eppendorf Master Gradient thermal cycler (catalog # 950000015, Eppendorf, 

Hamburg, Germany). PCR products were viewed using 1.5% agarose-EtBr gels under 

UV illumination. The newly-streaked LB plates were grown for 2 days at room 

temperature.  

Floral dip and screening of transformed seeds 

 Transformed Agrobacterium colonies were used to inoculate 5 mL of LB media 

containing 50 µg/mL kanamycin and 50 µg/mL rifampicin, which was then grown in a 
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shaker (New Brunswick™ Innova® 4000) overnight at room temperature, 225 rpm. This 

was done for all three constructs. Half of the inoculated media was used to inoculate 200 

mL of LB media containing 50 µg/mL kanamycin and 50 µg/mL rifampicin, which was 

then grown in a shaker (New Brunswick™ Innova® 4000) overnight at room temperature, 

210 rpm. Using Fisher Scientific’s accuSpin ™ 1R centrifuge (catalog # 13-100-581), 

100 mL of each culture was spun down at 4000 rpm for 15 min. The pellets were re-

suspended in 100 mL of 5% (w/v) sucrose solution containing 0.05% (v/v) Silwet L-77 

and poured into separate sterile containers. Three pots (one for each construct) containing 

approximately 40 wild-type A. thaliana plants at a height of ~15 cm were used for the 

floral dip-Agrobacterium transformation. Prior to the floral dip, developed siliques were 

trimmed off leaving mainly flowers. Each pot was flipped upside-down inserted into the 

containers so as to soak the flowers in the Agrobacterium solution for approximately 10 

seconds. Sterile bags were used to cover and seal the plants, which were then stored on 

their sides in the dark for 24 h. The plants were then placed into growth chambers under 

the following conditions: grown in pots of soil, watered daily, fertilized weekly, and 16 

h:8 h light:dark.  

 
 Seeds were collected from all three groups of plants, sterilized, re-suspended in 

sterile 0.05% agarose solution, and plated on selection plates (which were placed under a 

flow hood). For the 35S::ACT11-oe and 35S::ACT11-as constructs, MS media plates 

containing 50 µg/mL hygromycin and 50 µg/mL carbenicillin were used to screen for 

successful transformants. For the 35S::ACT11-RNAi construct, 20 µg/mL BASTA and 50 

µg/mL carbenicillin were used. After the agarose solution dried up on each plate and the 

seeds were stable, the plates were then stored in 4°C for four days to induce germination. 
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Potential transformants were carefully removed using sterile tweezers and placed on new 

selection plates to determine if they were true transformants. After 7 days, successful 

transformants were placed in soil pots and placed in growth chambers under the 

following conditions: watered daily, fertilized weekly, and 16 h:8 h light:dark. Once the 

transformants began to produce stems, clear plastic guards were used to ensure no cross-

pollination would occur.  

Dissection of siliques 

 Siliques were removed from mature P330 and SALK_088189C plants. Incisions 

were made along the entire length of each silique with a razor blade to expose the seeds 

the inside. Images of the opened siliques were taken using the Carl Zeiss AxioCam HRc 

(serial # 242055678), which was mounted on top of a Carl Zeiss Stemi 2000-C 

microscope (serial # 455043-0000).  

Determining seed set and silique length 

 Mature siliques were collected from wild-type and P330 fully-grown plants. 

These siliques were stored in 100% EtOH for four days to remove the chlorophyll. After 

this period, the seeds were visible through silique tissue, therefore dissection to view the 

seeds in each silique was unnecessary. The seeds were then counted, recorded, and the 

numbers were used for statistical analyses (two-sample t-tests) to determine any 

significant differences in silique seed content. The lengths of each silique were also 

measured and grouped into categories of 0.1 cm increments ranging from 0.5 cm to 1.6 

cm (a total of 12 categories). Two-sample t-tests were also used to determine significant 

differences in silique lengths. 
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P330 and SALK_088189C zygosity screens 

Sterilized P330 and SALK_088189C seeds were re-suspended in sterile 0.05% 

agarose solution, plated on selection plates, and cold-stratified for 4 days at 4°C. For 

P330 seeds, MS media plates containing 20 µg/mL BASTA were used for screening. For 

SALK_088189C seeds, MS media plates containing 50 µg/mL kanamycin were used for 

screening. After screening with selection plates, 150 surviving seedlings from each line 

were removed and deposited in a 1.5 mL sterile microcentrifuge tube and stored at -20°C. 

A modified PCR protocol designed for using leaf tissue as a template was used to 

determine the genotype of the surviving plants. A ~1.0 mm2 section from each leaf was 

obtained with a sterile 200-µL pipette tip and deposited into a sterile 0.2 mL PCR tube 

containing 25 µL of PCR mix. Each 25 µL reaction contained the following components: 

2.5 µL of 10X Buffer, 0.25 mM dNTPs, 0.5 µM forward primer, 0.5 µM reverse primer, 

and two units of Taq polymerase. The primers used for P330 PCRs were UFS-FP and 

DFS-RP, while primers 5’UTRACT11-FP and 110-RP were used for SALK_088189C. 

The same procedure was used with wild-type leaf tissue as a positive control. The PCR 

profile used 10 min denaturation at 94°C followed by 30 cycles of 1 min at 94°C, 90 s for 

the annealing step (temperature varied depending on the primers used), and 72°C for the 

polymerization step (time varied depending on amplicon size) in an Eppendorf Master 

Gradient thermal cycler (catalog # 950000015, Eppendorf, Hamburg, Germany). PCR 

products were viewed using 1.5% agarose-EtBr gels under UV illumination followed by 

sequencing. Briefly, each PCR product was cleaned up using Invitrogen’s PureLink® 

Quick PCR Purification Kit (catalog #K3100-01) according to protocol. This was 

followed by ligation into the pGEM-T vector using a 3:1 insert:vector molar ratio and 
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transformation into Invitrogen’s MAX Efficiency® DH5α™Competent Cells using a 

modified protocol. Using 20 µL of thawed cells per transformation, 5 µL of ligated 

product was added and gently mixed. After a 30 min incubation period on ice, the cells 

were heat-shocked for 20 s in a 42°C water bath, placed on ice for 2 min, then grown up 

in 475 µL (final volume 500 µL) of pre-warmed LB media for 1 h in an incubated shaker 

(New Brunswick™ Innova® 4000; 37°C, 225 rpm). Invitrogen’s PureLink™HiPure 

Plasmid Miniprep Kit was used to isolate the plasmids according to protocol that were 

then sent off for sequencing. 

Pollen germination assays 

 Using an optimized protocol (Boavida and McCormick, 2007) pollen germination 

media containing 0.01% Boric acid, 5 mM KCl, 5 mM CaCl2, and 1 mM MgSO4 was 

prepared followed by the addition of 10% sucrose (w/v). The pH level of the media was 

adjusted to 7.5 using 0.1 N NaOH and low-melting agarose (at a concentration of 1.5%) 

was used to solidify the media. Prior to solidification, 500 µL of media per assay was 

spread over glass microscope slides. These slides were also taped along their edges such 

that a 1.0 mm-high ‘fence’ surrounded each slide. As the media was deposited on the 

slide, it would cling to the tape and ensure a smooth surface over the entire slide as it 

solidified. They were then immediately placed inside moisture incubation chambers to 

avoid dehydration. The incubation chambers were prepared as described by Johnson-

Brousseau and McCormick (2004). Pollen was transferred to the germination media pads 

by holding inverted flowers with tweezers and brushing them back and forth across the 

surface. Freshly opened flowers from P330 plants and were used as well as ones from 

wild-type plants as a control. Ten flowers were used per germination media pad to 
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minimize biological variation. The microscope slides were then placed in a heat block to 

minimize temperature fluctuation. Pollen germination rates were scored and categorized 

after a 16 h incubation period at 22°C in the dark. Classification categories, based on the 

morphology of the pollen tubes, are shown in Figure 6. Just over 1200 wild-type and 

P330 pollen tubes were observed and categorized. 

DAPI staining 

 Freshly-opened P330 and wild-type flowers were used to brush pollen on 0.8% 

agarose pads using tweezers. DAPI solution (at a concentration of 0.4 µg/mL) was 

pipetted onto the agarose pads and then incubated for 15 min. 1X PBS was used to rinse 

the pads three times and then viewed using a microscope under UV light. This approach 

was also used for P330 and wild-type germinated pollen following the 16 h incubation 

period. 
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Chapter 3: Results 

The P330 mutant produces unbranched trichomes 

The activation-tagged Arabidopsis line P330 was identified in a screen for 

variation in trichome morphology. The activation-tagged population SK (Robinson et al., 

2009) and a smaller population of knockout pAG lines were used for this screen, totaling 

almost 70,000 lines. Using 11 distinct phenotype categories as a system of classification, 

77 lines were found to have variation in trichome structure or density. Ten of these lines 

(including P330) are thought to contain mutations affecting genes that have not been 

implicated in trichome morphogenesis. Compared to three- and four-branched wild-type 

trichomes, the P330 mutant produces trichomes with no branches (Figure 3). This is 

likely a result of the T-DNA upregulating a nearby gene that has not been implicated in 

trichome development. 

A single T-DNA insert is located in an intron of ACT11 

 An improved version of genome walking (Taheri et al., 2012) was used to 

identify the location of the pSKI015 T-DNA in P330. Briefly, this process allows for the 

identification of sequences flanking the T-DNA by ligating adaptor sequences to genomic 

DNA that was digested by blunt-end restriction enzymes. Primers specific to the T-DNA 

and adaptor sequences allow for the amplification of flanking sequences by PCR. Using 

this method, the T-DNA in P330 was found to be located in the third intron of ACT11 

(chromosome 3, bp 3858688; Appendix B). The obtained sequence flanking the T-DNA 

is shown in Appendix C. 

 



! 35!

ACT11 is differentially expressed in the P330 mutant 

 The insertion of the pSKI015 T-DNA should result in an enhanced expression of 

a gene or genes near its insertion site (Weigel et al., 2000). Given that the T-DNA in 

P330 is located in an intron of ACT11, it might also be expected its expression is 

decreased. Quantitative PCR was used to determine the expression levels of ACT11 and 

other genes near the T-DNA insertion site in P330 and wild-type plants. The examination 

of all seven genes located within the 10 kb upstream/downstream range of the pSKI015 

T-DNA insert in P330 revealed that gene AT3G12110 (ACT11) had a significant 2.6-fold 

increase in transcript levels compared to wild-type (p<0.05; Figure 5). The other six 

genes did not display a significant increase in expression, with expression values ranging 

from 1.05-fold to 1.4-fold (a 2.0-fold increase is typically the cut-off value).  Given the 

location of the T-DNA in the third intron of ACT11, we tested whether the intron could 

still be spliced. The successful splicing of the T-DNA was confirmed; no PCR product as 

obtained when using primers TI-FP and TA-RP on P330 cDNA. Furthermore, when 

primers TA-FP and TA-RP were used for to determine ACT11 transcript levels in P330, 

the same increase was seen. Taken together, these results indicate that there is a higher 

level of ACT11 transcripts in P330 compared to wild-type and we believe ACT11 is the 

most likely gene responsible for the altered phenotypes in this mutant.  

SALK_088189C overexpresses ACT11 

To confirm the role of ACT11 in trichome development, we examined the mutant 

line SALK_088189C (Alonso et al., 2003), which contains a pROK2 T-DNA insert 

located in 5’UTR of ACT11 (chromosome 3, bp 3857915). Due to the presence of a 35S 

promoter in this T-DNA, it was expected that line would produce increased levels of 
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ACT11 transcripts. Expression analysis of SALK_088189C revealed a 2.5-fold increase 

in ACT11 transcript levels compared to wild-type (p<0.05; Table 1). Examination of 

trichome morphology revealed no difference in structure compared to wild-type; all 

SALK_088189C leaf trichomes were three- or four-branched. 

Altered expression of ACT11 in transgenic lines 

 To determine whether the overexpression of ACT11 is responsible for the 

phenotype in the P330 mutant, transgenic plants were created by Agrobacterium-

mediated transformation. A construct with a 35S promoter driving the expression of 

ACT11 cDNA (35S::ACT11-oe) was designed to increase ACT11 transcripts in the 

transformants. The production of unbranched trichomes in transformants containing this 

construct would indicate ACT11 overexpression was responsible for the phenotype. Two 

more constructs (35S::ACT11-as, 35S::ACT11-RNAi) were designed to knockdown 

ACT11 transcripts following transformation. This was done to observe any possible 

differences in trichome morphology, such as the production of supernumerary branched 

trichomes. This would further implicate ACT11 in Arabidopsis trichome development.  

The 35S::ACT11-as construct contained the ACT11 coding region in reverse orientation, 

while the 35S::ACT11-RNAi construct contained a 656 bp region of the ACT11 coding 

region in forward and reverse orientation separated by an intron. It was expected that the 

35S::ACT11-as transcript would bind normal ACT11 transcripts and activate an RNA 

interference system, thereby reducing the amount of ACT11 protein. The 35S::ACT11-

RNAi construct was designed to produce a hairpin structure by complementary binding of 

the forward and reverse 656 bp sequences. It was expected this would also activate an 

RNA interference system.  In total, 10 overexpressing lines (35S::ACT11-oe), 2 anti-
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sense lines (35S::ACT11-as), and 8 RNA-interference lines (35S::ACT11-RNAi) were 

recovered from their respective selection plates. The 35S::ACT11-oe lines and 

35S::ACT11-as lines were screened for three generations to ensure the activities of the 

constructs were stable. The primary 35S::ACT11-RNAi transformants did not survive to 

sexual maturity, therefore unable to produce seeds for continued screening. The 

successful overexpression of ACT11 transcripts was confirmed for 4 of the 10 

35S::ACT11-oe lines (Table 1), while successful knockdown of ACT11 transcripts was 

not confirmed for the two 35S::ACT11-as lines. No obvious differences in trichome 

branching and structure were observed for any of the stable transformants. 

An additional phenotype is revealed in the P330 and SALK_088189C lines 

 An additional phenotype observed in P330 and SALK_088189C plants was the 

appearance of short siliques with a large number of undeveloped seeds (Figure 4). To 

quantify the impact on seed development, the length of siliques and the number of viable 

seeds were determined for wild-type and P330 (Table 2). The average silique length was 

significantly shorter for P330 compared to wild-type (p<0.05). In general, P330 siliques 

contained approximately half the number of seeds compared to wild-type. This general 

decrease in seed set was also found when examining siliques of the same length; for 

example the seed number is significantly lower in P330 siliques measuring 1.3 cm 

compared to wild-type siliques of the same length (p<0.05). However, comparisons of 

seed number cannot be made for all silique lengths since some sample sizes are too small 

(e.g. only 2 wild-type siliques measured to 0.7 cm compared to 12 P330 siliques).  
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P330 and SALK_088189C are maintained solely as heterozygotes 

In an attempt to obtain homozygous lines for P330 and SALK_088189C, it 

became evident that the mutants could only be maintained as heterozygotes. To confirm 

this, a combination of screening with selection plates and leaf-based PCR was used. For 

the P330 mutant, seeds were sterilized and plated on selection plates containing BASTA 

as the selecting agent. Following germination, only the seedlings that contained a copy of 

the pSKI015 T-DNA insert (containing the BASTA resistance gene) survived selection. 

Tissue from the survived seedlings was used directly in PCR to determine if they were 

heterozygous or homozygous for the T-DNA insert. Using primers UFS-FP and DFS-RP 

(Appendix D), an obtained product of ~600 bp would indicate that the seedling contained 

a copy of ACT11 that did not have the T-DNA. These primers have binding sites located 

outside of the third intron, which is where the T-DNA insertion site is. Successful 

amplification of a ~600 bp product with these primers would only be possible if the T-

DNA was not present in another copy of ACT11. Therefore, any P330 seedlings that 

survive selection and yield a ~600 bp product when used in leaf-based PCR would be 

heterozygous for the pSKI015 T-DNA insert. The same principle was applied to 

SALK_088189C, the only differences being that kanamycin was used as a selection agent 

(the pROK2 T-DNA contains the kanamycin resistance gene), primers 5’UTRACT11-FP 

and 110-RP were used given the insertion site is different, and a ~500 bp product was 

expected if no T-DNA was present in a copy of ACT11.  The results of the P330 and 

SALK_088189C zygosity screens are shown in Table 3.  In total, 150 survived seedlings 

from each line were screened for zygosity. The presence of the expected PCR product 

size would indicate that successful polymerization took place over the region where the 
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T-DNA was supposed to be present for each respective line, meaning that at least one 

copy of ACT11 does not contain the T-DNA insert. As seen in Table 3, all 150 P330 

seedlings and all 150 SALK_088189C seedlings were found to be heterozygous for their 

respective T-DNA inserts. Only a single product was produced from each primer pair 

(Appendix E) and, as noted in the ‘Methods’ section, these PCR products had been 

sequenced to ensure the correct region for each primer pair was being amplified 

(Appendix F). Notably, 36% of SALK_088189C seeds failed to germinate, while this 

only occurred for 17% of P330 seeds. Finally, a small number of seedlings from each line 

did not survive selection, indicating they had a wild-type genotype. 

P330 pollen produces a small proportion of branched tubes 

 Investigations into pollen tube growth were made to help explain the reduced seed 

set phenotype seen in P330. The high proportion of unfertilized ovules may have been a 

result of abnormal pollen tube growth and failure to penetrate the ovule for successful 

fertilization. The use of in vitro pollen germination assays for wild-type and P330 pollen 

allowed for the comparative analysis of pollen tube morphology. Four categories were 

used to classify the different types of pollen tube morphology (depicted in Figure 6): 

normal, short and swollen, lengthy and misshapen, and branched. Normal pollen tubes 

can be described as lengthy and having uniform width throughout the tube; no swelling or 

protrusions have been formed. Short and swollen pollen tubes can be described as having 

short pollen tubes that appear swollen, especially at the apical region. Lengthy, 

misshapen pollen tubes can be described as having non-uniform width throughout the 

length of the tube with a swollen apical region. Branched pollen tubes can be described as 

having a clear secondary tube or protrusion. The combined results of P330 and wild-type 
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pollen germination assays are shown in Figure 7. The two main differences between 

wild-type and P330 pollen tubes were the number of lengthy, misshapen pollen tubes 

(twice as many in for P330) and branched pollen tubes (only occurred with P330; Figure 

8).  The majority of the pollen tubes for both wild-type and P330 appeared to be normal 

with no obvious deformations (77% and 67%, respectively). Normal pollen tube growth 

was expected for P330 pollen given that it is heterozygous and able to produce pollen that 

does not contain the pSKI015 T-DNA insert in its genetic material. However, the 

presence of branched pollen tubes was unique to only P330 pollen germination assays 

and never observed for wild-type pollen.  

DAPI staining of pollen tubes and pollen grains 

 Given the modest variation in pollen tube morphology between wild-type and 

P330, the location of nuclei was visualized with DAPI to ascertain whether the high 

proportion of undeveloped seeds is due to a failure of the pollen to fertilize the ovaries. 

Staining for nuclei in germinated P330 and wild-type pollen did not reveal any obvious 

differences in nuclei location when pollen tube growth was normal. The vegetative 

nucleus and the two following sperm cells were all visible along the shanks of properly 

germinated pollen tubes (Figure 9). However, sperm cell travel appeared to be affected 

for some branched P330 pollen tubes; one sperm cell would be visible in one tube and the 

other sperm cell (with the vegetative cell) would be visible in another tube or an 

outgrowth.  DAPI was also used to stain P330 and wild-type pollen grains to reveal any 

possible differences in nuclei number. Any visible aberrations would suggest 

spermatogenesis is affected by ACT11 overexpression and may lead to the high 

proportion of unfertilized ovules seen in P330. Staining for nuclei in non-germinated 
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P330 and wild-type pollen did not reveal any differences in regards to the two sperm cells 

and vegetative nucleus; all three were visible in all observed pollen grains (Figure 10). 
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Figure 5. Relative transcript levels for examined P330 genes. The average transcript 
levels of the seven genes most closely located to the pSKI015 T-DNA insert in P330. 
Gene AT3G12110 (ACT11) shows a significant increase in transcript levels relative to 
wild-type (p<0.05). Vertical error bars represent standard deviation. 
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Table 1. Relative ACT11 expression in transgenic lines. 
 

Arabidopsis line               Relative fold change for ACT11 transcripts 
   P330 
   SALK_088189C 
   35S::ACT11-oe-1 
   35S::ACT11-oe-4 
   35S::ACT11-oe-5 
   35S::ACT11-oe-7 

+2.59 
+2.50 
+40.61 
+99.39 
+185.89 
+8.06 
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Table 2. Wild-type and P330 seed set and silique lengths. 
 
 Silique Length (cm) 
 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 average 

length 
P330 
frequency 

13 7 12 6 16 44 23 32 41 21 35 2 1.13 cm 

WT 
frequency 

3 5 2 5 6 20 26 45 68 41 43 6 1.25 cm 

             average 
# seeds 

P330 
average # 
seeds 
 

2.4 3.6 4.7 10.0 13.6 17.4 19.8 25.2 28.7 32.7 38.0 44.0 22.6 

WT 
average # 
seeds 

2.3 4.0 8.5 9.4 16.5 22.7 32.4 40.2 43.2 46.3 50.5 54.8 39.4 
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Table 3. P330 and SALK_088189C zygosity screens. 
 
 survived 

seedlings 
failed 

survival 
failed seed 

germination 
total # 
seeds 

planted 

total # 
survived 
seedlings 
screened 

total # 
heterozygous 

seedlings 

P330 
SALK_08819C 

211 
196 

19 
7 

47 
116 

277 
319 

150 
150 

150 
150 
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Figure 6. Pollen tube categories. Four categories were used to classify wild-type and 
P330 polen tubes based on their morphology. (A) Normal pollen tubes can described as 
lengthy and having uniform width throughout the tube; no swelling or protrusions have 
been formed. (B) Short and swollen pollen tubes can be described as having short pollen 
tubes that appear swollen, especially at the apical region. (C) Lengthy, misshapen pollen 
tubes can de described as having non-uniform width throughout the length of the tube 
with a swollen apical region. (D) Branched pollen tubes can be described as having a 
clear secondary tube or protrusion. 
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Figure 7. WT and P330 pollen tube morphology. The proportions of wild-type and 
P330 pollen tubes as described by the pollen tube morphology in Figure 6. Branched 
pollen tubes were observed only for P330 pollen. 
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Figure 8. Branched P330 pollen tubes. Examples of branched P330 pollen tubes 
following a 16 h germination period. The white bars represent 25 µm. All images were 
taken at 20X magnification. 
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Figure 9. DAPI-stained WT and P330 pollen tubes. (A) Example of a DAPI-stained 
wild-type pollen tube. The vegetative and sperm nuclei are visible along the shank of the 
tube. (B, C) In P330 pollen tubes with a secondary branch or protrusion, sperm and 
vegetative cell travel can become separated. The white bars represent 25 µm. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



! 50!

 

 
 
Figure 10. DAPI-stained WT and P330 pollen grains. Examples of DAPI-stained wild-
type and P330 pollen grains. The sperm cells and vegetative cell are visible in all 
observed pollen grains. The white bars represent 10 µm. All images were taken at 40X 
magnification.  
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Chapter 4: Discussion 

Activation-tagging is a useful and proven technique for gene identification in 

plants.  The introduction of T-DNAs containing transcriptional enhancers into the plant 

genome allows for an upregulated gene to be identified by first observing the mutant 

phenotype, then by confirming the overexpression of that gene based on its proximity to 

the T-DNA insertion site. The activation-tagged Arabidopsis line P330 from the SK 

population (Robinson et al., 2009) produces a double phenotype of unbranched trichomes 

and reduced seed set. Investigations into the cause of these phenotypes have revealed that 

the actin-encoding gene ACT11 is overexpressed as a result of the activity of the pSKI015 

T-DNA insert. The focus of this thesis was to explore the possible mechanisms behind 

how ACT11 overexpression leads to the double mutant phenotype in P330. 

ACT11 expression 

 To determine the gene responsible for the double phenotype seen in the 

activation-tagged line P330, a total of seven genes within a 10 kb upstream/downstream 

range of the pSKI015 insertion site were analyzed for differential expression. Although 

CaMV 35S enhancers have been shown to upregulate genes as far as 78 kb away from 

their location (Ren et al., 2004), they typically do not affect gene expression outside of 

this 10 kb range. Within the 20 kb stretch, 3 genes (AT3G12080; GTP-binding family 

protein, AT3G12090; tetraspanin6, AT3G12100; cation efflux family protein) are located 

upstream of the T-DNA insertion site, while 3 genes (AT3G12120; fatty acid desaturase 

2, AT3G12130; zinc-finger family protein, AT3G12140; Emsy N Terminus) are located 

downstream. The exact location of the T-DNA is in the third intron of the single-copy 

actin-encoding gene ACT11. Using qPCR, the expression profiles of each gene were 
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determined in comparison to wild-type levels and it was found that ACT11 produced a 

significant ~2.6-fold increase in transcript levels (p<0.05). This was confirmed with a 

total of three different primer sets for ACT11. The other genes showed modest increases 

in expression ranging from 1.05-fold to 1.40-fold. 

 
The location of the T-DNA insert did pose a problem. Even if the number of 

ACT11 transcripts was higher than that in wild-type, it was unclear whether or not these 

transcripts were functional and able to be translated into the ACT11 protein. This would 

have major implications as it would not be clear whether the line produces increased 

functional or dysfunctional ACT11 transcripts. This was dependent on whether or not the 

T-DNA carrying intron (approximately 6.9 kb including the length of the T-DNA) was 

successfully spliced out prior to translation. A combination of PCR primers were used on 

genomic and cDNA to ascertain whether the T-DNA was spliced out. By using qPCR 

primers that amplify over the third intron, the correctly sized product would only be 

obtained on cDNA transcripts that do not contain the T-DNA. With this approach, the 

same increase in ACT11 expression was seen in P330. A series of PCRs was also 

performed using primers with binding sites outside of the third intron as well as primers 

with binding sites within the intron (Appendix D). Using P330 gDNA, the expected 

product was obtained using primers TI-FP and TA-RP. This product was not obtained, 

however, when using P330 cDNA that was treated with DNase prior to reverse 

transcription. Taken together, this evidence suggests that all ACT11 transcripts in P330 

are translatable. Based on this data, the effects of T-DNA carrying introns on protein 

expression Arabidopsis transformants were investigated. A meta-analysis of protein 

levels based on T-DNA location has shown it is possible for T-DNA carrying introns to 
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be successfully spliced out resulting in proper translation (Wang, 2010). Furthermore, the 

exact location of the T-DNA insert in P330 does not disrupt the splice signals required 

for lariat formation. However, since P330 is maintained only as a heterozygous line, it is 

also possible that ACT11 transcripts that contain the T-DNA are targeted for degradation 

and the normal copy of ACT11 is upregulated to compensate. Regardless of whether the 

T-DNA is spliced out or not, there is clearly an increase in translatable ACT11 transcripts. 

Analyzing ACT11 protein levels in this activation-tagged line would be the best indicator 

of whether or not the transcripts are successfully translated, although raising antibodies 

may be problematic given that the amino acid sequence for ACT11 is at least 95% 

identical to 5 other actin proteins (ACT1, ACT3, ACT4, ACT7, ACT12).  Nevertheless, 

this project continued into investigating the effects of ACT11 overexpression in trichome 

branching and sexual reproduction. 

 

 To further determine the effects of increased ACT11 expression, line 

SALK_088189C, part of the SALK Confirmed T-DNA Project (Alonso et al., 2003), was 

obtained from TAIR. This line contains a 35S promoter in the 5’ UTR of ACT11, which 

was found to be upregulated (a ~2.5-fold increase). Even though the expression levels of 

ACT11 in SALK_088189C and P330 are similar, the causes of ACT11 overexpression are 

different between the two mutants. The pSKI015 T-DNA contains 4 CaMV 35S 

enhancers, while the pROK2 T-DNA contains a 35S promoter. Due to this difference, 

ACT11 expression patterns may be different in SALK_088189C compared to P330. 

While the CaMV 35S enhancers promote constitutive expression (Weigel et al., 2000), 

the 35S promoter typically leads to ubiquitous expression (Benfey and Chua, 1990). 

Therefore, there may be different ACT11 expression patterns between the two mutants. 
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This may explain why the unbranched trichome phenotype is present in P330 while 

SALK_088189C produces normal trichomes; it is possible that ACT11 is strongly 

overexpressed in P330 trichomes while lower transcript levels are present in 

SALK_088189C trichomes. However, ACT11 transcript levels were not examined 

specifically in SALK_088189C or P330 trichomes.   

ACT11 is normally expressed in reproductive organs and trichomes 

The role of ACT11 in Arabidopsis is poorly understood. Apart from determining 

where it is expressed, its activity has never been experimentally implicated in any 

specific process in planta. In fact, the majority of what we know about ACT11 originates 

from a single paper. Using northern blot analysis and GUS staining, it has been shown 

that ACT11 is most strongly expressed in pollen, developing ovules, endosperm, and 

rapidly elongating tissues such as expanding leaves (Huang et al., 1997). In addition, out 

of the ten actin-encoding genes in Arabidopsis, it appears to be the only actin-encoding 

gene expressed at significant levels during endosperm and embryo development. 

Although the expression patterns of ACT11 suggest a unique role in sexual reproduction, 

it is also expressed at lower levels (~100-fold difference) throughout the plant. More 

recently, in a proof-of-principle study that demonstrated the ability to detect transcript 

levels from a single cell, ACT11 transcripts were detected in Arabidopsis leaf trichomes 

in addition to ACT2, ACT7, and ACT8 transcripts (Laval et al, 2002). The relationship 

between ACT2, -7, -8, and -11 in trichome development is unclear, although generally the 

regulation of the actin cytoskeleton is critical for the proper development of trichome 

structure. Whether or not these four actins play unique or shared roles in trichome 

morphogenesis has not been demonstrated. Taken together, lines P330 and 
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SALK_088189C provided an opportunity to better our understanding of ACT11’s role in 

Arabidopsis.  

Reduced fertility in line P330 

 The P330 mutant has an unusually high number of short mature siliques (0.5-0.7 

cm). Following dissection of these siliques, it was observed that they contained a small 

number of viable seeds but a large proportion of (what appeared to be) unfertilized ovules 

(Figure 4). This was also observed for SALK_088189C, although both lines produced 

mostly normal sized siliques (~1.4 cm). To determine if there was a significant difference 

in the number of short siliques as well as a difference in overall seeds produced, siliques 

were collected from P330 and wild-type plants once they were fully mature. Following 

storage in 100% ethanol to remove the chlorophyll, the number of seeds in the siliques 

and the length of each silique were recorded. Indeed, the overall average number of seeds 

per silique was approximately half in P330 compared to wild-type. When examining the 

average number of seeds per category (i.e. comparing seed number in wild-type and P330 

siliques of the same length) P330 siliques contained significantly lower numbers of seeds. 

However, these seed number comparisons were not made for all the categories due to 

small sample sizes; only 21 wild-type siliques measured to less than 1.0 cm compared to 

54 siliques for P330. Comparisons of average number of seeds for these categories, 

thereby, would not be statistically sound. Finally, the overall average silique length was 

significantly shorter for P330 compared to wild-type (p<0.05). These results suggest that 

something irregular occurs during reproduction in P330 that results in reduced fertility. 

Given that ACT11 is highly expressed in pollen and other reproductive tissues, possible 

reasons for reduced seed set were investigated. 
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The P330 and SALK_088189C mutants are maintained as heterozygotes 

 A number of genes have been identified as being critical for successful sexual 

reproduction in Arabidopsis (Goubet et al., 2003; Hicks et al., 2004; Yamaoka and 

Leaver, 2008). Manipulating gene expression, typically by knockdown methods, have 

revealed some mutants can only be maintained as heterozygotes due to the critical 

function of the affected gene in some aspect of reproduction. Reduced fertility, therefore, 

is a common phenotype of mutants heterozygous for a mutated gene that is normally 

necessary for reproduction. Given that P330 produces a lower number of seeds, zygosity 

screens were used to determine whether or not ACT11 overexpression was detrimental to 

either male or female fertility. In other words, can P330 exist as homozygote whereby 

both copies of ACT11 contain the pSKI015 T-DNA insert? Or is the mutation 

homozygote lethal? The zygosity screen consisted of plating P330 seeds on MS plates 

containing BASTA as a selecting agent. This ensured that all the seedlings that survived 

selection and produced true leaves contained at least one copy of the T-DNA insert since 

it contains the BASTA resistance gene. The survived seedlings were then screened using 

leaf-based PCR. Using primers (UFS-FP and DFS-RP) that were designed to amplify the 

over insertion site in the third intron of ACT11, a PCR product of ~600 bp would indicate 

that a normal copy of ACT11 was present in the survived seedling and thus it was 

heterozygous. If no PCR product was obtained, this would suggest that the survived 

seedling was homozygous. The results, outlined in Table 3, strongly suggest that P330 is 

maintained solely as a heterozygote. The ~600 bp PCR product appeared for all 150 

screened seedlings while some seedlings did not survive BASTA selection (indicating 

they were wild-type). The same approach was taken for SALK_088189C, the only 
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differences being that kanamycin was used as the selecting agent (this line contains the 

pROK2 T-DNA insert which has the kanamycin resistance gene) and a different set of 

primers were used to amplify over the T-DNA insertion site in the 5’ UTR. A total of 150 

survived seedlings were screened with leaf-based PCR and all 150 were found to be 

heterozygous. Taken together, these results suggest that overexpression of ACT11 may 

disrupt reproduction in Arabidopsis. 

 
 Apart from revealing the zygosity of lines P330 and SALK_088189C, there were 

also unusually high occurrences of failed seed germination. About 17% of plated P330 

seeds did not germinate, while this occurred for 36% of SALK_088189C seeds. Aborted 

wild-type Arabidopsis seeds are typically rare when plants are grown under ideal 

conditions and make up <1% of total seeds produced (Choi et al., 2002; Köhler et al., 

2003). Furthermore, wild-type seed germination is virtually guaranteed if the seeds are 

viable (Gallardo et al., 2002). The unusually high percentages of non-germinated seeds 

for both lines introduce the possibility that ACT11 overexpression may lead to disruption 

of any of the three seed germination phases (imbibition, increased metabolic activity, 

radicle emergence). It is also possible that ACT11 overexpression may affect seed 

dormancy, which could explain the high proportions of non-germinated seeds. As 

previously mentioned, ACT11 is known to be highly expressed in developing ovules and 

endosperm. Based on the facts that successfully germinated and survived seedlings are all 

heterozygous for P330 and SALK_088189C, and that a high number of seeds failed to 

germinate, it is feasible that seeds homozygous for their respective T-DNA inserts fail to 

germinate because ACT11 overexpression negatively impacted seed germination or seed 

dormancy. This is a possible explanation as to why lines P330 and SALK_088189C are 
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maintained as heterozygotes, however the possibility that ACT11 overexpression affects 

fertilization cannot be ruled out and is indeed worth investigating.  

Abnormal P330 pollen tube morphology 

 The use of in vitro pollen germination assays has revealed various types of 

abnormal pollen tube growth that affects reproduction in Arabidopsis, including short 

pollen tubes, branched tubes, and bulging along the shank of the tube (Procissi et al., 

2001; Zhang and McCormick, 2007; Sousa et al., 2008). The results from in vitro pollen 

germination assays provide a possible explanation for the reduced fertility seen in P330 

(Figure 7). The vast majority of pollen tubes appeared to be normal for both wild-type 

and P330 assays. Normal P330 pollen tubes were expected given that the line is likely 

heterozygous. Both also produced irregular tubes, albeit in varying percentages; short and 

swollen tubes, as well as lengthy and misshapen tubes, were seen in both wild-type and 

P330 assays. However, the limitations of these results must be recognized before making 

conclusions on pollen tube growth in planta. The protocol used for these assays was 

optimized based on a number of factors including the pH level and agarose percentage of 

the germination media as well as the incubation temperature. However, given that some 

wild-type tubes had deformations, drawing conclusions as to what occurs in planta based 

on in vitro assays may be unreasonable. Although the germination media contains 

compounds that initiate pollen tube growth, the conditions in the style are quite different 

and much more dynamic. For example, the concentration of calcium in the media remains 

constant during incubation, however it’s been shown that calcium concentrations in the 

ovule and the pollen tube continuously change in an oscillatory fashion (Iwano et al., 

2012). It’s unclear how a fixed concentration of calcium affects in vitro tube growth. 
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Furthermore, the signals sent from the ovule to guide the pollen tube down the style, 

which include GABA and species-specific peptides (Palanivelu et al., 2003; Takeuchi 

and Higashiyama, 2012), are not present in the germination media. Essentially, in vitro 

germination assays lack what may be very important components for successful pollen 

tube growth, possibly explaining why some wild-type tubes were deformed. 

 
 One type of pollen tube growth that was observed only in P330 germination 

assays was the production of branched pollen tubes (Figure 8). Although this occurred at 

a very low frequency (2%), this was never seen for wild-type pollen. Branched pollen 

tubes are not uncommon in Arabidopsis mutants with affected genes involved in pollen 

tube growth (Procissi et al., 2001; Sousa et al., 2008; Michard et al., 2011). This 

phenotype may be resultant of ACT11 overexpression affecting cytoskeletal organization 

at the sub-apical and/or apical regions in the pollen tube. Presumably, higher amounts of 

ACT11 protein may disrupt actin polymerization at the fringe and lead to the formation 

of a secondary shank or outgrowth. A fine balance of ACT11 subunits may be required 

for normal tube growth and disruption of this balance may increase the likelihood of 

uncontrolled tip growth and actin disorganization. However, it was not confirmed 

whether or not these branched pollen tubes produced higher levels of ACT11. 

Furthermore, the frequency of P330 branched pollen tubes may differ in planta given that 

in vitro assays do not mimic the exact conditions of pollen tube growth in the style. These 

branched tubes were further investigated in an effort to explain how they might affect 

fertilization and lead to reduced fertility in P330. With the use of DAPI to stain nuclei in 

germinated P330 pollen, it was found that sperm travel was affected in some branched 

tubes (Figure 9). Normally, two sperm cells and the vegetative nucleus travel down the 
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shank towards the apical region for eventual discharge, however the sperm cells were 

found to have separated in branched tubes (specifically, one sperm cell would be located 

in each tube or protrusion). Assuming one of the tubes would penetrate the receptive 

synergid cell in the ovule, double fertilization would be impossible since only one sperm 

cell would be available for fusion to the central cell or egg cell. Given that the frequency 

of P330 branched pollen tubes is unknown in planta, no conclusions can be made as to 

whether this phenomenon is the sole or partial contributor responsible for reduced seed 

set in this line. Since ACT11 is expressed in multiple reproductive tissues, its 

overexpression may affect reproduction in a number of different ways. 

 
 Finally, if ACT11 overexpression affects pollen tube growth, the mutation appears 

to exhibit low penetrance. Since P330 is likely heterozygous, it would be expected that 

50% of pollen tubes would have some type of deformation if the mutation always 

affected tube growth. This was not the case as 67% of P330 pollen produced normal 

tubes, however this percentage may be different in the actual plant. Again, drawing 

conclusions as to what occurs in planta based on in vitro assays may be unreasonable due 

to compositional differences in the germination media compared to the style, and 

furthermore these assays are notoriously fickle. Examining pollen tube growth in the 

style of P330 flowers would help to reveal if indeed ACT11 overexpression leads to 

reduced fertility due to deformations in pollen tube morphology. 

Explanations for reduced fertility and future directions 

 Taken together, the results presented in this thesis provide a framework for future 

studies examining the role of ACT11 in sexual reproduction. Although not all the 

reproductive processes were examined, the severity of the reduced fertility phenotype 
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(i.e. heterozygosity of P330, reduced seed set, reduced seed germination) suggests that 

ACT11 overexpression may have multiple effects at various stages of reproduction. This 

sub-section outlines possible reasons for the reduced reproductive ability seen in P330. 

 
 Firstly, the possibility that ACT11 overexpression affects pollen tube growth and 

thus fertilization is worth a closer inspection. As previously stated, in vitro assays may be 

misleading and not representative of the true frequency of branched pollen tubes in P330. 

The use of DAPI to stain the sperm and vegetative nuclei in branched pollen has shown 

sperm cells become separated and travel down separate tubes, which would make double 

fertilization impossible in planta. Hypothetically speaking, if this occurred for all P330 

pollen overexpressing ACT11, this would mean the mutation is male sterile and inherited 

maternally only. Observing pollen tube growth in vivo could possibly reveal the 

frequency of branched tubes, however this may be difficult given that P330 pollen 

lacking the T-DNA insert would also grow normal tubes down the style. This may 

impede the observer’s view to pick apart individual pollen tubes and determine if any are 

branched. Carefully controlling the amount of pollen applied to the stigma may help 

alleviate this problem. If indeed ACT11 overexpression leads to deformations in pollen 

tube growth, the frequency of deformed growth should be much higher than that seen 

from in vitro germination assays. However, the low frequency of branched pollen tubes 

in these assays suggests this occurrence is, at most, a partial contributor to reduced 

fertility in P330. An alternative to performing in vitro pollen germination assays would 

be to use semi in vivo assays as described in Palanivelu and Preuss (2006). Briefly, this 

method consists of pollinating excised pistils and placing them on pollen germination 

media that contains excised ovules on the surface. The main difference with semi in vivo 
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germinations assays is the presence of signals sent from the ovules. The use of this 

method with P330 pollen may provide a more accurate representation of the frequency of 

branched tubes and how they may affect fertilization in planta.  

 
 Secondly, ACT11 may play a role in gametogenesis based on what is known about 

its expression patterns. Overexpression of this gene may lead to incorrect nuclei number 

in the gametes and thus affect embryo and endosperm development. Using DAPI to stain 

non-germinated P330 and wild-type pollen, however, has revealed no obvious differences 

in regards to sperm and vegetative nuclei number. This suggests ACT11 overexpression 

does not affect the stages of spermatogenesis (which include meiosis, callose 

degeneration, and mitosis) all of which occur prior to anthesis. Mutations severely 

affecting spermatogenesis-related genes result in a variety of obvious phenotypes, 

including improper sperm cell number, failed microspore detachment, failed cytokinesis, 

and failed fertilization (Preuss et al., 1994; Spielman et al., 1997; Park et al., 1998; Yang 

et al., 2003).  

 
Although the sperm cells and vegetative nucleus appeared to be normal in non-

germinated P330 pollen, it is unknown whether there may have been less obvious but 

significant differences within the nuclei. It is understood that Arabidopsis sperm cells 

display high levels of intracellular activity following pollination. For instance, they 

rapidly enter the S phase of the cell cycle following mitosis of the generative cell 

precursor and this phase continues during pollen tube growth (Friedman, 1999). In fact, 

they transition into the G2 phase just before gametic fusion in the ovule, effectively 

doubling their DNA content from the time of their formation to the moment of 
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fertilization. Additionally, transcriptome analysis of Arabidopsis sperm cells (which 

historically has been technically challenging), has revealed a relative increase in ACT11 

expression as well as high transcriptional activity in a number of genes involved with cell 

cycling, mitosis, chromosome organization, and cytoskeleton remodeling (Borges et al., 

2008). Furthermore, analysis on a reported Arabidopsis line containing a transgene with 

the ACT11 promoter and a histone-encoding gene fused with RFP (ACT11p::H2B-mRFP; 

Borges et al., 2012) has shown the transgene in strongly expressed in the vegetative 

nucleus in mature pollen. Taken together, it appears ACT11 is expressed in the vegetative 

nucleus and the sperm cells, however the effects of overexpression in P330 (if any 

existed) were not revealed with DAPI staining. The possibility that ACT11 

overexpression leads to reduced fertility by affecting spermatogenesis and/or sperm cell 

activity therefore remains possible and is worth investigating. 

 
 In contrast, it is unclear whether ovule development was affected in P330, 

however ACT11 is normally highly expressed during this time. No attention was given to 

analyzing the development of ovules, but a number of experiments can reveal whether or 

not ACT11 overexpression affects female fertility. Similarly, staining for nuclei in the 

ovules may reveal if oogenesis occurred irregularly, which would presumably affect 

proper embryo and endosperm development. Additionally, observing fertilization after 

hand-crossing wild-type pollen to P330 stigmas would provide insight into the frequency 

of failed fertilization. Given the established expression patterns of ACT11 in reproductive 

tissues, careful analyses of both male and female gametogenesis are essential in 

characterizing the role of ACT11 in these processes. 
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Thirdly, overexpression of ACT11 may also impact double fertilization following 

tube discharge in the ovule. This process is highly dependent on the successful formation 

of actin coronas that are thought to provide tracks for sperm cells to travel to the egg and 

central cells. As previously mentioned, it is unclear whether pollen tube actin contributes 

to the development of the two coronas following tube discharge or if the degenerated 

synergid cell solely contributes the material. A possible explanation for how excess 

ACT11 may interfere with double fertilization is the improper development of actin 

coronas; high amounts of actin subunits from either the pollen tube or receptive synergid 

cell (or both) may result in corona disorganization and thereby decrease the likelihood 

that the sperm cells fuse with their respective targets. This hypothesis may be proven 

with the use of either GFP-tagging or microinjection of phalloidin (stain for actin 

filaments) into the ovule prior to fertilization. If actin corona formation is in fact affected 

by ACT11 overexpression, it must be determined that (i) higher levels of ACT11 are 

indeed present in the actin coronas, (ii) whether an excess of ACT11 impedes gametic 

fusion, and (iii) if the ovule and/or pollen tube contributes ACT11 for corona formation. 

Observing actin dynamics during fertilization in P330 and wild-type fertilization will 

perhaps elucidate the reason why P330 displays reduced fertility as well as provide 

insights into Arabidopsis actin corona formation.  

 
Fourthly, the data obtained from the P330 and SALK_088189C zygosity screens 

suggest ACT11 overexpression may interfere with radical emergence and seed 

germination.  For successful radicle emergence to occur in Arabidopsis and other plants, 

the micropylar endosperm must be sufficiently weakened in order for the radicle to 

penetrate through and thus complete the germination process (Chen and Bradford, 2000; 
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Bassel et al., 2004; Linkies et al., 2009). A growing body of evidence suggests that a 

number of enzymes and free radicals are involved with weakening the micropylar 

endosperm cell wall and that this process precedes radicle emergence (Wu et al., 2001; 

reviewed in Rodríguez-Gacio et al., 2012), however this process has not been extensively 

studied in Arabidopsis. Based on the unusually high occurrence of failed germination 

observed for both P330 and SALK_088189C seeds as well as the fact that ACT11 is 

normally highly expressed in the endosperm, the possibility that excessive ACT11 may 

interfere with radical emergence by altering endosperm structure is worth investigating. 

Actin filaments have been shown to play a key role in Arabidopsis endosperm 

development and cell division (Brown et al., 2003), which ultimately results in three 

distinct endosperm compartments (micropylar, central,  and chalazal). However it is 

unclear as to how increased levels of ACT11 in P330 and SALK_088189C (assuming all 

ACT11 transcripts are translated) may interfere with radical emergence.  

 
It is tempting to suggest that excess ACT11 maintains the structural integrity of 

the micropylar endosperm during enzymatic and free radical weakening, thereby 

physically impeding radical emergence. Testing this hypothesis would require the 

analysis of endosperm ACT11 protein levels in P330 and SALK_088189C seeds that fail 

to germinate as well as assessing their genotypes. Ultimately, seeds that fail to germinate 

would have to be analyzed for anatomical differences that could explain this phenotype. 

It is entirely possible that homozygous seeds are produced in both P330 and 

SALK_088189C, however increased ACT11 expression may render radicle emergence 

impossible. This hypothesis does not contradict the results from the zygosity screens 

since no homozygous seedlings were found for either line. Another possibility that must 
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be considered is that ACT11 affects seed dormancy. Normally, abscisic acid (ABA) plays 

a role in maintaining dormancy (Lefebvre et al., 2006) while increasing levels of 

gibberellic acid (GA) leads to germination (reviewed in Gupta and Chakrabarty, 2013). 

Exogenous application of GA has been known to break seed dormancy and promote 

germination (Oh et al., 2006; Nelson et al., 2009), therefore a possible future experiment 

would be to exogenously apply GA to P330 and SALK_088189C seeds that have failed 

to germinate. If this phenotype can be rescued, this would provide more insight as to how 

ACT11 overexpression leads to failed germination. Again, given what is known about 

ACT11 expression, multiple tissues must be examined to determine its role in sexual 

reproduction. 

Trichome phenotypes 

 Although P330 was originally investigated for determining the cause of its 

unbranched trichome phenotype, much more attention was dedicated to investigating the 

role of ACT11 in Arabidopsis sexual reproduction. However, based on the trichome 

morphology of SALK_088189C, which appears to be normal, there is a strong possibility 

that ACT11 overexpression does not affect branching during trichome morphogenesis. 

Given that the increased levels of ACT11 transcripts between P330 and SALK_088189C 

are very similar (Table 1), it would be expected that differences in trichome branch 

number and/or structure would be seen in SALK_088189C trichomes. As this is not the 

case, one explanation is that there may be a second copy of the pSKI015 T-DNA insert in 

P330 that was missed during the genome walking process. This would result in the 

upregulation of another gene that may be involved in trichome branching/morphogenesis. 

Essentially, P330’s double phenotype may be resultant of the overexpression of two 
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genes rather than one. One way to determine if a second T-DNA insert is present is to 

perform a Southern blot on P330 genomic DNA using a pSKI015-specific probe. The 

appearance of two or more bands in the blot would confirm multiple copies of the T-

DNA in the P330 genome. 

Another explanation as to why P330 and SALK_088189C produce different 

trichomes is that the T-DNA insert in P330 may be simultaneously upregulating a gene 

outside of the examined 20 kb region. The CaMV 35S enhancers in the insert have been 

known to influence gene expression outside of the 10 kb upstream/downstream range, 

therefore if it is proven by Southern blotting that only one T-DNA copy is present in 

P330, then this possibility is worth investigating. Determining differential expression in 

candidate genes outside of the range examined in this thesis would prove whether or not 

the enhancers are influencing a second gene. 

Finally, as mentioned earlier, the ACT11 overexpression patterns between P330 

and SALK_088189C may be different due to the upregulating elements in their 

respective T-DNA inserts. The 35S CaMV enhancers in pSKI015 typically lead to 

constitutive expression of a nearby gene, while the 35S promoter in pROK2 does 

guarantee this. Essentially, there may be differences in ACT11 transcript levels in various 

tissues between P330 and SALK_088189C even though both T-DNA inserts result in 

ACT11 overexpression. It is possible that higher levels of ACT11 transcripts are produced 

in P330 trichomes compared to SALK_088189C trichomes as this was not investigated. 

Therefore, the possibility that unbranched trichome production in P330 results from 

ACT11 overexpression remains. As previously mentioned, ACT11 is normally expressed 

at relatively low levels in trichomes. In addition, actin generally plays an important role 
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in branch initiation and trichome development. Although ACT11 is not the only actin-

encoding gene expressed in Arabidopsis trichomes, its overexpression may result in 

failed branching as seen in P330. Transformations with GFP-ACT11 constructs may help 

to reveal its exact role during trichome morphogenesis as well as any of the 

aforementioned processes related to sexual to reproduction. However, none of the results 

presented in this thesis can confirm whether or not ACT11 overexpression plays a role in 

trichome branching. 

Summary  

The activation-tagged Arabidopsis line P330 produces a double phenotype of 

unbranched trichomes and reduced seed set. Our work has shown that the actin-encoding 

gene ACT11 is overexpressed as a result of the activity of the CaMV 35S enhancers 

contained in the pSKI015 T-DNA insert. Furthermore, our results indicate that ACT11 

overexpression may lead to homozygous lethality; zygosity screens have suggested that 

lines P330 and SALK_088189C are maintained solely as heterozygous lines. The cause 

of this heterozygosity has not been conclusively proven in this thesis, however our data 

suggest that ACT11 overexpression may lead to pollen tube deformation and failed seed 

germination. Spermatogenesis appears to be unaffected from ACT11 overexpression since 

the sperm and vegetative nuclei are visible in DAPI-stained P330 pollen. Ovule 

development, endosperm development, and fertilization were not analyzed in P330, 

therefore the possibility that ACT11 overexpression affects these processes remains. Less 

attention was given to determining the cause of the unbranched trichome phenotype in 

P330, however no difference in trichome morphology was seen in SALK_088189C or 

any of the recovered transformants proven to differentially express ACT11 compared to 
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wild-type. Future investigations into how ACT11 overexpression leads to reduced fertility 

should focus on visualizing ACT11 during various processes in sexual reproduction in 

planta. These methods can also determine whether or not ACT11 plays a role in trichome 

morphogenesis, however the possibility that a second T-DNA insert in P330 is 

responsible for the trichome phenotype remains. Given that this thesis relies heavily on 

ACT11 transcript levels, research conducted at protein level will ultimately have to be 

performed to confirm ACT11’s role in sexual reproduction and trichome branching. Our 

results, in combination with previous literature, provide the framework for future 

investigations on ACT11 in Arabidopsis. 
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Appendix A: qPCR primers 

The primers used for all seven genes located within the 10 kb upstream/downstream 

range of the insertion site in P330 are listed in 5’ to 3’ orientation. FP and RP denote 

forward primer and reverse primer, respectively. For ACT11, a total of three primer pairs 

were used. Primers used for the reference gene (UBC21/PEX4) are also shown. 

Gene Primers 
ATG312080 
GTP-binding family protein 
 

FP: GGATGCCTTCCATGATTGAGAAACAAGC 
RP: TCCGAAGCCTGCATGAGTCCTTTACGTG 

ATG312090 
tetraspanin6 
 

FP: CATCCATGGTTGAGAGAGAGAGTTAGGG 
RP: TCCTCCTCCGTCCACTACTCCAGCTTCG 

ATG312100 
cation efflux family protein 
 

FP: CACGTTTCTGGGAGGTTGTGCCTGGTCA 
RP: CAAAGAAGAGGCAGATGCAGCTTAGGTG 

ATG312110 
actin-11 
 

FP: CCGTACCACACCACCACCCTCCTCGTTT 
RP: TCGAGGACGACCAACGATGCTAGGGAAT 
 
FP: GCCATGTATGTCGCTATCCAAGCTGTTC 
RP: CTCTGCTGAGGTAGTGAATGAGTAACCA 
 
FP: GCCATCAATAGTCCACAGGAAGTGCTT 
FP: GCAGAAACACCAAAAGAGGATAACAAC 
 

ATG312120 
fatty acid desaturase 2 
 

FP: AGCGACTACCAATGGCTGGATGACACAG 
RP: GTCCAAGAGGGTTGTTGAGGTATTTCCC 

ATG312130 
zinc-finger family protein 
 

FP: ACCTGGTGGTGGTCTTGGTGGTGGTGGT 
RP: TCTGCAAGCAACAACTAGACGATTCCTG 

ATG312140 
Emsy N Terminus 
 

FP: AGGGAGAGGACCAAGAATTCATCAACCA 
RP: CTCGAGTGGATCAGGATGCGTAGAATCG 

AT5G25760 
UBC21/PEX4 
 

FP: CTTAACTGCGACTCAGGGAATC 
RP: ATCCTTTCTTAGGCATAGCGGC 
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Appendix B: T-DNA insertion sites 

The locations of the T-DNA inserts are schematically shown in the ACT11 sequence. The 

pROK2 T-DNA in SALK_088189C is located in the 5’ UTR while the pSKI015 T-DNA 

is located in the third intron for P330. The precise locations of the T-DNAs are also 

shown in the ACT11 5’ to 3’ sequence. The yellow sequences correspond to UTRs, the 

blue sequences correspond to the exons, and the unhighlighted sequences correspond to 

introns. 

 

 
 

TTCTCTTCTTCATTCGCTCCGTTTCTCTCTCAAAAACTACACACCCGTACCACACCACCACCCTCCTCGTTT_pR
OK2_CCTCAGAGATCCCCTCTCTAACTTCTAAGGTAATCACATTTCCATAACGTTCCATCGTCATTGATTCTTCA
TTAGTATGCGTTTATGAAGCTTTTTCAATTTAATTCTCTTTGGTAGATCTTAAGATTCCTCTGTTTCTTGCAAAA
TAAAGGGTTCAATTATGCTAATATTTTTTATATCAATTTTGACAGGATATAGAAAATGGCAGATGGTGAAGACAT
TCAGCCTCTCGTCTGTGACAATGGAACCGGAATGGTTAAGGTACATCTTTACATGACCTTTGTGGATATAAATCT
GATAACTTTTTCTTTTATTATTTTTGGATACAATGCTGTTTTGTCTGGTTCATTCATATGTGTTTCCAATTCCTT
AGGCTGGATTTGCTGGAGATGATGCACCAAGAGCTGTATTCCCTAGCATCGTTGGTCGTCCTCGACACACTGGTG
TCATGGTTGGTATGGGACAAAAAGATGCTTACGTTGGTGATGAGGCTCAGTCTAAGAGAGGTATTTTGACATTGA
AATATCCTATTGAGCATGGTATTGTTAGCAACTGGGATGATATGGAGAAGATTTGGCATCACACTTTCTACAATG
AGCTCCGTGTTGCACCTGAAGAACACCCTGTTCTTCTCACTGAGGCTCCTCTCAACCCCAAGGCCAATCGTGAGA
AAATGACTCAGATTATGTTTGAAACTTTCAACACTCCTGCCATGTATGTCGCTATCCAAGCTGTTCTTTCCCTCT
ACGCTAGTGGTCGTACTACTGGTAATAA_pSKI015_GATCTTCAACACCTACACCATTTTTTTAATCACTACTA
CCCATTGCATTGAACAAACTTCCAAGTTCTTCTTAGCTTCAGATTAAGAAAGTACCCTTTCTTGGCTTTGTTGAT
GTGGTACCATTGTCCATTGTCTTGTGTGTTTCCAGGTATTGTGTTGGACTCTGGAGATGGTGTGAGTCACACTGT
TCCAATTTATGAAGGATATGCTCTTCCACATGCTATTCTGCGTTTGGACCTTGCAGGCCGTGACCTTACTGATTA
CCTCATGAAGATCTTAACCGAGCGTGGTTACTCATTCACTACCTCAGCAGAGCGTGAAATCGTAAGGGATGTGAA
AGAGAAACTTGCTTACATAGCACTTGACTACGAGCAAGAGATGGAAACAGCAAACACAAGCTCATCCGTTGAGAA
GAGCTATGAGTTGCCTGATGGACAGGTGATCACCATTGGAGGAGAGAGATTCCGCTGCCCGGAGGTTCTGTTCCA
ACCGTCTTTGGTGGGAATGGAAGCTGCTGGTATTCACGAGACCACTTACAATTCCATCATGAAGTGTGATGTGGA
TATCAGGAAGGATCTGTATGGAAACATTGTGCTCAGTGGTGGAACCACCATGTTCCCTGGAATTGCTGATAGGAT
GAGCAAAGAGATCACTGCTTTGGCTCCAAGCAGCATGAAGATTAAGGTGGTTGCTCCACCAGAGAGGAAGTACAG
TGTCTGGATTGGAGGCTCCATTCTAGCATCACTCAGTACCTTCCAACAGGTAAAATCATCATTCGGTTTTATATG
GAATTTTGTGTCCTTTTTTTTTGTTGCCCATTGTTAATGTGATACACAAAATGTTGTTGGTGTGCAGATGTGGAT
AGCAAAGGCCGAGTATGATGAGTCAGGGCCATCAATAGTCCACAGGAAGTGCTTCTAAGATTAAGCTCAAATCAA
AGTGATGAATGATTGTTCTGTATTGGTAAAGCCTTTTGTTCATCGACTTTGTTGCAAAATATTCTTTTGTTTTCT
ATGTTTCTTCACCACTACATTACATTTCTTTCTTGTTGTTATCCTCTTTTGGTGTTTCTGCTATTAATCGAAAAA
GAAATTTTCTTTTCTTAGTTTC 
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Appendix C: P330 T-DNA flanking sequence 

The sequence flanking the left-border of the pSKI015 T-DNA in P330 is shown. This 

sequence was obtained using an improved version of genome walking (Taheri et al., 

2012). 

 

CGGAAGACTACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGTCTCACAAAAGTA

CCAAACCTCATCGTCAGAGGTTCTATTTATCCTTCTTAGTTTTTGTTGTCATTATATTT

TATTCTGTTTTCTTCCCCACCACAAAAAAAAAAGATTTATGTATATCTGTAGTTTCATA

TAGCATAACGAAATTGCAAGCTTGATTACGTAAGTAGATCTTAAACACCTACACCATTT

TTTTAATCACTACTACCCATTGCATTGAACAAACTTCAAGTTCTTCTTAGCTTCAGATT

AAGAAAGTACCCTTCCTTGGCTTTGTTGATGTGGTACCATTGTCCATTGTCTTGTGTGT

TTGCAGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTG

GAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGGGCGCTCGGCGTATTCATGGT

CCAACC 
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Appendix D: ACT11 primers and primer binding sites 

All ACT11 primers used in this thesis are listed in the following table along with their 

sequences and binding sites within the gene. The binding sites are bolded within the 

ACT11 sequence. Primer binding sites for 110-RP (bolded) and UFS-FP (underlined) 

overlap. 

Primer Name 5’ to 3’ Sequence Location in ACT11 
5’UTRACT11-FP TCATTCGCTCCGTTTCTCTCT 5’UTR 
110-FP CCGTACCACACCACCACCCTCCTCGTTT 5’UTR 
110-RP TCGAGGACGACCAACGATGCTAGGGAAT 2nd exon 
UFS-FP CCCTAGCATCGTTGGTCGTCCTCGACAC 2nd exon 
TA-FP GCCATGTATGTCGCTATCCAAGCTGTTC 2nd exon 
TI-FP CATTGTCCATTGTCTTGTGTGTTTCCAG 3rd intron 
DFS-RP CCAAACGCAGAATAGCATGTGGAAGAGC 3rd exon 
TA-RP CTCTGCTGAGGTAGTGAATGAGTAACCA 3rd exon 
110X-FP GCCATCAATAGTCCACAGGAAGTGCTT 4th exon 
110X-RP GCAGAAACACCAAAAGAGGATAACAAC 3’UTR 
 
TTCTCTTCTTCATTCGCTCCGTTTCTCTCTCAAAAACTACACACCCGTACCACACCACCACCCTCCTCGTT
T_pROK2_CCTCAGAGATCCCCTCTCTAACTTCTAAGGTAATCACATTTCCATAACGTTCCATCGTCATTG
ATTCTTCATTAGTATGCGTTTATGAAGCTTTTTCAATTTAATTCTCTTTGGTAGATCTTAAGATTCCTCTG
TTTCTTGCAAAATAAAGGGTTCAATTATGCTAATATTTTTTATATCAATTTTGACAGGATATAGAAAATGG
CAGATGGTGAAGACATTCAGCCTCTCGTCTGTGACAATGGAACCGGAATGGTTAAGGTACATCTTTACATG
ACCTTTGTGGATATAAATCTGATAACTTTTTCTTTTATTATTTTTGGATACAATGCTGTTTTGTCTGGTTC
ATTCATATGTGTTTCCAATTCCTTAGGCTGGATTTGCTGGAGATGATGCACCAAGAGCTGTATTCCCTAGC
ATCGTTGGTCGTCCTCGACACACTGGTGTCATGGTTGGTATGGGACAAAAAGATGCTTACGTTGGTGATGA
GGCTCAGTCTAAGAGAGGTATTTTGACATTGAAATATCCTATTGAGCATGGTATTGTTAGCAACTGGGATG
ATATGGAGAAGATTTGGCATCACACTTTCTACAATGAGCTCCGTGTTGCACCTGAAGAACACCCTGTTCTT
CTCACTGAGGCTCCTCTCAACCCCAAGGCCAATCGTGAGAAAATGACTCAGATTATGTTTGAAACTTTCAA
CACTCCTGCCATGTATGTCGCTATCCAAGCTGTTCTTTCCCTCTACGCTAGTGGTCGTACTACTGGTAATA
A_pSKI015_GATCTTCAACACCTACACCATTTTTTTAATCACTACTACCCATTGCATTGAACAAACTTCC
AAGTTCTTCTTAGCTTCAGATTAAGAAAGTACCCTTTCTTGGCTTTGTTGATGTGGTACCATTGTCCATTG
TCTTGTGTGTTTCCAGGTATTGTGTTGGACTCTGGAGATGGTGTGAGTCACACTGTTCCAATTTATGAAGG
ATATGCTCTTCCACATGCTATTCTGCGTTTGGACCTTGCAGGCCGTGACCTTACTGATTACCTCATGAAGA
TCTTAACCGAGCGTGGTTACTCATTCACTACCTCAGCAGAGCGTGAAATCGTAAGGGATGTGAAAGAGAAA
CTTGCTTACATAGCACTTGACTACGAGCAAGAGATGGAAACAGCAAACACAAGCTCATCCGTTGAGAAGAG
CTATGAGTTGCCTGATGGACAGGTGATCACCATTGGAGGAGAGAGATTCCGCTGCCCGGAGGTTCTGTTCC
AACCGTCTTTGGTGGGAATGGAAGCTGCTGGTATTCACGAGACCACTTACAATTCCATCATGAAGTGTGAT
GTGGATATCAGGAAGGATCTGTATGGAAACATTGTGCTCAGTGGTGGAACCACCATGTTCCCTGGAATTGC
TGATAGGATGAGCAAAGAGATCACTGCTTTGGCTCCAAGCAGCATGAAGATTAAGGTGGTTGCTCCACCAG
AGAGGAAGTACAGTGTCTGGATTGGAGGCTCCATTCTAGCATCACTCAGTACCTTCCAACAGGTAAAATCA
TCATTCGGTTTTATATGGAATTTTGTGTCCTTTTTTTTTGTTGCCCATTGTTAATGTGATACACAAAATGT
TGTTGGTGTGCAGATGTGGATAGCAAAGGCCGAGTATGATGAGTCAGGGCCATCAATAGTCCACAGGAAGT
GCTTCTAAGATTAAGCTCAAATCAAAGTGATGAATGATTGTTCTGTATTGGTAAAGCCTTTTGTTCATCGA
CTTTGTTGCAAAATATTCTTTTGTTTTCTATGTTTCTTCACCACTACATTACATTTCTTTCTTGTTGTTAT
CCTCTTTTGGTGTTTCTGCTATTAATCGAAAAAGAAATTTTCTTTTCTTAGTTTC 
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Appendix E: PCR products from P330 and SALK_088189C zygosity screens 

Examples of obtained PCR products obtained from P330 (left) and SALK_08818C 

(right) zygosity screens. Each gel contains products from ten individual PCRs; all 

products in the gel on the left are the expected size (~600 bp) if a normal copy of ACT11 

was present in the P330 genome. All products in the gel of the right are the expected size 

(~500 bp) if a normal copy of ACT11 was present in the SALK_088189C genome. The 

single red star (*) indicates the 750 bp band in the ladder while the double red stars (**) 

represent the 500 band. 
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Appendix F: Sequences for PCR products from zygosity screens 

PCR products from P330 and SALK_088189C zygosity screens were sequenced 

following gel purification and cloning into pGEM-T. The following are sequences 

obtianed using T7 and SP6 primers. The SALK_088189C sequence was obtained using 

only the SP6 primer (failed sequencing with T7 primer). 

 

P330 T7 
>>>CCTAGCATCGTTGGGTCGTTACTCGACACACTGGTGTCATGGTAGGTATGGGACAA
AAGATGCTTACGTAGGTGATGAGGCTCAGTATAAGAGAGGTATTGAGACATAGAAATAT
CCTATAGAGCATGGTATTGTAAGCAACTGGGATGATATGGAAGAAGATTGGGCATCACA
C 
 
P330 SP6 
>>>TCCAAACGCAGAATAGCATGTGGAAGAGCATATCCTTCATAAATAGGAACAGTGTG
ACTCACACCATCTCCAGAGTCCAACACAATACCTGGAAACACACAAGACAATGGACAAT
GGTACCACATCAACAAAGCCAAGAAAGGGTACTTTCTTAATCTGAAGCTAAGAAGAACT
TGGAAGTTTGTTCAATGCAATGGGTAGTAGTGATTAAAAAAATGGTGTAGTGTTGAAGA
TCTATTACCAAGTAGTACAACCTAACGTAGAGGGAAA 
 
SALK_088189C SP6 
>>>CGAGGACGACCAACGATGCTAGGGAATACAGCTCTAGGTGCATCATCTCCAGCAAA
TCCAGCCTAAGGAATGGGAAACACATATGAATGAACCAGACAAAACAGCATTGTATCCA
AAAATAATAAAAGAAAAAGTTATCAGATTTATATCCACAAAGGTCATGTAAAGATGTAC
CTTAACCATTCCGGTTCCATTGTCACAGACGAGAGGCTGAATGTCTTCACCATCTGCCA
TTTTCTATATCCTGTCAAAATTGATATAAAAAATATTAGCATAATTGAACCCTTTATTT
TGCAAGAAACAGAGGAATCTTAAGATCTACCAAAGAGAATTAAATTGAAAAAGCCTCAT
AAACCCCTACTAATGAAAGAATCCATGACGATGGAACGTTATGGAAATGTGATTACCCT
AGAAGTTAGAAGAGGGGATCTCTAAGAAAACCAAGAAGGGTTGTTTTTTTGGGTACGGG
TGGTTTATTTTTT 
 

 

 

 

 


