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domain, a catalytic domain, and a C-terminal ACT domain. Transit peptide 

sequences are quite variable, but the catalytic and ACT domains are conserved 

with approximately 80% similarity in amino acid sequence (Cho et al., 2007). 

Although Arabidopsis ADTs are all similar in sequence, and all six can 

decarboxylate and dehydrate arogenate, there is evidence that each ADT might 

have a more specialized role in Arabidopsis.  

 

1.3.1 Alternative Roles and Differential Expression 

In Arabidopsis, it has been shown that the activity of certain ADTs is more 

important for certain branches of the phenylpropanoid pathway. For instance, it 

was demonstrated that ADT5 and possibly ADT4 play a more pronounced role 

channeling Phe into lignin biosynthesis than the other ADTs (Corea et al., 2012). In 

this study, Arabidopsis adt4/5 and adt5 knockout lines showed severely low lignin 

(wilted) phenotypes compared to other single and double adt knockouts. Research 

also indicates more specific roles for ADT1 and ADT3 in regulating biosynthesis of 

anthocyanins, which are flavonoid-derived pigments (Chen et al., 2016b), as 

mutants with a non-functional adt1 or adt3 only produced around half of the wild 

type levels of anthocyanins. There is also evidence that ADT3 plays a role in 

reactive oxygen species (ROS) homeostasis through synthesis of photo-protective 

flavonoid compounds and epicuticular waxes (Para et al., 2016).  

 ADT2 and ADT5 might also have non-enzymatic roles within the cell in 

addition to their enzymatic roles (Bross et al., 2017). ADT2 is thought to have a 

role in chloroplast division, and forms a ring around chloroplast equatorial planes 

similar to the well-known chloroplast division protein FtsZ, a structural homolog of 

tubulin (Vitha et al., 2001). ADT5 is localized to the nucleus as well as 

chloroplasts, and is thought to have a second role as a transcription factor (Bross 

et al., 2017). Since they both have an enzymatic role in chloroplasts, and appear to 

have a second non-enzymatic function, both ADT2 and ADT5 are considered 

moonlighting proteins. Moonlighting proteins are defined as having multiple 

functions that are not a result of splicing, gene fusion or dimerization, or due to 

pleiotropic effects (Jeffery, 2015). Furthermore, ADTs are differentially expressed 
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in different tissues, at different developmental stages, and under different 

environmental conditions (Figure 2; Corea et al., 2012). Each ADT has a unique 

expression pattern under different conditions (Figure 2). Higher expression levels 

are seen for ADT1, ADT2, ADT4 and ADT6 during heat shock (Figure 2A), while 

ADT3, ADT4 and ADT6 are more highly expressed during cold shock (Figure 2B). 

Other data from previous students in our lab also indicate different expression 

patterns in various tissues (Hood, 2008), and the Bio-analytic Resource for Plant 

Biology (BAR) database also contains expression data for developmental stages 

(Austin et al., 2016). As an example, the heat map in Figure 3 shows the different 

levels of expression in leaves at each developmental stage from week one through 

twelve. Since all ADTs catalyze the same reaction in the same area of the cell, but 

are differentially expressed, there is a strong indication that they are regulated at 

the level of transcription.  

 

1.4 Transcriptional Regulation in Eukaryotes 

At any given time, DNA that is not expressed is wrapped tightly around 

histone proteins to prevent transcription, degradation of DNA, or excessive energy 

expenditure (Kornberg, 2007; Larch et al., 1987). This is the case for most genes 

that are only expressed under certain conditions, such as stress response. To 

initiate transcription of a gene for any purpose, histone proteins need to be shifted 

from the promoter sequence to unfold the DNA from the nucleosome and make it 

accessible to other proteins (Boeger et al., 2003). For this reason, the promoter 

sequence is essential for transcription to occur.  

Promoters are non-coding DNA sequences usually found immediately 

upstream of a gene (Danino et al., 2015; Novina and Roy, 1996; Roy and Singer, 

2015) and their role is essentially to initiate and regulate transcription (Kadonaga, 

2012). Proximal promoters are considered to be the region approximately 500 to 

1000 bp upstream from the transcriptional start site (TSS), and distal promoters 

are found much further upstream, and include enhancer regions (Korku et al., 

2014; Kristiansson et al., 2009). The transcription factors responsible for initiating 

basal levels of transcription recognize what is known as the core promoter, often  
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Figure 2. ADT RNA Expression Under Temperature Stress 

RT-PCR data showing relative expression of ADTs to the UBIQUITIN10 

gene as an internal control under standard conditions. Template RNA 

was isolated from plants that were exposed to their respective conditions 

under 16 h light and 8 h dark. Each ADT is differentially expressed under 

these conditions, suggesting that ADTs have varying roles during 

temperature stress.  

A. Heat shock (38°C) for 24 h 

B. Cold shock (6°C) for 24 h 

 

Adapted from Hood, 2008.   
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Figure 3. Heat Maps of Leaf-specific ADT Expression Over Time. 

Heat map representations of ADT RNA levels in Arabidopsis leaves over 

time from week one of development to senescence. Heat maps were 

generated using the BAR database Arabidopsis eFP Browser (Winter et 

al., 2007) and are based on published microarray data. The scale 

represents the absolute expression level of a given ADT.  

 

Continuous scale from yellow (low expression) to red (high expression).  

Number below each leaf represents the number of weeks since 

germination. 

 

C: cauline, S: senescent 
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located within the first 50 bp upstream from the TSS (Molina and Grotewold, 2005; 

Novina and Roy, 1996). The core promoter contains very specific sequence motifs, 

of which one of the most well-characterized is the TATA box. Although not all core 

promoters contain actual TATA boxes, the core promoter sequence is usually very 

A/T-rich, creating a hydrophobic surface for the TATA-binding protein (TBP) to 

recognize and bind to (Sainsbury et al., 2015). There are 6 general transcription 

factors that form a complex required for RNA Polymerase II recruitment and 

initiation of transcription: Transcription Factor RNA Polymerase II A (TFIIA), TFIIB, 

TFIID, TFIIE, TFIIF and TFIIH (Kadonaga, 2012; Kornberg, 2007; Sainsbury et al., 

2015). The entire complex is referred to as the pre-initiation complex (PIC), and 

this is widely accepted to be the most basic machinery of transcription initiation, or 

the “on/off switch” (Kadonaga, 2012).  

In mammalian promoters, there are two major core sequence element 

types: the TATA box and the CpG island. TATA boxes are often present in 

environmentally-responsive genes, and CpG islands are more common in 

housekeeping genes (Molina and Grotewold, 2005; Yamamoto et al., 2009, 2011). 

In plants, core promoter types are more variable, and do not contain known CpG 

islands. Instead, the main core types in plants are TATA boxes, Y patches (or 

pyrimidine patches), GA elements, and the less common CA elements (Yamamoto 

et al., 2009). Promoters that do not contain any known elements are referred to as 

coreless promoters, although they may have some sequence characteristics 

similar to one or more core types. 

TATA boxes are seen as highly responsive, high expression specialists in 

plants and vertebrates (Yamamoto et al., 2009, 2011). TATA box-containing 

promoters tend to be longer than other promoters. This suggests that promoters 

controlling gene expression through environmentally-responsive signaling 

pathways are longer to accommodate more regulatory motifs, and to ensure the 

complicated network of internal and external cues can precisely control 

transcription (Kristiansson et al., 2009; Yamamoto et al., 2011). This is in contrast 

with housekeeping genes having a short promoter sequence, as their expression is 

not quite as dependent on intricate networks of responses, and sharp peaking 
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levels of expression are not characteristic of ubiquitously present proteins such as 

tubulin.  

Though CpG islands are thought to control housekeeping gene expression 

in mammals, there are no known core types in plants that are specifically thought 

to regulate housekeeping gene expression. In fact, the other core types in plants, 

aside from TATA boxes, do not have any significant associations, other than 

coreless promoters having generally lower expression (Yamamoto et al., 2011). 

Although Y-patches are fairly common and sometimes thought to be the CpG 

equivalent in plants, they are still poorly understood in terms of function. This 

suggests that aside from the TATA box, plants and vertebrates differ considerably 

in core promoter type (Gagniuc and Ionescu-Tirgoviste, 2012; Yamamoto et al., 

2009, 2011).  

 
1.5 Promoter Organization 

Core promoters only make up one part of eukaryotic promoters (Figure 4). 

The core promoter, usually located within 50 bp upstream of the TSS, is the region 

containing motifs recognized by the PIC and RNA Polymerase II (the on/off switch) 

(Molina and Grotewold, 2005; Novina and Roy, 1996). The proximal promoter then 

extends up to 1000 bp upstream from the TSS (Korku et al., 2014; Kristiansson et 

al., 2009). This 1000 bp stretch contains a number of short nucleotide sequences, 

usually anywhere between 5 and 49 nucleotides long, called cis regulatory 

elements (CREs), or regulatory motifs. These motifs can be recognized by 

transcription factors, and in turn, regulate transcription (Figure 4) (Korku et al., 

2014; Kornberg, 2007). Since a promoter sequence controls transcription of both 

the forward and reverse DNA strands, motifs can be found on either strand. 

However, the same motif does not necessarily need to be in the same area on 

both strands, as many transcription factors’ jobs are ultimately to assist in the 

unwinding of promoter DNA (Kornberg, 2007; Larch et al., 1987).  

In a eukaryote, cells require different genes to be activated or turned off at 

different times, and as all genes cannot be expressed all at once, there is cell type-

specific transcriptional regulation. Aside from the core promoter, there are  
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Figure 4. Schematic of Eukaryotic Gene Promoter Region. 
Top: The proximal gene promoter region is immediately upstream of a 

given coding sequence (purple arrows) and can extend up to 1 Kb from 

the transcriptional start site (TSS), spanning any untranslated regions 

(UTRs) and intergenic regions between one gene and the next upstream 

gene. Aside from the core promoter, there are multiple short sequence 

motifs, usually 5 to 49 bp long that are scattered on both strands in this 1 

Kb region. Motifs are shown as small boxes in various colours, where 

each colour represents a binding site for a specific corresponding 

transcription factor (TF) and therefore a different function. There are also 

distal enhancer regions that can be several Kb away from the TSS.  

 

Bottom: Enhancer regions contain regulatory motifs that transcription 

factors bind to and cause folding of the DNA to reach the promoter. 

Transcription levels are then influenced by these transcription factors.  

 

TrSS: translational start site 
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cis-acting motifs throughout the promoter region and in distal enhancer regions 

that are recognized by cell-specific transcription factors, which result in either 

increased or decreased transcription (Korku et al., 2014). If the core promoter is 

the on/off switch, proximal regulatory motifs and cell type-specific or 

environmentally-responsive transcription factors can be considered the volume 

control of gene expression. There are two steps in this process: 1) a motif is 

recognized by a transcription factor, and binding of the transcription factor can 

inhibit or enhance transcription of that gene by 2) causing alterations to the DNA 

structure, or recruiting other complexes of transcription factors (D’haeseleer, 2006; 

Zhu et al., 2015). Through a variety of signaling pathways, transcription factors 

integrate environmental cues and internal signals to provide an organism with the 

appropriate tools to facilitate a proper interaction with its environment (Babbitt et 

al., 2017). They therefore govern every aspect of survival, from biochemical 

pathways, to DNA repair, to stress responses to ensure survival.  

On the 5’ and 3’ ends of transcribed RNA sequences are untranslated 

regions (UTRs) (Figure 4). UTRs are transcribed but are not part of the translated 

protein, but the DNA encoding these UTRs contains regulatory motifs, meaning 

they can also have roles in transcriptional regulation (Baxter et al., 2012; van der 

Velden and Thomas, 1999). Additionally, regulatory motifs can be found in introns 

of genes, and even several thousand base pairs away in enhancer regions (Figure 

4). It has been shown in multiple studies that the presence of introns in coding 

sequences has a positive effect on gene expression (Gallegos and Rose, 2015; 

Rose et al., 2016). This phenomenon is referred to as intron-mediated 

enhancement (IME), and is still poorly understood, but is thought to be due to the 

regulatory motifs present within these intron sequences. Enhancer regions are 

located far away from a given TSS (Figure 4), and are especially important for cell 

type-specific regulation (Hnisz et al., 2016). Enhancers often control gene 

expression by interacting with transcription factors, and then bringing them into the 

proximity of the promoter sequence through DNA folding and looping (Figure 4; 

Hnisz et al., 2016; Sainsbury et al., 2015). The interactions between the promoter 
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sequence and transcription factors in the loop can contribute to the further 

unwinding of promoter DNA to initiate transcription at that site. 

 
1.6 Duplications and Gene Family Evolution 

Gene families are groups of related genes, usually with similar functions, 

that arise most often from duplication events, and are observed in almost all 

eukaryotes, especially plants. In fact, no other group of organisms has a greater 

incidence of polyploidy or duplicated DNA than plants (Wendel et al., 2009). It is 

thought that whole genome duplications (WGDs) were a driving force of the rapid 

diversification and world dominance of angiosperms (Airoldi and Davies, 2012). 

Once duplicated, a gene can have one of three fates: neo-functionalization, sub-

functionalization, or loss (Figure 5). The most common fate is the loss of a gene, 

as it can be energetically costly to synthesize multiple redundant copies of a gene 

that all perform the same function. However, if a WGD occurs, the multiple copies 

of genes that are involved in complex networks, including transcription factors or 

signal transduction components, are often retained. It is believed that this happens 

because their function relies more on the balance of components of the complex 

relative to each other rather than the numbers of each one. So, if everything is 

duplicated and the balance is preserved, this is not an issue, but if one or two 

components are lost, it can be detrimental to the cell (Edger and Pires, 2009). 

Additionally, if all copies are retained, as long as one of them can still perform the 

original network function, there is flexibility for the other copies to adopt a new 

function (neo-functionalization) through mutation or interaction, where they either 

only perform the new function (Figure 5B), or they keep the old function and the 

new function (Figure 5C; Airoldi and Davies, 2012). Sometimes the role of the 

duplicated gene can be partitioned between two copies so that both copies must 

be present for the complete function (Figure 5D). These copies can also be 

regulated differently during certain conditions, and ultimately provide more 

complexity for the cell (Airoldi and Davies, 2012; Lynch and Conery, 2000).  
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Figure 5. The Fate of Duplicated Genes.  
Following a gene duplication event, the extra copy of a gene may be 

lost, adopt a new function, or have its function partitioned into two parts.  

 

A. In most cases, extra copies become dysfunctional and are lost. 

 

There are two options for neo-functionalization:  

B. The new copy can adopt a new function and lose the original function  

C. The new copy can retain its original function and also adopt a new 

function, so it is able to perform two functions (middle right).  

 

D. A duplicated gene may also be partitioned into two parts (sub-

functionalization). Since there are two copies, it might be more 

efficient for a plant to encode two parts of the protein so it can 

differentially regulate both parts, providing the plant with more 

functional options.  
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Since plants can sustain WGD better than any other organism (Airoldi and 

Davies, 2012), gene family diversification is well-described in plants. It is common 

for a plant to encode hundreds of members of a gene family that may have some 

overlapping functions, but can still carry out distinct roles in the cell (Airoldi and 

Davies, 2012). For example, as a result of numerous WGD events, the MADS 

family of transcription factors in Arabidopsis contains more than 100 members with 

various roles in floral development and embryogenesis (Becker and Theissen, 

2003). For instance, AGL15-like MADS box proteins are all involved in 

development. However, AGL15 is expressed in embryos of developing seeds, but 

not in endosperm, whereas AGL18 is expressed in endosperm but not in any stage 

of embryo development (Becker and Theissen, 2003). Given the preference for 

plants to retain proteins such as transcription factors after a WGD event, it is not 

surprising that the MADS family has grown so large over time. As ADTs are also 

involved in a complex network of metabolic signaling and activity, they may have 

been preferentially retained rather than lost by higher plants, which allowed neo-

functionalization. One important point to keep in mind is that WGDs duplicate not 

only the coding sequences themselves, but also all non-coding DNA (Lynch and 

Conery, 2000; Wendel et al., 2009). The combination of having multiple copies of a 

gene, each with their own regulatory sequence that can sustain any number of 

substitutions, presents a good opportunity for neo-functionalization. Promoter 

sequences can sustain much higher variation than coding sequences can (Vedel 

and Scotti, 2011), and this variation can affect the level of expression of each gene 

copy at any given time. Therefore, promoter sequences can harbour a wealth of 

knowledge about the neo-functionalization of different gene family members, 

including ADTs.  

 

1.7 A Data Mining Approach to Gene Family Analysis 

Since promoters control transcription, and transcription is responsive to 

internal and external environmental cues via signaling pathways, it is possible to 

make predictions about gene function based on experimentally determined 

promoter motifs. The PLACE (Plant cis-Acting Regulatory DNA Elements) 
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database (Higo et al., 1999) contains information, based on primary literature, on 

numerous cis regulatory motifs and their functions in planta. This database is one 

of the largest and most comprehensive of its kind, and is therefore an excellent 

tool for determining the putative motif composition of a given plant gene promoter, 

ultimately providing an idea as to which pathways a gene may be involved in. An 

analysis of these elements can not only help make predictions about gene 

function, but also identify candidate transcription factors for further study.  

Though the basic functions of ADTs are established (Bross et al., 2011, 

2017; Cho et al., 2007), their roles in preferential supply of Phe to the 

phenylpropanoid pathway are still poorly understood (Bross et al., 2017; Corea et 

al., 2012; Para et al., 2016). Previous studies have used the PLACE and other 

motif databases to gain relevant insight about specific gene function and regulation 

in newly discovered and poorly characterized gene families. However, these 

studies either characterize one gene promoter in silico accompanied by an in 

planta analysis (Kumar et al., 2015; Sohrabi et al., 2015; Srivastava et al., 2014) or 

characterize multiple promoters in silico without an in planta analysis (Song et al., 

2011a). For instance, Srivastava et al. (2011) characterized the promoter of the 

SIEVE ELEMENT OCCLUSION (SEOF1) gene from Pisum sativum using the 

PLACE database, and found a number of stress-related motifs. Transient 

expression of the GUS reporter gene and quantitative analysis of expression 

changes under different stressful conditions then supported the in silico prediction. 

Though this analysis is an important step in understanding the multiple roles of 

PsSEOF1 in stress response, it is only one promoter and does not differentiate 

between promoters of a gene family. There are also multiple in silico studies that 

characterize promoter structure across an entire genome (Molina and Grotewold, 

2005; Yamamoto et al., 2009, 2011; Zhu et al., 2015), but this information does not 

specifically pertain to a given gene and often only focuses on core promoters 

rather than specific regulatory motifs. There are only few studies where a 

comparative analysis of all promoters of a gene family are analyzed both in silico 

and in vivo.  
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1.8 Research Questions, Experimental Design and Objectives 

All six ADT enzymes in Arabidopsis are capable of catalyzing the same 

reaction in Phe biosynthesis, but they are differentially expressed, suggesting that 

they can channel Phe into different branches of the phenylpropanoid pathway 

depending on the needs of the plant. It is hypothesized that each ADT promoter 

sequence has a unique motif pattern that is recognized by transcription factors 

which are tailored to that ADT’s role in Arabidopsis. There are two main objectives 

of this thesis.  

The first objective is an in silico analysis of each ADT promoter region to 

identify putative regulatory motifs that might contribute to differential expression of 

each ADT. The motif sequence analysis will be complimented by a meta-analysis 

of existing expression data to identify any transcription factors that can validate the 

motifs identified. If the same transcription factor is identified in both analyses, it is a 

candidate gene for further study where transcription factor expression or motif 

presence can be modified. 

The second objective is an in planta analysis, where promoter sequences of 

each ADT will be cloned 5’ to reporter genes, whose expression can be monitored 

as a proxy for ADT gene expression. Promoter-reporter constructs will then be 

used for two types of plant transformations. Transient expression analyses in N. 

benthamiana will be performed first to check that promoters are able to generate 

reporter expression in planta. Stable Arabidopsis transformants will also be 

generated so expression can be viewed in all tissues at different developmental 

stages, and under different stressful conditions. Subcellular localization patterns 

can also be determined under these varying conditions.  
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2 MATERIALS AND METHODS 
2.1 Media, Solutions and Buffers 

2.1.1 Media 

All media were autoclaved to sterilize unless stated otherwise. 

Gamborg’s Solution 

For 100 mL: 0.32 g Gamborg’s solution powder with B5 + vitamins, 2.0 g of  

20 g/L sucrose, 1.0 mL of 1 M stock MES (pH 5.6), 100 µL of 200 mM 

acetosyringone. 

Lysogeny Broth (LB) 

For 1 L: 950 mL ddH2O, 10 g tryptone, 10 g NaCl, 5 g yeast extract. For solid 

medium add 15 g agar per L before autoclaving.  

Murashige & Skoog (MS) Medium 

For 1 L: 4.3 g Murashige & Skoog salts, 10 g sucrose, 0.5 g MES. For solid 

medium add 8 g agar per L. If plating seeds, add 1 mL of 100 mg/L-1 carbenicillin 

and 5 mL Plant Preservative Mixture (PPM) after autoclaving and cooling. 

Super Optimal Broth with Catabolite Repression (SOC) 

For 1 L: 970 mL ddH2O, 0.5 g NaCl, 0.186 g KCl, 20 g tryptone, 5 g yeast extract. 

After autoclaving and cooling, add 10 mL of 1 M MgCl2 and 3.6 g glucose. 

 

2.1.2 Solutions 

0.7% Agarose Gel 

0.21 g agarose, 30 mL 1X TAE buffer, heat 1 min to dissolve.   

Antibiotic Solutions 

100 mg/mL ampicillin, 100 mg/mL carbenicillin, 50 mg/mL gentamycin, 60 mg/mL 

kanamycin, 100 mg/mL spectinomycin were dissolved in ddH2O and filter sterilized 

to prepare stock solutions.  

GUS Staining Solution 

For 1 mL: 830 µL ddH2O, 100 µL of 1 M NaPO4 (pH 7.0), 20 µL of 0.5 M EDTA (pH 

8.0), 10 µL of 10% Triton X-100, 20 µL of 50 mM K3Fe(CN)6, 20 µL of 0.1 M X-

Gluc (50 mg/mL) dissolved in dimethylformamide.  
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Mini Prep Solution I (A) 

For 100 mL: 5 mL of 50 mM glucose, 2.5 mL of 25 mM Tris (pH 8.0), 0.2 mL of 10 

mM EDTA (pH 8.0), 92.3 mL ddH2O 

Mini Prep Solution II  

For 10 mL: 1 mL of 1% (w:v) SDS, 0.4 mL of 0.2 NaOH, 8.6 mL ddH2O 

Mini Prep Solution III (B) 

For 100 mL: 60 mL of 3 M K-acetate, 11.5 mL glacial acetic acid, 28.5 mL ddH2O 

Seed Sterilization Solution 

For 1 mL: 500 µL undiluted bleach, 500 µL ddH2O, 50 µL PBS Tween 

 

2.1.3 Buffers 

50X TAE Buffer  

For 1 L: 242 g Tris, 57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA (pH 8.0). 

PBS Tween 

For 1 L: 800 mL ddH2O, 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 2  

mL Tween-20. Adjust volume to 1 L and pH to 7.2. 

Quick DNA Extraction Buffer 

For 100 mL: 20 mL 1M Tris (pH 7.5), 1.46 g NaCl, 5 mL 0.5 M EDTA, 5 mL 10% 

SDS.  

 

2.2 Bacterial Strains and Plasmids 

2.2.1 Bacterial Strains and Growth Conditions 

The Escherichia coli bacterial strain used for plasmid maintenance and 

gateway cloning reactions was DH5α. All cells were grown in liquid LB or SOC 

media in a shaker incubator at 220 RPM at 37°C.  

The Agrobacterium tumefaciens bacterial strain used for all floral dip 

transformations was GV3101. This strain carries the helper plasmid pMP90. All 

cells were grown in liquid LB or SOC media at 220 RPM at 30°C.   

Bacteria containing plasmids were grown in media supplemented with 

appropriate antibiotics, and all stocks were stored at -80°C in 25% glycerol. 
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2.2.2 Plasmids 

The pDONR™221 (Invitrogen) vector (see Table 1 for details of all 

plasmids) was used as the donor vector for all Gateway® reactions. This vector 

carries a kanamycin resistance selectable marker for E. coli. The pKGWFS7 

(Invitrogen) vector was used as the destination vector for all Gateway™ reactions. 

This vector carries two selectable markers conferring resistance to spectinomycin 

in bacteria, and kanamycin for plants (Table 1). This vector also contains the 

coding sequences for eGFP and GUS being expressed as fusion reporter proteins 

to allow determination of expression patterns generated by cloned promoter 

sequences in plants. Both the donor vector and the expression vector contain 

the ccdb gene between att sites, which is lethal to DH5α E. coli. Presence of 

this gene prevents growth of unsuccessful recombinants. 

The pMP90 helper plasmid carries a selectable marker that confers 

gentamycin resistance for selection in A. tumefaciens (Hellens et al., 2000).  

The p19 vector encodes a 19 kDa tomato bushy stunt virus protein, which is 

a suppressor of post-translational gene silencing in plants (Silhavy et al., 2002). It 

was used in this study to prevent silencing of reporter genes in transient in planta 

expression experiments. This vector carries a selectable marker that confers 

resistance to kanamycin.  

The 1.2 kb ADT4 promoter sequence was ordered and is integrated in the 

pUC57 vector (Bio Basic Inc. J508021-0001) which carries an ampicillin resistance 

gene for selection in E. coli.  

 

2.3 Plant Material and Standard Growth Conditions 

Arabidopsis Columbia-0 (Col-0) wild type seeds (stock number CS1092) 

were obtained from the Arabidopsis Biological Resource Centre (ABRC). All 

Arabidopsis seeds were planted in water-saturated soil, covered with plastic wrap, 

and placed at 4°C to vernalize. After 3 days of vernalization, pots were moved to a 

Conviron growth chamber and incubated at 22°C with 16 h light and 8 h dark (long  



27 

 

 

 

 

 

    Table 1: Plasmids used in this Study 

 
 
  

Plasmid Selectable Marker Reference 

 

pDONR™221 

pKGWFS7 

pMP90 

p19 

pUC57 

Bacteria 
Kanamycin 

Spectinomycin 

Gentamycin 

Kanamycin 

Ampicillin 

Plants 
-- 

Kanamycin 

-- 

-- 

-- 

 

(Invitrogen) 

(Invitrogen) 

(Hellens et al., 2000) 

(Silhavy et al., 2002) 

(Bio Basic Inc.) 
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day) photoperiod, and 120 µmol•m2s1 light. These conditions were also used for 

screening of primary transformants on MS selective media plates.   

Nicotiana benthamiana wild type seeds were generously provided by Dr. 

Rima Menassa and Hong Zhu (Agriculture and Agri-Food Canada, London, 

Ontario). All N. benthamiana seeds were planted in water-saturated soil, covered 

with plastic wrap and grown in the same conditions as described for Arabidopsis.  

Plastic wrap was used to cover all pots and maintain high humidity while 

seeds germinated, and removed after approximately one week once small 

seedlings appeared.  

 
2.4 DNA Isolation 

2.4.1 Plasmid DNA Isolation from Bacteria 

Plasmid DNA for PCR amplification, sequencing and cloning was isolated 

using a Geneaid Presto™ Mini Plasmid Kit (FroggaBio PDH300) following the 

manufacturer’s instructions.  

 

2.4.2 Plant Genomic DNA Isolation 

One to two Arabidopsis leaves were placed in a 1.5 mL Eppendorf tube 

with 200 µ L of prepared quick DNA extraction buffer and mashed using a pestle. 

Another 200 µL extraction buffer was added and the solution was vortexed to mix 

before centrifugation at 14 000 RPM for 5 min. 300 µ L of the supernatant was 

transferred to a new Eppendorf tube and 300 µ L of room temperature isopropanol 

was added before vortexing and centrifugation at 14 000 RPM for 10 min. 

Supernatant was removed and pellet was air-dried for 5 min before being 

dissolved in 100 µ L of 10 mM Tris. Isolated DNA was stored at -20°C.  

 

2.5 PCR Amplification and Purification of ADT Promoter Regions 

Wild type Arabidopsis gDNA was used to amplify ADT promoter sequences.  

All primers (Table 2) used for amplification of promoters were designed with att 

sites so that the final PCR products had the necessary att sites for Gateway® 

cloning at 5’ and 3’ ends. Primer pairs were also designed to have a Tm of no more  
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Table 2. Primers used in this Study 

Primer Name Sequence (5’ to 3’) 
Tm 

(°C) 
Length 

(bp) 

proattB1ADT1F GGGGACAAGTTTGTACAAAAAAGCAGGCTTACCTTTAGAACATATGG 64.8 47 

proattB2ADT1R GGGGACCACTTTGTACAAGAAAGCTGGGTCCATAGCAAAGCAGGGAG 69.6 47 

proattB2ADT1Rint GGGGACCACTTTGTACAAGAAAGCTGGGTGACTGTTTGCAGTTAGCGG 69.6 48 

proattB1ADT2F GGGGACAAGTTTGTACAAAAAAGCAGGCTACCTTTTCGATTCTAATTCC 65.5 49 

proattB2ADT2R GGGGACCACTTTGTACAAGAAAGCTGGGTTGATGTTGTTTTGACGGC 68.6 47 

proattB2ADT2Rint GGGGACCACTTTGTACAAGAAAGCTGGGTGGTTCGATGATAACGGC 69.0 46 

ADT3P—F_925 GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTCTGACAGTGAGACTGC 68.8 48 

ADT3P—R_35 GGGGACCACTTTGTACAAGAAAGCTGGGTGTTGCCGGAGTATGGGAAGG 70.8 49 

ADT4P—F_1179 GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCAGCTGATGTGTCAGAGC 67.2 49 

ADT4P—R_1 GGGGACCACTTTGTACAAGAAAGCTGGGTGGTTTGGTAATGATGGTAAG 67.7 49 

proattB1ADT6F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTGCGGCGATTATAAATTACG 66.6 51 

proattB2ADT6R GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTTAGCAATGGCGTC 68.6 46 
1F indicates forward, R indicates reverse, int indicates intron.  
2The four guanines at the beginning of each sequence are recommended by the Gateway™ manual. Underlined 
sequences are att sites, bolded sequences are ADT promoter primer sequences.  
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than 5°C apart from each other, and were analyzed using the Integrated DNA 

Technologies Oligo Analyzer 3.1 tool to check for the possibility of primer dimers. 

Sequences the primers were designed to be complimentary to were searched in 

NCBI to ensure they were unique.  

 

2.5.1 Primer Design and Sequence Amplification 

For all promoter sequences except ADT4, the PCR protocol used was: 1 

cycle of 30 s at 95°C, 35 cycles of 20 s at 95°C, 45 s at 58°C, 1 min at 68°C, and a 

final extension of 72°C for 5 min before a final hold at 4°C.  

Due to the high AT content, amplification of the ADT4 promoter sequence 

was unsuccessful with several different sets of primers. Therefore, a vector 

containing the sequence of the 1.2 kb region upstream of the ADT4 TrSS was 

obtained from Bio Basic Inc. The original primers (Table 2) were then used to 

amplify the region with a modified PCR protocol consisting of: 1 cycle of 2 min at 

94°C, 30 cycles of 20 s at 94°C, 10 s at 52°C, 10 s at 48°C, 8 min at 65°C, and a 

final hold at 4°C. 

 

2.5.2 Gel Electrophoresis of PCR Products and DNA Extraction 

PCR fragments were size-separated on a 0.7% agarose gel in 1 X TAE 

buffer. For visualization under UV light, RedSafe™ Nucleic Acid Staining Solution 

(FroggaBio Cat. No. 21141) was used to stain the DNA fragments. PCR fragments 

of the predicted size were excised from the gel and purified using the 

GenepHlow™ Gel/PCR Kit (FroggaBio Cat. No. DFH300). Purified DNA was 

resuspended in 30 µL ddH2O and the concentration was determined using a 

Nanodrop™ 1000 Spectrophotometer. If the concentration was at least 20 ng/µL 

and the 260/280 value was at least 1.7, the DNA quality was considered 

acceptable.   

 

2.6 Gateway Cloning Procedure 

Purified PCR fragments were first recombined into the pDONR221™ vector 

(Invitrogen) using Gateway® BP Clonase™ II Enzyme mix (Invitrogen 11789020) 
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(Figure 6). Insert DNA was sequenced after cloning to ensure that a correct known 

ADT promoter sequence was present. Inserts were then recombined into the 

compatible destination vector pKGWFS7 (Invitrogen) using Gateway® LR 

Clonase™ II Enzyme mix (Invitrogen 11791020). All Gateway™ reactions and 

vectors were performed and maintained in E.coli (Invitrogen, 2003). Figure 6 

outlines this procedure in detail.  

 

2.7 Transformations 

2.7.1 E. coli Transformations 

A rubidium chloride procedure (Renzette, 2011) was used to prepare 

chemically competent DH5α E. coli cells. These cells were transformed with 

plasmid DNA using a heat shock method (Sambrook and Russell, 2001) and all 

liquid cultures were grown in non-selective media for 1-1.5 h immediately after. 

Cells were then plated on solid LB media containing the appropriate antibiotics for 

selection of transformants and grown overnight. The next day, cells were picked 

with a toothpick and grown overnight in 5 mL liquid LB with appropriate antibiotics 

to generate liquid cultures for storage.  

 

2.7.2 A. tumefaciens Transformations 

Electro-competent GV3101 A. tumefaciens cells were prepared using the 

protocol outlined by Weise (2013). These cells were transformed with plasmid 

DNA using an electroporation method (Weise, 2013), and all liquid cultures were 

grown without selection in SOC media at for 1.5 h immediately after 

electroporation to recover. Cells were then plated on solid LB media containing 

appropriate antibiotics for selection of the PKGWFS7,0 vector and pMP90 helper 

plasmid. Plates were placed at 30°C for 48 h, and successful colonies were picked 

and grown in 5 mL LB liquid selective media overnight to generate liquid cultures 

for storage, and used to generate starter cultures for plant transformations. 
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Figure 6. Gateway Cloning Procedure.  
After PCR amplification and addition of att sites, the sequence is 

recombined into the donor vector through a BP reaction using BP 

Clonase™. This reaction results in the displacement of the ccdB gene, 

and replacement with the sequence of interest. The final products of the 

BP reaction are an entry vector containing the sequence of interest, and 

the ccdB gene fragment as a by-product. The attL sites flanking the 

sequence in the donor vector are then recognizable by the attR sites 

flanking the ccdB gene in the destination vector.  

 

In the LR reaction, the sequence of interest is recombined into the 

destination vector, again replacing the ccdB gene using LR Clonase™. 

The final products of the LR reaction are an expression vector containing 

the sequence of interest, and the donor vector containing the ccdB gene 

as a by-product.  

 

Blue: sequence of interest 

Yellow: ccdB gene 

 

Adapted from Invitrogen Gateway Manual (2003). 
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2.7.3 N. benthamiana Transformations  
Agroinfiltration (Yang et al. 2000) was used for all N. benthamiana 

transformations. Five days prior to infiltration, freezer stocks of A. tumefaciens 

containing the ADT promoter constructs were streaked out on LB plates with 

appropriate antibiotics and grown for 2 days. A single colony from each plate was 

used to inoculate a 3 mL feeder culture of liquid LB media with appropriate 

antibiotics, and grown overnight. The next day, 10 µL of each feeder culture was 

used to inoculate 10 mL of LB media containing appropriate antibiotics. This 10 mL 

culture was grown until cells were in log phase (OD600= 0.7-0.9). The cultures were 

then centrifuged at 3000 RPM for 30 minutes and the pelleted cells were 

resuspended in 10 mL of Gamborg’s solution at an OD600= 1.0, and incubated at 

room temperature for 1 hour at 220 RPM. Undersides of the leaves of 6-week-old 

N. benthamiana plants were inoculated with these final cultures using a blunt-

ended syringe. Inoculated plants were placed back into standard growth 

conditions, and reporter gene expression was analyzed after 4-5 d.  

 

2.7.4 A. thaliana Transformations  
A floral dip method was used for all stable transformations of A. 

thaliana (Zhang et al., 2006). Feeder cultures of A. tumefaciens were 

prepared as in section 2.7.3. The entire feeder culture was used to inoculate a 

500 mL liquid LB culture with appropriate antibiotics which was grown for 16-24 h. 

Cells were then collected by centrifugation at 3000 RPM for 30 min, and then 

resuspended in 500 mL of freshly made 5% (wt/vol) sucrose solution in a 1 L 

beaker. 100 µL of Silwet L-77 was added to the 500 mL solution and swirled to 

mix. Inflorescences of potted wild type plants were dipped into the A. tumefaciens 

cell suspension for 10 s with gentle agitation, and drained for 3-5 s so that a visible 

film of the solution could be seen coating the plants. Three plants were dipped for 

each construct to generate three separate lines of independent stable 

transformants. All dipped plants were placed laying on their sides, still potted, in 

separate clear plastic bags and an elastic band was used to close the opening 

below the pot and maintain high humidity. Plants inside plastic bags were placed 
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laying down in the dark for 16-24 h. They were then removed from the plastic and 

placed back into standard growth conditions for one month.  

 

2.8 Seed Collection, Sterilization and Storage 

Once siliques of transformed plants started to turn brown, watering was 

withheld and Arabidopsis plants were allowed to dry out. After one month, when 

completely dry, plants were removed from the growth chamber and bolts were 

trimmed below the lowest siliques. The bundle of bolts was laid flat on a piece of 

cheese cloth over a fresh sheet of white paper. The cheese cloth was folded tightly 

around the bundle and seeds were sloughed off onto the white paper to be sorted 

into labelled 1.5 mL microcentrifuge tubes. Seeds were sterilized using the bleach 

method (Zhang et al., 2006), where they were first soaked in 70% ethanol for 1 

minute, and then in seed sterilization solution with vigorous vortexing for 2-5 min. 

Seeds were then rinsed three times with ddH2O before being plated. All seeds 

were stored in the dark at room temperature.  

 

2.9 Histochemical Detection of GUS 

N. benthamiana Leaves that had been inoculated 3 days prior, or tissues of 

stably transformed A. thaliana were removed from the plants and cut into 1 cm
2
 

pieces to fit into 12-well tissue culture plates. Leaf pieces were immersed in 1 mL 

fresh GUS staining solution, vacuum infiltrated for 15 minutes and then incubated 

overnight at 37°C in the dark. GUS staining solution was then removed and leaves 

were rinsed with ddH2O and repeated washes of 90% ethanol until tissue turned 

clear and select cells were visibly blue. An un-infiltrated or WT leaf was used as a 

negative control for each assay.  

 

2.10 Confocal Microscopy 

Confocal images were generated using an Olympus Fluoview FV1200 

confocal laser scanning microscope at Agriculture and Agri-food Canada (London, 

ON). Slides were prepared by putting a single drop of water per sample in the 

middle of the slide, and lining the perimeter with Vaseline. Leaf samples 
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approximately 3 mm
2
 in size were cut out of leaves using a razor and placed on 

the water droplet. A cover slide was placed on top and pressed down lightly to 

create a tight seal around the leaf. A 63X water immersion objective lens was used 

for all imaging. A 488 nm laser was used to excite eGFP and emission was 

collected at 509 nm. For chloroplast autofluorescence, a 559 nm laser was used to 

excite dsRED2 and emission was collected between 640 and 700 nm.  

 

2.11 In Silico Methods 

2.11.1 Sequence Analyses 

To find sequence similarities and differences, the program Geneious® 8.0.5 

was used to compare all six ADTs at the nucleotide level. Global sequence 

alignments were performed using the default settings under the built-in Geneious 

Alignment algorithm. Coding and promoter sequences were compared using free 

end gaps.  

 

2.11.2 Motif Pattern Analysis 

The “Cistome” feature on the BAR Database (Austin et al., 2016) was used 

to analyze the 1 kb region preceding each ADT translational start site (TrSS). 

Cistome detects the presence of regulatory motifs in promoter sequences using 

published microarray data. Motifs were found from the list of All PLACE Elements 

based on position-specific scoring matrices (PSSMs). The suggested functional 

depth cut-off of 0.7 was used for all analyses in this research to ensure 

consistency and accuracy.  

To determine whether the motifs present in each promoter were unique, or 

less commonly seen in high numbers or at all in other Arabidopsis promoters, the 

default settings (Ze cutoff of 3.0 and expected proportion of 0.5) were used for all 

analyses when conducting the PSSM motif analysis as described. Motifs yielded 

from this search are considered “significantly enriched”.  
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2.11.3 Co-expression Analysis 

The “Expression Angler” feature on the BAR Database (Austin et al., 2016) 

was used to identify genes with the most similar expression patterns compared to 

ADTs. The “top 25 most similar” expression profiles option was chosen to find 

similar patterns during development, chemical stress, abiotic stress and for root 

expression, as these treatments were described in detail and biotic stress was not 

being tested. For each condition and each ADT, genes with one or more of the 

following criteria were selected to be included in this analysis to narrow down the 

total number of genes and reduce irrelevant information: it is a transcription factor, 

it is relative to ADT function or intracellular communication, it is involved in 

metabolism or the phenylpropanoid pathway, it has a correlation coefficient of at 

least 0.9. 
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3 RESULTS 
3.1 In Silico Results  

 Cis regulatory motifs and the transcription factors that bind to them provide 

specificity and precise control of transcription. This is particularly important in gene 

families, where nucleotide sequences and protein functions are similar, but 

expression levels or secondary roles can vary. Since the ADT family members are 

very similar in protein sequence, their promoters are thought to be the reason for 

their varying levels of expression and specific involvement in distinct biological 

processes (Bross et al., 2017; Corea et al., 2012; Para et al., 2016). To further 

understand this differential regulation, the promoter sequences of all six ADTs 

were analyzed using Cistome (Austin et al., 2016) to identify regulatory motif 

patterns based on those documented in the PLACE database. A co-expression 

analysis was also conducted to determine whether any transcription factors that 

recognized those motifs had similar expression patterns when compared to ADTs. 

Co-expression data were analyzed using Expression Angler (Austin et al., 2016) 

and compared to motif data to identify patterns and potential networks of motifs 

and other genes. Together, these data will provide a better understanding of the 

role of promoters and transcriptional regulatory networks in the differential 

regulation of ADTs.  

 

3.1.1 Sequence Analyses 

Since there are six members of the ADT family, nucleotide coding 

sequences were first compared, and can be viewed as a phylogenetic tree (Figure 

7A). Using MEGA7 software, a Maximum Likelihood tree diagram was assembled 

using ADT nucleotide coding sequences. As expected, the nucleotide alignment 

data were consistent with previous amino acid sequence alignments (Bross et al., 

2011). All six nucleotide coding sequences are at least 50% similar to each other 

(Figure 7B). The most similar sequences are ADT3 and ADT6 (74.4%), and ADT4 

and ADT5 (72.9%), and all pairwise comparisons except those involving ADT1 and 

ADT2 were above 65% similarity. All comparisons between ADT1 or ADT2 and 

another ADT were around 55% similarity.  


