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alternative procedures to keep pace with the anticipated 60% required increase in 

agricultural production by 20507. Ideally, these alternative approaches will increase cash 

crop productivity without necessitating the expansion of land for agricultural use.  

1.3 Controlling Biotic Factors for Crop Productivity 

Living organisms, both macro- and micro-organisms, capable of influencing vegetation 

are said to be biotic influencers (factors). Macro-organisms include animals, insects, and 

plants, where-as micro-organisms refer to fungi, oomycetes, bacteria, and viruses. 

Together these diverse biotic factors profoundly influence the performance and 

development of plants by direct and indirect interactions, which may be either 

detrimental or sometimes beneficial.  

Amongst plants, nutrient availability in the rhizosphere and exposure to sunlight are 

essential requirements for vegetative life. Overcoming competition for limited nutrient 

resources demands abundant seed production, dispersal and germination8. Rate of 

growth, mode of branching, longevity and surrounding environmental condition 

requirements are also important factors influencing plant competitiveness 8,9. Agro-

economically, challenges presented by competitive plant species can be controlled 

effectively by agricultural herbicides. Accordingly in more recent years, many research 

groups have refocused their effort towards the understanding of associations between 

herbivorous pests and microbes on plants. Ultimately the goal of such research is the 

development of sustainable techniques to prevent the detriments associated with 

herbivores and plant pathogens, while promoting associations of beneficial microbes with 

crops.  
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1.4 Herbivorous Pests 

Current herbivore pest control primarily includes the application of pesticides that are 

extremely costly to the economy, human health, ecosystems and biodiversity. According 

to the Organization for Economic Cooperation and Development (OECD), Canada 

ranked 22nd out of 29 industrialized countries as one of the worst for pesticide use and 

25th for high levels of commercial fertilizer use in 200110. In 1994, Canada reported 

29x106 kg of applied pesticides and at the time ranked 18th for pesticide use10. This 

example of an increasingly heavy reliance on applied pesticides is a major contributing 

factor to the decrease in effectiveness of these chemicals to antagonize pests. The 

difficulty in producing newer pesticides, which insects are yet to become resistant to, 

presents additional challenges economically. Production of new pesticides requires 8 to 

12 years of development, with investments as high as $50 million USD11. Instead, 

research groups have sought after understanding host responses to insects12-14, as well as 

exploring the antagonistic features of plant growth promoting microorganisms15,16, for 

exploitation to improve plant resistance to herbivory damage. The introduction of Bt corn 

is a popular example of such efforts, originally adapted from the successful introduction 

of Bt tobacco17,18. Bt corn is a variant of maize (Zea mays) genetically engineered to 

encode a set of genes introduced from Bacillus thuringiensis18. Bacillus thuringiensis, a 

soil-dwelling bacterium, produces delta endotoxins (Cyt toxins) that possess an 

insecticidal action against caterpillars and more than 50 other lepidopteran pest species19-

22. By introduction of Cyt toxin biosynthesis genes expressed throughout plant tissues, 

feeding by vulnerable insects ultimately causes the activation of a paralyzing toxin in the 

digestive tract eventually starving the target19,23,24. The challenge in exploiting the use of 
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naturally occurring solutions against herbivorous pests is identifying the compounds 

produced either by plants or beneficial microorganisms, and the biochemical mechanisms 

that result in their production. 

1.5 Plant Associative Microbes 

Unlike herbivorous pests, the interaction between plants and microorganisms is much 

more difficult to alter once an association has been established. Whether beneficial, 

commensal or detrimental in nature, microbial association with a host results in various 

forms of colonization and in some cases, genetic manipulation of the host. Therefore the 

promotion of beneficial- and elimination of detrimental-associations necessitates a 

nuanced understanding of how these interactions are established prior to engineering 

associations for increased productivity of cash crop production. 

Plant associative microbes occupy various regions surrounding their host including the 

phyllosphere and rhizosphere25,26. The phyllosphere includes the aerial portions of the 

plant host. On the other hand, the rhizosphere refers to the narrow soil region that can be 

specifically influenced by root systems and secretions. Here, both beneficial and 

pathogenic microbes compete for space and food, ultimately using their plant target as a 

host. Phyllospheric microbes include bacteria, yeasts, fungi, and oomycetes. In the 

phyllosphere, microbes are more predominant on the surfaces of aerial plant structures, 

although there are a few microbial species that can be isolated from within these plant 

tissues known as endophytes. Surprisingly, little research has focused on the role 

microbes play in the phyllosphere, considering such a large amount of plant tissue surface 

area is exposed to this microbe dense environment. However research suggests this 
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particular region is considered a hostile environment for microbial communities due to 

the highly fluctuant nature of environmental conditions. In contrast, the rhizosphere is 

considered a highly favorable habitat for microbes to proliferate within due to the 

abundance of nutrients such as amino acids and sugars, and more stable-favorable 

environmental conditions. The nutrient rich nature of the rhizosphere is reflected by the 

10-100 times greater density of bacteria in comparison to surrounding bulk soil27. In 

much the same way as the phyllosphere, microbes occupying the rhizosphere are able to 

interact directly with plants through adherence to plant root surfaces as well as by 

colonization of internal root tissues. In addition to these direct associations, microbes in 

the rhizosphere have the additional benefit of indirectly interacting with plants by two 

way chemical signaling with a nearby host. 

The rhizosphere is populated with a diversity of microorganisms including bacteria, fungi 

and oomycetes, however bacteria are most predominant, termed rhizobacteria28. In 

contrast to bacteria, the composition and density of fungi and oomycetes cannot be 

altered or enhanced by the presence of plant root systems. Among bacteria, gram-

negative, rod shaped, non-sporulating bacteria, which respond to root exudates, dominate 

the rhizsophere29, while gram-positive, rods, cocci and aerobic spore forming genus’ are 

comparatively rare30. The rarity of aerobic bacteria is the result of reduced oxygen levels 

caused by root respiration30. Generally speaking, the rhizobacterial population in soil 

ranges from 108 to 109 propagules per gram of soil31, and cover approximately 4-10% of 

the total root surface area32. The high level of attraction to plant root structures is caused 

by the rhizodeposition of nutrients and growth factors33-35. Agronomically, the 

composition of bacteria in the rhizosphere is particularly important.  Plant-associative 
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rhizobacteria are classified in beneficial, deleterious and neutral subgroups based on their 

effect on plant growth. The beneficial free-living rhizobacteria are known as plant growth 

promoting rhizobacteria (PGPR)36. PGPRs colonize the rhizosphere, the rhizoplane (root 

surface) or the radicular tissues within the root itself. A diverse set of genera have been 

characterized as PGPRs and it is well established these beneficial genera comprise 1 to 

2% of the total bacterial population in the rhizosphere36,37. PGPRs are known to promote 

plant growth by two different approaches. First, by direct promotion of plant growth 

either by supplying the host with compounds synthesized by the bacterium, such as 

hormones, or by facilitating the uptake of nutrients from the soil36. Secondly, PGPRs can 

also indirectly promote plant growth by antagonizing other detrimental organisms to 

plant health, as previously described for B. thuringiensis19-22,36. PGPRs possess various 

plant growth promoting characteristics that may or may not function independently of 

one another. For example, PGPRs can act as biocontrol agents38-42, and independently 

promote growth by the production of auxin43, reduce plant ethylene accumulation44, 

facilitate the uptake of phosphorus45,46 and fix nitrogen47,48 to become more functionally 

accessible to their host.  In addition to these plant growth-promoting processes, a variety 

of other growth promoting mechanisms have been documented among PGPRs. Some 

additional mechanisms of plant growth promotion include the production of siderophores 

to facilitate host uptake of ferric ion49, production of antifungal antibiotics36,50,51 and 

production of bacteriocins52. Fundamentally bacteriocins differ from antibiotics by only 

having toxic effects against a narrow spectrum of microbes that are typically closely 

related to the producing species52. Moreover, non-pathogenic rhizobacteria have also 

been shown to suppress disease in quite different and unique ways. Non-pathogenic 
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rhizobacteria, incapable of producing growth promoting and antagonistic compounds, can 

induce host resistance mechanisms known as “induced systemic resistance” (ISR)53-55. 

ISR is mechanistically very similar to systemic acquired resistance (SAR), which is 

typically activated upon host perception of a pathogen56. The activation of ISR causes 

host cells to enter a “primed” state against pathogens by induction of plant defense 

proteins and production of the plant hormones salicylic acid (SA) and jasmonic acid (JA), 

which are master regulators of host defense processes. By doing so, plant hosts have a 

defense response proactively mounted prior to pathogen challenge.  

Together, these diverse plant growth-promoting properties of PGPRs provide great 

promise for exploitation in the production of novel, more sustainable forms of 

agriculture. In stark contrast to PGPRs, plant-associative pathogenic bacteria are 

causative agents of many serious diseases. The introduction of plant pathogens and their 

detriment to plant fitness is not only realized in the short term at harvest, but pathogens 

remaining on the field act as threats to any subsequent cultivation. 

1.5.1 Plant Pathogens 

Infection of plants with pathogenic microbes is causative of many serious diseases. 

Pathogenic microbes include various genera of fungi, oomycetes, virus and bacteria. 

Annually, fungal, oomycete and bacterial pathogens account for 16% of total crop 

losses57. Although pathogenic bacteria cause relatively less damage and economic cost 

compared to oomycetes and fungal pathogens, they possess the widest host range, which 

significantly complicates the management of bacterial disease. Traditionally, efforts to 

inhibit the effects of damaging bacteria was termed plant disease control, but more 



9 

 

recently has become reassigned as plant disease management. In the former, plant disease 

control is viewed as a reactive treatment including drastic measures such as pesticide 

application, soil fumigation or burning, however these techniques are progressively being 

practiced much less frequently. Instead, plant disease management is more proactive in 

approach; not only managing disease after infection, but also attempting to avoid 

infection altogether. In plants already infected by phytopathogens, plant disease 

management utilizes newer techniques to control the spreading of the disease by chemical 

treatment or heating vegetative areas of plants, which are more susceptible to infection. 

Ideally, further development of plant disease management in the pre-infection stages 

would provide the best outcome in terms of increasing cash crop productivity. Pathogenic 

microbes result in a variety of common plant diseases and disorders including blight, 

cankers, rots, rusts, wilt, spots and galls. Some very common plant pathogens causative 

of these diseases include Phytophthora sojae (causative of root rot)58, Botrytis 

cinerea (causative of mold)59 and Agrobacterium tumefacines (causative of crown gal)60. 

Among these pathogens, A. tumefaciens has been studied extensively as a model for 

plant-pathogen interaction and more specifically, as a model of plant pathogenic bacteria. 

Deepening the understanding of such a pathogen will aid in the development of 

techniques that are better able to proactively inhibit or slow infection and subsequent 

disease.  

1.5.2 Agrobacterium tumefaciens 

Agrobacterium tumefaciens is a gram-negative phytopathogenic soil bacterium and is the 

causal agent of crown gall disease in plants60. Agrobacterium tumefaciens is infectious of 

over 391 plant genera, many of which are cash crops61. Once a crown gal has formed on a 
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plant host, this particular disease phenotype is impossible to reverse. However one 

proactive treatment has been developed in which seeds are coated with non-

pathogenic Agrobacterium radiobacter K84. Treatment with Agrobacterium 

radiobacter K84 is relatively inexpensive and is effective against A. tumefaciens by 

production of the antibiotic agrocin 8462. In addition to agrocin 84, A. radiobacter K84 

also induces host ISR53,62, making plant challenge much more difficult for A. 

tumefaciens. Alternatively, soil regions known to be infected with A. tumefaciens can be 

planted with monocotyledonous crops which have been previously shown to be 

unaffected by A. tumefaciens63,64. In fact, the immune nature of monocotyledonous crop 

is beneficial since they are not susceptible to infection; however from a biotechnological 

perspective, this feature is rather unexciting since monocotyledonous hosts cannot be 

transformed using A. tumefaciens as a vector. 

1.5.2.1 Agrobacterium tumefaciens Pathogenicity 

During the A. tumefaciens virulence program, Agrobacterium possesses the unique ability 

to introduce a number of effector (avr) proteins, virulence (vir) proteins and transfer 

DNA (T-DNA) into a plant host cell without being perceived by plant cell wall localized 

pathogen recognition receptors. As a direct consequence, targeted plant cells are unable 

to mount an effective response prior to A. tumefaciens infection. There are a variety of A. 

tumefaciens characteristics that aid in explaining how this unique infectious process is 

possible. First, Agrobacteria are the only phytopathogens equipped with a type IV 

secretion system (T4SS)65, allowing for avr protein, vir protein and T-DNA injection into 

the host cell cytoplasm. The T4SS, comprised of virB sub-units 2-1166 and virD subunits 

1-565,67-69, is assembled once vir gene expression is activated through the bacterial-
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detection of rhizodeposited plant phenolic compounds. Phenolic compound recognition 

by membrane-localized virA causes downstream auto-phosphorylation of virG, inducing 

transcription of the vir operon70. Vir operon induction is synergistically sensitive to low 

pH rhizosphere-conditions and monosaccharide components of the plant cell wall71,72. 

Since plants routinely secrete amino acids, carbohydrates and other chemicals that acidify 

the rhizosphere, infection occurs primarily at the ground level and roots. Root secreted 

amino acids and acidic carbohydrates are detected by chromosomal virulence (chv) 

receptors, chvI73,74 and chvE75,76 respectively. Detection by chvE and chvI ultimately 

leads to increased phosphorylation of virG, for increased expression of vir operons.   

Following vir operon induction, T-DNA, a portion of the tumor-inducing (Ti) plasmid, is 

cleaved and chaperoned by virD to the T4SS for transfer to the plant cytosol65,67-

69. virE, transported independently from the T-DNA-virD complex into the infected plant 

cell cytoplasm, later associates with the T-DNA strand in the plant cytosol where it 

protects the single-stranded DNA (ssDNA) from degradation77. The T-DNA complex is 

transported to the nucleus via virE interaction with plant-encoded and histone-localized 

VIP178. T-DNA encodes the genes necessary for plant regulated auxin (iaaM and iaaH), 

cytokinin (ipt) and opine biosynthetic production. Once T-DNA is integrated into a target 

host chromosome, expression of iaaH, iaaM and ipt leads to the synthesis of plant growth 

regulators causing enhanced host susceptibility to infection, differentiation of cell types 

with altered morphology and tumor induction (crown gal)65,79-80, whereas opine is cycled 

back to Agrobacteria to be utilized as a carbon and energy source81. In addition 

to vir protein and T-DNA injection, Agrobacterium avr proteins are also 

introduced. Avr proteins serve to manipulate the host cellular environment to slow the 
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activation of host defenses and facilitate the successful introduction of T-DNA into the 

host nuclear genome82-83.  The evasive properties of A. tumefaciens to host perception 

prior to T-DNA transfer results from mutations in a pathogen-associated molecular 

pattern (PAMP), that is otherwise common among other plant pathogenic bacteria. A. 

tumefaciens possesses remarkable divergence in the typically conserved N-terminal 

domain of flagellin22 (flg22), which is a component of plant pathogenic bacteria 

perceivable by plant cell wall localized receptors84-85. As a result, A. tumefaciens avoids 

the activation of host defenses, until avr proteins are detected in the plant cytoplasm, at 

which point infection is already eminent and the host can no longer mount a successful 

response. This unique feature of A. tumefaciens pathogenicity has been similarly 

observed in P. phaseolicola with knocked out hypersensitive reaction and pathogenicity 

(hrp) genes86. Agrobacterium tumefaciens is regarded as a highly virulent plant pathogen 

and is an important tool in understanding the infectious process of pathogens. 

Furthermore, A. tumefaciens is widely studied for its useful application in dicotyledonous 

plant transformation technology.  

1.5.2.2 Agrobacterium tumefaciens Mediated T-DNA 
Transformation 

A. tumefaciens uniquely mobilizes a portion of its Ti-Plasmid, T-DNA, into target plant 

host cells. The successful introduction of T-DNA into the host’s nuclear genome marks a 

successful infection by Agrobacterium and results in the subsequent disease phenotype of 

gall formation87. The Ti-Plasmid is unlimited in size but typically ranges from 180 to 250 

Kb, and the T-DNA region is representative of approximately 10%88. More frequently, 

each Ti-Plasmid contains a single T-DNA but multiple T-DNA regions within a single 
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Ti-Plasmid have also been reported. T-DNA is flanked by border regions, which are 

recognized by virD for cleavage and subsequent injection into a target cell65,67-69,89. The 

process of T-DNA transfer can be enhanced by “overdrive” sequences flanking T-DNA 

right borders90-92, however the mechanism behind this enhancement is very poorly 

understood. 

To take advantage of this mechanism for biotechnological gain, a method had to be 

developed to eliminate the genes causative of crown gall, while integrating genes of 

interest to be transferred to a plant cell. At first, many groups attempted to introduce 

genes of interest into the T-region of the Ti-Plasmid, however this proved to be extremely 

difficult93-96. An alternative technique was developed in which T-DNA and the vir genes 

necessary for T-DNA transformation were integrated on separated replicons97,98. The 

presence of both replicons in the same Agrobacterium cell created a system where vir 

proteins were able to act in trans to initiate the T-DNA mobilization process. In these 

systems, the replicon containing the vir genes (helper plasmid) generally contained a 

complete or partial deletion of the native T-region containing tumor inducing genes, and 

many Agrobacterium strains have been generated with this two replicon system including 

LBA4404, GV3101 MP90, AGL0, EHA101, EHA105 and NTI (pKPSF2). 

Using this system, many research groups have introduced a number of beneficial genes to 

create transgenetic plants. Additional advantages of the developed two-replicon system 

include a number of unique restriction enzyme sites that allow easy cloning of genes into 

the T-region. A few popular examples of genetically modified crops using the two-

replicon T-DNA transfer system include tomato, cotton, potato, soybean, canola and 
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tobacco to contain various properties including longer shelf life, Bt endotoxin production, 

and glyphosphate herbicide resistance (“round-up ready” crops). 

1.6 Plant-Microbe Interaction 

Plants interact with a diverse community of microbes in their immediate environment. 

Various microbial species inhabit surrounding regions of plants above and below ground, 

and the composition of these microbes can be influenced by a variety of environmental 

factors including wind patterns and water flow. In addition, plant root secretions, 

especially in the rhizosphere, can heavily influence the composition of microbial 

communities. This feature of plant physiology equips plants with the potential to 

significantly limit or prevent disease.  

Typically most bare soil systems are carbon starved with relatively low soil microbial 

densities27. On the other hand in the rhizophere, the presence of plants and their root 

systems facilitates rhizodeposition of up to 40% of their photosynthates, increasing 

microbial population densities, otherwise known as the ‘rhizosphere effect’29,33-35,99. 

Despite the high rhizosphere microbial density in comparison to bulk soil, there is far less 

diversity among the species of microbes present. Dependent on the composition of root 

secretions, plants can preemptively control the composition of the rhizosphere to 

facilitate management of herbivorous pests and encourage associations with beneficial 

microbes100-102, while altering the physical and chemical properties of the rhizosphere to 

inhibit growth of plant pathogens and competing plant species103-105. Though this 

phenomenon is widely accepted, the subterranean nature of roots increases the difficulty 

in elucidating how these chemical signaling processes operate. However in more recent 
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years, some compounds identified in root exudates have been shown to act as messenger 

recruitment signals to attract PGPRs. Flavanoids, a class of secondary plant metabolite, 

recruit Rhizobium spp. and subsequently activate genes responsible for the nodulation 

process106-108. The host-facilitated nodule colonization by Rhizobium spp. provides a 

source of nutrients for the rhizobacterium, which in turn provides fixed nitrogen to the 

host108. Other root secreted compounds such as citric acid, succinic acid and malic acid 

have also been shown to influence the rhizosphere microbiome109. Rhizobacterial strains 

capable of utilizing these organic acids as a sole carbon source is suggestive of their root-

colonizing ability. Plant secretions have also been shown to inhibit the growth of specific 

microbes in the rhizosphere. For example, benzoxazinoids, specifically 2,4-dihydroxy-7-

methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) produced by maize, contains 

antimicrobial properties inhibiting the growth of pathogenic rhizosphere microbes110. 

Interestingly while inhibiting the growth of pathogens, DIMBOA is simultaneously 

tolerated by the plant growth promoting Pseudomonas putida KT2440 strain while also 

acting as a chemoattractant102. The diversity of root-secreted rhizodeposits is highly 

dependent on the plant species, and subsequently, different compositions of microbial 

communities are attracted and deterred in a host-dependent manner. Plants are also 

equipped to enhance bacterial growth once a population has been established. Plant-

associative bacteria produce diffusible N-acyl-homoserine lactones (AHLs) to 

communicate with other bacteria and regulate their gene expression at a community 

level111,112. This type of cell-to-cell communication is known as ‘quorum sensing’ (QS). 

Plants can produce compounds that either stimulate or repress QS-regulated responses in 

bacteria, many of which are phenolic compounds113-115. In some cases, the secretion of 
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phenolic compounds acts as a chemo-attractant for PGPRs, while simultaneously acting 

as a deterrent for plant pathogens. The unexplored chemo-diversity of root exudates is 

promising for the identification of novel biologically active compounds for the promotion 

of crop productivity, however the study of subterranean biochemical signaling remains a 

challenge.  

1.6.1 Plant-Pathogen Interaction 

Through recruitment of beneficial microbes and root secretion, plants are well equipped 

in the prevention of infection. However as sessile organisms, plants have also developed 

the ability to directly resist challenge by most plant pathogens by activation of 

intracellular host defense programs. Interactions between plants and associated pathogen 

require a two-way signaling network in which a plant host must be able to recognize the 

pathogen and mount a defensive response, while on the other hand the pathogen must be 

able to detect a compatible host and manipulate its machinery to facilitate infection and 

colonization. In a co-evolutionary arms race, both plants and pathogens have developed 

these seemingly complementary mechanistic properties.  

1.6.2 Plant Host Defenses 

Based on the current understanding of plant responses to invading pathogens, defensive 

mechanisms are known to be activated at two distinct levels. The first involves the 

extracellular perception of a pathogen by recognition of pathogen-associated molecular 

patterns (PAMPs) or alternatively, general microbial-associated molecular patterns 

(MAMPs)116,117. Detection of these compounds initiates the PAMP-triggered immunity 

(PTI) defense program118,119. Pathogens capable of successfully infecting their target host 
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are able to evade the activation of PTI and in some cases, suppress PTI activation 

entirely120. In the second level, hosts perceive pathogen effectors, also known as 

avirulence (avr) proteins, which are detected in the host’s cytoplasm by resistance (R) 

proteins121. Avirulence proteins are the pathogenic factors responsible for suppressing 

responses regulated by PTI. Detection of avr proteins mounts the second line of host 

defense known as effector-triggered immunity (ETI). However, ETI is only a feature of 

plant-pathogen interaction once the challenging microbe is able to bypass PTI and enter 

host cells. These pathogens are described as ‘virulent’ pathogens. Despite mechanistic 

differences in initiation, ETI is best summarized as a stronger resistive response than that 

regulated by PTI. Together these responses present a broad range of opportunity to be 

exploited by researchers for the improvement of plant defenses against pathogens. 

1.6.2.1 PTI – First Layer of Host Defense 

Extracellular host detection of PAMPs and MAMPs allows the proactive PTI defense 

program to aid in defense against the initial infection event of a pathogen. PAMPs are 

highly conserved among plant pathogens, serving to initiate the PTI program that is not 

specific to an invading pathogen. Among PAMPs, flg22, a component of the bacterial 

mobility protein flagellin, and elongationfactor18 (elf18), a bacterial elongation factor, 

are the most commonly host-recognizable molecular patterns of bacteria122-125. In the case 

of fungal pathogens, chitin is the acting PAMP factor, including a variety of others such 

as fungal xylanase, oomycete heptoglucans, and lipopolysaccharides. Detection of these 

factors by plant cell wall localized pattern recognition receptors (PRRs) is ultimately the 

initial point of contact between plant and pathogen116. The more common flg22 and elf18 

PAMPs are detected by the host Flagellinsensing2 (FLS2) and EF-Tu Receptor (EFR) 
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respectively122-125. Detection of PAMPs by these leucine-rich repeat receptor-like kinases 

(LRR-RLKs) activates a multi-faceted network cascade of mitogen-activated protein 

kinases (MAPKs) to activate a reactive oxygen species (ROS) burst by Respiratory Burst 

Oxidase Homolog D (RBOHD) producing superoxide (O2-), later converted to hydrogen 

peroxide (H2O2) by superoxide dismutase126. In addition, a variety of transcription 

factors, including those in the WRKY, basic helix-loop-helix (bHLH) and basic leucine 

zipper domain (bZIP) families, are activated to increase the expression of defense related 

proteins127-129.   

As a first layer of activated plant defense, successful pathogens must suppress PTI to 

establish infection. Accordingly, the inability to overcome PTI is ultimately what allows 

plants to distinguish virulent pathogens from non-virulent pathogens. Successful 

pathogenic bacteria, secreting avr proteins inside plant cells, target PAMP receptors and 

their downstream components to facilitate full microbial virulence. This resistive 

mechanism of pathogens forced plants to develop another layer of plant defense. Plants 

developed a second class of cytoplasmic receptive proteins, R proteins, which 

specifically identify avr proteins or avr protein-targets, to initiate ETI. This seemingly 

back and forth nature of plant defense and evasion by pathogens is often referred to as the 

‘zig-zag’ model.  

1.6.2.2 ETI – Robust Host Defense against Virulent Pathogens 

As a secondary layer of plant defense activation, plants are equipped with ETI. To initiate 

the ETI defense program, host R-proteins must either directly bind to 

pathogen avr proteins or in some cases bind alternative plant proteins, known as a 

‘guardee’, following modification by pathogen avr proteins130-132. The guard hypothesis 
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was first shown for the Arabidopsis encoded RIN4 protein, which is required for 

resistance against Pseudomonas syringae pv tomato DC3000 and mediated by the plant 

R-genes RPM1 and RPS2132. During the activation of the ETI defense program, Ca2+-

dependent protein kinases (CPKs), MAPKs, ROS production and nitric oxide (NO) are 

induced, in association with the accumulation of various phytohormones including SA 

and JA121,133. Together these processes result in the expression of various defense genes 

to restrict bacterial growth and programmed cell death (PCD) related proteins. The 

compensatory mechanisms activated by ETI strengthen the force with which plants are 

able to prevent successful colonization by a pathogen, however highly virulent pathogens 

possess the ability to manipulate the host cellular environment effectively such that 

reproduction and colonization is possible.  

Holistically, both PTI and ETI utilize the same intracellular signaling network, albeit with 

small differences. PTI functionally activates plant defense programs rapidly, however 

over time, negatively regulates these same processes to fine-tune immune responses such 

that optimal plant fitness is maintained. In the event of ETI, the suppressive features of 

PTI in its later stages are inhibited, thus allowing for the continual activation of plant 

defenses in an effort to produce a longer-lasting immune response.   

1.7 Models to Study Plant-Pathogen Interaction 

For several decades, many research groups have attempted to uncover the biochemical 

signaling processes occurring between plants and pathogens. Despite the knowledge 

generated from this work, little has found any broad-scale application. As we develop 

better model systems and examine a greater diversity of both plants and pathogens, we 
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are beginning to understand how variable the molecular interactions mediating each 

plant-pathogen interaction can be.  

1.7.1 Agrobacterium tumefaciens as a Model Pathogen 

Agrobacterium tumefaciens represent a very unusual yet very useful pathogen. The rare 

inter-kingdom transfer of DNA mediated by A. tumefaciens and the ability to adapt this 

pre-existing system for use in transformation biotechnology offers an efficient tool to 

introduce useful exogenous traits into dicotyledonous plants87,97,98. In addition, T-DNA 

transformation has also been utilized to generate mutant plants134. The random nature 

within which T-DNA inserts itself, allows for subsequent identification of the gene 

interrupted with a known DNA sequence that can be determined by mapping. A vast 

library of T-DNA insertion mutants has been developed for Arabidopsis and was later 

applied to Oryze sativa (rice)134,135. T-DNA has directly facilitated the ability to study the 

effect of eliminating specific genes under specific experimental conditions. This 

application has been further extended for use in generating T-DNA insertion mutant 

libraries in yeast and fungi136,137.  

Therefore using A. tumefaciens as a model pathogen, we will be able to further develop 

the understanding of pathogen associated biochemical and molecular processes required 

to infect a target dicotyledonous plant host, while also improving use as a 

biotechnological tool. However, the inefficiency in transforming monocotyledonous 

plants with A. tumefaciens remains a challenge. If the transformation efficiency could be 

improved for monocotyledonous plants, it would represent the ability to transform 

additional important crops utilizing A. tumefaciens. 
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1.7.2 Arabidopsis thaliana as a Model Host 

Arabidopsis thaliana is a small weed in the mustard family and has been widely used for 

a variety of plant genetic approaches. Arabidopsis thaliana has a relatively short life 

cycle, producing a large number of seeds in 16-20 weeks, and encodes one of the smallest 

genomes among flowering plants. Cloning genes in A. thaliana has also been facilitated 

by the identification of genetic and molecular markers, making co-segregation of a 

desired phenotype significantly easier. Additionally, A. thaliana possess a small rosette 

structure and develops normal plant root structures when grown in petri dishes, which is a 

relatively rare feature of petri-dish-grown plants138. For these reasons A. thaliana serves 

as an excellent model for dicotyledonous plants. 

1.8 Previously developed A. tumefaciens-A.thaliana model 
systems 

Previous A. tumefaciens-A. thaliana based studies largely have been limited to two 

models: inoculation of A. thaliana cell suspension cultures with A. tumefaciens where 

virulence has been chemically-induced or artificial site-specific wounding of A. thaliana 

for A. tumefaciens inoculation139-144 (Figure 1). Arabidopsis thaliana cell-suspension 

cultures inoculated with A. tumefaciens supplemented with acetosyringone (AS) revealed 

induction of ETI-related genes including peroxidases, glutathione transferases, 

pathogenesis-related (PR) proteins and enzymes related to secondary metabolism; 

common features of plant defense response139,140. Similarly, many other groups have 

utilized A. thaliana cell suspension cultures to study host interaction with other plant 

pathogens including Xanthomonas campestris pv. Vesicatoria145, Colletotrichum 

lindmuthianum stain 172747146, and Pseudomonas syringae pathovar tomato147. Although 
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many host responses typical of pathogen challenge were detected, there are significant 

fundamental issues with the use of plant cell suspension cultures to study host responses. 

Beginning with plant physiology, plant cell suspension cultures do not contain any of the 

typical structures and tissues found in whole plants. The absence of syncytial links 

between cells likely has significant effects on the molecular output of plant cell culture 

responses to pathogen challenge148-149. In addition, without root structures the exudates 

necessary for activating microbial chemotaxis and virulence are also absent150-155. 

Accordingly, the induction of pathogen virulence requires artificial supplementation with 

AS. Detecting the responses of plant cell suspension cultures may be reflective of host 

responses in planta, but due to physiological differences, manipulation of host responses 

based on the data generated in cell suspension techniques is unlikely to have the same 

affect in planta. Moreover, analysis of plant cell suspensions responses is limited in 

comparison to whole plant studies. Only responses of directly affected cells may be 

examined, excluding the spatial variation of these responses among both directly and 

indirectly affected tissues sites.  

Significant issues with plant cell suspension techniques are amendable by using the 

artificial site-specific wounding technique. First, artificial site-specific wounding 

techniques maintain whole plant structures, establishing the absent syncytial links 

between cells in plant cell suspensions. In addition, the differential responses of various 

tissues can be analyzed and whole root systems are maintained. Studies utilizing this 

technique identified comparable induction of many ETI-related plant defense genes in 

directly affected tissue, but have also offered insight into a less understood mechanism 

known as host ‘priming’ in indirectly affected tissues156,157. Priming is a physiological 
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process in which a plant is proactively prepared to respond to pathogen challenge much 

more rapidly or aggressively. Directly affected tissue sites are able to signal non-affected 

(indirectly affected) sites to enter a ‘primed state’, which causes indirectly affected 

tissues to heighten the basal expression of plant defenses. This prevents the challenging 

pathogen from spreading throughout the plant structure and in addition, prevents a 

secondary infection from occurring158.  Although this technique has offered newer insight 

into host responses and resolves many of the challenges associated with plant cell 

suspensions, there are still a number of problems remaining. By mechanically wounding 

the host, a much stronger response is generated as a response to the compromised 

integrity of the plant cell wall. These damaged plant tissues produce damage associated 

molecular patterns (DAMPs), perceived by nearby cells to initiate a response to the 

wounding event. In fact, DAMPs are imperative in activating plant defenses associated to 

herbivorous pests due to the nature in which they consume whole cell contents or whole 

portions of plant tissue159-162. JA primarily regulates the defensive mechanisms activated 

by plant wounding. Conversely, SA mediates antagonizing responses, since SA is 

considered the master regulator of host responses to pathogens. Accordingly, since the 

pathogen is applied following the mechanical wounding event, the host has already 

mounted a defense response that would not have been activated by typical A. tumefaciens 

infection, and likely has a significant influence on the detectable responses of the host. In 

addition to activating responses to mechanical wounding, site-specific wounding for 

inoculation applies the pathogen to aerial regions of the plant structure, which would be 

an atypical site of infection for A. tumefaciens. By applying the pathogen to different 

tissue sites, it is possible that differences in spatial gene expression patterns could 



24 

 

influence the susceptibility and responses of the host. Finally in similarly to plant cell 

suspension techniques, the pathogenic virulence must be artificially induced by AS in 

order to activate A. tumefaciens’ virulence program for infection. 

Together, plant cell suspension and site-specific wounding for inoculation techniques 

have provided a vast amount of knowledge pertaining to host responses upon pathogen 

challenge. However, there are a wide number of issues associated with both techniques 

despite their advantages. In order for the data obtained from such studies to have the 

greatest impact in the future manipulation of crop plants for improved resistance, 

experimental models must be developed to mimic conditions in nature as closely as 

possible. The aim of this project is to develop and make use of such a model. Herein we 

present the use of hydroponic co-cultivation in order to establish an experimental system 

that more closely resembles the biochemical and molecular processes that occur between 

A. tumefaciens and A. thaliana in situ. 
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1) Plant cell suspension based technique in which A. thaliana Col-0 cells are supported in 

a liquid Murashige and Skoog (MS) media. A. tumefaciens is introduced into the plant 

cell culture in addition to AS to induce virulence. 2) Site-specific wounding based 

technique where whole A. thaliana Col-0 structure is maintained. The stem structure is 

mechanically wounded for inoculation with A. tumefaciens supplemented with AS. 

1.9 Hydroponic Co-Cultivation 

Hydroponics is a method of growing plants without soil, using mineral nutrients in an 

aqueous solution. Hydroponic cultivation of plants was documented as early as 1627 and 

in 1929 was publicly promoted to be used for agricultural crop production purposes. 

Hydroponics is a subset of soilless culture that does not contain a solid medium for root 

establishment. There are a wide variety of hydroponic derivatives including static 

solution culture, continuous-flow solution culture, aeroponics, passive sub-irrigation, 

flood and drain sub-irrigation, the run to waste system, deep water culture, top-fed deep 

water culture, fogponics, and rotary hydroponics. Fundamentally, all techniques make use 

of a liquid culture composed of nutrients necessary to support plant life.  

Figure 1. Schematic of conventional model systems to study A. thaliana-A. 

tumefaciens interaction.  
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Hydroponic techniques have been widely established for studying optimal nutrient 

growth conditions and effects of metallic toxicity163-164. There are several advantages of 

utilizing hydroponic models. Hydroponic cultivation has small spatial requirements, 

maintains whole plant structure facilitating access to various plant tissues, allows tight 

control of nutrient/environmental conditions, and importantly provides control over the 

presence or absence of microbes/insects. Hydroponics is also less limiting to plant growth 

in comparison to agar/phytogel plating techniques. Typically when growing A. thaliana 

using agar/phytogel plating techniques, growth can only be sustained for up to 2-3 weeks 

before it is limited by petri-dish size. By contrast, growth of A. thaliana in a hydroponic 

system allows growth for up to 4-5 weeks before the shoot structure approaches the lid in 

an 8 cm tall glass.  

In consideration of utilizing hydroponics for the study of plant-pathogen interaction, 

many of the remaining challenges associated with site-specific wounding techniques are 

addressed. By maintenance of whole plant structures and suspension of root systems in a 

liquid medium, the natural root secretion of chemical compounds necessary for microbial 

virulence induction is facilitated and collected in the liquid culture (Figure 2). The liquid 

culture essentially mimics the soil in the rhizosphere, becoming richer in root secretions 

as time progresses. This particular aspect of hydroponic cultivation exemplifies an 

excellent system mimicking soil grown conditions for inoculation with microbes. Once 

the microbe is inoculated into the liquid culture, the presence of root-secreted compounds 

can activate microbial virulence for direct plant-microbe association. Subsequently, the 

host is also able to perceive the microbe upon attachment and generates a response 

naturally without supplementation of defense elicitor compounds (Figure 2). 
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Mechanistically, AS is no longer required to activate microbial virulence in the case of A. 

tumefaciens. In addition, A. tumefaciens can act as an opportunistic pathogen by infecting 

‘naturally’ damaged root tips resulting from root elongation, eliminating artificial 

mechanical wounding. Together the responses of directly affected root tissues can be 

studied, as well as detecting responses in indirectly affected (shoot) tissues (Figure 3), 

which have been initiated naturally aside from the initial introduction of the pathogen 

into the liquid culture. Hydroponic systems can be extremely useful and characteristically 

are easy to modify as depicted for our system in enabling the use of alternative hosts 

(Figure 4).  

Conversely, hydroponic co-cultivation is one of the few systems available to study 

microbial responses. Typically when studying the responses of microbes, plant chemical 

compounds are applied to microbes in concentrations that are reflective of those found in 

planta. This is done in order to induce a level of response that would be typical of 

microbes experiencing exposure to a plant host. Hydroponic cultivation allows the roots 

to secrete chemicals that slowly diffuse into the liquid culture. Using this system, 

microbes can be separated from the liquid culture for study of their responses to true host 

exposure versus those techniques that apply chemicals to serve as the artificial perception 

of a host to induce detectable microbial responses (Figure 3). In addition, hydroponic co-

cultivation can be utilized to study plant pathogens other than A. tumefaciens or can even 

be utilized to study responses to beneficial microbes.  

Therefore, hydroponic co-cultivation may provide a superior system for uncovering a 

more detailed understanding of A. thaliana-A. tumefaciens reciprocal responses, and 

provides the ability to study responses between a wide variety of hosts and microbes. 
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Accumulation of phenolic, monosaccharide and acidic compounds in liquid culture are 

perceivable by A. tumefaciens C58 for activation of virulence and chemotaxis facilitating 

subsequent root infection. 

 

 

 

 

 

Figure 2. Illustration of hydroponic co-cultivation set-up for visualization of more 

natural host perception and root attachment.  
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