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In tomato (Solanum lycopersicum), race-specific resistance against the fungal wilt pathogen 

Verticillium dahliae race 1 (Vd1) is established in the stem. However, the molecular factors 

and mechanisms leading to this resistance response are still unknown. In this study, 

Craigella resistant (CR) and susceptible (CS) tomato plants were successfully infected with 

Vd1 and this was verified by fungal quantification and symptom score assays. Previous 

microarray results showed interesting patterns of defence gene expression that correlated 

with biological phenomena. Plant defence genes code for proteins that are responsible for 

or associated with the plant resistance response. Through RT-PCR, this thesis set out to 

confirm these microarray observations and also to generate expression data for genes in 

which sensitivity was an issue in the microarray. The standard RT-PCR data confirmed a 

number of the microarray results, but some conflicts remained. From the defence genes 

investigated, there was agreement between the microarray data and the RT-PCR data for 

pre-mRNA processing factor 8, class IV chitinase, cyclin-dependent kinase inhibitor and IMP 

dehydrogenase/GMP reductase. Partial agreement was observed for genes coding for 

ethylene response factor 2, phenylalanine ammonia lyase and P6 protein. However, there



 was total disagreement for 14-3-3, beta-glucanase, P1a, RNA-binding protein, calcium-

binding protein and S-Adenosyl-L-methionine: hydroxide adenosyltransferase. Real-time 

RT-PCR was attempted to clarify the remaining issues but further discrepancies arose, 

particularly in the Ve resistance genes. To resolve these discrepancies, two approaches were 

designed: (1) one based on the use of a universal internal control and (2) another based on 

restriction enzyme digestion. In general, the results were more consistent with standard 

RT-PCR. Overall, this study showed that standardization of a system involving vascular 

pathogens, leading to reproducible analysis, was possible but only with proper controls and 

additional validation. Standard RT-PCR appeared to offer a more accurate picture of the 

expression of defence genes in the tomato-Verticillium pathosystem. The defence gene 

expression results confirmed in this study remain as potential insights into the molecular 

mechanisms for Verticillium resistance in tomato plants. 
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Chapter I: INTRODUCTION 

Plants, like animals, are subject to attack by bacteria and fungi as well as viruses and 

insects; however, unlike animals, plants are sessile organisms making defence an even 

greater imperative. To protect themselves, plants have evolved numerous defence 

strategies, some of which are preformed (constitutive) while others are only deployed in 

response to a challenging pathogen or pest (inducible). To be successful, an attacking 

organism must evade, suppress or in some way counter an entire battery of defences that 

usually include structural (i.e. morphological) barriers, as well as various secondary 

metabolites and antimicrobial agents, such as degradative enzymes and phytoalexins (Dangl 

and Jones, 2001; Gómez-Gómez, 2004; Bruce and Pickett, 2007).  

Understanding the molecular mechanisms underlying plant diseases continues to be 

a daunting task. First, the diversity of plant secondary metabolites among species virtually 

ensures that each plant-pathogen interaction is to some extent unique. Second, while the 

animal’s immune system has specialized attack cells (i.e. T cells), plants, in an evolutionary 

sense, seem to have co-opted pre-existing molecules and biochemical pathways from other 

functions (i.e. development) in healthy plants for use in “new” roles in defence. For example, 

programmed cell death (PCD) that has important roles in xylem differentiation and 

reproductive development is key to the “hypersensitive response (HR)” which is central to 

resistance in many plant pathosystems (Lam et al., 2001; Mittler and Cheung 2004). Many 

defence proteins, such as ß-glucanases and chitinases, also have important roles in 

development and are induced during senescence or in response to abiotic stresses, 

mechanical wounding and herbivory. Such multitasking, coupled with the fact that many 

genes encoding these proteins belong to large gene families, often make it difficult to prove 

a specific role in resistance or defence (van Loon, 2006; van Ooijen et al., 2007). 
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Furthermore, much of our understanding is based on a relatively small number of 

interactions (egs. Pseudomonas syringae pv. maculicola; Alternaria brassicicola), involving 

well-defined gene-for-gene systems that exhibit HR in a single host plant, Arabidopsis 

thaliana (Glazebrook et al., 2003; van Wees et al., 2003). We know much less about the 

many other types of pathogenic relationships that exist in this and other hosts including 

tomato (Kiraly et al., 2007). 

1. Defence genes in tomato 

In general, plant defence against disease causing organisms follows three steps: 

pathogen recognition, signal transduction and the defence response itself, which may either 

succeed (i.e. resistance) or fail (i.e. susceptibility). This section reviews our current 

understanding of genes involved in host-pathogen interactions in tomato and recent 

advances in our understanding of them.  

1.1. Pathogen recognition: the role of resistance genes 

In their natural environment, plants are continuously exposed to encounters with 

potential pathogens and in response have evolved various recognition strategies. All plants 

possess a basal recognition strategy involving detection of conserved microbe-associated 

molecular patterns (MAMPs) or pathogen-associated molecular patterns (PAMPs) (He et al., 

2007). Pathogenic molecules that elicit this plant basal immunity include bacterial flagellin 

and lipopolysaccharides (LPS) as well as fungal chitin. However, pathogens also have been 

able to the evolve effectors, sometimes referred to as avirulence factors (avr), that can shut 

down host pattern recognition receptors, triggering what is known as “effector-triggered 

susceptibility” (Ingle et al., 2006). To combat these effectors, plants, in turn have evolved 

another more specific recognition strategy – that of resistance (R) proteins that can 
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recognize these effectors; plant-pathogen interaction appears to be an arms race in which 

one species ultimately dominates over the other (Jones and Dangl, 2006). 

There are two perspectives on how R proteins work. In the receptor-ligand (elicitor) 

model, the R gene product directly interacts and reacts with the avr gene product (Keen, 

1990). For example, there is a Pto resistance gene in tomato for a corresponding avrPto 

avirulence gene from Pseudomonas syringae pv tomato (Tang et al., 1996). An alternate 

example is the rice Pita gene interacting with the AVR-Pita gene from the rice blast fungus, 

Magnaporthe grisea (Jia et al., 2000). However, other attempts to show direct interaction of 

cloned R and avr gene products have failed (e.g., Dixon et al., 2000; Luderer et al., 2002). 

The lack of more demonstrable evidence of this model has led to the “guard hypothesis”, 

which postulates that the interaction is actually indirect in that the R protein is activated 

when an interfering protein (guardee) interacts directly with the avr factor (van der Biezen 

and Jones, 1998). A conformational change in the guardee protein resulting from its 

interaction with the avr factor then activates the R protein to counteract the influence of the 

avr factor or induce additional plant defence. This model was supported when the Rpm1 

resistance gene in Arabidopsis was shown to provide resistance to two sequence unrelated 

effectors, AvrRpm1 or AvrB, from P. syringae. In this case, another protein RIN4 (the 

guardee protein) interacts with these avr proteins and subsequently is 

hyperphosphorylated (Mackey et al., 2002). Other evidence can be found in the interaction 

between Pto, Prf and AvrPto (Mucyn et al., 2006). The guardee protein is Pto protein kinase, 

which is guarded by Prf, a NBS-LRR protein. In any case, both viewpoints strongly support 

the importance of these R genes in plant defence. 

R genes have been characterized over the years and recent reviews emphasize in 

detail their molecular structure and biochemical function (Liu et al., 2007). They can be 

classified into four classes: TNL, CNL, RLP/RLK and miscellaneous, all of which are 



-4- 

 

represented in the tomato genome (van Ooijen, 2007). Table 1.1 summarizes the known 

tomato R genes.  

Table 1.1. Resistance genes in tomato. 

Class Resistance gene  Pathogen Reference 

TIR-NBS-LRR 
(TNL) 

Bs4 Xanthomonas 
campestris 

Schornack et al., 2004 

CC-NBS-LRR 
(CNL) 

Am Alfalfa mosaic virus Parrella et al., 2004 
Hero Globodera pallida, G. 

rostochiensis 
Ganal et al., 1995; 
Ernst et al., 2002; Poch 
et al., 2006 

I-2 Fusarium oxysporum Yu and Zou, 2008 

I2C F. oxysporum Ori et al., 1997 

I-3 F. oxysporum Hemming et al., 2004 
Mi-1 Meloidogynea 

arenaria, M.incognita 
M. javanica 

Rossi et al., 1998; Vos 
et al., 1998; Milligan et 
al., 1998; Kaloshian et 
al., 1998; Kaloshian et 
al., 1995 

Mi-1.2 Bemisia tabacci Nombela et al., 2003 

Mi-9 Meloidogynea spp. Jablonska et al., 2007 

Prf Pseudomonas 
syringae 

Salmeron et al., 1996 

Sw-5 Tospovirus Brommonschenkel 
and Tanksley, 1997; 
Brommonschenkel et 
al., 2000 

Tm-1 Tomato mosaic virus Meshi et al., 1988; 
Cottrell, 2005 

Tm-2 Tomato mosaic virus Meshi et al., 1989 

Tm-2-2 Tomato mosaic virus Lanfermeijer et al., 
2003 

 
Receptor-Like 
Proteins (RLP) 

Cf-2 Cladosporium fulvum Dixon et al., 1996; 
Jones et al., 1998; 
Thomas et al., 1998 

Cf-4 C. fulvum Thomas et al., 1997; 
Jones et al., 1998; 
Thomas et al., 1998;  

Cf-4A (Hcr9-4E) C. fulvum Takken et al., 1999; 
Takken et al., 1998 

Cf-5 C. fulvum Dixon et al., 1998; 
Jones et al., 1998; 
Thomas et al., 1998 
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Cf-6 C. fulvum Grushtskaia et al., 
2007 

Cf-9 C. fulvum Jones et al., 1994; 
Hammond-Kosack et 
al., 1994; Hammond-
Kosack et al., 1998 

Cf-9B (Hcr9-9B) C. fulvum Parniske et al., 1999 

Cf-ECP2 C. fulvum Laugé et al., 1998 
Ve1 Verticillium dahliae, 

V. albo-atrum 
Kawchuk et al., 2001; 
Fradin et al., 2009 

Ve2 V. dahliae, V. albo-
atrum 

Kawchuk et al., 2001 

Miscellaneous Asc-1 Alternaria alternata Brandwagt et al., 
2002; Mesbah et al., 
1999 

Pot-1 potyvirus Ruffel et al., 2005 
Pto P. syringae Loh and Martin, 1995; 

Chang et al., 2002; 
Riely and Martin, 
2001; Rommens et al., 
1995 

Ol Oidium neolycopersici Bai et al., 2005; Li et 
al., 2007 

 

The first class of R genes encode proteins belonging to the TNL or TIR-NBS-LRR 

class. This class of proteins contains a Toll-like/Interleukin Receptor (TIR) domain, a 

Nucleotide Binding Site (NBS) domain and a Leucine-Rich Repeat (LRR) domain. For 

example, the tomato Bs4 gene encodes a protein of the TNL class that provides resistance to 

Xanthomonas campestris (Schornack et al., 2004). The second class of R proteins is the CNL 

class, comprising all the non-TIR NBS-LRR domain proteins. Instead of possessing a TIR 

domain, a coiled coil (CC) domain is present leading to the CC-NBS-LRR acronym; this coiled 

coil structure is also referred to as the leucine zipper. This class is represented by the Prf 

gene in tomato conferring P. syringae resistance.  

The first two classes are strictly intracellular; however, the third class in tomato 

comprises transmembrane proteins with both extracellular and cytoplasmic extensions: the 

RLP (Receptor-Like Protein) class. The Cf (Jones et al., 1998) and Ve (Kawchuk et al., 2001; 
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Fradin et al., 2009) genes conferring resistance to Cladosporium fulvum and Verticillium 

dahliae, respectively, are examples of genes that code for these types of proteins.  

The fourth and final class of R proteins are those that could not be classified 

properly according to the abovementioned structural features. Additional research is 

required to further characterize members of this class in order to fully understand their 

function. The tomato Asc-1 gene encodes a protein belonging to this miscellaneous group 

(Mesbah et al., 1999; Brandwagt et al., 2002). Even the tomato Pto (Loh and Martin, 1995) 

should be included in this class as it only contains a protein kinase domain without the LRR 

possessed by proteins in all the other three classes. 

A common feature of plant resistance genes is their mode of expression. Most 

resistance genes that have been reported have constitutive or basal levels of expression. An 

exception to this is the rice Xa1 resistance gene against bacterial blight (Yoshimura et al., 

1998). In this case, resistance gene expression is not detected in uninoculated plants and is 

only induced upon bacterial inoculation. There are certain instances, however, when the 

level of expression increases over its basal gene expression levels. The rice R gene Xa3 or 

Xa26 conferring resistance to X. oryzae pv. oryzae shows gradually increasing expression 

from the early seedling stage to adult stage (Cao et al., 2007).  

Because the plant cell is a stochastic environment of recognition receptors and their 

downstream signalling molecules, it should not be uncommon for crosstalk between 

resistance genes to occur. This is also economically sound for the plant because there would 

be a conservation of precious cellular and molecular resources during pathogen defence. 

For example, the tomato EDS1 is necessary for the function of receptor-like resistance 

proteins like Cf-4 and Ve1 and also of resistance proteins in the TNL class (Hu et al., 2005). 

This crosstalk begs the question of how R genes operate downstream (for review 

see Koornneef and Pieterse, 2008). One model suggests that activation of the resistance 
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proteins allows recruitment of downstream signalling components, including transcription 

factors (Liu et al., 2007; van Ooijen, 2007; Caplan et al., 2008). Pto in tomato, for example, 

interacts with transcription factors Pti4, Pti5 and Pti6, which resemble regulators of 

pathogenesis-related genes (Gu et al., 2002). However, some resistance proteins like those 

coded for by the Cf genes lack similar signalling domains suggesting that interacting protein 

partners are needed to mediate the resistance response (Rivas and Thomas, 2005). 

Interacting partners may include universal signalling molecules like MAP kinases (Pedley 

and Martin, 2004) and specialized proteins like those involved in salicylic acid (SA) defence 

signalling (Pedley and Martin, 2003), as discussed in the next section. Recent development 

of a reporter system to identify regulators of cross-talk in A. thaliana will undoubtedly 

facilitate future research in this important area of defence (Koornneef et al., 2008). 

1.2. Signal transduction: the role of defence signalling genes 

Pathogenic recognition, then, is interconnected with the signal transduction aspect 

of plant defence. The recognition event activates one or more signalling pathways, 

sometimes referred to as signalling cascades. One of the first signs that recognition has 

occurred is an immediate oxidative burst followed by protein kinase cascade activation and 

changing ion fluxes. This leads to the subsequent activation of defence response genes 

coding for degradative enzymes and other antimicrobial proteins (Rivas and Thomas, 

2005). 

Plant defence signal transduction pathways usually involve signalling molecules 

(e.g. systemin, ethylene, jasmonic acid [JA] and salicylic acid [SA]), protein kinases 

(primarily the MAP kinases), ion channels and/or secondary messengers (e.g. Ca2+ and 

diacylglycerol). It also is interesting to note that the genes whose expression are regulated 

by the signalling cascade include not only defence genes but also wound-responsive genes, 
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as there actually is a functional overlap between wound response signalling and resistance 

signalling (Durrant et al., 2000). Crosstalk between both abiotic and biotic stress responses 

has been reviewed recently (Fujita et al., 2006). 

These seemingly universal features of plant defence signalling would suggest 

conserved and overlapping pathways among different resistance genes and pathosystems. 

Such interplay between these various signal transduction cascades has been reviewed in 

detail (Feys and Parker, 2000; Pieterse et al., 2006; Koornneef et al., 2008). This is 

demonstrated in tomato when Pto binds transcription factors that possess homology to 

ethylene-response factors (Gu et al., 2002), suggesting that ethylene signalling plays a role 

in Pto-mediated resistance. The transcription factors actually bind to GCC boxes that are 

motifs found in the regulatory elements of the defence-associated PR genes (Chakravarthy 

et al., 2003). Pto expression also results in the elevation of MAP kinase activity (e.g. LeMPK2 

and LeMPK3), demonstrating the involvement of the MAP kinase cascades (Pedley and 

Martin, 2004). Finally, although not yet demonstrated in tomato, a SA-binding protein 

SABP3 mediates the hypersensitive response in Pto/avrPto-expressing tobacco (Slaymaker 

et al., 2002; Pedley and Martin, 2003), indicating a connection with salicylic acid signalling 

and thus PR gene activation and expression. It is less clear whether and which exclusive 

pathways may be involved with specific recognition receptors or plant-pathogen 

interactions. 

1.2.1. Mitogen-associated protein (MAP) kinase signalling 

The MAP kinase cascade is one of the central and most studied features of plant 

defence signalling (Zhang and Klessig, 2001). This pathway also is present in animals, 

indicating evolutionary conservation of this very efficient mechanism (Nishihama et al., 

1995). In plants, the MAP kinase signal transduction cascades are activated readily when 
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plants are subjected to both pathogens and pathogenic elicitors. For example, resistant 

tomatoes inoculated with X. campestris pv. vesicatoria or P. syringae pv. tomato show 

increased mRNA levels of the MAP kinase LeMPK3 (Mayrose et al., 2004). Similarly, this was 

observed after treatment with fungal elicitor incubation or mechanical wounding (Mayrose 

et al., 2004). Interestingly, the increased levels of transcript correlated with LeMPK3 kinase 

activity. As MAP kinases usually play a central role in various signal transduction cascades, 

LeMPK3 may be involved widely in the defence response signalling in tomato. Microarray 

data from various tomato pathosystems also support the wide spread involvement of MAP 

kinases (Gibly et al., 2004; Robb et al., 2009AB). 

1.2.2. Systemin signalling 

Systemin-mediated signalling is another well-studied defence pathway in plants (for 

review: Ryan, 2000; Ryan and Pearce, 1998). Systemin is an 18-amino acid polypeptide 

processed from a larger 200-amino acid prohormone protein, called prosystemin. Systemin 

was first identified in tomato leaves and transcripts can be localized to all plant organs 

except the roots (McGurl et al., 1992). Systemin is responsible for the systemic regulation of 

more than 20 defence response genes in tomato, including those coding for proteinase 

inhibitors, signal pathway components and proteinases (Ryan, 2000). This signalling 

molecule also mediates the release of linolenic acid and its further conversion into jasmonic 

acid, providing a bridge to another plant defence signalling pathway (Wasternack et al., 

2006), as discussed in the next section.  

1.2.3. Jasmonic acid/jasmonate (JA) signalling 

Jasmonic acid (JA) is a lipid-derived hormone that plays an important regulatory 

role in various features of plant development and defence (Wasternack et al., 2006). In 
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tomato, genes coding for leucine aminopeptidase, coronatine-insensitive 1 (COI1) and allene 

oxide cyclase (AOC) are crucial in the proper functioning of JA signalling. Leucine 

aminopeptidase modulates immunity against herbivores by inducing wound-responsive 

genes and acting downstream of JA (Fowler et al, 2009). COI1 is an F-box protein that binds 

the negative regulator (called JAZ proteins) of JA-responsive genes, eventually leading to 

ubiquitin-dependent degradation. In tomato, recent findings demonstrated that COI1 is a 

critical component of the JA receptor although the receptor’s identity has not fully been 

established yet (Katsir et al., 2008). AOC catalyzes the formation of an intermediate in 

jasmonate biosynthesis, cis-(+)-12-oxophytodienoic acid (Stenzel et al., 2003); the protein is 

encoded by a single-copy gene in tomato and is highly expressed constitutively in seeds and 

young seedlings but is not present in fully developed leaves (Hause et al., 2000). However, 

induction of the gene can be observed upon local and systemic wounding or treating with JA 

and systemin or glucose, suggesting temporal regulation of JA biosynthesis (Stenzel et al., 

2008). Spatial regulation also has been reported wherein the data shows differential 

regulation of JA biosynthesis between flowers and leaves of tomato plants (Miersch et al., 

2004). 

1.2.4. Ethylene signalling 

Working synergistically with jasmonate is the hormone ethylene, which has been 

shown to act during the plant defence response (Xu et al., 1994). Its roles in plant 

development are well-established (Abeles et al., 1992; Zhu and Guo, 2008; Kendrick and 

Chang, 2008). Its role in defence can be said to be dual since it has been implicated as both a 

signal molecule during plant resistance (Boller, 1991) and a virulence factor that can lead to 

pathogenesis, symptom expression and plant susceptibility (Lund et al., 1998; Chagué et al., 
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2006). Therefore, ethylene is thought to have differential effects during plant defence in 

different pathosystems (van Loon et al., 2006). 

Regulation and control of events during ethylene signalling mostly happen at the 

level of ethylene biosynthesis (De Paepe and van der Straeten, 2005). In tomato, key genes 

in ethylene biosynthesis have been cloned and described, including those encoding 1-

aminocyclopropane carboxylic acid (ACC) oxidase (Jia and Martin, 1999) and ACC synthase 

(Tatsuki and Mori, 1999). However, emerging data show that regulation occurring at the 

level of ethylene receptors is also important (Klee, 2002). Ethylene receptors in tomato are 

encoded by six gene families (LeETR1-6), whose levels of expression are regulated both 

temporally and spatially (Wilkinson et al., 1995; Zhou et al., 1996AB; Lashbrook et al., 1998; 

Tieman and Klee, 1999). A model has been proposed in which these receptors function as 

negative regulatory factors of downstream ethylene-responsive defence genes and 

responses (Klee, 2002). This and the fact that ethylene biosynthesis shows interplay with 

certain MAP kinase cascades (Kim et al., 2003) demonstrates the undeniable role of 

ethylene during plant defence. 

1.2.5. Salicylic acid (SA) signalling  

Salicylic acid (SA) plays an important signalling role in the activation of plant 

defence responses following pathogenic invasion, including both systemic (termed systemic 

acquired resistance) and localized responses usually characterized by HR (Dempsey et al., 

1999). Several potential components of the SA signalling pathway initially were identified 

and cloned in tobacco including the bZIP transcription factors (Zhou et al., 2000). The bZIP 

transcription factors bind to SA-responsive elements in the promoters of defence genes, 

primarily those of pathogenesis-related or PR genes (Klessig et al., 2000). This, coupled with 

increasing genetic and biochemical evidence showing crosstalk between SA-, ethylene- and 
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JA-associated defence pathways, underlie the crucial significance of salicylic acid signalling 

in plant resistance (Pedley and Martin, 2003). 

1.3. Defence response: the role of plant defence genes 

R protein activation after pathogen detection alerts a battery of signalling cascades 

ranging from MAP kinases to SA. The end result of these pathways is a sort of 

transcriptional reprogramming (Caplan et al., 2008) that results in a multifaceted defence 

response. This can involve the up or down regulation of hundreds of genes, some of which 

“target the pathogen”. These encode the defence proteins which can be categorized into 

three functional groups: proteins involved in cell wall modification(s), proteins involved in 

secondary metabolism and lastly, pathogenesis-related (PR) proteins (Stintzi et al., 1993).  

1.3.1. Genes encoding cell wall modifications  

Various types of structural modifications of plant cell walls have long been 

associated with plant defence, either strengthening plant cell walls against degradation by 

microbial enzymes or, directly or indirectly, physically restricting the pathogen during host 

invasion. Included in this list is the role(s) of hydroxyproline-rich glycoproteins (HRGPs), 

lignification and suberinization, callose deposition and, in the case of vascular pathogen 

infections, vessel occluding gels and tylosis. Current understanding of the genetic regulation 

of these processes is very limited.  

Shortly after infection of tomato with a pathogen, there is rapid oxidative cross 

linking of the HRGP extensin (Brownleader et al., 1995) and an overall increase in levels of 

extensin proteins in the primary cell walls of surrounding tissues. Recently, it was reported 

that wounding and defence signals (i.e. systemin, jasmonate) induced the expression of 

mRNA coding for the tomato polyprotein precursors of 3 HRGP defence signals (LeHypSys I, 

II and III.) and that there is localization of the nascent protein to the cell wall matrix. These 
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findings suggest that the tomato cell wall is not passive but rather, plays active roles during 

defence, serving as a rich source of defence polypeptide signals (Narváez-Vásquez et al., 

2005). Extensins may also play a special role in defending tomatoes against vascular 

pathogen infection. It has long been known that pectinaceous gels, formed in xylem vessels 

of plants infected with Fusarium oxysporum, are an important defence strategy, blocking 

pathogen colonization of the upper reaches of stem and leaves (VanderMolen et al. 1977, 

1982).  

A characteristic of plant cell walls undergoing pathogen attack is the formation of 

structural barriers such as lignin and suberin. In tomato, the last step in their biosynthesis is 

catalyzed by TPX1 (peroxidase pI 9.6). Its expression was restricted to cells undergoing 

lignin and suberin synthesis (Quiroga et al., 2000) and the same stresses that induce lignin 

and suberin synthesis cause alterations in the gene expression patterns of TPX1 mRNA and 

protein. The final step in suberin biosynthesis is a peroxidase/H2O2-mediated process 

controlled in tomato by two suberin-specific anionic peroxidase genes, TAP1 and TAP2 

(Roberts et al., 1988; Bernards et al., 1999). Suberin secretion may play a special role in 

vascular disease. In tomato plants infected by the fungal pathogen Verticillium albo-atrum, 

suberin is secreted by vascular parenchyma cells forming vessel coating material that 

blocks colonization of the vascular system, contributing to resistance as well as blocking 

water flow to surrounding tissues contributing to the wilting syndrome (Robb et al., 1991). 

Expression of the suberin-specific anionic peroxidase gene was found to be upregulated in 

the xylem parenchyma cells of resistant plants relative to susceptible tomato confirming an 

active role in defence (Robb et al., 1991). 

Further evidence for the importance of lignification and suberinization in defence 

can be found through studies of aromatic alcohol dehydrogenases. These are enzymes that 

catalyze the final step in a branch of the phenylpropanoid pathway specific for lignin 
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synthesis. An aromatic alcohol dehydrogenase gene (ELI3) has been reported to be 

activated at fungal infection sites in parsley leaves; it is postulated that the ELI3 protein has 

a specific function in pathogen defence-related phenylpropanoid metabolism (Logemann et 

al., 1997). Although a homologous gene (i.e., Le-ELI3) has been reported in tomato, a 

demonstration of its strong and immediate induction by fungal elicitors only has been 

shown in parsley's cells.  

1.3.2. Genes for secondary metabolism  

A second group of plant defence genes are those encoding proteins that are involved 

in or regulate secondary or natural products metabolism. These terms refer to pathways 

that may not be necessary for basic survival but provide extra biochemical resources to help 

the plant respond to changing developmental or environmental requirements. Secondary 

metabolites that are important to defence include phenolic compounds and phytoalexins as 

well as compounds involved in HR. In a general sense, secondary metabolites fall into three 

categories: phenylpropanoids, alkaloids and terpenoids. Also included are the shikimate 

and phenylpropanoid pathways; compounds in both pathways play important roles in 

healthy plants (i.e. differentiation) but also are the basis of much of the increase in 

secondary metabolites required for defence.  

The three aromatic amino acids phenylalanine, tyrosine and tryptophan are 

derivatives of the shikimate pathway, sharing the first seven enzymatic steps in their 

biosynthesis. Most of the genes for enzymes involved in this pathway have been 

documented in tomato. For example, in one study involving tomato cells, genes coding for 

the enzymes catalyzing four steps within the shikimate pathway were shown to be 

dramatically induced by fungal elicitors (Görlach et al., 1995). Of these four, shikimate 

kinase appeared to accumulate more rapidly than the others, suggesting a central role for 
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this enzyme. In barley, chorismate synthase, together with anthranilate synthase and 

chorismate mutase have been shown to mediate branch points down stream of the 

shikimate pathway that result in aromatic amino acid biosynthesis (Hu et al., 2009) and 

upregulation of the genes encoding these proteins contributes to penetration resistance 

against the powdery mildew causative agent Blumeria graminis f. sp. hordei (Hu et al., 

2009).  

Phenylalanine and tyrosine are direct products of the shikimate pathway that play 

important roles in plant defence. In particular, phenylalanine (or tyrosine) is the substrate 

for the phenylalanine ammonia lyase (PAL) enzyme that participates in five different 

metabolic pathways. The PAL enzyme is very important for plant defence and is one of the 

most studied enzymes in all of secondary metabolism (Buchanan et al., 2000). It initiates 

biochemical pathways leading to the formation of the important signalling molecule, 

salicylic acid, as well as many important propanoids with key roles in plant resistance. In 

tomato, PAL is encoded by a family of approximately 13 genes, only one of which, tPAL5, is 

extensively expressed in all tissues (Chang et al., 2008). The tPAL5 gene has been shown to 

have two initiation sites giving rise to a long transcript that appears to be constitutive and a 

shorter transcript that is induced by both biotic and abiotic stimuli (Lee et al., 1994). Work 

with elicitor-treated tomato tissue culture cells suggests that the accumulation of 

phenylpropanoid compounds during pathogen defence requires upregulation of genes in 

both the shikimate and phenylpropanoid pathways (Görlach et al., 1995).  

Alkaloids are a diverse group of low-molecular-weight nitrogen-containing 

compounds, usually derived from amino acids. One of the most important defence 

compounds in tomatoes is, tomatine, a glycoalkaloid, which targets and disrupts 

membranes, acting as a phytoanticipin against fungi, bacteria and insects (Keukens et al., 
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1995; Ito et al., 2007). Recently, some of the genes involved in the biosynthesis of tomatine 

(i.e. CAS1, SMT1, CYC1) have been cloned and characterized (Cammareri et al., 2009).  

Plant cytochrome P450 proteins (CYPs) have extensive roles in plants, including 

participation in various biosynthetic reactions that lead to different fatty acid conjugates, as 

well as signalling and defence molecules. Over 140 CYP genes have been reported in 

Arabidopsis; only some of the homologous genes have been characterized in tomato 

(Ohnishi et al., 2006). Terpenoids, which are the largest class of important phytochemicals, 

often are substrates of CYPs. In A. thaliana, homologous members within effector gene 

families at the end of signalling cascades leading to terpenoid production displayed distinct 

expression profiles spatially and conditionally suggesting that many terpenoids are cell type 

specific and respond to specific developmental or environmental (biotic and abiotic) cues 

(Glombitza et al., 2004).  

Modern molecular technologies have rapidly increased our knowledge of the genes 

involved in terpenoid biosynthesis. One important gene family in tomato encodes HMG-Co A 

reductases that mediate the rate limiting step in terpenoid phytoalexin production. Gene 

hmg1 appears to be expressed constitutively but hmg2 has been shown to respond to both 

biotic and abiotic stresses (Weissenborn et al., 1995). A second important group of genes 

encode terpene synthases. Additional synthase genes that have since been identified include 

the linalool synthase genes Le MTS1 and Le MTS2 (van Schie et al., 2007). Expression of Le 

MTS1 is up regulated by wounding and jasmonic acid treatment as well as mite infestations; 

however, Le MTS2 appears to be constitutive, contributing to sterol biosynthesis.  

The hypersensitive response during resistance usually is initiated by the oxidative 

burst. One of the key enzymes responsible is superoxide dismutase (SOD). The tomato gene 

coding for this enzyme has been introduced into sugar beets using Agrobacterium-mediated 

transformation (Perl-Treves and Galun, 1991). This resulted in plants with increased 
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tolerance to treatments that cause oxidative stress. Leaf infection by the same fungus also 

was tolerated (Tertivanidis et al., 2004). The release of free radicals, that accompanies the 

oxidative burst, is harmful to invading pathogens but also may be harmful to the plant, 

itself. One of these harmful free radicals is hydrogen peroxide, which is a really potent 

antimicrobial agent. That is why a related plant gene encoding catalase also is important. 

Catalase is a common enzyme that catalyzes the conversion of hydrogen peroxide to water 

and oxygen and is usually located in the plant cell's peroxisomes (Alberts et al., 2002). The 

importance of this peroxisomal antioxidant system should not be underestimated. Evidence 

suggests that, in tomato, significant changes in the system caused by infection with B. 

cinerea result in the collapse of plant immunity during the advanced stages of infection 

(Kuzniak and Skłodowska, 2005).  

Apart from the oxidative burst, programmed cell death (PCD) is an essential and 

prominent characteristic of HR. A number of studies have identified genes involved in PCD 

triggered by pathogenic or abiotic agents in tomato, including HSR 201 and 203, CTU1 and 2, 

CTU 1-4, Le MCA1, and DEA1 that appear to be positive regulators (Czernic et al., 1996; 

Pontier et al., 1998; Hoeberichts et al., 2001, 2003; Weyman et al., 2006) and DAD1 and CTD 

1-4 that are negative regulators (Hoeberichts et al., 2001). Harvey et al. (2008) also have 

reported recently that another tomato PCD suppressive gene, which is homologous with the 

metallothionein gene, has sequence homology with an animal ortholog that suppresses PCD 

by inhibiting ROS accumulation. 

1.3.3. Genes for pathogenesis-related (PR) proteins  

The third and final group of defence genes comprises those coding for PR proteins 

that collectively constitute the majority of soluble protein change during the plant defence 

response. The term was coined in 1986 to define “proteins coded for by the host plant but 
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induced only in pathological and related situations.” Pathological situations refer mostly to 

HR or other forms of resistance to bacterial or fungal pathogens but also include responses 

against insects, herbivores and nematode worms. The relationship between induction of PR 

protein genes and resistance first was demonstrated irrevocably when it was shown that 

the genes coding for various PR proteins such as osmotin, chitinase and -1,3-glucanases, 

were induced substantially in incompatible interactions between tomato with the Pto 

resistance gene and Pseudomonas syringae pv. tomato with the avrPto gene (Jia and Martin, 

1999). Pto binds to transcription factors Pti 4/5/6 which, in turn, bind to PR boxes in the 

promoter regions of genes encoding the various PR proteins, leading to upregulated gene 

expression. PR proteins are currently classified into 17 families although some families do 

not have representative members from tomato yet (Table 1.2).  

Table 1.2. Pathogenesis-Related genes and proteins in tomato. 

Family* Properties Pathogen 
Target 

Examples** Reference 

PR-1 Antifungal Fungal pathogen P14 Camacho-Henriquez 
and Sänger, 1984 

P4, P6 van Kan et al., 1992 

P14a, P14b, 
P14c 

Niderman et al., 
1995 

C2, C4 Granell et al., 1987 

PR-1b1, PR-
1b2 

Tornero et al., 1994 

PR-2 Endo-beta-1,3-
glucanase 

Glucans Cel1 EGase Real et al., 2004 

P3, P5 De Wit et al., 1986 

C3, C5 Granell et al., 1987 

P31, P36 Fischer et al., 1989 

Q’a, Q’b Domingo et al., 
1994 

PR-3 Endochitinase Fungal chitin C6, C7 Granell et al., 1987 

P26, P30, 
P31 

Fischer et al., 1989 

P32, P34 Garcia Breijo et al., 
1990 

PR-4 Endochitinase Fungal chitin P2 De Wit et al., 1986 
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PR-5 Thaumatin-like Fungal hyphal 
growth and 
spore 
germination 

AP24 Woloshuk et al., 
1991 

NP24 King et al., 1988 
P23 Rodrigo et al., 1991 

PR-6 Proteinase inhibitor Insects; 
Microbial 
proteinases 

Tomato 
inhibitor I 

De Wit et al., 1986; 
Abuqamar et al., 
2008 

Tomato 
inhibitor II 

Granell et al., 1987 

PR-7 Endopeptidase Pathogenic 
proteins and 
peptides 

P69 Vera and Conejero, 
1988  

P70 Fischer et al., 1989 

Rcr3 Krüger et al., 2002 

PR-9 Peroxidase/peroxidase-
like 

Pathogenic 
reactive oxygen 
intermediates 

Cevi-1  Vera et al., 1993 

TPX1 Botella et al., 1994 

TPX2 Yoshida et al., 2003 
PR-10 Ribonuclease RNA viruses STH-2 Constabel et al., 

1993 

PR-12 Defensin Microbial cell 
membranes 

tgas118 van den Heuvel et 
al., 2001 

PR-13 Thionin Cytotoxic Thi2.1 Chan et al., 2005 

PR-14 Nonspecific lipid 
transfer proteins 

Bacterial and 
fungal pathogens 

LpLtp1,  
LpLtp2, 
LpLtp3 

Trevino and 
O’Connell, 1998; Le 
et al., 2006 

PR-15 Oxalate oxidase  OXO Zhou et al., 2008; 
Zhou et al., 2009 

*PR-8, PR-11, PR-16 and PR-17 protein families are not represented in the tomato genome 
to date. 

**The names provided are the original nomenclature in the references. 
 

1.3.3.1.   PR-1 family  

The PR-1 family of proteins, whose antifungal nature was first reported more than a 

decade ago (Niderman et al., 1995), is probably the most extensively studied; yet, the actual 

function of these proteins remains a mystery. This family also is the most abundant as it 

accounts for 1-2 percent of leaf protein during induced states. Cladosprium fulvum-

inoculated tomato plants accumulate a major PR-1 protein in both incompatible and 

compatible interactions, suggesting that these proteins do not have a determinative role in 

resistance (De Wit and Bakker, 1980). At most, then, PR-1 proteins play accessory roles but 
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appear not to be necessary to resistance as demonstrated in radish (Hoffland et al., 1995) 

and Arabidopsis (Pieterse et al., 1996) infected with rhizobacteria and in tomatoes infected 

with Phytophthora capsici (Hong and Hwang, 2002). In these three pathosystems, PR-1 

proteins have been shown, through immunogold labeling, to accumulate over oomycete cell 

walls and at the host-oomycete cell wall interface, although levels were much higher in 

incompatible interactions (Hong and Hwang, 2002). In tomato, representative members of 

this gene family are P4 and P6 (van Kan et al., 1992). 

1.3.3.2. Cell wall degrading PR proteins  

The PR-2 family of proteins comprise the class I, II, and III endo-beta-1,3-glucanases, 

sometimes referred to as glucan endo--1,3-glucosidase Bs. They were first isolated from 

tobacco (van Loon and van Kammen, 1970) although PR-2 proteins have since been 

discovered in many other plants.  The PR protein genes that encode these enzymes have 

been shown to be regulated by sugars in a SA-independent pathway (Thibaud et al., 2004). 

In 1989, Joosten and De Wit showed that following infection of tomato with Cladosporium 

fulvum (Cooke), -1,3-glucanases could be identified in both apoplastic fluids and 

homogenates of leaves. Additionally, enzymatic activity in the apoplastic fluids increased 

much more rapidly in incompatible interactions than in their compatible counterparts, 

indicating a central role of PR-2 proteins in plant defence, possibly in the degradation of 

hyphal cell walls. Many other PR-2 proteins have been isolated from tomato since and 

shown to have antifungal properties (Domingo et al., 1994; Real et al., 2004). Also the genes 

that encode these proteins have been shown to be induced co-ordinately (Domingo et al., 

1994) during plant defence (Real et al., 2004).  

The PR-3 gene family encode proteins that comprise class I, II, IV, V, VI, and VII 

endochitinases. In tomato, chitinases have been isolated after challenge with Cladosporium 
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fulvum and were identified in both cells and apoplastic fluids (Joosten and De Wit, 1989). 

Also, certain tomato chitinase genes are induced more rapidly during incompatible 

interactions compared with compatible ones (Danhash et al., 1993), again demonstrating 

the importance of these genes and proteins in plant defence. Expression of chitinases 

appears to be temporally and spatially regulated (Yeboah et al., 1998; Baty et al., 2000). 

Immunocytological studies indicate that the proteins accumulate earlier in incompatible 

interactions and concentrate in the host-fungal cell wall contacts (Benhamou et al., 1990).  

The PR-4 gene family encodes antifungal win-like proteins possessing endochitinase 

activity and sharing homology with the C-terminal domain of the prohevein protein, 

although they actually do not contain the chitin-binding “hevein” domains (Linthorst et al., 

1991). In tomato, the PR-4 protein gene, P2, was isolated originally from phage DNA 

libraries of tomato infected with Cladosporium fulvum (Linthorst et al., 1991). More 

recently, PR-4 gene overexpression in tomato was demonstrated to increase resistance to 

both non-chitinous and chitinous fungi, indicating that chitin-binding is not necessary for 

PR-4 antifungal activity as was suggested by the absence of the hevein domains (Lee et al., 

2003).  

1.3.3.3. Membrane interacting PR proteins  

The PR-5 gene family encodes antifungal, thaumatin-like proteins, including 

osmotin, NP24 and P23, all of which have been reported in tomato (Jia and Martin, 1999; 

Pressey, 1997, Robb et al., 2009B). The proteins were termed thaumatin-like because of 

homology to the sweet tasting protein found in the West African shrub Thaumtococcus 

daniellii. Increased levels of thaumatin proteins seem to have antimicrobial effects (Vigers 

et al., 1991) curtailing hyphal growth and sporulation. However the molecular mechanisms 

that are involved in the antifungal activity remain somewhat obscure. One of the best-
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studied PR-5 proteins is osmotin (Hong et al., 2004) which has long been associated with 

hyphal lysis. Current molecular evidence suggests that osmotin first binds to 

mannoproteins of the fungal wall where resistance or susceptibility to osmotin is 

determined (Ibeas et al., 2000). NP24 may also act in a similar fashion (Ghosh and 

Chakrabarti, 2008). PR-5 proteins have been isolated in tomato infected with the vascular 

wilt fungus Fusarium oxysporum (Rep et al., 2002). The expression of both NP24 and P23 

genes also has been found to increase in tomatoes infected by Verticillium dahliae, another 

vascular pathogen (Robb et al., 2009B). P23 proteins were first purified from tomato leaves 

inoculated with exocortis viroid (Rodrigo et al., 1991). Further studies have strengthened 

evidence that these PR-5 proteins are involved in tomato resistance but results 

demonstrating NP24 protein increase during fruit ripening also suggest a role for some PR-

5 proteins in this phenomenon (Pressey, 1997) with a functional overlap of molecular 

pathways leading to resistance and fruit ripening.  

The PR-12 gene family encodes a group of proteins called defensins. Prominent 

examples are the snakin antimicrobial peptides (Segura et al., 1999; Sels et al., 2008). In 

tomato, expression of a defensin gene, AT2, was first identified in cells of the shoot apex and 

developing flowers (Brandstädter et al., 1996) but since has been observed in many other 

tissues (van den Heuvel et al., 2001; Thomma et al., 2002; Lay and Anderson, 2005). The 

tomato defensin DEF2 also was shown to have functions in both flower development and 

foliar resistance against B. cinerea (Stotz et al., 2009). Various physiological roles have been 

proposed for these proteins, including disrupting microbial membranes or acting as ligands 

during signal transduction (Thomma et al., 2003; Thevissen et al., 2004). 

The PR-13 gene family encodes thionins. Thionins are a family of peptides each 

containing 45-48 amino acids, including a number of cysteine residues that can form 

disulfide bonds. They are toxic to a wide range of bacteria and fungi, targeting plasma 
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membrane structure although the exact mechanism of action remains controversial (Stec, 

2006). It has been shown recently that PR-13 but not PR-1 is responsible for resistance of 

Nicotiana attenuata against P. syringae pv tomato (Rayapuram et al., 2008). In this case, PR-

1 may be a marker for resistance but has no antimicrobial function per se. Thionin genes 

have been identified in tomato and expression has been associated with pistil development 

but no clear defence function has been observed yet (Milligan and Gasser, 1995). The 

Arabidopsis THI2.1 gene, however, has been introduced into tomato giving improved 

resistance to both bacterial and Fusarium wilt through a systemic suppression of bacterial 

or fungal multiplication (Chan et al., 2005).  

The PR-14 family of proteins is made up of non-specific lipid transfer proteins (ns-

LTPs). They are encoded by members of a large multi gene family and differ in primary 

amino acid sequence, expression and proposed functions (for review see Blein et al., 2002). 

In tomato, different patterns of gene expression have been observed in a draught-tolerant 

variety (Trevino and O'Connell, 1998), indicating that sequence similarity among ns-LTPs 

genes does not necessarily mean functional redundancy. Recently, it has been shown that 

RNAi silencing of ns-LTP genes in tomato decreases its allergenicity, also suggesting a role 

for the proteins in tomato defence (Le et al., 2006). Further, mutation of a gene encoding an 

apoplastic ns-LTP compromises the systemic acquired response in Arabidopsis thaliana 

challenged by the bacterial pathogen P. syringae. In general, however, the relationship 

between PR-14 proteins and defence remains unclear.  

1.3.3.4. PR proteins and reactive oxygen species (ROS) Activity  

The PR-9 gene family encodes peroxidases and peroxidase-like proteins. The 

proteins first were isolated in tomato after viroid treatment (Vera et al., 1993; Gadea et al., 

1996). Gene expression is apparently regulated in a tissue specific manner as one of the 
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tomato peroxidase genes (TPX1) is constitutively expressed in roots but induced in leaves 

and stems only after wounding (Botella et al., 1994). In recent years, studies to elucidate the 

functional significance of PR-9 proteins have paralleled the generation of transgenic lines 

with useful traits. For example, overexpression of the TPX2 gene has been shown to 

increase the tolerance of tomato plants to salt and oxidative stress (Yoshida et al., 2003), 

presumably by decreasing the level of ROS in the tissues.  

The PR-15 family of proteins are oxidoreductases, specifically oxalate oxidases. One 

of the products of their activity is hydrogen peroxide, which, in turn, contributes to 

oxidative stress. The genes that encode these proteins were first described in barley in 

which they form a small multigene family (Zhou et al., 1998). Increased gene expression in 

leaves infected by the powdery mildew fungus was associated with HR (Zhou et al., 1998). 

Corresponding genes also have been reported in tomato and suppression of expression 

followed by reduction in levels of oxalate oxidase proteins in the roots when stressed by 

aluminum toxicity, apparently contributes to tolerance (Zhou et al., 2009). 

1.3.3.5. Enzymatic and enzyme-associated PR proteins  

The PR-6 gene family encodes wound-inducible proteinase inhibitors that provide 

primary defence against phytophagous insects. The tomato inhibitor I is an example 

(Johnson et al., 1990). Susceptibility is apparently increased in tomato when proteinase 

inhibitor gene expression is reduced after infection with B. cinerea (Abuqamar et al., 2008). 

Because of their role in plant defence, transgenic tomato plants have been established with 

multiple insect resistance by overexpression of plant proteinase inhibitors (Abdeen et al., 

2005).  

The PR-7 gene family encodes endopeptidases. The tomato protein P69 is an 

example, which was extracted from leaves infected by citrus exocortis viroids (Vera and 
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Conejero, 1988). The connection between R-genes and PR-7 proteins is still being 

deciphered; one step towards this is the finding that the secreted papain-like cysteine 

endoproteinase, Rcr3 is required for the function of the tomato Cf-2 resistance protein 

(Krüger et al., 2002). Recently, the PR-7 genes were shown to be induced in tomato plants 

by suppressive compost even in the absence of pathogen (Kavroulakis et al., 2006). 

Furthermore, transcript accumulation and distribution were sporadic in isolated, discrete 

cells in the parenchyma and vascular system of the root suggesting that the gene is 

regulated in a cell-specific manner (Kavroulakis et al., 2006).  

The PR-10 gene family encodes ribonucleases and Bet v1 related proteins. Because 

of their extensive function as ribonucleases, PR-10 proteins are believed to be major 

defence proteins against plant RNA viruses (Pinto and Ricardo, 1995). However, despite 

induction of PR-10 transcripts in tomato infected with cucumber mosaic virus, the plants 

still underwent systemic necrosis and accumulation of the PR-10 protein correlated with 

leaf epinasty and other symptoms (Xu et al., 2003). This suggests that PR-10 proteins may 

have pleiotropic roles during compatible and incompatible interactions (Xu et al., 2003).  

2. Gene expression studies in tomato pathosystems 

Historically, the cytology and biochemistry of plant host-pathogen interactions have 

fascinated plant pathologists for more than a hundred years (Ward, 1902) and, of course, 

farmers and crop breeders have selected for healthier and more resistant plants for 

centuries. Modern understanding of plant pathogen interactions really began with the 

seminal work by Flor on the gene-for-gene hypothesis (Flor, 1955; 1971), which stated that 

for each host resistance gene (R) a corresponding avirulence gene (Avr) exists in the 

pathogen and that successful resistance requires an interaction between the protein 

products of these two genes that initiates the host’s defensive responses.  
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During the last two decades, advances in recombinant DNA technologies, as well as 

global approaches to studying gene expression, at the mRNA (transcriptome) and protein 

(proteome) levels, in both host and pathogen, have permitted explorations into the 

molecular mechanisms underlying plant diseases. Studies of changes in the host 

transcriptome (Wise et al., 2007) or proteome (Xing et al., 2001; Mehta et al., 2008; Newton 

et al., 2004) during infection by a range of pathogens suggest hundreds and perhaps as 

many as a thousand plant genes are up or down regulated during the response. These 

include genes involved in pathogen recognition (Takken et al., 2006; van Ooijin et al., 2007), 

signal transduction (Wan et al., 2002; Beckers and Speol, 2006) and the actual defence 

response (Zhu et al., 1996; Fritig et al., 1998), as well as genes involved in the redirection 

and recruitment of energy (Bolton, 2009).  

Plant-pathogen interactions are indeed a battleground wherein plants deploy 

defence strategies ranging from basal MAMP recognition to very sophisticated R gene-

mediated immunity, while pathogens continually evolve effectors to suppress the host 

resistance response. The defence response usually begins with recognition of the 

pathogenic invaders by receptors coded for by R genes, of which a number have already 

been cloned and expressed in tomato. Activation of these R protein receptors leads to 

establishment of the immediate oxidative burst and various signalling cascades. The 

interplay of these pathways ultimately results in expression and induction of genes coding 

for defence proteins, ranging from structural proteins to PR proteins (Cramer et al., 1993). 

All the while, events during plant defence are constantly utilizing resources provided by 

reprogrammed primary metabolism. 
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2.1. Tomato as a model plant 

Tomato has been used a model plant in studying defence. There is research on its 

cytology and biochemistry, as well as more targeted and specific molecular biological 

investigations (Pedley and Martin, 2003; Rivas and Thomas, 2005). Still, the molecular 

mechanisms leading to resistance, susceptibility and tolerance in tomato remain 

controversial, as evidenced by its interaction with the fungus Verticillium (Fradin and 

Thomma, 2006; Robb, 2007). This stems from the fact that these studies have focused either 

on the R genes (and their role in pathogen recognition) or on the activated PR genes (and 

their role in plant immunity). The paucity in research trying to link the two is compounded 

by the fact that signalling pathways are non-linear and overlapping with signalling cascades 

for other biological phenomena (e.g., abiotic stress, senescence and differentiation) not 

normally associated with defence.  

Tomato is, in many ways, a good model plant in which to study the molecular 

mechanisms governing host-pathogen interactions. The tomato plant is diploid (n=12) with 

a well-characterized genetic map and is amenable to most biotechnological manipulations 

(Niven and Jones, 1986), including plant transformation (Cortina and Culianez-Macia, 2004) 

and gene silencing (Liu et al., 2002). A clearer molecular picture of tomato-pathogen 

interactions is being developed slowly with the advancement of functional tools for the 

characterization of individual genes and proteins and also the extensive availability of 

genome- and proteome-wide methodologies. The ease and availability of various tools like 

tomato microarrays from Cornell University (Moore  et al., 2005) and two-dimensional (2-

D) protein analysis followed by mass spectrometry (Pawłowski and Grandbastien, 2005; 

Robb et al., 2009A) have allowed extensive global analyses of both the mRNA 

(transcriptome) and protein (proteome) populations during various tomato-pathogen 

interactions (Rep et al., 2002; Robb et al., 2007; van Esse et al., 2008; Robb et al., 2009AB; 
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Jiang et al., 2009). The breadth of data generated sometimes overwhelms their 

interpretation; the current challenge for scientists is to integrate them, providing a more 

holistic view of plant defence.  

 

2.2. Microarray analysis 

Global analysis of gene expression is commonly undertaken through microarray 

analysis. The interaction of tomato with various pathogens has been analyzed using this 

very powerful method.  The most commonly studied pathosystems are those involving 

pathogenic bacteria. Prominent examples include infection experiments with Pseudomonas 

(Mysore et al., 2002) and Xanthomonas (Ciardi et al., 2000).  

In Pseudomonas-tomato interactions, global gene profiling is usually done on Pto-

mediated defence responses (Mysore et al., 2002), which have shown expression to be 

parallel to those observed in human and fruitfly immune responses (Mysore et al., 2003). 

Although constitutive and preformed defences are present in tomatoes, it is commonly 

observed that there is induction of defence genes (Herman et al., 2008).  

In Xanthomonas-tomato interactions, microarray analyses are done on plants either 

inoculated with the bacteria (Ciardi et al., 2000) or just with well-characterized effectors 

(Balaji et al., 2007). Because of global expression studies, important defence signalling 

pathways like ethylene perception (Ciardi et al., 2000) have been linked to the tomato 

response against pathogenic microbes.  

Aside from bacteria, there are also emerging studies with toxins (Frick and Schaller, 

2002), viruses (Alfenas-Zerbini et al., 2009), insects (Estrada-Hernández et al., 2009) and 

fungi. Foliar fungal pathogens like Cladosporium (van Esse et al., 2009) are more commonly 
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studied than their vascular counterparts like Verticillium (Robb et al., 2007; Robb et al., 

2009AB) in tomato as well as other hosts. This is because of the presence of the classical HR 

that leads to resistance against foliar pathogens; this response is more standardized and 

effectors have been characterized (Wang et al., 2005). Verticillium resistance, on the other 

hand, has been less studied and does not involve HR. 

2.3. RT-PCR 

Microarray analysis, with all its comprehensive analytical power, is not without 

limitations. That is why alternative methods to study gene expression are utilized to 

confirm results generated from microarrays. One such method is individual testing of 

interesting genes through RT-PCR. Both traditional and real-time RT-PCR methods require 

normalization of gene expression against stably expressed housekeeping genes (Paolacci et 

al., 2009). A novel variation of RT-PCR is differential display RT-PCR which has been used to 

study some plant-fungal interactions (Benito et al., 1996). Differential display RT-PCR 

allows simultaneous analysis of both fungal and plant genes induced during the host-

pathogen interaction. An improvement of this method led to the development of cDNA-

amplified fragment length polymorphism (AFLP) analysis (Durrant et al., 2000). Overall, 

RT-PCR is an accurate, sensitive and reliable method for validating gene expression data. 

3. Verticillium wilt in tomato 

A wide range of gene expression profiles have been generated for tomatoes affected 

by fungal pathogens. These profiles may involve those pathogens that cause very 

destructive vascular wilt disease, resulting in massive losses of agriculturally important 

crops. The majority of fungal-caused vascular wilts of higher plants are caused by species of 

the genera Fusarium and Verticillium. 
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Fungi of the genus Verticillium encompass more than 40 species, most of which are 

nonpathogenic while the rest infect other fungi, insects and plants. A defining characteristic 

of this genus is the presence of branched verticillate conidiophores and species are 

differentiated based on reproductive spores and survival structures. Verticillium that are 

pathogenic to plants have been assigned taxonomically to six species: V. dahliae, V. albo-

atrum, V. longisporium, V. tricorpus, V. nigrescens and V. nubilum (Robb, 2000; Karapapa and 

Typas, 2001). Of these six, the most prevalent are V. dahliae and V. albo-atrum (Beckman, 

1987), which cause vascular wilt disease in a large variety of host plants, including alfalfa, 

cotton, cucurbis, eggplant, mint, olive, potato, sunflower, strawberry, tomato and even 

weeds (Pegg and Brady, 2002). In fact, virtually all economically important agricultural 

plants, with the exception of the grasses, are vulnerable to infection, causing huge yield and 

financial losses annually worldwide (Cirulli, 1981). 

All vascular wilt diseases caused by Verticillium pathogens result in similar sets of 

symptoms. In a compatible (susceptible) interaction, the fungus spreads in an exponential 

fashion throughout the plant, resulting in pathogenesis (Heinz et al., 1998). Visible 

symptoms of the disease may include one or all of the following: vascular browning 

(discoloration), growth stunting, leaf epinasty and abscission, foliar flaccidity and chlorosis 

progressing to necrosis (Robb et al., 1982; Robb, 2000). All these symptoms constitute the 

general term “wilting.” If symptoms are severe enough the plant will die (Pegg, 1974). 

Disease control and management have relied heavily on the use of expensive fungicides but 

these chemicals have adverse effects on both humans and environment, and are not even 

fool-proof. Alternative methods, like soil solarization, have started to gain ground but 

geographical limitations impede its eventual widespread application (Saremi et al., 2006).  

Effective control of Verticillium wilt has been reported in specific crops that exhibit 

specific resistance and tolerance. In tomato, both phenomena have been reported and 
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current laboratory models exist in our laboratory which can be exploited to study each type 

of interaction (Chen et al., 2004). 

The most effective approach to plant disease management and control is the 

establishment of pathogen- or disease-resistant crops (Rommens and Kishore, 2000). For 

centuries, the most common and reliable way of doing this was through conventional cross-

breeding. However, the advent of newly resistant strains of pathogens and their fickle 

behaviour, plus the scarcity of time and genetic resources, have made it imperative to 

develop alternative and better approaches. Recent advances in biotechnology have made it 

very promising to elucidate plant defence mechanisms at the molecular level. 

Three states may occur when a plant encounters a pathogen. First, susceptibility is 

the state wherein the plant is overrun by the pathogen resulting in high expression of 

symptoms and eventually death (Heinz et al., 1998). Second, resistance is the condition 

wherein the plant is able to effectively resist the spread of pathogen. When closely 

examined, this results in low pathogen levels in the plant and low symptom expression. 

Susceptibility and resistance are well-described and readily distinguished from each other 

(Pegg and Brady, 2002). The third, however, is more controversial and its mechanism has 

been prone to debates in the scientific community. In our laboratory, we define tolerance as 

the phenomenon in which the plant “tolerates” the pathogen (Clarke, 1984; 1986). Closer 

examination reveals high levels of pathogen comparable to that in susceptibility but low 

symptom levels similar to that observed in resistance (Chen et al., 2004). This definition is 

vague and open to a spectrum of interpretations. Furthermore, it has not been fully 

recognized if tolerance is indeed a distinct interaction from resistance (Beckman and 

Roberts, 1995; Gao et al., 1995). Many crop species, such as cotton, alfalfa, and mint, have 

been found to harbour tolerance genes but lack genes for complete resistance (Hastie and 

Heale, 1981). 



-32- 

 

In our laboratory, studies about defence in tomato are carried out using the 

Craigella tomato model system. Craigella GCR26 (ve/ve) and Craigella GCR218 (Ve/Ve) 

tomatoes are near-isogenic lines. Both originate from the same tomato ancestor and one of 

their few genetic differences is in their Ve loci. Classical breeding programs have 

characterized GCR26 as Ve- (Craigella susceptible or CS) and GCR218 as Ve+ (Craigella 

resistant or CR). Further molecular studies through sequencing analyses have revealed that 

the Ve locus comprises two inverted homologous genes, Ve1 and Ve2, with an intergenic 

region between the two. The Ve loci difference between the two Craigella isolines is a 

combination of, in CS, a deletion mutation in Ve1 and some polymorphisms in Ve2 between 

CS and CR (Juarez-Ayala, 2008; Fradin et al., 2009). CR tomatoes are resistant while CS 

tomatoes are susceptible to V. albo-atrum and V. dahliae race 1. They are both tolerant to a 

non-tomato isolate of V. dahliae (Dvd-E6) (Chen et al., 2004). 

Resistance and tolerance are two ways that plants are able to deal with disease. 

Thus, it is important that molecular studies be focused on these two interactions for 

possible remedies to be developed. These alternate interactions have been said to result in 

very different evolutionary outcomes (Roy and Kirchner, 2000). Consequently, genetic and 

molecular mechanisms leading to tolerance may be very different from those giving rise to 

susceptibility and resistance. This is a largely unexamined terrain and scientific knowledge 

about this peculiar phenomenon is still limited for a variety of reasons (Robb, 2007). 

4. Rationale 

Characterization of expression and function of plant defence genes in the course of 

both biotic and abiotic stress may provide a better understanding of the molecular 

mechanisms involved in tomato defence. Most studies have focused on symptomological, 

cytological, physiological and biochemical aspects of the interaction but a molecular picture 
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is still slowly being revealed. Through RT-PCR characterization of defence gene expression 

in the course of Verticillium infection, this research provides an important example to 

further understand the molecular mechanism of tomato response against V. dahliae, and 

perhaps interactions between other species of Verticillium and many different hosts. 

Understanding the intricate molecular biology underlying resistance, susceptibility and 

tolerance, and the differences between them could be very helpful in the development of 

new concepts for disease resistance and crop protection. At a more fundamental level, it 

may contribute to a better understanding of factors regulating development of various 

pathosystems. This will also overhaul and revise the current but debated notion of what 

these interactions really are. 

Initial global characterization of defence gene expression in the tomato-Verticillium 

interaction was undertaken by Robb et al. (2007, 2009) using the commercially available 

TOM1 microarray (Alba et al., 2004) and, subsequently, with the customized Tomato 

Verticillium Response (TVR) chip (Robb et al., 2009B). Because this initial survey yielded 

interesting patterns of gene expression that correlated with the observed biology, this 

current study was aimed at confirming the earlier microarray results. Specifically, it 

determined the expression of selected interesting defence genes, especially the Ve genes, 

along the time course of Verticillium infection. Additionally, this study was undertaken to 

compare and confirm the expression profiles that can be generated through RT-PCR and 

real time PCR methods. 

The major aims of this thesis were (1) to standardize actin as a reliable expression 

control in RT-PCR studies of Verticillium-infected tomatoes; (2) to assess expression of 

selected and potentially interesting defence genes along the time course of Verticillium 

infection, using actin-controlled and normalized RT-PCR; and (3) to design and standardize 
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an exogenous universal internal control RNA that could be used to normalize real-time RT-

PCR results in order to further confirm expression data. 

This thesis is divided into four chapters. Chapter I (Introduction) reviews our 

current understanding of the various defence genes in tomato ranging from those involved 

in pathogen recognition (the R genes), defence signalling pathways and finally the defence  

response itself (e.g. PR protein genes). The first chapter also provides an overview of the 

pathosystem under study, that of the tomato-Verticillium, with focus on the known biology 

of Verticillium and the use of tomato as a model organism. Chapter II (Materials and 

Methods) outlines the research methodology designed and undertaken to complete this 

study. Chapter III (Results) summarizes the interesting data gathered throughout the course 

of the experiments as follows: (1) the standardization of actin as an RT-PCR expression 

control; (2) the general patterns of defence gene expression elucidated using traditional and 

real-time RT-PCR; and (3) the development and standardization of a digestion-based 

approach (RFLP assay) and an exogenous universal internal control-based approach to 

analyze gene expression, in an attempt to resolve the discrepancies between RT-PCR and 

real-time PCR data. Finally, Chapter IV (Discussion) provides insights based on these results 

and how these results relate to previous literature. It also speculates on the potential impact 

of this research and what future studies may be undertaken. 
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Chapter II: MATERIALS AND METHODS 

1. Plant material 

Two near-isolines of tomato (Solanum lycopersicum) cultivar (cv) Craigella were 

used in this research study: (1) CRG CR 218 (i.e. resistant), which possesses the Ve allele for 

resistance to Vd1 and (2) CSG CR 26 (i.e. susceptible), which does not. These two will be 

referred to as CR and CS, respectively. Before planting, tomato seeds were surface-sterilized 

in 1% v/v hypochlorite solution (Javex® bleach) for 10 minutes and then rinsed in sterile 

distilled water three times for a total rinse time of 1 hour. These were subsequently 

imbibed overnight and transferred to 17 X 13 X 6 cm3
 
Kord cell flats containing a 3:2:1 

mixture of Pro-mix® BX (Premier Horticulture Ltd., Riviere du Loup, Quebec, Canada), 

vermiculite (Profile Products LLC, Buffalo Grove, Ill., USA) and Turface mvp (Profile 

Products LLC, Buffalo Grove, Ill., USA). Plants were grown in Percival® growth cabinets with 

a cycle of 14 h light (1.5 X 103
 
μEinsteins m2s1) at 26°C and 10 h dark at 22°C, and fertilized 

weekly with Hoagland's solution (Hoagland and Arnon, 1950).  

1.1. Plant inoculation and symptom index assay 

After seedlings reached the 4-leaf stage, they were removed carefully from the Kord 

flats (which were left unhydrated the day before). The soil was gently shaken from the roots 

and then rinsed in sterile distilled water. After rinsing, roots were inoculated with Vd1 by 

dipping in 1.5% sterile gelatin solution containing 1 X 107 spores/μl for 3 min (Dobinson et 

al. 1996). Spore concentrations were assessed previously using the haemocytometer. Two 

types of control plants were maintained: unwounded (for RNA extraction) and wounded 

(for symptom scores). Unwounded control plants were left alone in the flats while wounded 

ones were root-dipped in uninoculated gelatin solution. Seedlings were replanted and 
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maintained as described previously. Disease symptoms were scored relative to mock-

inoculated control plants using a 0 (i.e. no symptoms) to 5 (i.e. plant dead) scale (Busch and 

Smith, 1981; Shittu et al., 2009). In all cases, the plants were scored independently by two 

observers and scores for each plant were averaged. 

1.2. Total nucleic acid extraction 

For both competitive RT-PCR and real-time RT-PCR studies, plants were scored for 

symptoms and samples collected along a time course: 4, 6, 8, 10, 12 and 15 days post-

inoculation (dpi). Each biological experiment was repeated once. Total nucleic acid was 

extracted from 0.5 g of fresh plant material using SDS-phenol (Nazar et al., 1991; Robb and 

Nazar, 1996). For fungal quantification and defence gene expression studies, the upper two-

thirds of the stem tissues were used. For actin standardization, three other organs (leaves, 

petioles, roots) were used in addition to stems. The tissues were pooled (three stems per 

pool) and frozen in liquid nitrogen. One pool was used for each of the six timepoints after 

Vd1 inoculation (4, 6, 8, 10, 12 and 15 dpi) and one pool was used from the uninoculated 

control plant. These were then ground (about 100 strokes) in liquid nitrogen using a 

prechilled mortar and pestle. The powdered tissue was transferred into a homogenization 

tube containing 5 mL of sodium dodecyl sulphate (SDS) extraction buffer (0.3% SDS, 0.14 M 

sodium chloride, 0.05 M ammonium acetate, pH 5.1) and 5 mL of phenol solution (946 mL 

90% phenol, 210 mL m-cresol, 135 mL water and 1.3 g 8-hydroxyquinoline). After 10 

strokes of homogenization, the homogenate was decanted into a new 12 mL blue-capped 

tube and incubated at 65°C for 10 minutes (with inversion every minute). The phases were 

separated by centrifugation for 10 minutes at 10,000 rpm at 15°C in a Beckman J2-21 

centrifuge JA20 rotor (Beckman, Palo Alto, California). The upper, aqueous layer was 

transferred into a new tube and precipitated with two volumes of salted ethanol (2% 
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potassium acetate in 95% ethanol) at -20°C overnight. The precipitate was collected by 

centrifugation for 20 minutes at 10,000 rpm at 4°C. The pellet was then washed with 70% 

ethanol, vacuum-dried for at least 5 minutes and dissolved in 1 mL of sterile distilled water. 

This was reprecipitated overnight by addition of a half volume (500 µL) of ammonium 

acetate followed by 2 volumes (3 mL) of 95% ethanol. The nucleic acid was again collected 

by centrifugation for 20 minutes at 10,000 rpm at 4°C and the final pellet was dissolved in 

100 µL of sterile distilled water and stored in small aliquots at -80°C. The amount of RNA 

was estimated by measuring its absorbance at 260 nm. The RNA quality was confirmed by 

loading 5 µg of extract (denatured by 95% formamide with 0.1% bromophenol blue 

addition and heating at 70°C for 5 minutes) and analyzing the ribosomal RNA (rRNA) 

components on a 1.0% agarose gel stained with methylene blue for 5 minutes and destained 

with distilled water overnight (Lee, 1992; Sambrook and Russell., 2001). Two biological 

experiments were done. The first set of samples was collected by Barbara Lee in July, 2007. 

The second set was collected by Hakeem Shittu and the author in April, 2008. 

2. Fungal quantification 

The amount of fungal DNA was determined using a previously described 

quantitative PCR-based assay (Hu et al., 1993; Robb and Nazar, 1996). The total nucleic acid 

extract was first diluted 5X and 5 µL were used for PCR. The 50 μL PCR mix contained the 

following components: 5 µL of 10X PCR buffer (500 mM potassium chloride, 15 mM 

magnesium chloride, 10 mM Tris-HCl pH 9.0, 1% Triton X-100), 0.2 mM bovine serum 

albumin, 0.2 mM of each deoxyribonucleotide triphosphate, 100 ng of each oligonucleotide 

primer, 5 μL nucleic acid extract, 0.1 pg internal control DNA and one unit of Taq DNA 

polymerase. This mix was overlayed with light mineral oil before loading into the PCR 

machine. PCR amplification was performed in a programmable thermocycler (Pharmacia 
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LKB, Gene ATAQ Controller, Stockholm, Sweden) using 30 reaction cycles consisting of a 1-

min denaturation step at 94°C, 1-min annealing step at 60°C and 1-min elongation step at 

72°C. An initial 5-min denaturation step at 95°C and a final 5-min elongation step at 72°C 

also were included. After PCR, 10 μl of the amplicons were analyzed by electrophoresis on a 

2% agarose gel, staining with ethidium bromide (10 mg/l) for 15 minutes and destaining 

with distilled water for 15 minutes. Gels were visualized under UV light using a GelDoc 

1000 (BioRad, Hercules, CA, USA) and the DNA bands were quantified using Molecular 

Analyst Software (BioRad). For each sample, the intensity ratio between template band and 

internal control band was correlated with the amount of Vd1 (in ng fungal DNA/g plant 

tissue) using a standard curve (Hu et al., 1993; Robb and Nazar, 1996).  

3. Reverse transcriptase-polymerase chain reaction 

3.1. Reverse transcription 

Complementary DNA (cDNA) was synthesized by reverse transcribing total RNA in a 

25 µL reaction containing the following: 5 mM of each deoxyribonucleoside triphosphate 

(dNTP), 200 ng of gene-specific reverse primer or oligo-dT primer, and 500 ng template 

RNA. 2.5 pg of internal control also were added in actin standardization experiments. RT 

reactions were first incubated at 65°C for 5 minutes to allow denaturation and chilled 

immediately on ice for 3 minutes to quench the RNA and prevent renaturation. 5 µL of 5X 

reaction buffer (250mM Trus-HCl, 395 mM KCl, 15 mM MgCl2, 50 mM dithiothreitol, pH 8.3) 

were added, followed by incubation at 42°C for 2 minutes for proper annealing. 100 units of 

Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Fermentas MBI, 

Burlington, Ontario) finally were added to the reaction mix and cDNA synthesis was allowed 

to occur at 37°C for 60 minutes. After 1 hour, the reaction was inactivated by heating at 
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70°C for 5 minutes and the mix subsequently diluted to 250 µL with sterile deionized water. 

5 µL of this diluted RT reaction were used as template for downstream PCR amplification 

experiments. To ensure that all the signal came from the cDNA, a negative RT control (no 

addition of the MMLV reverse transcriptase) was also used as template for PCR. 

3.2. Polymerase chain reaction 

The 50 μL PCR mix contained the following components: 5 µL of 10X PCR buffer 

(500 mM potassium chloride, 15 mM magnesium chloride, 10 mM Tris-HCl pH 9.0, 1% 

Triton X-100), 0.2 mM bovine serum albumin, 0.2 mM of each deoxyribonucleotide 

triphosphate, 100 ng of each oligonucleotide primer, 5 μL nucleic acid extract and one unit 

of Taq DNA polymerase. This mix was overlayed with light mineral oil before loading into 

the PCR machine. PCR amplification was performed in a programmable thermocycler 

(Pharmacia LKB, Gene ATAQ Controller, Stockholm, Sweden) using a variable number of 

reaction cycles depending on the target (refer to Table 2.3). The PCR cycle consisted of a 1-

min denaturation step at 94°C, 1-min annealing step at variable annealing temperatures 

(refer to Table 2.3) and 1-min elongation step at 72°C. An initial 5-min denaturation step at 

95°C and a final 5-min elongation step at 72°C also were included. After PCR, 5-10 μl of the 

amplicons were analyzed by electrophoresis on a 2% agarose gel, staining with ethidium 

bromide (10 mg/L) for 15 minutes and destaining with distilled water for 15 minutes. Gels 

were visualized under UV light using a GelDoc 1000 (BioRad, Hercules, CA, USA) and the 

DNA bands were quantified using Molecular Analyst Software (BioRad). For the actin 

competitive RT-PCR, the intensity ratio between template band and internal control band 

were correlated with the amount of actin using a standard curve (Haq, personal 

communication; see Appendix). For statistical reliability, technical replications of the RT-

PCR reactions were done independently. A summary of the primers used, their nucleotide 
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sequence and annealing temperatures, and number of PCR cycles used is shown in Table 

2.3.  

Table 2.3. Summary of primers used for gene expression studies. 

Name Primer Designation Oligo Sequence Annealing 
temperature 

# of 
cycles 

Product 
size 

       

Actin SL156 forward GGCTGGATTTGCWGGWG 43 30 363 bp 

IDT115 reverse ACAGCCTGAATAGCAAC 

       

PAL IDT130 forward GAATTCACTGACTATTTG 39 30 652 bp 

IDT132 reverse GATAGGTTGATGACATTA 

       

ERF-2 SL193 forward TATCATTCCTCCTCGTG 42 33 425 bp 

IDT069 reverse TAGCAGTAATGGTCGTC 

       

14-3-3 SL197 forward AGTGTTTGTACTTGGCG 42 33 330 bp 

SL199 reverse CAGAAGCTGAAGGAATC 

       

IDGR IDT155 forward CTCTGTAGCAGCATTC 40 40 401 bp 

IDT156 reverse TTCCTAACGGAGCTTC 

       

PMPF-8 IDT157 forward GATTCTTGAGAATTCCAC 40 33 283 bp 

IDT158 reverse AATATGGGTGATCTGTAC 

       

RNP-1 IDT175 forward GCTCTTATCAAAGTAGCC 44 33 432 bp 

IDT166 reverse GCAGCTTCATAAGGATCC 

       

CBP IDT178 forward CCGTTGAATTTTGAACC 40 33 224 bp 

IDT179 reverse CCAAACACAAGAGTCC 

       

Class IV 
Chitinase 

IDT149 forward TATTGTGGTGAAGGGTG 42 33 468 bp 

IDT150 reverse CTTCCTACTATGTCTGG 

       

CDKI IDT147 forward CGTCTCTAACACTTGTTC 44 33 344 bp 

IDT148 reverse CAGTTGGTGACATCTCC 

       

β-Glucanase IDT189 forward CCCTGGAGTTGTTGTG 44 33 296 bp 

IDT190 reverse CAATTTCAGGGCTCTTG 

       

P6 IDT236 forward GCCCATTATGAACATATG
G 

44 33 365 bp 

IDT237 reverse GTGTTGGTGGAAAACAG 
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SAM IDT200 forward GGAAACTACAAGAGTTC 40 33 428 bp 

IDT201 reverse AGATTTATTGGAGAGGC 

       

Ve1 IDT220 forward TGTGTGATGTAACCAGAA 42 33 731 bp 

IDT221 reverse CCACACAACTGAAATAG 

       

Ve2 IDT222 forward ACTGATGTTTCCTAGATA
C 

43 33 280 bp 

IDT223 reverse GTGATATATGACTAATAA
AGG 

       

P1a IDT235 forward CTCTCCACTAAACCTAAA
G 

44 33 251 bp 

IDT168 reverse CAGCACCAGAATGAATC 

3.3. Calculations and analysis 

All RT-PCR reactions were carried out with a separate actin RT-PCR since this was 

the internal control by which the expression of the other three genes was normalized. Thus, 

the expression units for the genes investigated were relative to actin. Three to four RT-PCR 

replicates were performed to ensure accuracy, precision and reproducibility of results. The 

means of the expression values for each setup were compared against each other and tested 

to determine if they were statistically significant or not. Statistical significance among 

groups were identified by one-way analysis of variance (ANOVA) and further evaluated 

using GraphPad InStat (GraphPad Software Inc., San Diego, USA). The presense of statistical 

significance in expression values signified differential expression of that particular gene 

(either upregulated or downregulated). The absence of statistical significance signified 

unchanged expression of that gene. 

To normalize gene expression values (Table 2.4) against the reference gene actin 

(Table 2.5), the absolute (raw) expression data was first normalized for each trial (e.g. 

X1/Average X; X2/Average X). Note that for illustration purposes, only two time points are 

used. This trial-normalized value was then normalized relative to actin by multiplying it 

with the expression of the gene of interest relative to actin (Average XYZ/Average ABC). The 
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first normalization corrected for errors between trials (decreasing the standard deviation) 

while the second normalization calibrated the gene expression data relative to the actin 

value (see Table 2.6). The final mean values obtained in Table 2.6 were the ones plotted into 

histograms in the Results section. 

Table 2.4. Raw expression values for representative Gene A. 

 Time point 1 Time point 2 Average 

Trial 1 X1 X2 Average X=
𝑋1+𝑋2

2
 

Trial 2 Y1 Y2 Average Y=
𝑌1+𝑌2

2
 

Trial 3 Z1 Z2 Average Z=
𝑍1+𝑍2

2
 

Average Average 1 Average 2 Average XYZ= 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋 + 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑌 + 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑍

3
 

 

Table 2.5. Expression values for the reference gene actin. 

 Time point 1 Time point 2 Average 

Trial 1 A1 A2 Average A=
𝐴1+𝐵2

2
 

Trial 2 B1 B2 Average B=
𝐵1+𝐵2

2
 

Trial 3 C1 C2 Average C=
𝐶1+𝐶2

2
 

Average Average I Average II Average ABC= 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴 + 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐵 + 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶

3
 

 

Table 2.6. Normalized expression values for representative Gene A. 

 Time point 1 Time point 2 

Trial 1 𝑋1

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

𝑋2

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

Trial 2 𝑌1

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑌
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

𝑌2

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑌
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

Trial 3 𝑍1

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑍
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

𝑍2

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑍
×
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑋𝑌𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐵𝐶
 

Average Normalized expression  
value of representative Gene 
for time point 1 

Normalized expression  
value of representative Gene 
for time point 2. 
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3.4. Radioactive PCR 

In some experiments, radioactive label was added to permit autoradiographs and 

more accurate quantification. For radioactive active PCR, the 50 μL PCR mix contained the 

same components as outlined in the previous section but 2 µCi of radioactive [α32P]-dCTP 

(Perkin Elmer) was added so that some of the cytosines incorporated into the final product 

will be radioactive. The amount of PCR product was then directly proportional to the 

amount of radioactivity. After gel electrophoresis of PCR products, the bands were cut out 

and placed inside vials for radioactive counting. The vials were placed inside a Wallac 

Rackbeta 1209 liquid scintillation counter (Pharmacia LKB) and counting was performed in 

three rounds providing data in counts per minute (CPM). 

4. Real-time RT-PCR 

4.1. Reverse transcription 

Complementary DNA (cDNA) was synthesized using the High Capacity cDNA 

Reverse Transcription Kit (Applied BioSystems, California, USA) by the Genomics Facility of 

the University of Guelph Advanced Analysis Centre. 

4.2. Real-time PCR 

Real-time PCR was carried out using SYBR Green PCR Master Mix (Applied 

BioSystems) by the Genomics Facility of the University of Guelph Advanced Analysis Centre. 

The target genes for the PCR were actin, Ve1 and Ve2.  

4.3. Calculations and analysis 

Real time PCR results were expressed as Ct (cycle threshold) values. This value 

corresponded to the cycle at which the fluorescence of the SYBR Green dye reached above 
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the threshold or background fluorescence value. In quantifying gene expression, the mRNA 

levels of the gene of interest were divided by the mRNA levels of the housekeeping gene β-

actin. This normalized for variations in concentration and quality of mRNA among the 

samples. The final value reported was the ratio below: 

          

Ratio =  (1+Egene of interest) ∆Ct (control-infected)/ (1+Ehousekeeping gene) ∆Ct (normal-infected)  

     

Where E is the primer efficiency (which was determined automatically by the real-

time PCR machine).  

5. DdeI restriction fragment length polymorphism (RFLP) assay 

5.1. Simultaneous Ve gene PCR assay 

To co-amplify Ve1 and Ve2, PCR was perfomed using primers (SL134 and IDT171) 

that anneal to identical regions in the two Ve genes (5’-GGATCAATACCTTCCAC-3’and 5’-

GTATCCAACGGAGAGG-3’). The PCR was carried out as described in Materials and Methods 

Subsection 3.2. 35 cycles were used with an annealing temperature of 42°C. 

5.2. Differential digestion with DdeI 

The PCR products were purified using phenol-chloroform extraction followed by 

overnight salted ethanol precipitation. Purified PCR products were digested with DdeI 

(Fermentas MBI, Burlington, Ontario) in Tango® Buffer Y (33 mM Tris-acetate (pH 7.9 at 

37°C), 10 mM magnesium acetate, 66 mM potassium acetate, 0.1  mg/mL BSA). Digestion 

was done at 37°C overnight and deactivated at 80°C for 20 minutes. Digests were run 

immediately in 12% non-denaturing polyacrylamide gel. 
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5.3. Polyacrylamide gel electrophoresis 

A preparatory gel slab was prepared by clamping two clean glass plates with plastic 

spacers. To avoid leakage later, the bottom was taped carefully. 12% non-denaturing gel 

mixture was injected into the gel slab (between the glass plates) using a 50 mL plastic 

syringe. 12% polyacrylamide gel mixture consisted of 0.5 mL of 10% ammonium 

peroxydisulfate and 50 µL of N,N,N1,N1-tetramethylene- ethylenediamine (TEMED) in 50 

mL of 12% gel solution (11.6% w/v acrylamide, 0.4% w/v bis-acrylamide, 100 mM Tris-

borate, pH 8.3, 2 mM EDTA). When completely filled with gel mixture, a gel comb was 

inserted between the glass plates and the gel was allowed to polymerize overnight. The 

following day, the comb was removed and the gel was pre-run with 1X Tris-borate-EDTA 

buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) at 100 volts for 10 minutes. 

DdeI-digested samples then were loaded onto the polyacrylamide gel and run at 500 volts 

for 3 hours. After electrophoresis, this gel was stained with ethidium bromide (10 mg/L) for 

at least 30 minutes and visualized under UV light using a GelDoc 1000 (BioRad, Hercules, 

CA, USA); the DNA bands were quantified using Molecular Analyst Software (BioRad). The 

two largest fragments corresponded to the Ve2 expression signal while the four or five 

fragments below corresponded to the Ve1 expression signal (Figure 2.1). 
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Figure 2.1. DdeI restriction endonuclease recognition sites in the Ve1 and Ve2 
amplicons using the Ve-specific primers. 

 The Ve amplicons were digested with DdeI to differentiate the signals coming from Ve1 or 
Ve2. DdeI-digested Ve2 yielded two fragments, 161-bp and 174-bp in size. The Ve1 DdeI 
digest yielded 28-bp, 37-bp, 60-bp, 86-bp and 124-bp fragment sizes in the CR isoline and, 
in the CS isoline, the fragment sizes were 28-bp, 86-bp, 96-bp and 125-bp. This difference 
was a result of a single nucleotide deletion in the Ve1 gene of the CS isoline (Juarez-Ayala, 
2008; Fradin et al., 2009). These fragments were readily resolved during polyacrylamide gel 
electrophoresis. 
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6. Preparation of a universal internal control 

To resolve inherent differences between conventional and real-time RT-PCR, an 

internal control was designed for quantification of mRNA levels using the two methods of 

gene expression analysis. Instead of designing individual internal controls for each gene of 

interest, a universal internal control was made in this case. A well-characterized gene with a 

polyA sequence was chosen as this could be used for all RT reactions using the polydT 

primer. By adding an internal control, there would be competition between the template 

RNA and the internal control RNA (Tsai and Wiltbank, 1996) during the reverse 

transcription, controlling for amplification discrepancies resulting from varying RNA 

quantity and quality. Internal control RNA was synthesized by in vitro transcription using 

the enzyme T7 RNA polymerase (Milligan et al., 1987). 

6.1. Preparation of plasmid template 

The insert was prepared by PCR amplifying the peroxidase gene (SGN-U313419) 

using universal T3 (5’-AATTAACCCTCACTAAAGG-3’ or SL142) and T7 primers (5’- 

TAATACGACTCACTATAGGG-3’ or SL141) from an EST template kindly provided by the Sol 

Genomics Network (Cornell University). High-fidelity proofreading Pfu DNA polymerase 

(Fermentas MBI, Burlington, Ontario) was used to avoid mismatches. The identity of the 

insert was verified by both restriction digestion with MboI (Fermentase MBI, Burlington, 

Ontario) in Buffer R (10 mM Tris-HCl (pH 8.5 at 37°C), 10 mM MgCl2, 100 mM KCl, 0.1 

mg/mL BSA), and direct sequencing of the PCR product. Prior to sequencing, the PCR 

product was purified using the ExoSAP protocol. The Exonuclease I (Fermentase MBI, 

Burlington, Ontario) degraded the primers while the shrimp alkaline phosphatase (SAP) 

removed the dNTPs. In detail, 10 µL of the PCR product were treated with 20 units of 

Exonuclease I and 4 units of SAP. The reaction was performed at 37°C for 1 hour and 
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inactivated at 80°C for 15 minutes. The DNA was then precipitated using salted ethanol 

overnight and subsequently resuspended in water. The PCR product was quantified using 

gel electrophoresis and 20 ng aliquots were submitted for sequencing using an Applied 

Biosystems 3730 Analyzer (Core Sequencing Facility, University of Guelph, Guelph, 

Ontario). The T3 primer was used as the sequencing primer. 

The remaining PCR product was purified by phenol-chloroform extraction 

(Chomczynski and Sacchi, 2006) followed by ethanol precipitation. To generate the 

appropriate sticky ends, the insert DNA was digested simultaneously with two restriction 

enzymes KpnI (Amersham-Pharmacia, Oakville, Ontario) and MboI (Fermentas MBI, 

Burlington, Ontario) in One-phor-all plus buffer (Amersham-Pharmacia, Oakville, Ontario) 

containing 10 mM Tris-acetate pH 7.5, 10 mM Mg(OAc)2, 50 mM KOAc. The vector pTZ19R 

was similarly double digested with KpnI and BamHI (Fermentase MBI, Burlington, Ontario) 

in One-phor-all plus buffer. MboI and BamHI are isocaudomers, i.e. they recognize and cut 

different sequences but produce the same sticky ends. The insert and vector were ligated in 

a 3:1 molar ratio using T4 DNA ligase (Fermentas MBI, Burlington, Ontario) overnight at 

16°C in ligation buffer (400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 5 mM ATP). 

Successful ligation was verified by running pre- and post-ligation reactions on a 1.8% 

agarose gel. The ligation reaction was transformed directly into competent E. coli C490 cells 

using the heat-shock method. To make competent cells, 1 mL of LB broth was inoculated 

with one pure colony and incubated overnight (12-14 hours) at 37°C. This 1 mL of pure 

culture was then transferred into 20 mL LB broth and incubated at 37°C with shaking. This 

was grown to an absorbance of 0.6 at 600 nm and subsequently chilled on ice. Cells were 

pelleted by centrifugation at 10,000 rpm for 10 minutes at 4°C. The cellular pellet was 

resuspended in 5 mL of cold 0.1M calcium chloride for 1 hour. Cells again were pelleted by 
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centrifugation at 10,000 rpm for 10 minutes at 4°C. The cellular pellet was resuspended in 5 

mL of cold 0.1M calcium chloride for another hour. These competent cells were either 

transformed with the construct or stored in aliquots (with equal volume of 50% glycerol) at 

80°C. Transformed cells were finally plated on Luria-Bertani (LB) plates containing 100 

µg/mL ampicillin and incubated for 12-14 hours at 37°C.  

Clones were screened by isolating plasmid DNA from all colonies using a small-scale 

(miniprep) extraction method previously described by Birnboim and Doly (1979), and then 

subsequently digesting the minipreps with HinfI (Fermentas MBI, Burlington, Ontario) 

Buffer R (10 mM Tris-HCl (pH 8.5 at 37°C), 10 mM MgCl2, 100 mM KCl, 0.1 mg/ml BSA). This 

enzyme was used since pure vector (pTZ19R) and vector plus insert yield different 

restriction profiles. 
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(A) 

  

(B) 

Figure 2.2. HinfI restriction map of PTZ19R with no insert and with insert.  

HinfI cut sites for PTZ19R (A) and PTZ19R with the insert (B); black curved line represents 
insert location). The fragment sizes are shown. PTZ19R digested with HinfI generates 1202, 
517, 396, 75, 65, 205, 36, 344 and 22 bp fragments. PTZ19R with the insert digested with 
HinfI generates 1202, 517, 396, 75, 65, 205, 36, 172, 132, 456 and 22 bp fragments. 
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Plasmids were then prepared from a positive clone using a large-scale (maxiprep) 

method as described by Good and Nazar (1995). A single colony was inoculated into 1 mL of 

LB broth containing amplicillin and incubated at 37°C for 2-4 hours. This was then 

inoculated into a flask containing 250 mL of LB-ampicillin broth and incubated overnight 

with shaking at 37°C. Cells were pelleted by centrifugation in a Beckman JA20 rotor at 5,000 

rpm for 10 minutes at 4°C. The cell pellet was resuspended in 10 mL of ice-cold Solution I 

(50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl pH 8.0), vortexed vigorously and 

transferred into a beaker. The suspension was stirred well and left on ice for 5 minutes. 

Then, 20 mL of freshly prepared Solution II (1% SDS, 0.2 N NaOH) were added, mixed well 

with a stirring rod and left on ice for 5 minutes. 15 mL of Solution III (60 mL of 5 M 

potassium acetate, 11.5 mL of glacial acetic acid and 28.5 mL of water) were finally added 

and mixed well before being left on ice for another 5 minutes.  

The suspension was divided into two 40-mL culture tubes and these were centrifuged 

at 10,000 rpm at 4°C for 10 minutes. The supernatant was filtered through cheesecloth and 

transferred into a new tube. The nucleic acid was precipitated by adding 0.6 volume of 2-

propanol, incubating at room temperature for 15 minutes and centrifuging at 15°C for 10 

minutes at 10,000 rpm. The resulting nucleic acid pellet was vacuum-dried for 10-15 

minutes before dissolving in 4 mL of water. 8 µL of RNase A (10 mg/mL) solution (Sigma-

Aldrich, Oakville, Ontario) were added and the reaction was allowed to proceed at 37°C for 

1 hour. After RNase treatment, 400 µL of 3 M sodium acetate and an equal volume of water-

saturated phenol were added. The mixture was vortexed vigorously before separating the 

phases by centrifugation at 10,000 rpm for 15 minutes at 15°C. The upper, aqueous phase 

was then extracted with an equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) 

solution followed by centrifugation at 10,000 rpm for 15 minutes at 15°C. Finally, the 

aqueous phase was precipitated with 95% ethanol overnight at -20°C. 
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After centrifugation at 10,000 rpm for 15 minutes at 15°C, the DNA pellet was 

vacuum-dried and resuspended in 4 mL of water. The solution was incubated at 37°C for 20 

minutes before adding cesium chloride (1.012 g/mL) and 100 µL of ethidium bromide (10 

mg/mL in water). The CsCl-DNA solution was then transferred into ultracentrifugation 

tubes using a syringe with needle. The tubes were heat-sealed and then centrifuged at 

45,000 rpm for 14-16 hours at 15°C in a Ti65.2 Beckman rotor (Beckman, Palo Alto, 

California). Afterwards, the tubes were removed and the plasmid band was visualized by 

ethidium bromide and UV light. The band was sucked carefully into a syringe with a 16cc 

gauge needle and transferred into a blue-capped tube. Ethidium bromide was removed by 

adding an equal volume of salted propanol four times. The EtBr-less solution was then filled 

to 4 mL with water and precipitated with 2 volumes of 95% ethanol overnight at -20°C. 

Purified plasmid DNA was pelleted by centrifuging at 10,000 rpm for 15 minutes at 4°C, 

vacuum-dried for 5 minutes and redissolved in water. The concentration and quality of DNA 

was determined by UV spectrophotometry and 1.8% agarose gel electrophoresis. The 

identity of the construct was then confirmed by restriction digestion with HinfI. 

6.2. In vitro transcription and purification 

The plasmid DNA was first linearized by digesting in KpnI in One-phor-all plus 

buffer (Amersham-Pharmacia, Oakville, Ontario) containing 10 mM Tris-acetate pH 7.5, 10 

mM Mg(OAc)2, 50 mM KOAc. This site is downstream of the insert. The digestion was 

performed at 37°C and then inactivated at 80°C for 20 minutes. The digest was then 

extracted with phenol:chloroform and precipitated overnight with salted ethanol (2% KOAc 

in 95% ethanol). The digested plasmid was dissolved in 50 µL of water and the linearization 

and concentration were confirmed by gel electrophoresis. The in vitro transcription mix 

contained 5 µg of plasmid, 2 mM of NTPs, 0.02 M dithiothreitol mixed with T7 RNA 
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polymerase in N4 buffer (20 mM MgCl2, 40 mM Tris-Hcl pH 8.1, 1 mM spermidine, 0.01% 

Triton X-100) for a final working volume of 100 µL. The transcription was done at 37°C for 

4 hours after which the RNA was extracted twice with phenol: chloroform: isoamyl alcohol 

(25:24:1) solution before precipitation with 2.5 volumes of salted ethanol. The RNA was 

purified by running on an 8% denaturing polyacrylamide gel, staining with methylene blue 

(Peacock and Dingman, 1967) and gel-extracting with 0.3% SDS buffer solution and phenol 

solution (van Ryk et al., 1990). The in vitro internal control RNA was precipitated with 2.5 

volumes of salted ethanol. Finally, this was dissolved in water, quantified using UV 

spectrophotometry and stored at -80°C. 

6.3. RT-PCR and real-time PCR with universal internal control 

RT-PCR and real-time PCR were performed as previously described in this chapter 

(Chapter II: Sections 3 and 4). The primers used were a vector-specific primer (5’-

ATGCCTGCAGGTCGAC-3’) and an insert-specific primer (5’AGGACTCACCTTCCTAG-3’). 

Traditional PCR amplification was done using 30 cycles consisting of a 1-min denaturation 

step at 94°C, 1-min annealing step at 49°C and 1-min elongation step at 72°C. An initial 5-

min denaturation step at 95°C was also included. Real-time PCR was carried out by the 

University of Guelph Genomics Facility.   
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Chapter III: RESULTS 

1. Standardization of actin as an internal control 

Gene expression studies may be undertaken, apart from Nothern hybridizations and 

microarrays, by using quantitative reverse transcription-polymerase chain reaction (RT-

PCR). This requires that the expression profiles of the various genes being studied should be 

normalized against a suitable internal control (Yan and Liou, 2006). Normalization ensures 

that the results have been corrected for discrepancies in concentration measurements, 

reaction inhibition and other extraneous errors. 

In this study, the expression of the housekeeping gene actin was used as the RT-PCR 

internal control standard. The expression of actin was calibrated (see Appendix Figure A.19) 

using a homologous internal control made by Kamran Haq (personal communication). Actin 

levels were first compared between the two isolines used in this study: Craigella Resistant 

and Craigella Susceptible tomatoes. Figure 3.3 shows the actin RT-PCR products for both 

uninfected CS and CR plants and their corresponding expression value after quantification 

against the IC using Molecular Analyst software. The data clearly showed that actin 

expression between these two isolines when uninfected were comparable or unchanged, 

suggesting that their intrinsic genetic differences did not affect housekeeping actin gene 

expression. 

Spatial differences in gene expression are not uncommon for genes (Fudali et al., 

2008). To confirm that actin expression remains unchanged in different regions of the plant, 

its expression was monitored in various organs. The organs used in this study were leaves, 

petioles, roots and stems; the latter of which will be the subsequent essential focus since 

host compatibility (susceptibility) or incompatibility (resistance) with Verticillium appears 
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to be determined in the stem (Street et al., 1986; Beckman, 1987; Robb et al., 1987). Figure 

3.4 shows the actin RT-PCR products for the four different tomato plant organs mentioned. 

The data indicate that actin expression remained essentially constant spatially. 

Since this study ultimately was intended to look at defence gene expression trends 

along a time course and at different infection conditions, it was imperative to also test the 

expression of actin temporally and conditionally. Expression analysis was done at different 

days post-inoculation (dpi) with Verticillium (0 dpi or control, 4 dpi, 6 dpi, 8 dpi, 10 dpi, 12 

dpi, 15 dpi). Two different infection conditions were also established. The first was 

susceptibility wherein CS plants were inoculated with Verticillium dahliae race 1 (Vd1) 

leading to high symptom scores and high fungal levels. The second was resistance wherein 

CR plants were inoculated with Vd1 leading to low symptom scores and low fungal levels. 

Figure 3.5 shows that actin expression across the infection time course whether the host 

plants were susceptible or resistant. The CS/Vd1 time course was fairly constant with the 8 

dpi time point being slightly higher than the rest of the time points. In the CR/Vd1 time 

course, actin expression at 10 and 12 dpi were also slightly higher than the other 

timepoints. Even though there was some actin fluctuation observed, the difference between 

the largest and smallest values did not exceed 20%. This provided the necessary evidence 

that actin could be used appropriately as an internal control in downstream gene 

expression analyses of the Verticillium-tomato pathosystem. 
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(A) 

 

(B) 

Figure 3.3. Isoline expression of actin in CS and CR plants.  

(A) Competitive RT-PCR of actin in CS and CR tomato isolines. The RT-PCR templates used 
are: for lane 1, just CS nucleic acid extract without internal control RNA; for lanes 2 and 3, 
two different CS nucleic acid extracts plus internal control RNA; for lanes 4 and 5, two 
different CR nucleic acid extracts plus internal control RNA; for lane 6, internal control RNA 
only; and for lane 7, no template. Lane M is the molecular size marker. (B) Quantification of 
expression by calculating the ratio of the RT-PCR bands coming from endogenous actin and 
internal control. Standard deviations are provided which represent at least three PCR 
replicates of two biological trials. 
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(A) 

 

(B) 

Figure 3.4. Spatial expression of actin.  

(A) Competitive RT-PCR of actin in different plant organs of the CS tomato. The RT-PCR 
templates used are: leaf RNA + internal control RNA (lane 1), petiole RNA + internal control 
RNA (lane 2), stem RNA + internal control RNA (lane 3), root RNA + internal control RNA 
(lane 4), stem RNA only (lane 5), internal control RNA only (lane 6), and no template (lane 
7). Lane M is the molecular size marker. (B) Normalized quantification of expression by 
calculating the ratio of the RT-PCR bands coming from endogenous actin and internal 
control. Standard deviations are provided which represent at least three PCR replicates of 
two biological trials. 
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(A) 

 

(B) 

Figure 3.5. Temporal and conditional expression of actin.  

(A) Competitive RT-PCR of actin in nucleic acid extracts from stems of CS and CR tomato at 
different days post-inoculation (dpi) of Verticillium dahliae race 1 (Vd1). This represents the 
Susceptible and Resistant time courses, respectively. C stands for control unwounded plant; 
4, 6, 8, 10, 12 and 15 represent the different time points; NC stands for negative control. (B) 
Normalized quantification of expression by calculating the signal of actin RT-PCR bands 
divided by the signal of internal control RT-PCR bands. Standard deviations are provided 
which represent at least three PCR replicates of two biological trials. 
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2. Biological differences between infected susceptible and resistant plants 

Before gene expression studies or any type of analyses are performed on any 

pathosystem, it is important that pathogenic infection of the host plant is successfully 

established. Previous studies in our laboratory already have provided standard parameters 

and indexes to assess whether successful infection occurred (Heinz et al., 1998; Chen et al., 

2004). Specifically, this thesis looked at biological measurements in terms of symptom 

scores and fungal pathogen levels. 

Symptom scores were assigned relative to wounded control plants using a 0 (i.e. no 

symptoms) to 5 (i.e. plant dead) scale (Busch and Smith 1981; Shittu et al. 2009; see Figure 

3.6). Symptoms indicative of Verticillium wilt of tomato include growth stunting, chlorosis, 

leaf epinasty and necrosis (Robb, 2000). Figure 3.6 shows the symptom scores of infected 

CS and CR plants along a time course. It can be observed that susceptible and resistant 

plants developed symptoms at a comparative level during earlier time points (4-6 dpi). The 

resistance response in the latter kicked in and allowed symptom recovery as evidenced in 

later time points starting at 8 dpi.  

Disease symptoms are ultimately the result of the interplay between the host plant 

and fungal pathogen. It is therefore important also to quantify the level of fungal 

colonization within the plant. In the present thesis work, fungal levels were determined 

using a previously described quantitative PCR-based assay developed in our laboratory (Hu 

et al., 1993; Robb and Nazar, 1996). This assay relied on measurement of fungal rDNA. 

Figure 3.7 shows the fungal colonization profiles in both the compatible and incompatible 

interactions. Cyclical colonization of the fungus could be observed, in agreement with 

previous studies (Heinz et al., 1998; Chen et al., 2004). Initially, fungal levels were higher in 

susceptible than in resistant plants (4 to 6 dpi). Vd1 fungal levels in CR plants then started 
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to rise while those in CS plants started to fall, accounting for the similar levels initially at 

around 8 dpi. Afterwards, the fungal levels in CR/Vd1 plants started to fall and failed to 

recover while the levels in CS/Vd1 reached the characteristic peak at 10 dpi. It was also at 

this time point when there was largest difference in fungal levels – a time point which is 

crucial in the infection process (Chen et al., 2004). The fungal levels in CS plants tapered off 

after 10 dpi. This time point has been used as a reference point when doing preliminary 

analysis of plants because of the significant molecular and biological differences observed, 

including global changes in gene expression (Robb et al., 2009AB) and substantial disparity 

in symptomatic expression and fungal levels (Chen et al., 2004). Temporarily, partial 

recovery of susceptible plants starting at 12 dpi was just an indication of the cyclical nature 

of Vd1 colonization (Heinz et al., 1998). 

  



-61- 

 

 

(A) 

 

(B) 

Figure 3.6. Disease symptoms of susceptible and resistant plants.  

(A) Symptom score index used for Verticillium-infected tomato plants (Busch and Smith 
1981; Shittu et al. 2009). A score of 5 means 100% of the plant is affected (death). A score of 
4 means 80% affected. A score of 3 means 60% affected. A score of 2 means 40% affected. A 
score of 1 means 20% affected. The basal or control score of 0 is assigned to uninfected and 
completely healthy control tomato plants. (B) Symptom scores of CS and CR plants infected 
with Vd1 based on the symptom scale in (A) compared to wounded control plants. 
Symptoms were scored independently by at least two observers at each time point. 
Standard deviation bars are also provided. 
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(A) 

 

(B) 

Figure 3.7. Levels of Verticillium dahliae in susceptible and resistant plants.  

(A) PCR quantification (Hu et al., 1993; Robb and Nazar, 1996) of fungal Vd1 DNA (ng fungal 
DNA/g plant tissue) in stems of CS and CR tomato at different days post-inoculation (dpi) of 
Verticillium dahliae race 1 (Vd1). This represents the Susceptible and Resistant time 
courses, respectively. 4, 6, 8, 10, 12 and 15 represent the different time points; IC means 
internal control only; NC stands for negative control (no template). (B) Normalized 
quantification of fungal levels by calculating the ratio of PCR bands coming from fungal 
rDNA and internal control. Standard deviations are provided which represent at least three 
PCR replicates (one pool of three stems per timepoint) of two biological trials. 
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3. Ve gene expression in Verticillim- infected tomatoes 

The expression of the two Ve genes that confer resistance against Vd1 was 

determined by RT-PCR in stems of resistant (CR) and susceptible (CS) plants inoculated 

with Vd1 at different time points after infection (Figure 3.8). These time points were 4 days 

post-inoculation (dpi), 6 dpi, 8 dpi, 10 dpi, 12 dpi and 15 dpi. Unwounded plants also were 

evaluated as controls (i.e. 0 dpi). Ve1- and Ve2-specific RT-PCR were performed together 

with actin-specific RT-PCR for all the RNA samples. The amount of transcript (i.e. the level 

of expression) was measured for the Ve genes while the corresponding actin levels were 

used to normalize expression values (refer to Materials and Methods Subsection 3.3). 

Generally, Ve expression was ubiquitous at all time points but the levels of transcripts 

varied along the time course and also between the two isolines. This suggested temporal 

regulation of the Ve genes and differential expression between CR and CS plants. 

Specifically, there were several interesting things that could be observed from the 

Ve gene expression profiles. First, Ve genes were induced dramatically upon Verticillium 

infection. The basal levels of Ve1 and Ve2 in uninfected plants were low and similar in CR 

and CS tomato isolines. This was in contrast to most resistance genes, which exhibit 

constitutive levels of gene expression (Smith, 2006), suggesting that the plant conserved Ve 

transcript levels until actually needed by the host; then, there was exponential increase in 

the mRNA population after pathogenic challenge.  

Second, the maximum Ve expression difference between CR/Vd1 and CS/Vd1 was 

observed at an early time point (4 dpi), whereby resistant plants had statistically higher 

levels of Ve1 and Ve2 than susceptible ones. Comparatively, the expression peak in the 

compatible (CS/Vd1) interaction occurred around 6 dpi. 
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Finally, CR plants maintained higher levels of Ve1 at all times after infection while 

Ve2 levels gradually became comparable to that of CS plants. This might indicate that both 

Ve1 and Ve2 gave resistant plants an advantage in responding sooner and at higher levels 

than susceptible ones, but that only Ve1 was necessary to propagate the resistance response 

throughout the infection.  
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(A) 

 

 

(B) 

Figure 3.8. Ve gene expression in Vd1-infected tomatoes.  

(A) RT-PCR of Ve1 (left panel) and Ve2 (right panel) of CS and CR total RNA at different days 
post-inoculation (dpi) by Verticillium dahliae race 1 (Vd1). R corresponds to the resistant 
time course while S corresponds to the susceptible time course. C stands for control 
unwounded plant; 4, 6, 8, 10, 12 and 15 represent the different time points; NC stands for 
negative control (no template). (B) Quantification of expression by calculating the signal of 
RT-PCR bands normalized by actin values. Standard deviations are provided, which 
represent at least three PCR replicates (one pool of three stems per timepoint) of two 
biological trials. 
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4. Patterns of defence gene expression 

Another goal of this thesis was to generate a generalized defence gene expression 

profile (or “defence readout”) for both susceptible and resistant plants infected with 

Verticillium dahliae. Specifically, this study sought to confirm the microarray results 

previously generated in the laboratory (Robb et al., 2007; Robb et al., 2009B) as a 

preliminary search for potentially interesting genes that can be analyzed further in more 

detail. These microarray analyses of defence gene expression revealed several different 

groups of expression profiles in the tomato-Verticillium interaction (Robb et al., 2007; Shittu 

et al., 2009; Robb et al., 2009B). Specifically, Groups I to III refer to major patterns of 

defence gene expression when Verticillium-inoculated CR plants were compared with 

Verticillium-inoculated CS plants along the course of infection (see Figure 3.9).  

Representative genes were confirmed using RT-PCR and a summary of the results is 

listed in Table 3.7. In detail, these results are outlined in Figures 3.10 to 3.12. The tables of 

microarray log2 (resistant over susceptible) values provided below each of the RT-PCR 

expression plot was kindly provided by Dr. Jane Robb (personal communication). It must be 

noted that the microarray signal strengths for the control CS and CR plants (0 dpi or 

control) were below that required for reliable sensitivity so these data should be taken with 

some caution. This sensitivity issue was also one of the reasons why confirmatory RT-PCR 

had to be undertaken in this thesis.  
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Table 3.7. Representative defence gene expression confirmed by RT-PCR. 

RT-PCR Expression Profile Representative Genes 

Agree with microarray Pre-mRNA processing factor 8 (PMPF-8) 

Cyclin-dependent kinase inhibitor (CDKI) 

IMP dehydrogenase/GMP reductase (IDGR) 

Class IV chitinase 

Partially agree with microarray Ethylene response factor 2 (ERF-2) 

Phenylalanine ammonia lyase (PAL) 

Leaf PR protein P6 

Disagree with microarray 14-3-3 protein 

Beta-glucanase 

PR protein P1a 

RNA binding protein (RNP-1) 

Calcium-binding EF hand family protein (CBP) 

S-Adenosyl-L-methionine: Hydroxide 

Adenosyltransferase (SAM) 
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(A) (B) 

Figure 3.9. Comparative microarray and RT-PCR expression profiles of Groups I-III. 

The representative genes for Group I (top panels), Group II (middle panels) and Group III 
(bottom panels) encode pre-mRNA processing factor 8, class IV chitinase, and PR leaf 
protein 6, ethylene-induced, respectively. (A) TVR DNA chip microarray results showing the 
log2 ratio values, normalized to actin, to indicate differences between Verticillium-infected 
CR and CS plants. Control values (Ctl, extrapolated using broken lines) were determined by 
RT-PCR assay as the signal strength for these uninduced genes was too low for statistical 
accuracy using microarray. (B) Corresponding RT-PCR results show actin-normalized 
expression values of representative genes in infected and control (Ctl) CR (gray) and CS 
(black) plants. (Robb et al., 2009B) 
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4.1. RT-PCR-based defence gene expression that agreed with microarray 

The expression of four representative defence genes analyzed through RT-PCR 

agreed with the results of the microarray. The genes were those coding for pre-mRNA 

processing factor 8 (PMPF-8), cyclin-dependent kinase inhibitor (CDKI), IMP 

dehydrogenase/ GMP reductase (IDGR) and class IV chitinase (Figure 3.10). 

The basal levels of PMPF-8 as determined through RT-PCR were similar in 

uninfected plants of both isolines. The levels remained virtually unchanged throughout the 

time course of Verticillium infection in the CS/Vd1 plants. PMPF-8 levels in CR/Vd1 were 

induced slowly from 4 to 6 dpi and went higher as the time course progressed. This was in 

agreement with the high positive microarray log2 values (Figure 3.10B). 

Using RT-PCR, class IV chitinase transcript levels were found to be higher in the 

uninfected CS plants than in uninfected CR ones. Induction was observed in both CR/Vd1 

and CS/Vd1 and levels of induction started off similarly, but at later time points (10-12 dpi), 

the transcription of the chitinase gene was substantially downregulated in the CR/Vd1 

interaction while CS/Vd1 transcript levels remained the same. This accounted for 

substantial differences at these later time points. There was also a cycling of gene 

expression such that, initially, both were upregulated similarly but, between 8 and 10 dpi, 

transcript levels in CR/Vd1 plants started to fall to basal levels before the CS/Vd1 one. 

There was also a dramatic fall of gene expression levels in both interactions at an earlier 

time point (6 dpi) (Figure 3.10B). 

In contrast to the class IV chitinase, the basal levels of CDKI transcripts were higher 

in uninfected CR than uninfected CS plants.  Expression in CR/Vd1 plants remained higher 

than in CS/Vd1 plants throughout the time course, in agreement with the positive 
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microarray log2 values, although only at 4 and 15 dpi was this difference statistically 

significant. These correlated with the higher microarray log2 values at these timepoints 

(Figure 3.10B) 

Like CDKI, IDGR mRNA levels were also higher in control CR plants than in their CS 

counterparts. In the resistant plants, IDGR was slightly induced at 4 dpi and the high levels 

continued along the course of Vd1 infection. On the other hand, IDGR levels went down at 4 

dpi in susceptible plants, they slightly went up at 8 dpi and then they went down again after 

that. In all time points, the difference between IDGR levels in CR and CS plants was 

statistically significant. The greatest differences were observed at 4 dpi and 12 dpi using 

RT-PCR, in agreement with the very high positive log2 values in the microarray. 

The observations in both microarray and RT-PCR assays basically agreed for these 

four genes; however, the RT-PCR assay provided additional information that the microarray 

could not supply. Microarray expression were only provided in log2 values (which are 

comparative) but the RT-PCR results clarified whether high values were due to gene 

induction in the log2 numerator, gene suppression in the log2 denominator or both. This 

was one strength of the RT-PCR over microarray. 

4.2. RT-PCR-based defence gene expression that partially agreed with microarray 

Unlike the genes mentioned in the previous section, some defence genes analyzed 

through RT-PCR had expression patterns that only partially agreed with the observations in 

the microarray. Some time points were confirmed by the RT-PCR while some time points 

provided contradictions between the two methods. These genes included those coding for 

ethylene response factor 2 (ERF-2), phenylalanine ammonia lyase (PAL) and leaf PR protein 

6 (P6). 
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The basal levels of transcripts between the two interactions were similar in 

uninfected plants of both isolines for ERF-2, as determined by RT-PCR and microarray 

(Figure 3.11B). 

Induction of gene expression after Vd1 infection was observed for ERF-2. The levels 

in CR/Vd1 were higher than in CS/Vd1 plants at 4 and 6 dpi, contradicting the microarray 

log2 values at these timepoints. The levels between the two interactions reached similar 

levels at 8 and 10 dpi; levels in CS/Vd1 remained constant after the initial induction while 

those in CR/Vd1 went up slightly at 12 dpi before going down again at 15 dpi. RT-PCR and 

microarray results agreed for timepoints 8 to 15 dpi of ERF-2, but not for 4 and 6 dpi.  

Unlike ERF-2, the basal levels of PAL transcripts were slightly higher in CR plants 

confirming the microarray data. The PAL gene did not seem to be induced; levels in both 

resistant and susceptible plants remained the same at 4 and 6 dpi, as evidenced by both the 

RT-PCR and microarray results. Afterwards, there seemed to be suppression of expression 

in CS/Vd1 at later time points (8-10 dpi) but these directly contradicted the highly negative 

log2 values in the microarray (the latter implied upregulation in the CS/Vd1 not CR/Vd1). 

The levels in CS/Vd1 plants finally went up at 12 dpi (confirming the microarray data) and 

remained similar to those in CR/Vd1 plants until 15 dpi (disagreeing with the microarray 

data). Overall, PAL gene expression, as determined through RT-PCR and microarray, agreed 

for the uninfected controls and also for plants infected at 4, 6 and 12 dpi, while conflicts 

remained for 8, 10 and 15 dpi. 

In contrast to PAL, P6 mRNA levels were higher in CS plants as seen in Figure 3.11B. 

Induction of gene expression after Vd1 infection was observed only in incompatible 

interactions, thereby equalizing P6 levels in CR/Vd1 and CS/Vd1 plants at 4 dpi. Levels in 
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CS/Vd1 plants were higher usually than in CR/Vd1 after 4 dpi and this difference started to 

manifest at around 6 dpi. There was a dip in gene expression in CR/Vd1 plants at 8-10 dpi, 

accounting for a more obvious gene upregulation in susceptible plants. RT-PCR and 

microarray results agreed for this gene, except at 4 dpi when the high negative log2 value 

implied P6 upregulation in CS/Vd1. 

4.3. RT-PCR-based defence gene expression that disagreed with microarray 

Unlike the defence genes summarized in the previous two sections, there were also 

other genes for which the expression did not match up when RT-PCR and microarray values 

were compared. These included defence genes for a 14-3-3 protein, beta-glucanase, PR 

protein P1a, RNA binding protein (RNP-1), calcium-binding EF hand family protein (CBP) 

and S-Adenosyl-L-methionine: Hydroxide Adenosyltransferase (SAM).  

The basal levels of transcripts between the two interactions were similar in 

uninfected plants of both isolines for the 14-3-3 gene (Figure 3.12B). 14-3-3 trancripts were 

only induced in the CR/Vd1 interaction and this appeared to be gradual while no induction 

was observed in the CS/Vd1 one. In fact, 14-3-3 mRNA levels remained the same in CS/Vd1 

and always lower to those in CR/Vd1. These RT-PCR results basically disagreed with the 

microarray data except at 12 dpi when upregulation in the resistant plant was implied. 

Like 14-3-3, beta-glucanase expression in control CR and CS isolines were the same 

(Figure 3.12B). There was induction in both interactions at 4 dpi, although this was more 

dramatic in CR/Vd1 than in CS/Vd1. Beta-glucanase transcription remained at a constant 

level until 15 dpi in the CS/Vd1 plants. Meanwhile, it started out really high in the CR/Vd1 

after induction but it went down at 8 dpi and remained similar to the CS/Vd1 levels after 

that. These RT-PCR results contradicted the highly negative microarray log2 values, which 
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meant constant upregulation in the CS/Vd1 interaction throughout the course of 

Verticillium infection. 

P1a mRNA levels also appeared similar in both uninfected CS and CR plants (Figure 

3.12B). Significant induction after infection was observed for P1a in the CR/Vd1 interaction, 

and these high levels remained constant throughout the time course. The CS/Vd1 plants did 

not have any significant induction of P1a. Their P1a expression levels also remained 

constant and were similar to those in the CR/Vd1 plants. Like beta-glucanase, these RT-PCR 

results disagreed with the microarray, with its highly negative microarray log2 values, 

implying higher expression levels in the CS/Vd1 plants throughout the time course. 

RNP-1 levels were slightly higher in uninfected CR plants (Figure 3.12B). The RNP-1 

mRNA levels in CR/Vd1 were slightly higher than in CS/Vd1 after Vd1 infection but only 

became significantly different at later time points. The resistant plants experienced an 

increase at 15 dpi while susceptible plants experienced a decrease at 12 dpi, leading to 

larger differences at 12 and 15 dpi. The negative log2 values in the microarray were in 

direct contradiction of these results. The microarray supported the claim of upregulated 

expression in the susceptible plants while the RT-PCR exhibited upregulated expression in 

the resistant plants. 

Unlike RNP-1, the basal levels of CBP transcripts were similar in uninfected plants of 

both isolines (Figure 3.12B). The resistant plants had fairly constant levels of CBP while the 

susceptible plants experienced a cycling of gene expression. There was significant induction 

at 4 dpi reaching a peak at 8-10 dpi and then a dip at 12 dpi. The level then bounced back to 

a higher value at 15 dpi. Only during the middle of the infection (8-10 dpi) were the 

expression levels of CBP significantly higher in the CS/Vd1 plants than in the CR/Vd1 plants. 
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This apparent upregulation in the CS/Vd1 plants observed using RT-PCR disagreed with the 

microarray observations that the CR/Vd1 plants had higher CBP levels (as evidenced by the 

positive log2 values). 

Finally, microarray data were contradicted by the RT-PCR results for SAM (Figure 

3.12B). Originally classified as upregulated in the CS/Vd1 interaction (highly negative 

microarray log2 values), RT-PCR revealed that levels in both interactions were fairly similar 

starting at 0 dpi (control) except at 8-12 dpi, when there actually was suppression of 

expression in CS/Vd1. Levels in CR/Vd1 remained the same throughout the infection. This 

accounted for the apparent upregulation of resistant plants observed using RT-PCR when 

the microarray results specify otherwise. 
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Figure 3.10. Defence gene RT-PCR-based expression that agree with the microarray. 

(A) RT-PCR amplification of defence gene transcripts.  

(B) Normalized quantification of expression by calculating the signal of RT-PCR bands. 

Standard deviations are provided for at least three PCR trials for each of two biological 

experiments. For comparative purposes, the microarray log2 values (CR/Vd1 over CS/Vd1) 

are presented as a table below each RT-PCR expression plot. Values for 0 dpi were derived 

from unwounded control plants, which had low signal strength and high variance in the 

microarray. Errors indicate low signal sensitivitity. The microarray data were kindly 

provided by Dr. Jane Robb. 
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Figure 3.11. Defence gene RT-PCR-based expression that partially agree with the 
microarray. 

(A) RT-PCR amplification of defence gene transcripts.  

(B) Normalized quantification of expression by calculating the signal of RT-PCR bands. 

Standard deviations are provided for at least three PCR trials for each of two biological 

experiments. For comparative purposes, the microarray log2 values (CR/Vd1 over CS/Vd1) 

are presented as a table below each RT-PCR expression plot. Values for 0 dpi were derived 

from unwounded control plants, which had low signal strength and high variance in the 

microarray. Errors indicate low signal sensitivitity. The microarray data were kindly 

provided by Dr. Jane Robb. 
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Figure 3.12. Defence gene RT-PCR-based expression that disagree with the 
microarray. 

(A) RT-PCR amplification of defence gene transcripts.  

(B) Normalized quantification of expression by calculating the signal of RT-PCR bands. 

Standard deviations are provided for at least three PCR trials for each of two biological 

experiments. For comparative purposes, the microarray log2 values (CR/Vd1 over CS/Vd1) 

are presented as a table below each RT-PCR expression plot. Values for 0 dpi were derived 

from unwounded control plants, which had low signal strength and high variance in the 

microarray. Errors indicate low signal sensitivitity. The microarray data were kindly 

provided by Dr. Jane Robb. 
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4.4. Radioactive PCR validation 

Quantification and analyses of all expression values were done using Molecular 

Analyst software. It was assumed that this program accurately quantified the signals of 

bands on the gel, which then were interpreted as the amounts of product in the 

amplification reaction. To assess the reliability of this software, a representative RT-PCR 

was done with a radioactive dCTP replacing the normal dCTP in the PCR reaction mix. Thus, 

the PCR products would have radioactive counts that were directly proportional to 

amplicon amounts. The gene selected was the PMPF gene since the PCR yielded substantial 

products when viewed on the gel after electrophoresis. The bands on the gel were first 

quantified using Molecular Analyst (Figure 3.13A) before being cut out and subjected to a 

scintillation counter. The counts per minute (Figure 3.13B) showed very similar profiles to 

that generated by the software, indicating reliability, accuracy and precision in using this in 

silico quantification method.  
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(A) 

 

(B) 

Figure 3.13. Radioactive RT-PCR validation of gene expression.  

(A) Normalized quantification of the RT-PCR bands after agarose gel electrophoresis using 
Molecular Analyst software (Bio-Rad Technologies). (B) Counts per minute of radioactive 
RT-PCR products with incorporated α-cytosines. The templates used for RT-PCR were total 
RNA of CR stems infected with Vd1 (CR/Vd1), CS stems infected with Vd1 (CS/Vd1) and 
Dvd-E6 (CS/E6) at 8 days post-inoculation. Standard deviations are provided for all least 
three scintillation readings.  
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5. Real-time PCR results 

All mRNA assays are subject to artifacts due to non-specific hybridization and other 

factors. This requires key findings be confirmed by alternate means. Automated real-time 

PCR is commonly used as the method of choice to confirm microarray analysis, especially 

for results to be published in scientific journals. In this study, preliminary real-time PCR 

was performed on representative genes analyzed by both microarray hybridization and 

standard RT-PCR. There were two reasons why real time PCR was attempted. First, for 

those genes in which expression was too low using the microarray, real time PCR was 

attempted to confirm the results of the standard RT-PCR. Second, for those genes in which 

microarray signal strength was high but in which the expression values conflicted with the 

standard RT-PCR, real time PCR was tried to hopefully resolve the issue. 

The most interesting of these genes were the Verticillium wilt resistance genes Ve1 

and Ve2, which provided only low level signals with microarray analyses (Robb et al, 2009). 

These two genes were interesting because they appeared to represent the first step in the 

plant defence response which is pathogen recognition. The R-proteins are coded by these Ve 

genes. Furthermore, our preliminary analyses of Ve1 and Ve2 (Fradin et al., 2009) revealed 

interesting insights into the molecular mechanism of Verticillium response in tomato. 

Because more functional studies shall be centred on the Ve genes, it was imperative to 

confirm the previous results. 

The results of real-time assays for Ve1 and Ve2 gene expression are shown in Figure 

3.14. There was ubiquitous Ve expression at all time points although there was temporal 

regulation of transcript levels along the time course and also between the two isolines. This 

generally agreed with the observations using traditional benchtop RT-PCR (See Figure 3.8) 

but there were some discrepancies.  
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First, only Ve1 appeared to be induced dramatically upon Verticillium infection. 

Induction of Ve2 was evident but not comparable to that of Ve1. This only partially agreed 

with the previous observations when both Ve1 and Ve2 were dramatically induced after 

Verticillium infection.  

Second, the maximum Ve1 expression difference between CR/Vd1 and CS/Vd1 was 

observed at an early time point (4 dpi), whereby resistant plants had statistically higher 

levels of Ve1 than susceptible ones. However, maximum Ve2 expression difference between 

CR/Vd1 and CS/Vd1 occurred at a later time point (12-15 dpi) and this time the susceptible 

plants had higher levels of Ve2 than their resistant counterparts. The latter observation was 

contradictory to initial RT-PCR and microarray results and might even imply that Ve2 was 

associated with susceptibility, which disagrees with studies by Kawchuk et al. (2001).  

Finally, there is a huge discrepancy between the expression levels of Ve1 and Ve2. 

Ve1 expression values were in the vicinity of 10-100X (compared to the levels in the 

unifected control plant), with a maximum for CR/Vd1 at 4 dpi reaching a value near 500X. 

On the other hand, Ve2 expression values were merely in the vicinity of 1-5X, with a 

maximum for CS/Vd1 at 15 dpi reaching a value of 5X. This discrepancy disagreed with the 

data obtained from microarray and RT-PCR methods, where the Ve1 and Ve2 genes had 

similar expression levels. 
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(A) 

 

(B) 

Figure 3.14. Ve gene expression in infected resistant and susceptible plants using 
real-time PCR.  

Normalized quantification of Ve1 (A) and Ve2 (B) expression by calculating the -ΔΔCt value 
of the genes (See Materials and Methods Subsection 4.3). The reference expression control 
was the endogenous housekeeping gene actin. Standard deviation bars are provided for two 
PCR replicates. 
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6. DdeI restriction fragment length polymorphism (RFLP) assay 

In view of the inconsistencies between the different assays, an entirely different 

approach was adapted in the hope of resolving the differences. This alternative two-step 

digestion approach was used to ensure that observations were reproducible. In this case, 

both Ve1 and Ve2 were simultaneously amplified using Ve-specific primers that could 

anneal equally well to both genes. The Ve amplicons were digested with DdeI to 

differentiate the signals coming from Ve1 or Ve2. In traditional RT-PCR and real-time PCR, 

different primer sets (and thus, primer efficiencies) were used in profiling Ve1 and Ve2 and 

the effects of these on the results were unknown. To circumvent this hurdle, the PCR-RFLP 

assay was designed to eliminate this potentially important artefact. While absolute mRNA 

values were not determined, the ratio of Ve1/|Ve2 gene expression was free of the artefact.  

After amplification, the PCR products were subjected to DdeI digestion to yield 

different fragments for Ve1 and Ve2. DdeI-digested Ve2 yielded two fragments, 161-bp and 

174-bp in size. In contrast, the Ve1 DdeI digest yielded 28-bp, 37-bp, 60-bp, 86-bp and 124-

bp fragment sizes in the CR isoline and, in the CS isoline, the fragment sizes were 28-bp, 86-

bp, 96-bp and 125-bp. This difference was a result of a single nucleotide deletion in the Ve1 

gene of the CS isoline (Juarez-Ayala, 2008; Fradin et al., 2009). These fragments were 

readily resolved during polyacrylamide gel electrophoresis (Figure 3.15A).  

When images of the gels were captured and quantified, the Ve1/Ve2 expression 

ratios were calculated for Verticillium-infected CR and CS plants throughout the course of 

infection (Figure 3.15B; upper panel). They were then compared to the ratios calculated 

from the RT-PCR and real-time PCR data presented in Figure 3.8 and Figure 3.14B (lower 

two panels). It was evident that the Ve1/Ve2 expression ratios calculated using real-time 

PCR were higher than when using the digestion assay or benchtop RT-PCR. In fact, using the 
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same scale for the y-axis, the Ve1/Ve2 expression ratio values for both the DdeI assay and 

standard RT-PCR were barely visible on the plot. When the scales of the expression plots 

were decreased for the latter two methods (Figure 3.15C), a closer examination of the 

expression trends was possible. From the digestion assay, the Ve1/Ve2 ratio in the CS/Vd1 

plants remained fairly consistent along the time course. From RT-PCR, the same was true 

except for a dip in expression ratio observed at 6 and 8 dpi. In the CR/Vd1 plants for both 

methods, it was evident that there was an induction of Ve1/Ve2 expression ratio after 

Verticillium inoculation (at 4 or 6 dpi). This was then followed by a gradual decrease until 

the expression ratios between CR/Vd1 and CS/Vd1 were similar.  

Although the absolute values of the ratio were exaggerated in scale when using real-

time PCR, the trends of the expression ratios themselves along the time course of 

Verticillium infection were similar to those observed in the other two methods. 

Nevertheless, this huge difference arising from the real-time PCR method showed that there 

was closer agreement between the benchtop PCR and the digestion assay.  
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Figure 3.15. Ve PCR-DdeI RFLP assay to calculate Ve1/Ve2 expression ratios.  

(A) Simultaneous RT-PCR of Ve1 and Ve2 of CR (left panel) and CS (right panel) total RNA at 
different days post-inoculation (dpi) of Verticillium dahliae race 1 (Vd1) followed by DdeI 
digestion. C stands for control unwounded plant; 4, 6, 8, 10, 12 and 15 represent the 
different time points.  

(B) Comparison of Ve1/Ve2 expression ratios between RFLP assay (top panel), RT-PCR 
(middle panel) and real-time PCR (bottom panel) using the same y-axis scale.  

(C) Detailed comparison of Ve1/Ve2 expression ratios between RFLP assay (top panel), RT-
PCR (bottom panel) using a smaller scale. Standard deviations are provided for two to three 
technical replicates. 
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7. Design and preparation of a universal internal control 

Discrepancies observed between RT-PCR and real-time PCR data also led the author 

to believe that this might have been caused by either the unreliability of actin as a 

housekeeping gene for real-time PCR or the presence of significant inhibition in the real-

time PCR. To resolve this dilemma, a universal internal control RNA was designed that 

would avoid the use of an arbitrarily chosen endogenous expression control like actin and 

would also take into account reaction differences in the reverse-transcription and PCR steps 

of real-time PCR. The internal control was designed based on a partial sequence of the 

TUS21D9 expressed sequence tag (EST) sharing homology with the peroxidase gene in 

tomato.  

Figure 3.16 shows successful amplification of the 910-bp EST (refer to Materials and 

Methods Subsection 6.1). After phenol/chloroform extraction and ethanol precipitation, the 

PCR product was double digested with MboI and KpnI, generating a smaller 431-bp 

fragment (Figure 3.16). Similarly, the plasmid (PTZ19R) that this fragment was to be 

subcloned into also was double digested (this time with BamHI and KpnI). MboI and BamHI 

are isocaudomers; so, they generated the same overhangs after digestion, leading to 

successful ligation of MboI- and BamHI-generated ends. The internal control RNA 

expression construct was then made successfully, as shown in Figure 3.16. The 431-bp 

insert was successfully incorporated as evidenced by its disappearance in the post-ligation 

gel and also the formation of circularized construct. Positive clone screening of the 

expression constructs was done using a HinfI restriction fragment length polymorphism 

(RFLP) assay (Figure 3.16). An RFLP assay had to be designed because ligation of the 

PTZ19R with the digested EST insert abolished the BamHI site, rendering the use of a 

BamHI/KpnI double digestion unfeasible to release the insert.  
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The TUS21D9 gene fragment was cloned into the multiple cloning site of PTZ19R, 

downstream of the T7 promoter. To express the internal control RNA, the construct was 

first linearized by digesting with KpnI (Figure 3.17A), just a few bases after the 3’-end of the 

internal control sequence (i.e. after the polyA sequence). The linearized expression 

construct was incubated with T7 RNA polymerase and NTPs, and synthesis of the RNA was 

confirmed by gel electrophoresis (Figure 3.17B). 

Preliminary testing of the internal control RNA in both benchtop RT-PCR and real-

time PCR was carried out. The target gene analyzed was the housekeeping gene actin, which 

was used as the expression control in previous microarray and RT-PCR analyses. Figure 

3.18A shows RT-PCR of actin in conjunction with the IC RNA, resulting in uniform actin 

levels across the time course of Verticillium infection in both CS and CR plants. This agreed 

with previous results using an actin-specific internal control (see Figure 3.5). Figure 3.18B 

and C show actin levels during real-time PCR without and with IC normalization, 

respectively. The absolute actin values fluctuated throughout the time course. Upon 

correction with the IC, the actin levels were brought much closer to each other indicating 

that the internal control worked in bringing housekeeping gene levels uniform. However, 

the values were still not uniform throughout the course of Verticillium infection. It must be 

noted that only one trial was carried out because of time constraints. With these hurdles 

notwithstanding, these results suggested that the internal control approach showed initial 

promise in resolving the discrepancies between benchtop RT-PCR and real-time PCR. 
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Figure 3.16. Preparation of internal control expression plasmid template.  

(A) PCR amplification of a TUS21D9 gene fragment. Lane M contains the molecular size 
marker (PTZ19R cut with EcoRI and PTZ19R cut with HinfI). Lane 1 contains the amplified 
and ExoSAP-purified product after PCR of TUS21D9 clone (Cornell University) with 
universal T7 and T3 primers. PCR was done with an annealing temperature of 45°C at 33 
cycles.  

(B) Simultaneous double digestion of vector and insert. The vector PTZ19R was 
simultaneously cut with BamHI and KpnI restriction enzymes (lanes 2-4). The PCR insert 
was simultaneously cut with MboI and KpnI restriction enzymes (lanes 6-7). Lane 1 is a 
concentration standard (50 ng of PTZ19R cut with EcoRI). Lane 5 is 1000-bp ladder 
molecular size marker. 

(C) Ligation of the insert and vector. The BamHI-KpnI-cut PTZ19R vector was ligated with 

the MboI-KpnI-cut PCR insert in a 1:3 molar ratio. BamHI and MboI are isocaudomers, i.e., 

they have different restriction sites but generate the same sticky ends. Lane M contains 

1000-bp ladder; lane 1 contains the pre-ligation reaction (reaction without T4 DNA ligase); 

and lane 2 contains the post-ligation reaction (reaction with T4 DNA ligase). 

(D) Confirmation of construct in a positive clone using HinfI RLFP assay. Lane 1 contains a 

mixture of PTZ19R with no insert cut separately with EcoRI and HinfI. Lane 2 contains the 

construct cut with HinfI. Because of the presence of the insert, the digestion products 

generate a distinct digestion profile compared to the standard molecular marker in lane 1. 

The 334-bp fragment is replaced by 456-bp and 298-bp fragments. 

(E) A simplified representation of the relationship between the TUS21D9 insert and the 

PTZ19R vector. The location of the relevant restriction sites and the T7 promoter (for 

subsequent in vitro transcription) are shown. BamHI and MboI are isocaudomers, i.e., they 

have different restriction sites but generate the same sticky ends. 
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          (A)                                   (B)  

Figure 3.17. In vitro transcription of internal control RNA.  

(A) The expression construct was first linearized with the restriction enzyme KpnI, cleaving 
a few bases after the 3’ end of the desired internal control sequence (after the polyA 
sequence). Lane M is a molecular size marker. Lanes 1-3 are three different plasmids cut 
with KpnI. (B) The linearized plasmid was then added into an in vitro transcription mix. The 
resulting internal control RNA was run in agarose (lane 1). 
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Figure 3.18. Actin mRNA levels determined through IC-controlled RT-PCR and real-
time PCR.  

(A) RT-PCR gels (upper panel) and quantification of actin in nucleic acid extracts from 
stems of CS and CR tomato at different days post-inoculation (dpi) of Verticillium dahliae 
race 1 (Vd1). This represents the Susceptible and Resistant time courses, respectively. C 
stands for control unwounded plant; 4, 6, 8, 10, 12 and 15 represent the different time 
points; NC stands for negative control. Each RT reaction contained constant amounts of 
internal control RNA. Only one preliminary trial was performed.  

(B) Absolute quantification of actin expression in the same samples using real-time PCR. No 
correction with the internal control was done. Only one preliminary trial was performed. 

(C) Internal control-corrected quantification of actin expression in the same samples using 

real-time PCR. No correction with the internal control was done. Only one preliminary trial 

was performed. 
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Chapter IV: DISCUSSION 

1. Patterns in symptom expression and fungal colonization during Verticillium 

infection 

Studying defence gene expression entails the use of appropriate host-pathogen 

model systems. To establish the two different types of interactions in this study, tomato 

plant isolines were inoculated with the appropriate V. dahliae strain. Craigella Resistant 

(CR) tomato plants infected with V. dahliae race 1 (Vd1) constitute an incompatible 

(resistant) interaction, referred to as CR/Vd1. Craigella Susceptible (CS) tomato plants 

infected with V. dahliae race 1 (Vd1) comprise a compatible (susceptible) interaction, 

referred to as CS/Vd1. These Craigella model systems have been well-established in 

previous studies to examine various plant defence phenomena like resistance, susceptibility 

and tolerance (Bishop and Cooper, 1983; Gold and Robb, 1995; Chen et al., 2004). Biological 

parameters, including the vascular coating response (Robb et al., 1987), expression of 

symptoms (Chen et al., 2004) and patterns of fungal colonization (Gold et al., 1996; Chen et 

al., 2004), have been characterized. More recently, molecular parameters like global 

changes in defence gene expression have been analyzed on a preliminary basis using 

microarray (Robb et al., 2007; Robb et al., 2009B; van Esse et al., 2009) and RT-PCR 

approaches (Robb et al., 2009B). 

During Verticillium infection, the host tomato plant is able to control the fungal 

pathogen but complete elimination is not evident in either CR/Vd1 or CS/Vd1. In the former 

(incompatible interaction), symptom expression and fungal levels become reduced along 

the course of infection. Presumably, this is a result of resistant plants being able to activate 

the plant defence machinery fast enough (Robb et al., 1987), which is one theme of this 
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thesis. Resistant plants are able to induce more rapid lipid-to-suberin coating response that 

is chemically impermeable and highly resistant to fungal pathogens (Newcombe and Robb, 

1989). In the latter (compatible interaction), the plant suffers progressively with higher 

expression of symptoms and also with extensive and spreading Verticillium in the stems. 

Although susceptible plants possess the same plant defence machinery as resistant plants, 

they appear unable to activate it fast enough to offset these symptoms (Vallad and 

Subbarao, 2008; Robb et al., 2009AB; Jia et al., 2009). Since susceptible plants are not able 

to activate defence responses fast enough, like the vascular coating response (Robb and 

Busch, 1983; Street et al., 1986; Robb et al., 1987; Newcombe and Robb, 1988) and 

production of antimicrobial agents like phenolics and some PR proteins (Lee et al., 1992), 

Vd1 is able to extensively colonize its vascular system. Thus, the disease symptoms remain 

and usually increase beyond 15 dpi resulting in wilting death of the tomato plants. These 

observations are also evident in plants other than tomato, like alfalfa (Newcombe and Robb, 

1988; Newcombe et al., 1989, Newcombe and Robb, 1989; Newcombe et al., 1990) and 

chrysanthemum (Robb and Busch, 1983; Robb et al., 1983) 

In this thesis, quantification of Verticillium levels was carried out using a PCR-based 

assay (Hu et al., 1993; Robb and Nazar, 1996) since it was based on more accurate 

measurement – that of Verticillium rDNA. Other methods of fungal quantification through 

cytological means have at times proved to generate conflicting data (Pegg and Street, 1984). 

Other techniques are semi-quantitative at best, such as sectioning followed by microscopy 

(Newcombe and Robb, 1989; Pegg and Dixon, 1969) and/or plating (Campana, 1971; 

Wright, 1968). Finally, tissue maceration and then serial plating (Elgersma, 1980; Pegg and 

Street, 1984) is a time-consuming method that can be affected by variability in maceration 

efficiency. 
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2. Actin as an expression control for RT-PCR analysis 

One way to investigate the differences in defence response between CR/Vd1 and 

CS/Vd1 is to look at defence gene expression. Investigating the various patterns of defence 

gene expression in these two interactions entails the use of a reliable internal or expression 

control.  

One method is to use a different internal control designed for each individual gene 

being investigated. The internal control, in this case, is co-amplified with the gene of interest 

in the same reaction mixture (Huggett et al., 2005). It will have the same annealing sites as 

the gene but the amplified region will be either completely different in sequence and size 

(heterologous internal control) or just size (homologous internal control). However, this 

particular method is time-consuming and labor-intensive because a different control must 

be designed for every gene of interest; so, researchers have continued the search for other 

more universal internal controls. 

A good universal internal control would be a gene that is expressed constantly and 

at the same level in all tissues, under all conditions and at all times. It should not be affected 

by any particular location (spatial), treatment (conditional) or developmental stage 

(temporal). Thus, good candidates for universal internal controls are housekeeping genes 

(Bustin, 2002). There are caveats, however, since some housekeeping genes are still 

induced with specific conditions (Lee et al., 2002; Steele et al., 2002). 

The internal control used in this study was the housekeeping actin gene in tomato. 

Actin has long been used as a universal internal control for gene expression studies (Nicot 

et al., 2005). Recently, it was used in a study about induced and differential gene expression 

during a rubber tree-fungi interaction (Thanseem et al., 2005). Actin also was used as a 

reference gene in the investigation of a new ERF locus in tomato (Pirrello et al., 2006). 
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However, there is contradictory evidence on whether actin is a suitable internal control. 

Studies in mammals (Selvey et al., 2001; Ruan and Lai, 2007), oomycetes (Yan and Liou, 

2006), potato (Nicot et al., 2005), apple (Menzel et al., 2002) and bean (Villanueva et al., 

1999) have shown that actin gene expression is not always constant and can be affected by 

some stress conditions. Hence, the first step was to test whether actin can be used as a 

suitable internal control for our purposes by determining whether actin levels are constant 

throughout the conditions examined in this thesis. For this purpose, actin levels were 

quantified using a previously developed homologous internal control (Haq, personal 

communication; Robb et al., 2009B) generated using a PEP mutagenesis strategy (Haq, M.Sc. 

thesis 2006). Results showed that actin expression levels remained fairly consistent in 

either isoline (CS or CR) (see Figure 3.3) whether the plant was infected (CS/Vd1 and 

CR/Vd1) or not (CS and CR controls) (see Figure 3.5), and also throughout the course of 

Verticillium infection (0-15 dpi) (see Figure 3.5). These observations clearly showed that 

actin was an acceptable internal control for RT-PCR studies in the tomato-Verticillium 

pathosystem. After demonstrating that actin was a reliable expression control for gene 

expression studies, this gene was used as the reference gene for both microarray and RT-

PCR analysis. 

3. Defence gene profiles during Verticillium infection 

An initial survey in our laboratory using microarray analysis yielded interesting 

patterns of defence gene expression (Robb et al., 2009B) when CS and CR tomato plants 

were infected with V. dahliae race 1 (Vd1). However, this method is usually prone to cross-

hybridization errors and other inconsistencies (Dai et al., 2002; Kothapalli et al., 2002; 

Handley et al., 2004). To avoid these errors, quantitative reverse transcription-polymerase 

chain reaction (RT-PCR) often was used to confirm microarray-derived gene expression 
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profiles. Additionally, RT-PCR analysis might reveal more in-depth information about the 

gene expression profiles not usually observed using microarray. 

The use of RT-PCR to confirm microarray data was important for various reasons. 

First, defence genes that were usually induced upon pathogen infection had low levels of 

mRNA in unwounded uninfected plants, leading to very weak signals that were below levels 

permitting statistical accuracy and reliability. Because of the high amplifying power of RT-

PCR, it could give a more precise quantification of these basal transcript populations. 

Second, RT-PCR expression results provided additional and significant information about 

gene expression that might not be obvious with microarray analysis. For example, Robb and 

coworkers (2009B) studied the relationship of CR/Vd1 versus CS/Vd1; however, periods of 

induction or suppression of gene expression were not determined easily by this microarray 

approach. Since microarray results were merely relative values between two setups, one 

would not know if comparative expression levels corresponded to two high values or two 

low values. Moreover, dramatic expression differences could not be accounted for, whether 

they resulted from substantial induction of the higher value, substantial suppression of the 

lower value or even both. Therefore, RT-PCR confirmation of microarray analyses provided 

a more complete, accurate and comprehensive description of mRNA level changes resulting 

in differential gene expression. 

To test the efficiency and reliability of the RT-PCR assay, three genes associated with 

the tolerant phenomenon, 14-3-3, ERF-2 and beta-glucanase (Robb et al., 2007; Shittu et al., 

2009) were analyzed. Other established defence genes subsequently were tested, including 

PAL and Ve genes. PAL expression and induction is associated with Verticillium infection so 

this was an important parameter to monitor during gene expression analysis. Results 

agreed with previous Northern blot analyses (Lee et al., 1992AB). Ve gene expression 
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analyses were equally important since Ve genes had low signal strength and sensitivity in 

the microarray analysis. 

Preliminary microarray analysis of defence gene expression revealed three main 

profiles of defence gene expression in the tomato-Verticillium pathosystem, designated 

Groups I to III (Robb et al., 2009B), when mRNA populations were compared between 

Verticillium-infected resistant (CR/Vd1) and susceptible (CS/Vd1) plants. These data were 

verified by RT-PCR analysis in this thesis to confirm these three groups of defence gene 

expression patterns, using representative genes for each group.  

From the defence genes investigated, there was agreement between the microarray 

data and the RT-PCR data for PMPF-8, class IV chitinase, CDKI and IDGR. Partial agreement 

was observed for genes coding for ERF-2, PAL and P6. However, there was total 

disagreement for 14-3-3, beta-glucanase, P1a, RNP-1, CBP and SAM. These discrepancies 

underlined the importance of RT-PCR in order to check microarray results. These 

disagreements were also the reasons why alternative methods like real-time PCR-based, 

digestion-based and internal control-based approaches were pursued, as discussed in the 

next sections. Consequently, the different patterns of defence gene expression confirmed 

through the RT-PCR may be postulated to correlate with different biological aspects of the 

tomato-Verticillium interaction.  

3.1. Ve resistance gene expression 

Special members of the Group I genes are the Verticillium wilt resistance genes Ve1 

and Ve2, two inverted genes encoding putative receptor-like membrane proteins (Kawchuk 

et al., 2001). These two genes are located in the genetic locus that confers resistance against 

virulent strains of Verticillium dahliae and V. albo-atrum (Kawchuk et al., 2001).  
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Ve genes had notably weak signal strengths in the microarray expression data (Robb 

et al., 2009B) so it was of special interest to observe what RT-PCR could achieve. 

Preliminary analysis done by Juarez-Ayala (2008, Ph.D. thesis) only focused on two time 

points (5 and 10 dpi) such that a trend along the course of infection was not readily evident. 

In this study, the RT-PCR signals for the Ve genes were moderate to strong, allowing for 

more reliable conclusions to be made from the RT-PCR data. In terms of Ve gene expression, 

resistance can be explained by higher levels of Ve1 in resistant than in susceptible plants at 

all time points. Ve2 was also higher in CR/Vd1 but only at earlier time points. The strikingly 

common feature of these two genes was the substantial induction of gene transcription 

after pathogenic challenge, especially in the incompatible interaction (CR/Vd1). This early 

peak in Ve gene expression would allow tomato plants to produce more Ve receptor 

proteins to recognize the virulent Verticillium and subsequently transduce signals 

downstream. Earlier and better detection of the invading pathogen may give a resistant 

plant a competitive advantage over susceptible counterparts in activating the downstream 

defence response. This might explain why in incompatible interactions (CR/Vd1), fungal 

elimination during Verticillium colonization in the stem prevails because the CR plant is able 

to activate defence responses faster (Street et al., 1986; Robb et al., 1991; Gold and Robb, 

1995). However, in the compatible interaction (CS/Vd1), the pathogen escapes from this 

elimination and spreads inside the plant’s vascular system (Gold et al., 1996; Heinz et al., 

1998; Chen et al., 2004; van Esse et al., 2009). 

3.2. Group I genes 

Group I genes were characterized by higher expression levels in CR/Vd1 than in 

CS/Vd1 in the microarray (Robb et al., 2009B). Judging from this observation, these genes 

might play crucial roles during the tomato resistance response. A subset of these genes had 
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higher levels of transcripts in the uninoculated CR isoline, which suggested that resistant 

plants were pre-armed with some sort of defence machinery. This could have provided CR 

plants a natural advantage over their CS counterparts in defending themselves against 

pathogenic Verticillium.  

3.3. Group II and III genes 

Group II and III genes were characterized by higher expression levels in CS/Vd1 

than in CR/Vd1. Hence, Group II and III genes might have important roles in the expression 

of disease symptoms and also in the development of Verticillium pathogenesis. A subset of 

these genes had higher levels of transcripts in the uninoculated CS isoline, which suggested 

that CS plants were predisposed to susceptibility even before invasion. This could imply 

that CS plants possessed the required stage for Verticillium to successfully colonize the host 

plant.  

Group II genes were induced to similar levels in CS/Vd1 and CR/Vd1 but dramatic 

differences occurred at later time points. RT-PCR revealed that a representative Group II 

gene (class IV chitinase) also underwent cyclical phases of induction, which correlated with 

the cyclical peaks of fungal colonization in tomato (Heinz et al., 1998; Chen et al., 2004). It 

could be hypothesized that the host plant actually was trying to restrict Verticillium, albeit 

unsuccessfully in the compatible interaction (CS/Vd1). The chitinase enzyme coded for by 

this gene degrades or hydrolyzes the chitin components of fungal cell walls and is classified 

as a pathogenesis-related (PR) protein (Joosten and De Wit, 1989). Furthermore, the 

chitinase enzyme “prefers” altered fungal cell walls indicating that chitinases might work 

downstream of other hydrolytic enzymes like ß-1,3-glucanases (a Group I gene) and that 

the released glucans might, in fact, be elicitors of chitinase production (Benhamou et al., 

1990). 
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Group III genes, in contrast to Group II genes, had higher levels of mRNA in CS/Vd1 

than in CR/Vd1 early during the plant host response. This difference remained substantial 

throughout the course of infection. These genes actually might serve as markers of plant 

stress causing it to develop symptoms and promote pathogenesis. The representative 

example was the leaf PR protein P6 (van Kan et al., 1992), which is associated with 

antifungal activity (Niderman et al., 1995). 

4. RT-PCR versus real-time PCR 

A recent advancement in gene expression analysis is real-time PCR. In this method, 

quantification of PCR product could be done over the course of the amplification cycle. 

Because amplification is monitored in “real-time”, determination of expression values could 

be done at any cycle. This avoids saturation problems in the plateau phase, usually 

associated with non-controlled methods of PCR. However, this method is not without 

disadvantages since it is very sensitive to contamination and inhibitory molecules. A cycle 

difference could have a pronounced impact on the data generated. Additionally, this is a 

more indirect way of measuring product since it requires a fluorescent probe that is 

subsequently measured rather than determining the amount of product itself. Thus, real-

time PCR is largely dependent on the efficiency and accuracy of the fluorescent probes used.  

For stronger and more solid conclusions to be generated, I attempted to check 

preliminary microarray analyses from our previous study (Robb et al., 2009B) and the 

current RT-PCR analyses in this thesis using real-time PCR. Representative genes were 

chosen for which real-time PCR validation were performed. The Verticillium wilt resistance 

genes Ve1 and Ve2 were analyzed further using real time PCR, because preliminary 

functional analyses already have been done in the laboratory together with our Dutch 
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collaborators (Fradin et al., 2009). Although real-time PCR results for Ve1 generated the 

same trends and conclusions as the traditional RT-PCR method, conflicting behaviour was 

observed for Ve2. More importantly, there was a huge discrepancy between the amount of 

Ve1 and Ve2 expression when compared to the similar levels between the two genes in the 

microarray and RT-PCR. 

To resolve the discrepancies between traditional RT-PCR and real-time PCR results 

for the Ve genes, a two-pronged approach was used in this thesis. The first approach was 

the use of a restriction enzyme digestion-based method in differentiating and quantifying Ve 

gene expression levels. The second approach was the design and initial optimization of a 

protocol involving a universal exogenous expression control that could be used in all types 

of RT-PCR and real-time PCRs.  

5. The digestion approach 

The digestion-based approach was designed based on the fact that Ve1 and Ve2 

genes have very high homology. There are long regions of sequences that are identical 

between the two genes. A primer set was designed that could amplify both Ve1 and Ve2 

cDNA simultaneously. The Ve1 and Ve2 signals were then distinguished by differentially 

digesting the PCR product with the restriction endonuclease DdeI. This restriction digestion, 

as opposed to the PCR step, took advantage of the nucleotide differences between Ve1 and 

Ve2. This enzyme cut the Ve1 amplicon four times (in the CR isoline) and three times (in the 

CS isoline because of a base pair deletion in Ve1 – a deletion that produces a stop codon 

thereby truncating the resulting Ve1 protein). On the other hand, it only cut the Ve2 

amplicon once (in both CR and CS isolines). Thus, this DdeI restriction fragment length 
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polymorphism (RFLP) assay also had the additional advantage of distinguishing between 

CR and CS Ve gene signals. 

The Ve1/Ve2 ratios calculated from this RFLP method then were compared to 

Ve1/Ve2 ratios calculated from traditional benchtop RT-PCR or real-time PCR methods. It 

was evident in all these approaches that Ve1 transcript levels were more highly induced 

than Ve2 in CR plants but gradually decreased relative to Ve2 at later stages of infection. 

This molecular observation, correlated with the observed biological aspects of plant host 

resistance. It should be noted that the DdeI RFLP assay agreed more with the benchtop RT-

PCR data since the expression values obtained from real-time PCR were larger in 

magnitudes of tens or hundreds.  

6. The universal internal control approach 

Because the RFLP assay did not absolutely resolve the issues between RT-PCR and 

real-time PCR, a second approach was undertaken. This involved the design of a universal 

internal control (UIC) that could be used in both RT-PCR and real-time PCR methods. The 

use of a universal expression control also had the additional advantage of being applicable 

to all types of gene expression studies, not just to Ve gene expression analysis. 

In designing this expression control, the following criteria were met. First, the 

control must be universal. Universality meant it could be used for all RT-PCR reactions. The 

3’-end of an expressed sequence tag (TUS21D9 or B10) was used. This EST contained a long 

stretch of A or a polyA tail that could be amenable to annealing with the universal polydT 

reverse primer used in the RT step. The EST cDNA shared homology with a peroxidase gene 

in tomato, one that was induced upon infection. This was chosen not just because it had a 

polyA tail but also because endogenous peroxidase gets induced during Verticillium 
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infection (Robb et al., 2009B). This endogenous expression could then serve as control for 

contamination of the exogenous internal control RNA during RT-PCR or real-time PCR. 

Second, the control must be specific. Specificity implied that PCR amplification using 

UIC-specific primer should not amplify the endogenous peroxidase gene. To resolve this, the 

5’-sequence of the IC RNA comes from the vector (PTZ19R) into which the EST was cloned. 

By using a vector-specific primer and an EST-specific primer, only RNA corresponding to 

the internal control was quantified. 

Third, the control must be pure. Internal control RNA was purified using 

polyacrylamide gel electrophoresis. Subsequently, phenol chloroform extractions and 

ethanol precipitation were done. This two-step purification and elution process ensured 

that only the desired RNA was present in the collected UIC stock solution. 

Lastly, the control must be quantifiable. The RNA was quantified using 

spectrophotometry and it was also run on gel against a known concentration standard. 

Quantification was necessary so that this universal internal control could be used to 

calibrate and normalize expression of all genes to be tested against it. 

Time did not permit intensive and comprehensive use of the internal control assay. 

Only preliminary testing was done. Initial results suggested that the assay worked in both 

benchtop RT-PCR and real-time PCR, and it seemed as if it might have partially resolved the 

discrepancies between the two. When internal control was used to correct real-time data 

for actin gene expression, the expression values showed greater agreement than when 

absolute, uncorrected values were used but the experiment still requires completion. 
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7. Conclusions and future perspectives 

This Master’s thesis dealt with the quantification of defence gene expression in 

Verticillium-infected tomato plants. Therefore, it was important that an appropriate 

reference gene or expression control be used to standardize the results. In this study, the 

reliability of actin as an RT-PCR control was successfully tested and verified. Previous 

studies (Villanueva et al., 1999; Menzel et al., 2002; Nicot et al., 2005; Pirrello et al., 2006) 

have been contradictory in this regard that is why its applicability to the specific system 

being studied (tomato-Verticillium pathosystem) was examined. Fungal biomass and 

symptom indexing assays initially were used to verify the establishment of Verticillium 

infection in tomato. Subsequently, RT-PCR assays were applied using total RNA extracted 

from the stems of the Verticillium-infected tomato in different stages of infection, as 

described in the past (Nazar et al., 1991; Robb and Nazar, 1996). 

After quantification of results and normalization of data, three major distinct 

patterns of defence gene expression were identified as initially reported by the microarray 

analysis (Robb et al., 2009B). There were defence genes (Groups I) that had higher levels of 

expression (i.e. upregulated) in plants that were resistant to Verticillium compared to 

susceptible counterparts. These genes were postulated to play a role in the resistance 

response of the tomato host plant itself. Conversely, there were those that were 

downregulated in the CR plants compared to CS plants (Group II and III). These genes 

appeared to be involved with development of symptoms and pathogenesis in the plant. RT-

PCR results showed that results for genes coding for PMPF-8, CDKI, IDGR and class IV 

chitinase were in agreement with the microarray results. ERF-2, PAL and P6 genes were in 

partial agreement. However, contradictions were observed for genes coding for 14-3-3 

protein, beta-glucanase, P1a, RNP-1, CBP and SAM. This led to the use of real-time PCR 
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(initially on just the two Ve genes). When discrepancies between traditional benchtop RT-

PCR and real-time PCR were still observed, two additional approaches were devised to help 

resolve these issues.  

First, a digestion-based DdeI RFLP assay demonstrated a simple and rapid way of 

simultaneously and differentially quantifying the expression of the Ve genes. Although 

general conclusions derived from RT-PCR, real-time PCR and RFLP assays appeared to be 

similar, the RFLP assay effectively agreed with the traditional benchtop RT-PCR method 

more than with the real-time PCR method. The fact that two completely independent and 

fundamentally different approaches reached very similar conclusions did not strike one as 

mere coincidence but underlined the strength, efficiency and reliability of properly 

controlled and normalized RT-PCR against the newer real-time approaches. 

Second, a universal internal control (UIC) was designed and prepared since 

conventional practice using real-time PCR did not account for inhibition of reactions by 

contaminating substances, something which is common in diseased plants (Ma and 

Michailides, 2007). Infected plants usually produce compounds like polysaccharides and 

phenolics that could inhibit PCR amplifications (Wilson, 1997). This entailed cloning, 

expression and preliminary assay optimization. Preliminary results were promising 

towards resolving the RT-PCR and real-time PCR issues but future studies are still needed 

to probe into the use of this universal IC in more detail. 

It is very important to resolve the issue of RT-PCR vs. real-time PCR because such an 

agreement would provide strong evidence for the reliability and precision of gene 

expression studies. As more and more journals favour real-time PCR over traditional 

benchtop RT-PCR in validating microarray results, it is imperative that real-time PCR be 
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assessed and evaluated critically (Liszewski, 2009). Complete resolution of the 

discrepancies between RT-PCR and real-time PCR would take extensive analysis since the 

latter is more sensitive and, thus, more susceptible to various factors, ranging from RNA 

sampling and storage to the complex use of various parameters like baselines and 

thresholds, some of which could be arbitrary (Bustin et al., 2009). Although this thesis did 

not completely resolve these issues, the use of alternative approaches, like the RFLP assay 

and internal control assay, demonstrated the feasibility of this goal. 

Overall, the data showed that this biological system involving vascular pathogens 

(like Verticillium) could be standardized sufficiently, permitting efficient, reliable and 

reproducible analysis of gene expression in a whole plant system (such as tomato). The 

patterns of gene defence gene expression in the tomato-Verticillium pathosystem could then 

be used as an accurate indicator of a “defence readout” when performing subsequent 

functional assays like gene silencing, over-expression and mis-expression studies. Through 

the identification of defence gene expression in the course of Verticillium infection, this 

research provided an example to further understand the molecular mechanism of how the 

tomato plant responds to this pathogen. Understanding the molecular biology of plant 

defence could be very helpful in the development of new concepts for disease resistance 

and crop protection. At a more fundamental level, it might contribute to a better 

understanding of factors and pathways regulating development of various pathosystems in 

plants. 

It is indeed becoming important that particular attention be directed into how 

various pathways interact rather than just expression of single genes as this provides a 

better global outlook about the events in the plant itself. As plant-pathogen interactions are 

not statically linear but a stochastic labyrinth of signalling networks, a new dawn of 
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research into plant-pathogen interactomics becomes apparent and imperative (Paul et al., 

2009). Nevertheless, detailed functional analysis of specific genes involved in defence must 

be continued to avoid superficial interpretations. An increasing number of studies slowly 

have started to look into the roles of different players in the plant defence response, with 

the aid of various methods like RNAi silencing. Future studies could be geared towards 

silencing and overexpression of Verticillium resistance genes (Ve1 and Ve2) in tomato and 

see how this affects defence gene expression. This functional genomics era indeed raises 

great excitement for plant biology researchers in deciphering the still countless mysteries 

associated with tomato-Verticillium interaction. 
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APPENDIX 

 

(A) 

 

(B) 

Figure A.19. Standard curve for actin expression showing linear relationship between 
template and internal control RT-PCR products. 

(A) Competitive RT-PCR of actin in nucleic acid extracts from stems of CS tomato at different 
total nucleic acid extract concentrations. Increasing amounts of extract with the actin mRNA 
were co-amplified with 2.5 pg of homologous internal control RNA, using actin-specific PCR 
primers: Lane M contains the size marker; lane 1 contains 500 ng extract + IC; lane 2 
contains 250 ng extract + IC; lane 3 contains 125 ng extract + IC; lane 4 contains 63 ng 
extract + IC; lane 5 contains 31 ng extract + IC; lane 6 contains IC only; lane 7 contains no 
template. (B) Normalized quantification of expression by calculating the signal of actin RT-
PCR bands divided by the signal of internal control RT-PCR bands. The linear regression 
curve was determined according to the linear function y = axb. Standard deviations are 
provided which represent three PCR replicates of one biological trial. 
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