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When tomato Craigella is infected with Verticillium dahliae Dvd-E6 (Dvd-E6), a tolerant 

state is induced with substantial pathogen load, but few symptoms. Unexpectedly, these 

plants are more robust and taller with Dvd-E6 behaving as an endophyte. Some 

endophytes can protect plants from virulent pathogens. This research was undertaken to 

improve understanding of the cellular and molecular nature of Verticillium tolerance in 

tomato, especially whether infection by Dvd-E6 can protect Craigella from virulent V. 

dahliae, race 1 (Vd1). To permit mixed infection experiments a restriction fragment 

length polymorphism (RFLP)-based assay was developed and used for differentiating 

Dvd-E6 from Vd1, when present in mixed infections. The results suggested that 

protection involves molecular interplay between Dvd-E6 and Vd1 in susceptible 

Craigella (CS) tomatoes, resulting in restricted Vd1 colonization. Further studies showed 

a dramatic reduction of Vd1 spores and mycelia. To examine genetic changes that 

account for these biological changes, a customized DNA chip (TVR) was used to analyze 

defense gene mRNA levels. The defense gene response was categorized into four groups. 

Group 1 was characterized by strong induction of defense genes followed by suppression. 

However, Vd1-induced gene suppression was blocked by Dvd-E6 in mixed infections. 



 

   

 

These genes included some transcription factors and PR proteins such as class IV 

chitinases and beta glucanases which are known to target fungal spores and mycelia. 

Experiments also were repeated with a Craigella resistant (CR) isoline containing a fully 

active Ve locus (Ve1
+
 and Ve2

+
). The biological results showed that the presence of the 

Ve1
+
 allele resulted in restricted Vd1 colonization and, in a mixed infection with Dvd-E6, 

Vd1 was completely eliminated from the plant stem. Surprisingly, there was no 

significant increase in defense gene mRNAs. Rather, elevated basal levels of defense 

gene products appeared sufficient to combat pathogen attack. To investigate functional 

effects of the genetic changes observed, an inducible RNAi knockdown vector for a 

defense gene (TUS15G8) with unknown function (pMW4-TUS15G8) as well as the Ve2 

resistance gene (pMW-Ve2) was prepared as a initial step for future transformation 

analyses. Taken together the results reveal intriguing but complex biological and 

molecular changes in mixed infections, which remain a basis for future experiments and 

potential agricultural benefits. 
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CHAPTER 1: General Introduction 

1.1 Introduction 

Verticillium wilt (tracheomycosis) is a vascular wilt disease of plants. Like other 

vascular wilt diseases, they are highly destructive, causing great damage to many 

important cultivated and wild type crop species (Wilhelm, 1981; Subbarao et al., 1995). 

Generally, fungal vascular wilt diseases are caused by species of three genera, namely; 

Verticillium, Fusarium and Ophiostoma (Agrios, 2005) but the greatest number of these 

diseases in higher plants is caused by Verticillium and Fusarium spp. (Green, 1981). 

Verticillium spp. possess many unusual features. They have wide host range and their 

propagules can persist in infected soil for many years. The way in which Verticillium spp. 

infect the host plant is also different from many pathogens since they do not produce 

appressoria; rather hyphae penetrate the vascular system directly through the root cap or 

at wounds and remain in the xylem vessels where they usually cause observable disease 

symptoms in the host plant. The pathogen never penetrates host cells, remaining in the 

xylem vessels until the plant is moribund (Robb, 2000; Beckman, 1987).  

When Verticillium spp. infect host plants, three types of relationships; 

susceptibility, tolerance and resistance, can be obtained. A host plant is susceptible when 

there are both high levels of symptoms and amounts of fungus. A tolerant response is 

characterized by low levels of symptoms, while the amounts of fungus in the plant are 

high. A resistant response is characterized by both low levels of symptoms and amounts 

of fungus in the plant. The manner in which plants resist Verticillium spp. is another 

interesting feature of the disease. In most hosts, such as alfalfa and potato, resistance is 

polygenic; however, dominant single-gene resistance is found in tomato, cotton, 
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sunflower and potato (Kawchuk et al., 2001; Jansky et al., 2004; Lynch et al., 1997) but 

it is unknown whether resistance against Verticillium spp. follows the gene-for-gene 

concept. Also, there is no development of a hypersensitive response commonly 

associated with resistance to many plant diseases (Pedley and Martin, 2003).  

Despite some of these interesting features of Verticillium wilts, remarkably little 

knowledge is available about the molecular basis of the Verticillium-plant interaction and 

how hosts combat or tolerate the pathogen. Tolerance to plant disease is the ability of the 

plant to withstand the severity of the disease without a severe loss in yield or quality 

(Schafer, 1971). We are still in the pioneering stage of understanding Verticillium 

infections (Fradin and Thomma, 2006). 

This Ph.D. research was undertaken with a view towards seeking a better 

understanding of the cellular and molecular basis of Verticillium tolerance in tomato in 

relation to its protective strategy. It is hoped that the knowledge gained from this research 

could also improve understanding of other vascular wilt pathogen/host interactions. The 

present study was completed in three successive phases. The first phase was an 

exploratory phase where fundamental biological questions about tolerance were asked, 

especially with respect to the endophytic properties of a V. dahliae isolate, called Dvd-

E6, in tomato. Phase two was centered on defense gene expression in different 

Craigella/Verticillium interactions. In the last phase of this study, RNA interference 

(RNAi) vectors were developed, which will be used to probe the function(s) of some 

selected defence-related genes (Tanksley, 1992; Gillaspy et al., 1993; Tanksley, 1993).  

This chapter gives a brief discussion of the nature of Verticillium wilts; the 

causative agents, the host plants, the disease cycle, symptomology, epidemiology, 
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pathogenicity, economic importance and disease management. This is followed by a 

review of tolerance and some techniques that could be employed to study tolerance. 

Finally, there is an overview of the entire thesis work. 

1.2 Verticillium wilts 

1.2.1 Verticillium spp. 

The genus Verticillium Nees includes some of the world’s major plant pathogens. 

The genus Verticillium was classified based on its distinguishing morphological 

characteristics, ―verticillate conidiophores.‖ More than 50 species have been described 

that are classified taxonomically based on characteristics such as type and size of 

reproductive spores and survival structures and, where appropriate, type of host (Isaac, 

1967); these include Verticillium spp. that parasitize insects, nematodes and other fungi 

and, in particular, dicotyledonous plants (Schippers and Gams, 1979). Many members of 

the genus are even nonpathogenic (Robb, 2000). There has been much controversy about 

the nomenclature and classification of Verticillium spp. (Pegg and Brady, 2002). After 

revision of the original genus, there are now six plant pathogenic Verticillium spp. 

although Karapapa and coworkers have proposed a potential seventh species (Karapapa 

et al., 1997). The plant pathogenic Verticillium spp. now include: (i) V. albo-atrum 

Reinke & Berthold (1879), which covers the majority of isolates producing only dark-

resting-mycelium (DRM) as its resting structures, (ii) V. dahliae Klebahn (1913), which 

includes all isolates that produce only microsclerotia (MS*) as its resting structures, (iii) 

V. nigrescens Pethybridge and (iv) V. nubilum Pethybridge (1919), that together include 

all species that produce only chlamydospores  (v) V. tricorpus Isaac (1953), that includes 

species that produce MS*, DRM and chlamydospores (hence the prefix ―tri‖) and (vi) V. 
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theobromae (Turconi) Mason & Hughes in Hughes (1951) for the minor wilt 

pathogens/saprophytes. The non-wilt pathogen that produces pale brown resting-

mycelium that is associated with fruit rots of banana has also been included in V. 

theobromae (Barbara and Clewes, 2003; Isaac, 1967). (vii) V. longisporum comb. nov 

refers to the species recently proposed by Karapapa et al., (1997). V. longisporum isolates 

have relatively long conidia that infect hosts in the Brassicaceae family; this group was 

formerly placed into a subgroup of V. dahlia (referred to as var longisporium). Members 

of this group often lose some of these distinguishing characteristics after prolonged 

maintenance in culture or when placed in inappropriate medium (Messner et al., 1996). 

Most agricultural losses are caused by V. albo-atrum and V. dahliae (Agrios, 2005; 

Schnathorst, 1981). The single most important characteristic for separating these two 

species as biologically distinct and also determining their geographic distribution is the 

temperature difference for growth and survival for the microsclerotia and dark resting 

mycelia types of Verticillium (Pegg and Brady, 2002). V. albo-atrum grows best at 20 to 

25 
o
C, whereas V. dahliae prefers somewhat higher temperatures, 25 to 28

 o
C (Agrios, 

2005). A temperature greater than 28 
o
C becomes unfavorable for all pathogenic species 

and results in reduced growth rate, sporulation and spore viability (Robb, 2000). 

Verticillium spp. also can be differentiated at the species level using PCR-based assays 

that utilize small differences in the internal transcribed spacer (ITS) region base sequence 

of the ribosomal gene (Carder and Barbara, 1999; Nazar et al., 1991; Williams et al., 

1992; Li et al., 1994; Robb et al., 1993; Robb and Nazar, 1996). Further differentiation of 

V. dahliae and V. albo-atrum using restriction fragment length polymorphisms (RFLPs) 

also have been reported (Okoli et al., 1994). 
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These plant pathogenic Verticillium spp. have been subdivided further based on 

host specificity, vegetative compatibility grouping (VGC), pathotype, geographical origin 

and unique molecular groupings. For example, V. albo-atrum has two distinct subgroups 

based on host specificity; lucerne (alfalfa) and non-lucerne isolates (Heale and Isaac, 

1963). Based on the sequence of the ITS regions of the rRNA gene, V. albo-atrum also 

has been sub-divided further into V. albo-atrum 1 (group 1) and V. albo-atrum 2 (group 

2) (Robb et al., 1993; Morton et al., 1995). These divisions have been supported using 

molecular markers such as RFLPs (Carder and Barbara, 1999), random amplification of 

polymorphic DNA (RAPDs) (Mahuku and Platt, 2002), ITS and the intergenic sequences 

of the ribosomal RNA (rRNA) gene (Morton et al., 1995). Currently, there are three 

operational taxonomic units (OTU) for V. albo-atrum: (i) Grp1 isolates pathogenic on 

lucerne, (ii) Grp1 isolates pathogenic on all other hosts but non-pathogenic on lucerne, 

and (iii) Grp 2 isolates (Barbara and Clewes, 2003). V. dahliae exists in two categories: 

haploid and amphihaploid isolates (both with long conidia). Among the haploid group, 

there have been also several sub-groupings based on geographical origin, host specificity 

(Okoli et al., 1994), pathotype (Pérez-Artés et al., 2000) and VGC (Dobinson et al., 

1998). 

1.2.2 Host plants 

More than 200 species of plants in several families can be attacked by Verticillium 

spp. (Agrios, 2005). Most are dicotyledonous, although there have been some reports of 

monocotyledonous plants as true hosts of Verticillium pathogens (Sherrod and Elliot, 

1967). Hosts include most vegetables (e.g. artichoke, eggplant, pepper, potato and 

tomato), fruits (e.g. grape, olive and strawberry), flowers (e.g. chrysanthemum and 
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roses), oilseed crops (e.g. sunflower), fibre crops (e.g. cotton and flax) and woody 

perennials (e.g. peach, maple and elm) (Schnathorst, 1981; Domsch et al., 1980; Pegg 

and Brady, 2002; Fradin and Thomma, 2006). Verticillium spp. also have been reported 

to parasitize nematodes (Kerry and Bourne, 1996).  

1.2.3 Tomato as a host and model plant 

The commercial tomato is one of the most popular fleshy fruits in the world. It 

belongs to a species most frequently referred to as Lycopersicon esculentum Miller. The 

correct Latin name has been a bone of contention in the scientific world and the issue has 

not been resolved fully. The alternative names Solanum lycopersicum L., or Lycopersicon 

lycopersicum (L.) Karsten have also appeared in the literature. Lycopersicon is a 

relatively small genus within the extremely large and diverse family, Solanaceae, 

comprising more than 90 genera (Bohs and Olmstead, 1997). The origin of tomato also is 

not clear. It was believed to have been introduced to the Andean regions of Peru, Chile 

and Equador and, from there, was taken to Europe, but the precise locality from which it 

came and when it first arrived are still matters of speculation (Schaible et al., 1951).  

Apart from the commercial value of tomato, it also has served as a suitable well-

established reproducible model organism for the study of many biological processes. It 

was selected as a family reference among the 2800 species of Solanaceae for genome 

sequencing (Mueller et al., 2005). It is a diploid species with a moderate genome size of 

950 Mb organized into 35,000 genes on a haploid set of 12 chromosomes (Van der 

Hoeven et al., 2002; Arumuganathan and Earle, 1991). The number of public databases 

that contain high quality nucleotide sequences, expressed sequence tags (EST) (Van der 

Hoeven et al., 2002) and genome survey sequences (GSS) containing biological 
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information on tomato is rapidly growing (Tanksley et al., 1992). Tomato offers several 

characteristics that enable studies of plant development, fruit ripening and investigation 

of many plant-pathogen interactions that affect economically important plants. Useful 

properties include its moderately sized genome (950 Mb) and availability of high density 

genetic maps (Peterson et al., 1998; Tanksley, 1992), efficient binary transformation 

procedures (An et al., 1986), tolerance to inbreeding (Van der Hoeven et al., 2002), 

availability of quantitative trait locus (QTL) information (Frary et al., 2000) and 

informative ripening mutants (Giovannoni, 2007). In addition to these diverse genetic 

resources available in tomato, a public cDNA-based microarray has also been developed 

for tomato which contains more than 8600 verified unigene sequences (Alba, 2004; 

Giovannoni, 2007).  

Tomato as a model organism has been used in molecular, cellular and physiological 

studies to investigate fleshy fruit development and ripening (Gillaspy, 1993; Wilkinson, 

1995), and tolerance to salinity (Zhang and Blumwald, 2001). Systemin, a primary signal 

molecule was first isolated from tomato (McGurl et al., 1992). More so, in the area of 

plant pathology, with the use of tomato as a model plant, our understanding of plant-

pathogen interactions has been greatly increased. Tomato Pto resistance gene that 

mediates resistance against Pseudomonas syringae pv tomato through the interaction with 

the Avr genes (AvrPto or AvrPtoB) was the first plant gene ever cloned that exhibited the 

gene-for gene concept of plant disease resistance (Dixon et al., 1996; Scofield et al., 

1996). Many cellular and molecular studies to understand plant-pathogen interactions 

(Scofield et al., 2010), and resistance genes (Dixon et al., 1996) have been investigated 

using tomato as a model plant.  
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Tomato is a suitable host for Verticillium spp. Like other vascular pathogens, 

Verticillium spp. colonize tomato in a cyclical systemic pattern with peaks between 2-4 

and 12-15 days-post-inoculation (dpi) for Vaa (Heinz et al., 1998) or  2-4 and 8-10 dpi by 

Vd1 (Chen et al., 2004), followed by fungal elimination after each peak. In tomato, the 

dominant Ve disease resistance gene confers resistance against Verticillium pathogens. 

The molecular nature of resistance in tomato against Verticillium spp. is unique due to the 

fact that the Ve genes from tomato are two closely linked inverted genes (Ve1 and Ve2) 

that putatively encode cell surface-like receptors, which independently confer resistance 

to Vaa race 1 in potato (Kawchuk et al., 2001), although current evidence suggests that 

this may not be the case in tomato. Only the Ve1 gene, not Ve2 confers resistance in 

tomato against Vd1 and Vaa (Fradin et al., 2009). Ve genes were identified in 1932 in a 

L. esculentum accession called Peru Wild. Ve resistance was introduced into other 

cultivars of tomato through traditional breeding and the first resistant varieties were 

released in the 1950s (Schaible et al., 1951). Today, most of the commercial varieties of 

tomato worldwide carry the Ve genes which provide resistance against Vaa and Vd1, but 

not against V. dahliae race 2 (Robinson et al., 1957; Hall and Kimble, 1972).  

1.2.4 The Verticillium disease cycle 

The life cycle of pathogenic Verticillium spp. can be divided into dormant, parasitic 

and saprophytic stages. The dormant stage comprises inhibition and germination of 

resting structures in soil. The parasitic stage comprises penetration of roots, colonization 

of the root cortex and endodermis and movement to the xylem, colonization of the xylem 

of stems and leaves, symptom expression and, finally, death of the host. The saprophytic 

stage is the formation of resting structures in the dead host (Schnathorst, 1981). 
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The formation of resting structures known as microsclerotia is a critical factor in 

the survival, distribution and epidemiology of the disease (Pegg, 1981). In the dormant 

phase, conidia and microsclerotia present in infested soil are inhibited from germinating 

because of mycostasis or microbiostasis (Huisman, 1982). The resting structure can 

survive in a state of dormancy for years. V. dahliae has been recorded to survive up to 14 

years in field conditions (Wilhelm, 1955). Reversal of inhibition of resting structures 

from germination is non-host specific. The inhibition can be reversed when 

microsclerotia come in contact with root exudates released in the rhizosphere of a host 

plant (e.g. tomato) or a non-host plant (e.g. wheat). The exudates serve as a rich source of 

carbon and nitrogen (Huisman, 1982). Verticillium spp. enter the parasitic phase when it 

penetrates the host through wounds or at the root cap, root hairs or branch roots. Inside 

the root, the cortex is colonized (Bishop and Cooper, 1983). Penetration is usually 

intercellular. Hyphae enter the cortex directly without forming appressoria. From the 

cortex, the hyphae penetrate the endodermis and invade the xylem vessels where conidia 

are formed. These conidia are released to travel upward in the transpiration stream until 

trapped in pit cavities or at vessel end walls, where they germinate into new hyphae and 

penetrate adjacent vessel elements to continue colonization and increase infection 

(Schnathorst, 1981). Studies have shown that the rate of conidia formation in the host 

plant correlates with the aggressiveness of the strain, with heavily conidiating 

Verticillium strains being more aggressive (Schnathorst, 1963). At this stage, the host 

plant starts to develop symptoms. It is at this stage of symptom development in the host 

that susceptibility or resistance is determined (Beckman, 1987). Unlike other vascular 

pathogens such as Fusarium spp. and Ceratocystis spp., Verticillium spp. remain in the 
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xylem vessels until the plant is moribund (Robb, 2000; Beckman 1987). At this stage, the 

fungus enters a saprophytic stage and forms microsclerotial resting structures which are 

returned to the soil when the plant dies and decomposes. 

1.2.5 Symptomology and epidemiology 

The symptoms of Verticillium wilts are similar to the wilts caused by Fusarium 

spp. or other vascular wilt pathogens (Agrios, 2005). The symptoms generally can be 

grouped into external visible symptoms, and internal or microscopic symptoms. The 

external visible symptoms range from stunting, leaf epinasty, abscission, and the 

development of distinctive foliar symptoms such as flaccidity (wilt), chlorosis, followed 

by necrosis of successive branches, to abrupt collapse and death of the entire plant. The 

internal symptoms may include vascular browning (deposition of melanin-like 

compounds on the wall of xylems vessels and neighboring parenchyma cells), tyloses, 

xylem parenchyma hyperplasia, supernumary xylem differentiation, deposition of gels 

and gums in the xylem, suberization of vessel pits, stimulation of phenol synthesis in 

specific stellar cells, permanent opening of stomata (Pegg, 1981), as well as anthocyanin 

accumulation (Veronese et al., 2003), pathogen-mediated reductions in net 

photosynthesis, transpiration and increased leaf temperature leading to premature foliage 

senescence and, finally, yield loss (Bowden et al., 1990). Alteration of the flowering 

processes has been observed also as a symptom of Verticillium infection in some plants, 

including pepper (Capsicum spp.) (Goicoechea et al., 2001) and Arabidopsis thaliana 

(Veronese et al., 2003). Vd1 infection accelerated the induction of flowering in the A. 

thaliana ecotype BI-1, whereas there was no flowering observed in the mock-inoculated 

control plants. Many Verticillium spp. isolates can cause a wide variety of symptoms on 



CHAPTER 1:  General Introduction 

 11  

 

different host plants (Subbarao et al., 1995), whereas others are host specialized (Bhat 

and Subbarao, 1999). As a result of the varying symptoms in different hosts, there are no 

particular symptoms that belong to all plants infected by this fungus (Fradin and 

Thomma, 2006). Figure  1-1 depicts different species of Verticillium as well as some of 

the symptoms of Vd1-infected tomato.  

When Verticillium wilt first appears in a field, it is always mild and local. The 

attacks become successively more severe and widespread in subsequent years as the 

inoculum builds up and new, more virulent strains of the fungus appear until the crop is 

devastated by the pathogen or discontinued or replaced with resistant varieties by the 

farmer (Agrios, 2005). Factors affecting the epidemiology of diseases caused by 

Verticillium spp. include: inoculum density, strains of the pathogen, crop cultivars, 

suppressive and conducive soils, nutritional status of the soil, soil type, soil and air 

temperature, interactions with other pathogens, movement of propagules by wind, water, 

machines and animals, prevalence of weed hosts, extent of rainfall and irrigation, and 

plant densities (Schnathorst, 1981). 
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Figure 1-1: Symptoms and characteristics of plant pathogenic Verticillium spp. 

Tomato infected with V. dahliae race 1 showing various symptoms: (A) leaf showing 

chlorosis (B) leaf showing wilting (C) leaves showing necrosis (D) leaf showing V-

shaped necrosis (E) plant showing stunted growth (F) Verticillate conidiophores of 

Verticillium spp. (G) Culture of V. dahliae, isolate Dvd-E6. (H) Culture of V. dahliae 

race 1. (I) Culture of V. albo-atrum. Panel F was kindly provided by Dr. Jane Robb of the 

Department of Molecular and Cellular Biology, University of Guelph, Guelph. 

1.2.6 Economic importance and disease management 

Verticillium wilts are highly destructive vascular diseases of plants that occur 

worldwide, but are most important in temperate regions. In fact, virtually all 

agriculturally significant plant species, with the exception of grasses, are susceptible to 
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infection, causing billions of dollars in yield loss annually (Powelson and Rowe, 1993). 

In North America, Verticillium wilt has been ranked as the most important disease of 

both seed and commercial crops, and the second greatest constraint on potato tuber yield 

(Powelson and Rowe, 1993). 

In general, the disease is difficult to control as a result of the broad host range, the 

long survivability of the microsclerotial resting structure of the pathogen, its growth 

within the confinement of the vascular tissues of the host plant, and the cyclical systemic 

nature of colonization within the vascular system of the plant. All these factors combined, 

render chemical and cultural attempts at protection of plants against Verticillium wilt 

ineffective or impractical (Robinson et al., 2001). Of the seven plant pathogenic 

Verticillium spp., V. dahliae appears to be the most difficult to control. Its ability to 

persist for years in various tissues of many hosts and in soil makes it more difficult to 

control (Wilhelm, 1955). The resting structures of Verticillium spp. provide the initial 

inocula; therefore, they serve as desirable targets for Verticillium spp. control (Hawke 

and Lazarovits, 1994). Management strategies that can reduce the inoculum level include 

physical methods (application of heat and solarization), chemical methods (soil 

fumigation), cultural practices (crop rotation), biological control (the use of bacterial and 

fungal antagonists), and legislation and quarantine (Pegg and Brady, 2002; Ben-Yephet 

and Frank, 1989; Corsini et al., 1988). Also, removal of plants once diagnosed with 

Verticillium wilt is currently one of the most effective means of disease control (Fradin 

and Thomma, 2006). However, collectively, these strategies have been met with little 

success. Currently, the most effective way to prevent Verticillium disease is the breeding 

of resistant cultivars.  
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1.3 Verticillium spp./host plant interactions 

When Verticillium spp. infect tomato, three types of pathogenic relationships are 

possible; susceptibility, resistance or tolerance. In the susceptible relationship, symptom 

level and the amount of fungus are high, while in the resistant relationship both symptom 

level and amount of fungus remain low. The tolerant relationship has low symptom levels 

but high amounts of fungus. The type of relationship that will result is determined by the 

cellular interactions between the host plant and the pathogen occurring in the stem (Chen 

et al., 2004). 

1.3.1 Mechanism of Verticillium pathogenicity 

The mechanism by which Verticillium spp. induce symptoms in a susceptible host 

plant has been an issue addressed by many research studies and has provoked much 

scientific controversy for decades. The lifestyle of Verticillium spp. is unusual in that, in 

the plant, the fungi are mainly confined to the fluid environment of the xylem vessels and 

exerts its effect on host physiology indirectly (Pegg and Brady, 2002). The classic debate 

has been whether vascular occlusion or toxin activity causes wilting. 

Vascular occlusion can result from the physical blockage of the plant xylem by 

either the pathogen biomass or vessel plugging by the host (Pegg and Brady, 2002; 

Fradin and Thomma, 2006). Colonization of the host xylem is effected by mycelia 

growth but more rapidly by conidia carried in the xylem fluid (Tolmsoff, 1973). Street 

and Cooper used a modified Scholander pressure bomb to determine the contribution of 

vascular occlusion to water stress in Vd1-infected tomatoes (Street and Cooper, 1984). In 

comparing vascular flow through petioles of healthy, symptomless or wilted leaves, they 

found that flow was greatly reduced or completely prevented before visual signs of 
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wilting in leaf laminae of infected plants, strongly supporting vascular occlusion as the 

main cause of water stress in this Verticillium wilt disease.  Robb and co-workers also 

observed ultrastructural changes in V. dahliae infected chrysanthemum leaves before and 

after wilting (Robb et al., 1975). They found that xylem vessels in the leaves contained 

large amounts of fungal hyphae before wilting occurred, thereby supporting vascular 

occlusion as the cause of wilting in Verticillium spp. infected plants.  There are also 

numerous studies that implicate vessel occlusion as the primary cause of water stress 

leading to Verticillium wilt (Threlfall, 1959; Alexander and Hall, 1974; Douglas and 

Machardy, 1981). Vascular occlusion as a result of vessel plugging occurs in a 

susceptible host plant in an attempt to defend itself against infection by Verticillium spp. 

This is attributed to blocking of the vessels by gums (Moreau et al., 1978), gels 

(VanderMolen et al., 1977), tyloses and xylem vessel wall coatings (Robb et al., 1979).  

Toxins can be sub-divided broadly into small molecular weight (<1000 Da) and 

macromolecular weight compounds. In this model, toxic molecules as extracellular 

metabolites of the pathogen are envisaged to pass through xylem pit membranes into the 

leaf and other parenchyma cells and there directly affect permeability, causing cellular 

dysfunctioning and death (Pegg and Brady, 2002). Some attempts have been made to 

provide indirect evidence supporting the role of low molecular weight compounds in 

Verticillium wilt symptom developments (Ten et al., 1981; Neumann and Dobinson, 

2003). Both V. dahliae and V. albo-atrum are reported to produce phytotoxins that induce 

host cell death (Pegg, 1965). In addition, symptom development attributed to toxins in 

Verticillium spp. has been demonstrated in potato (Buchner et al., 1989) and tomato 

(Mansoori et al., 1995) cultivars. Also, some studies show that crude elicitor preparations 
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from V. dahliae can induce defense response in cotton and soybean cells supporting the 

hypothesis that toxins and elicitors can act as Verticillium dahliae pathogenicity factors 

(Apostol et al., 1987). However, evidence that toxins and elicitors of Verticillium spp. are 

pathogenicity factors has not always been consistent and some studies appear 

contradictory; so this hypothesis is generally not accepted (Fradin and Thomma, 2007; 

Pegg and Brady, 2002). 

1.3.2 Mechanism of plant defense against Verticillium spp. infection 

 Resistance to a pathogen can be measured by components such as pathogen 

growth, disease symptoms and host fitness (Kover and Schaal, 2002). The best known 

defense mechanism against infection by Verticillium spp. is through quantitative 

resistance involving numerous genes that are expressed constitutively or induced in 

response to attack by the pathogen. These genes provide the plant with defensive 

structures, degradative enzymes and toxic substances that slow or restrict the colonization 

of the pathogen in the host tissue and reduce the damage caused by the pathogen (Agrios, 

2005). Polygenic resistance to Verticillium wilts has been identified in several plant 

species such as potato (Hunter et al., 1968), cotton (Bolek et al., 2005), alfalfa and 

strawberry (Simko et al., 2004). Single dominant resistant genes have also been identified 

in sunflower (Jansky et al., 2004), potato (Lynch et al., 1997) and tomato species 

(Kawchuk et al., 2001). In a Verticillium spp./host plant relationship, substantial amounts 

of the fungus are always present in the upper part of the plant within 2-4 days of root 

inoculation but, eventually, the fungus is restricted to the basal part of the plant as a result 

of rapid defense responses elicited in resistant plants having the R gene, which is used for 

recognition of pathogen elicitors. In susceptible plants lacking the R gene, the pathogens 
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escape the defenses and are able to colonize the stem extensively (Heinz et al., 1998; 

Pegg and Brady, 2002).  

In a Verticillium spp.-infected resistant plant, both structural and biochemical 

defence responses are deployed to restrict colonization of the pathogen. There is much 

evidence supporting interplay between structural and antimicrobial defence responses 

resulting in containment of fungal spread; first, conidia are trapped at vessels end walls or 

bordered pits after which the release of antimicrobial molecules contribute to the 

elimination of the pathogen (Bell, 1969; Pegg and Brady, 2002). The defense response 

deployed by both susceptible and resistant plants is similar during Verticillium spp. 

infection, but the level and timing of responses differ. (Beckman, 1987; Gold and Robb, 

1995; Heinz et al., 1998; Lee et al., 1992; Lynch et al., 1997). For example, the level of 

PAL enzyme activity was found to be consistently and significantly higher (about a four-

fold) in the resistant plants, compared to the susceptible plants, especially at 24 hour-

post-inoculation (hpi) with Vaa (Lee et al., 1992). Also, delayed coating response has 

been reported to occur in susceptible plants during Vaa infection (Robb et al., 1987; 

Robb et al., 1989). A large body of Verticillium research has been aimed at characterizing 

these structural and biochemical defense responses using cotton, hop and tomato as 

model plants (Robb et al., 1991; Fradin and Thomma, 2006). 

Structural defenses such as suberization of the endodermis (Talboys, 1958) and 

lignification of the epidermal and cortical cell walls of the root trap the fungus (Griffiths, 

1971) in the prevascular stage of attack in some hosts. If the pathogen escapes the 

prevascular phase and succeeds in penetrating the plant xylem vessels (i.e. vascular 

stage), the plant resists fungal penetration and horizontal spread by forming other barriers 
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through the deposition of suberin and other coating materials on vascular cell walls, 

surrounding the trapping sites (Heinz et al., 1998). At this stage, infection commonly 

results in vessel occlusion by gums, gels and other deposits secreted by the neighboring 

parenchyma cells and tyloses (Benhamou, 1995). All these obstructions block movement 

of the fungus and other transport through the vessel element. Pathogenesis-related (PR) 

proteins such as glucanases and chitinases as well as phenyl ammonia lyase (PAL) and 

phenolic compounds are also important because they contribute to the production of 

phytoalexins that limit the growth of the fungus or inhibit the hydrolytic enzymes 

secreted by them (Bell and Mace, 1981; Gold and Robb, 1995). Plant hormones such as 

salicyclic acid (Mauch-Mani and Slusarenko, 1996), jasmonic acid (Tjamos et al., 2005) 

and ethylene (Pegg and Cronshaw, 1976) also act as signaling molecules that play roles 

in regulating defense responses. 

1.4 Plant disease tolerance  

The phenomenon of ―tolerance‖ has been recognized for over a century and has 

been discussed in relation to vascular wilt diseases such as Verticillium wilts as far back 

as 1922 (Bewley, 1922). There is no clear consensus on the definition of plant disease 

tolerance. Many authors have considered tolerance as either endurance or an intermediate 

level of resistance and, as such, defined the term from different perspectives. N.A. Cobb 

in 1894 (Schafer, 1971) was the first to describe the term and he defined ―a rust enduring 

wheat‖ as one which is susceptible to rust, but still able to withstand the effect of the rust 

to produce a fair crop of grain under ordinary circumstance. Dropkin (1955) considered a 

tolerant condition as one which could support growth and reproduction of the pathogen 

but still allow the plant to grow well. Schafer (1971) considered tolerance in the same 
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sense as Caldwell et al. (1958) and defined it as the ability of a plant to endure severe 

disease without severe loss in yield or quality. Some authors have equated tolerance with 

―symptomless‖ carriers (Pennypacker et al., 1985), while others refer to it as 

―intermediate resistance‖ (Beckman and Roberts, 1995). Clarke (1984; 1986) viewed 

tolerance in three ways. Tolerance of the parasite; is the relative ability of the plant to 

bear the effect of the pathogen without suffering excessive disease. Tolerance of disease; 

is the relative ability of the plant to endure both the primary and secondary diseases 

caused by a parasite. Overall, tolerance of a plant is determined partly by tolerance of the 

parasite and partly of any disease caused by the parasite (Clarke, 1984; Clarke, 1986). 

Agrios defined tolerance as, enduring the effect of a pathogen infection while still 

producing a good crop (Agrios, 2005). From all these definitions, it is clear that tolerance 

can only be determined by comparing qualitative or/and quantitative effects between two 

cultivars or crops under the same disease conditions. It follows that tolerance is a relative 

concept and cannot be measured directly. 

Plant disease tolerance is associated with some interesting characteristics. For 

example, recent studies showed that Craigella tomatoes are tolerant to an eggplant isolate 

of V. dahliae, Dvd-E6. In the Dvd-E6/Craigella interaction, there are substantial amounts 

of the fungus in the plants, but few or no disease symptoms develop. Disease tolerant 

plants are taller and more robust than uninfected control plants of same variety. More 

importantly, the tolerant condition seems to be stable and reproducible in different 

experimental trials (Chen et al., 2004; Robb et al., 2007). In other studies, tolerance also 

has been reported to protect plants against other pathogens (Simms and Triplett, 1994). 

These unanticipated characteristics suggest that an avirulent pathogen that incites a 
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tolerant response may resemble an endophyte that lives within a host plant without 

causing apparent disease symptoms. The endophytes may benefit from their host plants 

by gaining mineral nutrients, protection against unfavorable environmental conditions 

and/or competition from other soil microbes. Endophytes have been found in many 

species of plants and also may benefit their host plants by preventing pathogenic 

organisms from colonizing them (Gimenez et al., 2007). As well, there have been many 

reports on their applications as potential biocontrol agents (Clay, 1990; Schulthess and 

Faeth, 1998; Clay and Schardl, 2002; Gimenez et al., 2007).  

1.4.1 Verticillium wilts and the nature of tolerance 

Tolerance is usually considered to be a defense response resulting in reduced 

Verticillium symptom expression to infection by Verticillium spp. Plant disease tolerance 

depends upon the genetics of both host and pathogen. The host plant may possess 

tolerance genes, which can contribute to tolerance to one or more particular pathogens. 

For example, a single dominant locus, V. dahliae tolerance (VET1) gene, was found in the 

C-24 ecotype of A. thaliana which confers increased tolerance to V. dahliae (Veronese et 

al., 2003). In that study, plants of the Columbia ecotype, lacking the VET1 gene, were 

found to be highly susceptible to V. dahliae, suggesting that the genetic basis of host 

plant contributes to plant disease tolerance. Similar observations have been reported in 

other plants. Soybean lines for example, with reduced sensitivity to ethylene, could 

potentially exhibit enhanced disease tolerance that is durable and effective against a 

broad spectrum of pathogens (Danny et al., 1993). Constitutive over expression of 

protein(s) involved in plant defense mechanisms has been used as a strategy to increase 

plant tolerance to fungal pathogens. For example, transgenic plants, constitutively 
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expressing PR-1a genes which are the hallmarks of systemic acquired resistance, 

exhibited significant tolerance in tobacco to some pathogenic fungi and oomycetes, thus 

providing evidence of a function for PR genes in determining tolerance (Danny et al., 

1993). Similarly, oilseed rape plants constitutively overexpressing tomato chimeric 

chitinase gene has been correlated with increased field tolerance to Brassica napus 

(Grison et al., 1996). Overexpression of disease tolerance genes protects the plant by 

minimizing deleterious disease symptoms and the associated yield losses. Tolerance 

genes tend to remain effective over many years, and some of these genes confer tolerance 

to more than one disease (Danny et al., 1993). In some plants, such as cotton, phytoalexin 

accumulation also has been correlated with tolerance response (Joost et al., 1995). 

Genetics of the pathogen are also important. For example, the interaction between 

Craigella susceptible tomato and Vd1 results in a compatible interaction, but when the 

same host interacts with Dvd-E6 (Dobinson et al., 1998), a tolerant interaction results 

(Chen et al., 2004). The term ―pest-induced tolerance‖ has been suggested by Robb to 

describe this type of relationship, since the presence of the pathogen induces the tolerant 

state of the host (Robb, 2007). In this system, tolerance results not because of the 

inability of the plant to recognize the pathogen as often assumed; rather; the plant 

recognizes and responds to the presence of the pathogen by deploying some defense 

responses (Robb et al., 2007). A global gene expression analysis indicated that the 

reduced symptoms in tolerant plants were correlated with the suppression of genes 

underlying pathogenesis, plant defense, wounding or/and senescence, notably 14-3-3 

protein gene expression (Robb et al., 2007). 
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1.4.2 Measurement of plant disease tolerance 

The effect of tolerance has been observed and reported generally in many plants, 

including cotton (Barrow, 1970), cereals (Browning et al., 1962), bean (Coyne and 

Schuster, 1969), potato (Lynch et al., 1997), A.thaliana (Kover and Schaal, 2002) and 

others (Schafer, 1971). More specifically, there have been periodic reports of tolerance to 

Verticillium spp. in numerous host species for over 70 years (for review see; Robb, 

2007). Since the time of its observation, little is known about its molecular basis because 

of several challenges that made it difficult to study. Tolerance is a quantitative 

phenomenon and as such is difficult to assess and quantify. There is little information 

available on methods for quantification especially when dealing with vascular wilt 

diseases. Also, tolerance condition is often unstable (Chen et al., 2004). A successful 

study of plant disease tolerance is dependent on such factors as: a stable model system 

that is reproducible, a method of quantification of the amount of fungus in the system and 

a method of measuring the disease. Tolerance cannot be measured directly; it is a relative 

concept (Schafer, 1971), which means that it can only be determined by comparing 

similarly infected individuals, cultivars and species against one another and, also against 

an uninfected control. This can only be possible if two of the following three parameters 

are known or can be measured: parasite biomass, severity of disease symptoms and yield 

reduction in the host (Robb, 2007). In the current study, the Craigella susceptible/Dvd-E6 

pathosystem will be used as a model for the study of plant disease tolerance (Chen et al., 

2004). The amount of fungus in infected Craigella stems will be monitored using a 

previously developed quantitative PCR-based assay (Robb et al., 1993; Nazar et al., 991; 

Robb and Nazar, 1996), while the levels of symptom expression will be used to quantify 

disease (Chen, 2004). 
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1.5 Molecular techniques and plant disease 

In this section, some of the techniques that can be used to study the molecular basis 

of tolerance will be discussed. These can be grouped into three techniques for diagnostic 

identification, analyses of gene expression and functional genomics. 

1.5.1 Quantitative diagnostic tools 

Diagnostics simply refers to the process of identifying a plant disease, either by the 

type of symptoms expressed or by identifying the individual species, races, strains, or 

isolates of the causative agent such as a virus, bacterium or fungus. Both identification 

and quantification of the pathogens are necessary in most confirmatory diagnostic 

studies. As stated earlier, tolerance is a quantitative trait that cannot be measured directly, 

rather its measurement relies on the quantification of the amount of fungus in the plant 

with the associated symptom expression and/or yield loss. Some of the methods that can 

be employed in the identification and quantification of the amount of fungus in the soil or 

plant can be grouped into: (i) traditional methods (ii) nucleic acid amplification-based 

techniques (iii) restriction fragment length polymorphism (RFLP)-based assays and (iv) 

enzyme-based detection and quantification techniques.  

The traditional methods that have been used for identification and quantification of 

Verticillium spp. include plating of plant parts such as stem, petiole, leaves, roots on 

selective media (Pegg and Brady, 2002), light microscopy for the determination of 

colonized vessels in tissue cross sections (Robb and Busch, 1974; Gold and Robb, 1995), 

physical extraction of spores (Crump and Kerry, 1981), determination of the number of 

colony-forming-units (cfu) in bulk samples (Pegg, 1978) and estimating  the number of 

infected host individuals, (Kerry and Bourne, 1996). Most of these methods are 
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inaccurate, semi-quantitative, labor intensive and/or time consuming and, results may 

vary from one trial to the other and, as such, they are now less commonly used.  

More recently, sensitive and accurate quantitative diagnostic tools involve nucleic 

acid sequence amplification-based (NASAB) methods that rely on the recognition of 

specific DNA sequences such as the internal transcribed spacer regions and/or the 

intergenic regions of the rRNA genes. Possible approaches include the use of the 

polymerase chain reaction (PCR) (Carder and Barbara, 1991; Nazar et al., 1991; 

Williams et al., 1992; Robb et al., 1993a; Robb et al., 1993b; Li et al., 1994; Schena et 

al., 2005; Jordan, 2000; Hein, et al., 2001;  Pongers-Willemse et al., 1998), ligation-

mediated amplification (Wu and Wallace, 1989) and transcription-based amplification 

(Kwoh et al., 1989). 

Another method that has been also used for differentiating pathogens in the plant 

involves a restriction fragment length polymorphic (RFLP)-based assay. This technique 

has been used to differentiate Vd1 and Vaa (Okoli et al., 1994). Several enzyme-based 

detection and quantification diagnostic tools also are in common use. One example is the 

enzyme-linked immunosorbent assay (ELISA) which has found wide applications in 

plant pathology (Clark, 1981; Fitzell et al., 1980; Tsai and Erwin, 1975). This technique 

has been used for the detection and quantification of the amount of Verticillium spp. in 

potato (Sundaram et al., 1991). Some limitations of this technique include difficulty in 

finding specific antisera for particular strains of Verticillium spp., non-specificity in 

identifying all isolates of a species, and time consuming, because of the additional steps 

involved in using fluorescent detection during the quantification procedures (Cullen et 

al., 2005).  
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1.5.2 Analyses of gene expression 

One approach to the investigation of the molecular basis of tolerance is to compare 

the expression of plant defense genes. To study a few genes, techniques such as reverse 

transcriptase polymerase chain reaction (RT-PCR) (for review see; Bustin et al., 2006) 

and real-time PCR, also called quantitative real time polymerase chain reaction (Q-

PCR/qPCR; for review see; Wong and Medrano, 2005) have found wide applications, 

while subtraction suppressive hybridization (SSH) and DNA microarray hybridization 

techniques offer the opportunity to compare the expression of thousands of genes.  

Subtraction suppressive hybridization: is a technique that involves hybridization 

of cDNA from one population (tester) to an excess of mRNA (cDNA) from another 

population (driver), and then separation of the unhybridized fraction (target) from the 

hybridized common sequences (Diatchenko et al., 1996). SSH has found wide 

applications for studying gene expression profiles in various systems (Yang et al., 1999), 

including transcriptome changes in plants challenged by pathogens or other pests 

(Galbraith et al., 2004). 

DNA microarray hybridization: Recent advances in the area of functional 

genomics have made possible the simultaneous comparison of thousands of gene 

expression profiles. A DNA microarray provides a powerful tool for screening biological 

specimens for differences in the levels of mRNAs to study changes or differences in 

physiological or pathological states in different systems (Murphy, 2002). A DNA 

microarray or gene chip contains a matrix of up to thousands of cDNA or 

oligonucleotides imprinted on a support (Bowtell, 1999). Labeled mRNA from the tissue 

of interest is hybridized to its sequence compliment on the array to provide a comparative 

measure of mRNA abundance in the sample. DNA microarray hybridization is a 
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powerful and efficient technique to determine the expression of up to several thousand 

mRNAs in a specific cell or tissue type (Kurella et al., 2001). The two types of 

microarray platform commonly used are the cDNA microarray, that utilizes cloned probe 

molecules corresponding to characterized expressed sequences; and oligonucleotide 

microarrays, that utilize synthetic probe sequences based on database information 

(Gershon, 2002). Two variations of microarray technology exist: custom-made chips, 

which use a robot to spot cDNA, oligonucleotides, or PCR products on a glass slide or 

membrane; and commercially produced high density arrays (Lockhart and Winzeler, 

2000), such as the Affymetrix chip, Inc.; a gene chip system that uses prefabricated 

oligonucleotide chips (Lausted et al., 2004). Microarray technology has a wide range of 

applications and is increasingly used to investigate, diagnose, and predict molecular 

events. It is used on gene expression profiling, where the expression of thousands of 

genes are simultaneously monitored to study the effect of a pathogen, environmental 

condition or certain developmental stages. Examples include studies on yeasts, plants and 

animals (Schena et al., 1995; Kurella et al., 2001), microbial detection and genotyping 

(Call et al., 2001), diagnostics (Drmanac et al., 1998), DNA sequence analyses (Peaset et 

al., 1994), detection of mutations and polymorphisms (Dufva et al., 2006) and various 

immunological studies (Heller et al., 1997). The technique also has been used for 

comparative genomic hybridization (Pollack et al., 1999; Moran et al., 2004), SNP 

detection (Hacia et al., 1999), predicting gene function and linking cell pathways (DeRisi 

et al., 1997). 

A microarray has been designed for tomato which contains approximately 12,000 

oligonucleotide spots (Moore et al., 2002; Alba et al., 2004). Commercial tomato arrays 
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such as TOM1 and TOM2 arrays are now available from the Center for Gene Expression 

Profiling at the Boyce Thompson Institute (BTI) for Plant Research
1
. These unigenes 

have been selected at random from a number of different cDNA libraries made from a 

range of tissues including leaf, root, fruit, and flowers. This microarray technology has 

been applied successfully to tomato for various studies. For example, it was used to study 

the effects of silver leaf whitefly (McKenzie et al., 2005) on tomato; the results indicated 

277 genes were up- or down-regulated in response to whitefly feeding and, based on 

sequence similarity analysis, it was found that selected genes likely were involved in 

developmental regulation, stress responses, wound responses and/or ethylene production. 

Microarray also has been used to study the effects of the fungal toxin fusicoccin (FC) on 

the tomato transcriptome; the messages were analyzed in the context of defense related 

genes using a spotted microarray of 235 cDNA fragments (Frick and Sccaller, 2002). The 

technique also has been used to study the genetic basis of tomato tolerance to Vd1 (Robb 

et al., 2007). 

Customized tomato arrays are now available for different aspects of investigative 

research. Recently, a tomato-Verticillium response (TVR) custom array was developed in 

our laboratory. This array contains 267 defence related genes that were selected from 

previous experiments using the TOM 1 DNA microarray to compare changes in gene 

expression between susceptible, resistant and tolerant reactions (Robb et al., 2009). The 

TVR array has some advantages over the commercial TOM array. It allows selected 

defense genes to be studied in greater detail compared to the global study of tomato 

transcriptome which contains around 12,000 genes. The use of the TVR array enables 

eight replications on the chip to be made which facilitates greater statistical accuracy. The 

                                                 
1
 http://bti.cornell.edu/CGEP/CGEP.html 
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reference gene, actin, as well as other key genes that play important roles in defense 

responses, such as PAL and Ve genes, were included on the chip. The TVR array also 

reduces the experimental cost of large scale experiments carried out on a time course 

basis. In a recent study, the TVR custom array was used to investigate the behavior of 

genes that determine the cellular events leading to compatible or incompatible 

interactions against Vd1 in tomato (Robb et al., 2009). This is also the approach used for 

the research described in this thesis. 

1.5.3 Functional genomics and plant disease 

In dealing with the study of plant disease tolerance, a researcher may want to 

investigate the function(s) of certain gene(s) associated with a tolerant interaction. There 

have been several techniques that have been applied to probe gene function(s). These 

include targeted gene disruption by homologous recombination, which has been used 

successfully for studying gene function in yeast (Rothstein, 1983). It has been applied 

also to probe AGL5 MADS-box gene function in A. thaliana (Kempin et al., 1997). The 

limitation of this technique lies in requiring a high level of homologous recombination 

sequences for precision. Gene replacement is another technique that has been applied 

successfully to investigate gene function in yeast and several bacteria. It involves a gene 

disruption method that allows the systemic in-frame deletion of entire gene clusters (Gust 

et al., 2003). The limitation of this technique for plants lies in being labour intensive as it 

involves the generation of hundreds of transgenic plants (Kempin et al., 1997). Post-

transcriptional gene silencing (PTGS) through sense and antisense suppression also has 

evolved as a technique for investigating gene function (Baulcombe, 1996). This 

technique has been used successfully in tobacco (Brandle et al., 1995; De-Borne et al., 
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1994; Elmayan and Vaucheret, 1996), tomato (Fray and Grierson, 1993), and petunia 

(Napoli et al., 1990; Van der Krol et al., 1990). Another method that has also been 

applied for probing gene function includes transposon mutagenesis; a process where a 

transposon and T-DNA are used to tag the coding or regulatory regions of target gene of 

interest, through reporter and selectable marker genes, leading to loss- or gain-of-function 

phenotypes that reflect the function of the target gene (Wilson, 1996; Martienssen, 1998; 

Feldmann, 1991). Overexpression of the gene of interest, with a constitutive promoter, 

such as the CMV35S promoter is another way of investigating gene function (Yi et al., 

2004). As effective as some of these silencing techniques are, essential genes like 

housekeeping genes or genes required for vital biochemical processes in plants cannot be 

knocked-down using these methods, as it will lead to dominant lethal phenotypes which 

cannot be recovered (Martienssen, 1998).  

A recent advance in post-transcriptional gene silencing is the discovery of RNA 

interference. First, a double stranded RNA (dsRNA) molecule, which is introduced into a 

cell, is cleaved by an enzyme called a dicer to form short fragments (small interfering 

RNA [siRNA]), triggering the sequence-degradation of target mRNA which is controlled 

by the RNA-induced silencing complex (RISC) (Hamilton and Baulcombe, 1999; Bass, 

2000; Nishikura, 2001; Hannon, 2002; Kusaba, 2004). The trigger dsRNA could be either 

exogenous from RNA-virus infection or laboratory introduced dsRNA, or endogenous 

from expressed premicroRNA (Bagasra and Prilliman, 2004). RNAi was first discovered 

in nematodes (Fire et al., 1998). Since its discovery, there have been a series of 

advancements to improve its efficiency and maximize its use in plants. It has been found 

that when the dsRNA that consists of an inverted repeat of target gene sequence is 
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separated by an intron spacer, forming an intron-spliced hairpin RNA (ihpRNA), the 

efficiency of the silencing effect is greatly enhanced in plants (Wesley et al., 2001; Smith 

et al., 2000). It follows that, to silence a particular gene of interest; a portion of the target 

gene is used to make the ihpRNA construct which is then delivered into the plant through 

transformation. The number of cloning steps involved in making the ihpRNA construct 

was one of the major limitations of RNAi. To overcome this problem, generic vectors 

have been developed. A PCR fragment of the target gene can be inserted readily into 

these vectors by conventional cloning or recombination to facilitate making ihpRNA 

constructs. A recent advancement is the development of a binary RNAi vector that 

provides an ethanol inducible system, so that the silencing effect can be switched on and 

off (Lo et al., 2005).  

The use of inducible promoter systems for RNAi offers several advantages. For 

example, lethal effects resulting from the long term silencing of essential genes can be 

avoided (Lo et al., 2005). Such systems also allow one to restrict silencing to specific 

time periods or modulate expression to determine the response of plant to different gene 

products. Inducible systems can also be used to determine whether a phenotype observed 

in a transgenic plant is reversible or fixed (Garoosi et al., 2005). Several inducible 

promoter systems have been developed for use in plants (Gatz, 1992; Weinmann, 1994; 

Aoyama, 1997; Bohner, 1999; Martinez, 1999; Bruce, 2000; Padidam, 2003), including 

tomato. These inducible promoters have been used to suppress the DET gene to improve 

carotenoid and flavonoid content (Davuluri et al., 2005) and to manipulate light signal 

transduction to improve fruit nutritional quality (Liu, 2004). In this study, an inducible 
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RNAi system based on the alc regulon derived from Aspergillus nidulans was used as 

previously described (Caddick et al., 1998; Salter et al., 1998; Lo et al., 2005). 

1.6 Thesis overview 

As reviewed in the preceding sections, Verticillium wilt is a vascular disease of 

plants with some unusual features. It is caused by various pathogenic species of 

Verticillium, notably V. dahliae and V. albo-atrum. The pathogens infect host plants 

through the root tips or wounds and find their way into the xylem vessels where they 

colonize in a cyclical manner, but never penetrate the host plant cells. The pathogens 

remain in the xylem until the plant is moribund. The growth of the pathogens within the 

vascular system and long survivability of the resting structure make disease caused by 

Verticillium spp. difficult to control; the only effective method is the development of 

resistant varieties. One unusual characteristic of Verticillium spp./host interactions is the 

occurrence of three types of relationships caused by a single species. For example, when 

V. dahliae infects Craigella tomato; susceptible, tolerant or resistant reactions can result. 

Also, there is usually no development of a hypersensitive response (HR) commonly 

associated with bacterial pathogens such as Pseudomonas spp., and other non-vascular 

pathogens, which makes the study of vascular wilts more challenging. There have been 

many reports on the biology of disease susceptibility, but we are still in the pioneering 

stage of understanding resistance against Verticillium spp. (Pegg and Brady, 2002; Fradin 

and Thomma, 2006). Virtually nothing is known about the underlying mechanism(s) that 

governs plant disease tolerance (Robb, 2007).   

Studies in our laboratory have shown that three types of relationship can be 

established when V. dahliae infects Craigella tomatoes; resistant, tolerant or susceptible 
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(Chen et al., 2004). In resistant plants, both the amount of pathogen and symptom 

expression are low, while in susceptible plants, both are high. Tolerance is associated 

with substantial amounts of pathogen but few symptoms. Low levels of disease are 

expected in resistant plants, but the reason why a tolerant plant has fewer symptoms is 

unclear and requires further investigation. In Craigella tomato, a tolerant state is induced 

by V. dahliae Dvd-E6 (Chen et al., 2004), an isolate of eggplants (Dobinson et al., 1998). 

The observation of a fungus that is pathogenic on eggplant inducing a tolerant state in 

tomato was fascinating, but the reason for this was unknown. An unanticipated 

characteristic of the Dvd-E6-induced tolerant relationship was that tolerant tomato plants 

were taller than control uninfected plants, but the reason for the difference in height also 

was unknown. In this respect, Dvd-E6 behaves like an endophyte that can induce 

resistance. One of the remarkable features of many endophytes is the ability to protect 

their host plants from diseases caused by virulent pathogens. Since Dvd-E6 possesses 

some characteristics similar to an endophyte, it was interesting to investigate whether this 

fungus could protect Craigella against virulent Verticillium spp. Despite studies of a 

number of plant/endophyte interactions, the mechanisms by which endophytes induce the 

tolerant state in the host plant and protect the host from virulent pathogens also remain 

unclear. As a result, the Dvd-E6-protected Craigella tomato model offers attractive 

features for further investigation. 

With the advancement of molecular techniques, during the last decade, a better 

understanding of the molecular basis of plant disease tolerance seems possible. In an 

attempt to answer some of the many biological questions regarding the alternate types of 

interaction, this thesis research focused on the interplay between Craigella-endophyte 
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interaction that offers protection against a virulent V. dahliae and V. albo-atrum. A 

recently described model system in which the Craigella cultivar was found to be tolerant 

to a non-host isolate of Dvd-E6 was used (Chen et al., 2004). The thesis work was based 

on three major research objectives: 

a) To investigate whether V. dahliae Dvd-E6 can protect Craigella tomato from 

infection by V. dahliae, race 1.  

b) To study changes in the tomato defence genes as a basis for tolerance induction 

and endophyte-induced protection.  

c) To construct RNAi knockdown vectors for related gene functional analyses.  

The results of these studies are presented in five additional chapters:  

 Chapter 2 entitled, ―: Mixed Verticillium spp. Interactions in Tomato’
,
‖ describes an 

exploratory phase to characterize methods and the general features of the tolerant 

interaction. A restriction fragment length polymorphism (RFLP)-based assay was 

developed and used to differentiate Dvd-E6 from Vd1, when present in mixed infections. 

This assay was incorporated into further investigations on the endophytic characteristics 

of Dvd-E6 and its protective effect on tomato against pathogenic Vd1 and Vaa. 

Measurements of symptom expression and plant height were taken, as well as the total 

and relative amounts of Dvd-E6 and Vd1 DNAs when present in mixed infections. The 

results indicate that colonization of the stem by Dvd-E6 resulted in restricted growth of 

Vd1. However, the presence of Dvd-E6 did not offer similar protection from the effects 

of Vaa. Also, the chapter provides some clues as to what the mechanism underlying this 

protection might be. Further important questions were raised about both the biological 

and genetic mechanisms that give rise to the protective phenomenon. 
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 Chapter 3 entitled, ―: Spore Levels in Mixed Verticillium Infections of Tomato‖ 

asks whether the levels of Vd1 spores correlate with the biology of Dvd-E6-induced 

protection in Craigella. The levels of spores were studied in this research because of 

previous reports that the aggressiveness of some Verticillium spp. correlates with the 

amount of spores produced in the host plant. Therefore, a comparative measurement of 

spore levels in the various interactions might indicate the protective strategy employed by 

Dvd-E6. An experimental approach for collecting and separating fungal spores from 

infected plant tissues was developed and used to study mixed infections with Dvd-E6 and 

Vd1 in Craigella tomato. The results suggested that the Dvd-E6-induced protective 

mechanism may inhibit both Vd1 mycelial growth and successful sporulation, but has 

little or no effect on Dvd-E6; an observation that correlates significantly with the 

reduction of symptom levels. 

 Chapter 4 entitled, ―: Defence Gene Responses in Mixed Infections ‖ takes a more 

in depth view of differences in gene expression that may be related to susceptibility, 

tolerance or resistance. Also, a time course study was completed to investigate changes in 

tomato defense gene expression in mixed infections with Dvd-E6 and Vd1. The results 

identified four major categories of defense genes (Groups 1-4) in CS tomatoes that show 

differences in the expression pattern in compatible, tolerant and mixed interactions. Also, 

the effect of Ve1
+
 allele on defense gene responses was examined in CR tomatoes.     

 Chapter 5 entitled, ―: Altered Defense Gene Expression by RNAi Knockdown‖ 

develops tools to evaluate the effects of genetic changes on tolerance and resistance as 

described in  Chapter 4. The preparation of inducible RNAi knockdown vectors to 

investigate the functional significance of a defense response gene (TUS15G8) with 
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unknown function, as well as the Ve2 gene are described. The initial trials of 

Agrobacterium tumefaciens-mediated tomato transformation with pMW4-TUS15G8 and 

pMW4-Ve2 are also described, together with assays for the detection and expression of 

the transgene in transformed plants. 

Finally,  Chapter 6 summarizes the conclusions and revisits the agricultural potential 

from these studies. A consideration of future directions is also included.  
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CHAPTER 2: Mixed Verticillium spp. Interactions in Tomato
2
’
3,4

 

2.1 Introduction 

When Verticillium spp. infect a host, three types of relationships are possible. In 

susceptible plants symptoms and fungal levels are high while in resistant plants both are 

low.  The third possibility is a tolerant condition in which disease symptoms are minimal 

although the plants are colonized substantially. The phenomenon of tolerance has been 

associated with Verticillium spp. for decades but research on mechanisms governing the 

development of the plant/Verticillium interaction has focused on the compatible and 

incompatible interactions and little is known about the tolerant state (Mace et al., 1981; 

Pegg and Brady, 2002; Fradin and Thomma, 2006). 

Often when the tolerant state is induced the colonizing organism is referred to as an 

endophytic.  An ―endophyte‖ commonly is defined as a ―fungus or bacterium living 

within plants without causing visible symptoms of disease‖; a ―pathogen‖ is regarded as 

―a disease causing biological agent‖. Historically, plant biologists have tended to 

consider these as two distinct classes of organisms but accumulating evidence suggests 

that the boundaries between mutualism and parasitism are not as defined as previously 

thought. Many organisms can occupy both ecological niches (Jarosz and Davelos, 1995) 

depending on the genotype of the host, the genotype of the organism itself and interaction 

                                                 
2
 Part of this chapter has been published as a journal article entitled ―Endophyte-induced Verticillium 

protection in tomato is range-restricted.‖ Shittu et al., 2009. Plant Signaling and Behavior. Sections and 

figures are reproduced with the permission of the publisher 

 
3
 Part of this chapter has been published as a journal article entitled ―Plant-endophyte interplay protects 

tomato against a virulent Verticillium‖ Shittu et al., 2009. Planta, 229:415- 426. Sections and figures are 

reproduced with the permission of the publisher. 

4
 Part of this chapter has been published as APS meeting abstract entitled ―A tolerant relative protects 

tomato against a virulent Verticillium” Shittu et al., 2009. Phytopathology, 96: S145. Sections and figures 

are reproduced with the permission of the publisher. 
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with the environment. Indeed, this ―dual life style‖ may be a significant factor in the 

evolutionary dynamics of pathogen resistance, tolerance and susceptibility (Roy and 

Kirchner, 2000).
  

An endophyte may benefit the host in many ways, most notably by 

reducing or preventing disease caused by normally a broad range of virulent pathogens 

(Jarosz and Davelos, 1995). Despite numerous reports of such relationships (Jarosz and 

Davelos, 1995), the mechanisms by which endophytic strains induce the tolerant 

condition in the host plant and protect the host from other more virulent pathogens are 

poorly understood. 

During recent studies, our laboratory has identified an isolate of V. dahliae, known 

as Dvd-E6 that induces tolerance in Craigella tomatoes (Chen et al., 2004).  Dvd-E6, 

which originated from eggplant (Dobinson et al., 1998), initially was classified as 

nonpathogenic on tomato.  Subsequent studies confirmed that symptoms were minimal 

during development of the Craigella//Dvd-E6 interaction but showed that substantial 

colonization of the host did occur (Chen et al. 2004). Microarray analyses suggested that 

genes involved in symptom development may be suppressed actively by Dvd -E6 (Robb 

et al. 2007). Still another fascinating property of this tolerant system was the fact that 

infected host plants tended to be taller and more robust than their uninfected counterparts 

(Robb et al. 2007). In these respects, the V. dahliae isolate Dvd-E6 (Dvd-E6) appeared to 

resemble an endophyte on Craigella tomatoes (Clay, 1988; Jarosz and Davelos, 1995) and 

our laboratory is using it as a model system to investigate the biological and molecular 

bases of plant tolerance to Verticillium spp. 

As indicated above, endophytes may provide cross-protection against other virulent 

pathogens (Clay, 1990; Jarosz and Davelos, 1995; Tjamos, 2000). Given the 
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unanticipated properties of the Dvd-E6 tomato interaction, in this chapter an attempt was 

made to determine whether Dvd-E6 acts as an endophytic strain and if its presence can 

protect Craigella tomatoes from wilt disease caused by virulent isolates of Vd1 and Vaa. 

An important component of this question was the relative amount of each fungus in a 

host plant harboring both. A simple and effective assay was developed and applied 

quantitatively to distinguish the two isolates of V. dahliae in the course of dual infections 

and a preliminary experiment was made of the mechanism(s) that may underlie such 

protection. 
 

2.2 Materials and methods 

2.2.1 Pathogens 

The Vd1 isolate used in these studies was obtained from the Provincial Horticulture 

Experimental Station at Simcoe, Ontario, Canada.  The V. albo-atrum (Vaa) isolate was 

obtained from Richard Cooper, University of Bath, UK. The Dvd-E6 isolate was obtained 

from the Agriculture and Agri-Food Canada Pest Management Research Center in 

London, Ontario, Canada (Dobinson et al., 1998). These were stored axenically as 

suspensions of 4x10
7
 conidia/ml in 50 % aqueous glycerol at -80C (Maniatis et al., 

1982). To obtain spores for plant inoculation, 25 l of stock culture (i.e. Vd1, Vaa or 

Dvd-E6) per plate were spread onto potato dextrose agar (PDA) 4 weeks prior to 

harvesting for Vd1 and Dvd-E6, while 6 weeks prior to harvesting for Vaa. The fungal 

cultures were incubated in the dark at 24 C. Conidial suspensions of each isolate were 

prepared (Pegg and Brady, 2002) to final concentration of 1x10
7 

spores/ml in sterile 0.5 

% gelatin solution (Dobinson et al., 1996). 
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2.2.2 Plants 

The tomato (Lycopersicon esculentum L. cv Craigella) plants, CSG CR 26 (Bishop 

and Cooper, 1983), used for both susceptible and tolerant interactions lack the Ve-gene 

and are completely susceptible to Vd1 and Vaa; they are referred to subsequently as CS. 

Craigella seeds were obtained originally from RM Cooper, University of Bath, UK and 

the isoline are maintained currently through a breeding program at the University of 

Guelph.  Before planting, seeds were surface sterilized in a 10 % hypochlorite solution 

for 10 min, then rinsed in distilled water three times (total rinse time 1 h 30 min) and 

planted in Kord cell flats (i.e. 6 seedlings / flat) containing a 3:2:1 mixture of Promix BX 

(Premier Horticulture Ltee, Riviere-du-Loup, Quebec, Canada), vermiculite and Turface 

mvp (Profile Products LLC, Buffalo Grove, IL, USA).  Plants were grown in Percival 

cabinets with a cycle of 14 h light (2.5x10
3
 mol photons m

-2 
s

-1
) at 26 C for Vd1 and E6 

infected plants, while at 24 
o
C for Vaa infected plants and 10 h dark at 22 C for all sets 

of infected plants. Application of fertilizer was done on a weekly basis with Hoagland's 

solution (Hoaglund and Arnon, 1950). 

2.2.3 Plant inoculation and symptom scoring 

Plants were removed carefully from the flats at either the 3- or 4-leaf stage 

depending on the number of inoculations required.  The soil was shaken gently from the 

roots which were then rinsed in distilled water and inoculated with the Vd1, Vaa or Dvd-

E6 by dipping in 1 x 10
7
 spores/ml in 0.5 % gelatin solution for 3 min (Dobinson et al., 

1996). Then, the seedlings were replanted in the Kords (i.e. 6 plants/Kord) and 

thoroughly watered. Control plants were treated similarly, but the roots were dipped in 

sterile 0.5 % gelatin only. All plants were maintained as described above. Symptom 
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ratings (i.e. disease scores) were scored relative to uninoculated control plants at 5 and 10 

days post-inoculation (dpi) using a 0 to 5 scale adapted from Busch and Smith (1981) and 

Stamova (2005). An abbreviated key follows: 0 - plant healthy, 0.5 - premature loss of 

both cotyledons, 1.0 - yellowing and flaccidity of the first leaf, 2.0 - lower 40% of leaves 

affected, 3.0 - lower 60% of leaves affected, 4 - lower 80% of leaves affected, 5 - plant 

dead. Stunting (> 2.5 cm shorter than control) contributes an additional 0.5 to the disease 

score of each plant.  Each plant was assessed independently by two observers and scores 

were averaged. Length of stem also was recorded. Differences between treatment groups 

were tested by the Independent Sample T-test using SPSS 16 analysis software (SPSS 

Inc., Chicago, Il, USA). 

2.2.4 Preparation of Verticillium genomic DNAs 

Verticillium genomic DNAs for making standard curves were prepared from 4 

week old cultures of Vd1 or Vaa by extraction using the hexadecyl trimethyl ammonium 

bromide (CTAB) method (Rogers and Bendich, 1985) as modified by Nazar et al., 1991. 

In each case, mycelia and spore samples were ground with liquid nitrogen using a mortar 

and pestle. The powder was transferred to a 4 ml tube to which 1.2 ml pre-warmed 2X 

CTAB was added. The mixture was vortexed vigorously and incubated on a water bath at 

65 
o
C for 5 min. An equal volume of chloroform-isoamyl alcohol (24:1) solution was 

added to the mixture and mixed well by gentle shaking. The tube was spun with a bench 

centrifuge for 2 min. The supernatant was transferred into a new 4 ml tube. One-tenth 

volume of pre-warmed 10X CTAB was added and mixed well by hand. An equal volume 

of chloroform-isoamyl alcohol (24:1) was added and mixed thoroughly by hand. The tube 

was spun again with a bench centrifuge for 2 min. The DNA was precipitated with 
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ethanol containing 2 % potassium acetate, washed once with 95 % ethanol and dissolved 

in 100 l double distilled water.  The concentration of DNA was determined from the 

absorbancy at 260 nm. 

2.2.5 Quantification of fungal DNA in infected plant tissues 

To determine the fungal biomass in infected plants, samples for DNA analysis were 

prepared from the root or the top two-thirds of each stem after the leaves and petioles 

were removed. Root and stem tissues were freeze-dried separately and pooled (i.e. 3 

stems or roots/pool) prior to nucleic acid extraction. Nucleic acid was prepared from the 

various root and stem samples by extraction using the sodium dodecyl sulfate (SDS)-

phenol method, as described previously (Robb and Nazar, 1996) with some 

modifications. In each case, 12.5 mg of pooled (i.e. 3 plants/pool) freeze-dried stem or 

root tissues were homogenized in 1 ml of SDS buffer (0.3 % SDS, 0.14 % NaCl, 0.05 M 

NH4 acetate, pH 5.1) for 30 s using an Omni 1,000 homogenizer. The homogenate was 

extracted with an equal volume of phenol solution (Nazar et al., 1991) and after 

precipitation with 2 volumes of ethanol containing 2 % potassium acetate, the extracts 

were dissolved in 200 l of double distilled water.  

Total V. dahliae DNA was determined using a PCR-based assay (Hu et al., 1993; 

Robb and Nazar, 1996). An internal control DNA of known concentration (0.1 pg) was 

included in each reaction to allow accurate quantification of Vd1 or Vaa (Hu et al., 1993) 

and detection of inhibiting compounds. The amplification reaction was conducted in 50 

l of PCR buffer containing 0.2 mM bovine serum albumin, 0.2 mM of each 

deoxyribonucleotide triphosphate, 12.5 pmol of each oligonucleotide primer, 5 l nucleic 

acid extract plus 0.1 pg internal control DNA and one unit of Taq DNA polymerase 
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(Promega Corp., Madison, WI, USA). The amplification was performed in a 

programmable heating block (Ericomp Co., San Diego, CA, USA) using 30 reaction 

cycles consisting of a one min denaturation step at 95 C, one min annealing step at 60 

C and 2 min elongation step at 72 C. Aliquots (10 l) of the final product were 

analyzed electrophoretically on a 2 % agarose gel (Hu et al. 1993; Robb and Nazar 

1996).  This was followed by staining with ethidium bromide (10 mg/L) for 15 min and 

distaining three times with water for 10 min. Images of the gels were captured under UV 

light using a GelDoc 1000 documentation system (BioRad Laboratories Ltd., Hercules, 

CA, USA) and the DNA bands were quantified using Molecular Analyst Software 

(BioRad Laboratories Ltd.). For each sample, the ratio of fungal product to internal 

control product was used to determine the amounts of total fungal DNA in plant tissues 

(ngDNA/g plant tissue) from the standard curves (Hu et al. 1993; Robb and Nazar 1996). 

Differences between treatment groups were tested by the Independent Sample T-test 

using SPSS analysis software (SPSS Inc., Chicago, Il, USA). 

To prepare Vd1 and Vaa standard curves, seven dilutions of the Verticillium 

genomic DNA were prepared to give final DNA template of 0.1, 0.5, 1, 5, 10, 50 or 100 

pg/PCR amplification reaction. A heterologous internal control DNA of known 

concentration (0.1 pg) also was added to each PCR reaction. The PCR reaction and 

capture of gel images were carried out as described above. The ratio of Verticillium DNA 

PCR product (334 bp) to internal control product (231 bp) was calculated for each 

dilution and these ratios were plotted against the amount of fungal DNA template used. 

The standard curves were prepared using the average ratio values obtained from three 

independent PCR assays.  



CHAPTER 2:  Mixed Verticillium interactions in tomato 

 43  

 

2.2.6 DNA sequence analyses 

For fungal ribosomal DNA (rDNA) sequence comparisons, DNA was extracted 

from Vd1 and Dvd-E6 cultures as described in section  2.2.4. To determine rDNA 

sequences, targeted DNA fragments were prepared by PCR amplification. For the 

intragenic regions, primers specific for the 3' end of the 18S rRNA sequence 

(5'CCGGTCCATCAGTCTCTCTG3') and the 5' end of the 25S rRNA sequence 

(5'ACTCCGATGCGAGCTGTAAC3') were used to prepare a 544 bp fragment 

containing the entire ITS 1, 5.8S rRNA and ITS 2 nucleotide sequences (Robb and Nazar 

1996).  To prepare the intergenic region, primers specific for the 3' end of the 25S rRNA 

sequence (5'AGTAGCCTTGTTGTTACG3') and the 5' end of the 18S rRNA sequence 

(5'TACTTAGACATGCATGGC3') were used to amplify a 2004 bp fragment 

representing the entire sequence between the 3' end of the 25S rRNA and the 5' end of the 

adjacent 18S rRNA gene sequence.  The PCR amplified DNAs were each cloned into the 

SmaI restriction site of the PTZ19R plasmid. Purified DNA was prepared for each clone 

(Marchuk et al., 1991) and the sequences for the inserts were determined by automated 

DNA sequence analysis (core sequencing facility, College of Biological Science, 

University of Guelph). 

2.2.7 cDNA labeling and microarray analysis 

The RNA used for the experiment in this section was extracted by Ms. Barbara Lee. 

The microarray hybridization was performed by Ms. Margaret Howes of the University 

of Guelph Genomics and Microarray Laboratory. Microarray hybridizations were 

performed using a commercially available tomato cDNA microarray chip (TOM1) 

representing approximately 8600 unique genes (Alba et al., 2004). Total cellular RNA 



CHAPTER 2:  Mixed Verticillium interactions in tomato 

 44  

 

was prepared from fresh pooled 10 d infected or control stem tissue as described in 

section  2.2.5 and used to prepare cDNA probes by reverse transcription and indirect 

labeling with aminoallyl-modified UTP and Alexa Fluor 555 and Alexa Fluor 647 dyes 

from Molecular Probes Inc. (Eugene, OR, USA). The microarrays were incubated with 

labeled probe at 37 
o
C for 16 h in DIG Easy Hyb solution from Roche Diagnostics 

Canada (Laval, Quebec, Canada), supplemented with 0.45 mg/ml calf thymus DNA and 

0.45 mg/ml yeast tRNA. After being washed 3 times at 50 
o
C in 1x SSC containing 0.1 % 

SDS and rinsed once in 0.1x SSC, the slides were dried and scanned using a GenePix 

4000 series microarray scanner and GenePix pro 4 software from Axon Instruments, Inc 

(Foster City, CA, USA). The resulting GPR files were then imported into Gene Traffic 

(DUO) 3.2 microarray management and analysis software (Iobion Informatics, LaJolla, 

CA, USA) for normalization (Lowess method), filtration, statistical analysis and data 

visualization. The log2 (Alexa555/Alexa647) ratios and standard deviations were 

calculated for each spot and spots with greater than 2.5 fold average intensity changes 

were selected for further analyses using a 2 sigma threshold (Savoie et al., 2003). 

2.2.8 Quantitative RT-PCR analyses 

The experiment in this section was performed by Mr. Kamran Haq as reported in 

his M.Sc. thesis. All RT-PCR assays were based on cellular levels of actin mRNA that 

initially were assayed using a homologous but truncated actin internal control RNA to 

minimize the effect of inhibitory substances in the whole cell extracts.  The internal 

control RNA was prepared using a "PEP" mutagenesis strategy (Abeyrathne and Nazar, 

2000). A PCR amplified fragment representing the actin gene region targeted by the 

assay was cloned in pTZ19R and used as a template together with diverging primers to 
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prepare PCR amplified DNA with a deletion in the targeted sequence.  After end group 

phosphorylation, ligation, cloning and cleavage with KpnI endonuclease, the truncated 

plasmid and its T7 RNA polymerase promoter were used as a template for in vitro RNA 

synthesis (Tsai and Wiltbank, 1996; Freeman et al., 1999) to transcribe the sequence 

homologous but truncated internal control RNAs. 

For the actin-specific RT-PCR assays, 500 ng of whole cell nucleic acid extract 

together with 2.5 pg of the truncated internal control RNA, 200 ng of a gene specific 

reverse primer and 5 mM deoxyribonucleotide triphosphates (dNTP) were denatured for 

5 min at 65 
o
C and cooled rapidly on ice. After the addition of reaction buffer (80 mM 

KCl, 1.5 mM MgCl2, 10 mM dithiothreitol, 50 mM Tris-HCl, pH 8.3), the mixture (25 

l) was incubated at 42 
o
C for 2 min and then with 100 u of Moloney murine leukemia 

virus (MMLV) reverse transcriptase (Fermentas MBI, Burlington ON, Canada) at 37
 o

C 

for 60 min. After heat inactivation (75 
o
C) for 5 min, the samples were diluted 10 fold 

and 5 l aliquots were used for PCR amplification.  PCR reaction mixes (50 l) in 50 

mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 9.0), containing 0.1% Triton X-100, 0.1 

mg bovine serum albumin, 0.2 mM of each dNTP, 20 pmol of gene specific primers and 

1 u Taq DNA polymerase were subjected to 30 reaction cycles as described above at 

appropriate annealing temperatures. Aliquots (5-10 l) were fractionated on 2 % agarose 

gels and, following staining with ethidium bromide, images were captured and quantified 

using the GelDoc 1000 documentation system and Molecular Analyst software (BioRad 

Laboratories, Hercules, CA, USA). 

Assays of other mRNAs were performed by Mr. Danve Castroverde. An oligo dT 

primer was substituted for reverse transcription as described above without an internal 
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control, but all other reaction conditions remained unchanged. Final values were 

calculated relative to the actin mRNA levels. 

2.3 Results 

2.3.1 Amounts of fungal DNA in infected plants 

In these studies, an estimate of fungal biomass was based on the levels of fungal 

DNA. To allow accurate quantification of the amount of fungal DNA present in infected 

plant tissues, Vd1 and Vaa standard curves were constructed. Genomic DNA was 

extracted from Vd1 and Vaa cultures as described in  2.2.4. Several dilutions of the 

genomic DNA were prepared to give final concentrations of 0.1, 0.5, 1, 5, 10, 50 or 100 

pg/PCR amplification reaction with 0.1 pg heterologous internal control DNA in each 

reaction. The use of the internal control offered several advantages which included: 

serving as a baseline for accurate quantitative comparison with the fungal PCR product, 

allowing the detection of inhibiting substances that might be present in the extract and 

also serving as a PCR positive control against experimental failure (Hu et al. 1993; Robb 

and Nazar 1996).  

As illustrated in Figure  2-1 (upper panel), PCR products were analyzed 

electrophoretically on a 2 % agarose gel, stained with ethidium bromide. The PCR 

product of the internal control (231 bp) was shorter in size than that of Verticillium 

genomic DNA (334), allowing it to be distinguished by migration distance. The ratios of 

the fungal PCR product (F) to the internal control PCR product (IC) were calculated and 

plotted against the amount of fungal DNA on a log-log scale. The standard curves were 

prepared using the average ratio values obtained from three independent PCR assays. 

Figure  2-1 shows the standard curves for Vd1 (middle panel) and Vaa (lower panel). A 
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direct linear relationship holds for the curves up to 10 pg. It follows that for accurate 

quantification, the dilution of the template should be made in such a way to give F/IC 

ratio that will be between 1-10 pg amounts of DNA on the X-axis of the curve. One-fifth 

dilution of the plant extract generally was used during the course of the experiments, but 

this could vary depending on the amounts of fungal DNA and inhibiting substance(s) 

present in the extracts.  The standard curves subsequently were used for estimating the 

amount of fungal DNA content in plant extracts throughout this study. To determine the 

amounts of unknown DNA, the ratio F/IC was calculated and matched to the 

corresponding amount of DNA using the standard curves. 
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Figure 2-1: Standard curves for quantifying amounts of Verticillium DNA in 

infected plants 

Fungal genomic DNA was extracted from Vd1 or Vaa cultures. Dilutions of the DNA 

extracts were made to give final PCR template DNA of 0.1, 0.5, 1, 5, 10, 50 or 100 pg/ 

PCR amplification reaction. In each reaction, 0.1 pg internal control DNA also was 

added. The products of PCR amplifications were fractionated on 2 % agarose gels for 

Vd1/Int. ctl. (upper left panel) and Vaa/Int. ctl. (upper right panel) as described in section 

2.2.4. The ratios of fungal/internal control PCR products were plotted against the 

amounts of fungal DNA for Vd1 (middle panel) and Vaa (lower panel) on a log-log scale 

to construct the standard curves. Lanes 1-7: several fungal DNA templates/0.1 pg internal 

control, lane Ic: fungal internal control only; Nc: PCR control with no template. 

2.3.2 Can Dvd-E6 colonization protect Craigella tomatoes? 

When CS tomatoes are infected by Vd1, wilt disease develops in a defined 

chronological order (Gold and Robb, 1995; Chen, 2004). Flaccidity and yellowing of the 

cotyledons and sometimes the lower leaves are first observed in both susceptible and 

tolerant plants at 4 days-post-inoculation (dpi). This is usually followed by a 2-3 day 

recovery period during which symptoms are alleviated; susceptible plants then develop 

increasingly severe stunting as well as leaf wilting and chlorosis that spread acropetally, 

eventually involving the entire plant (i.e. 21-28 dpi).  During the tolerant reaction, 



CHAPTER 2:  Mixed Verticillium interactions in tomato 

 50  

 

symptoms generally do not spread beyond the cotyledons or occasionally the first leaf 

and, as already noted, the host becomes taller and more robust than its uninoculated CS 

counterparts of the same physiological age (Robb et al., 2007). 

To determine whether Dvd-E6-induced tolerance also can protect Vd1-infected CS 

plants from this typical disease development, three interactions: CS//Vd1, CS//Dvd-E6 

and CS//Dvd-E6/Vd1 were established (Figure  2-2). For the first two interactions, 

seedlings were inoculated with either Vd1 or Dvd-E6 at the 4-leaf stage. In the case of 

mixed infections, the roots were dipped in Dvd-E6 inoculum at the 3-leaf stage and re-

inoculated 4 days later (i.e. 4-leaf stage) with Vd1 inoculum.  Control plants were root 

dipped in gelatin solution alone.  At 5 and 10 dpi, plants were scored for symptom 

expression (i.e. disease scores and plant height) and the amounts of Vd1 and/or Dvd-E6 

in the stems were determined (Hu et al., 1993; Robb and Nazar, 1996). Each experiment 

consisted of 3 plants per sampling time for each of CS//Vd1, CS//Dvd-E6, CS//Dvd-

E6/Vd1 and the controls. The experiment was replicated 6 times. 

The various interactions are illustrated at 5 dpi in Figure  2-2 (upper panel) and the 

data for plant height and symptom scores at 5 and 10 dpi are summarized in the table 

beneath (Figure  2-2, lower panel). The disease scores and amount of V. dahliae (Hu et al. 

1993) in the stems at 5 (light gray bars) and 10 (dark gray bars) dpi are compared in 

Figure  2-3, upper and lower panels, respectively. With respect to symptom expression 

and levels of fungus, the present data confirm previously published values for Vd1 

(susceptible) and Dvd-E6 (tolerant) infected CS plants (Chen et al., 2004; Robb et al., 

2007). As shown in Figure  2-2 and Figure  2-3 (Vd1), during a susceptible response levels 

of Vd1 were high and, by 10 dpi, the plants were quite stunted and symptomatic. Despite 
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substantial levels of fungal DNA (69.2 ng/g plant tissue) during the tolerant response 

(Figure  2-3, lower panel, E6) the plants were taller than the uninoculated control plants 

(Figure  2-2, Dvd-E6 vs control) and the disease scores (Figure  2-3, upper panel, E6) were 

similar to those observed in a typical incompatible interaction associated with lower 

pathogen levels (Chen et al., 2004).  Interestingly, plants inoculated with Dvd-E6 before 

Vd1 were also taller than the controls (Figure  2-2, Dvd-E6/Vd1) and had low disease 

scores but substantial amounts of Verticillium DNA in the stems (Figure  2-3, left and 

right panels, respectively) similar to CS tomatoes inoculated with Dvd-E6 alone (P < 

0.05). This raised the question of how much of the fungus in the CS//Dvd-E6/Vd1 plants 

was actually Dvd-E6 and necessitated the development of an assay to distinguish and 

quantify the individual isolates in tomato plants with dual infections. 

 

Figure 2-2: Symptom expression in Vd1-infected CS tomatoes protected by 

previous Dvd-E6 inoculation. 

CS tomato seedlings were infected with Dvd-E6, Dvd-E6 followed by Vd1 or Vd1 alone 

as described in section  2.2.3; uninfected plants were included as controls.  The pictures in 

Figure  2-2 (above) were taken at 5 dpi and show the increased height of Dvd-E6- and 

Dvd-E6/Vd1-infected plants relative to controls.  The table (lower) summarizes the data 
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obtained for plant height (cm ± standard deviation [SD]) and symptom scores (0, plant 

healthy -5, plant dead ± SD) also as described in section  2.2.3. 

 

 

 

Figure 2-3: Comparison of symptoms and levels of Vd1 DNA during colonization 

of CS tomatoes by Dvd-E6 and/or Vd1  

Tomato seedlings (CS) were infected with Vd1 or Dvd-E6 (E6) to establish the 

susceptible and tolerant reactions, respectively. For the dual infection (E6/Vd1), 

seedlings were inoculated with Dvd-E6 (E6) at the 3-leaf stage and Vd1 at the 4-leaf 

stage. Control (Ctl) plants were root dipped in gelatin solution alone. Plants were scored 
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at 5 (light gray bars) and 10 dpi (dark gray bars) for symptoms (ie Disease score ± SD) 

and levels of V. dahliae DNA (i.e. ng/g plant tissue ± SD) in the plants were determined 

by a quantitative PCR based assay as described in section  2.2.5.  Results summarize data 

for 18 plants per sampling time for each interaction. 

2.3.3 How was the Verticillium isolates differentiated in mixed infections 

Identification and quantification of Vd1and Dvd-E6, when both were present in a 

plant, was critical to this study. Existing PCR species-specific primers (Nazar et al. 1991) 

and internal controls for quantification (Hu et al., 1993; Robb and Nazar, 1996) were 

used to determine overall fungal levels in plants infected by either isolate alone or total 

levels of Vd1 as described in section  2.3.1. Unfortunately, the assay could not be used to 

distinguish isolate Vd1 from isolate Dvd-E6 in dual infections.  The V. dahliae primers 

were based originally on small differences in the internal transcribed spacers (ITS1, 

ITS2) of the ribosomal RNA genes among Verticillium spp. When a similar approach was 

attempted to distinguish Vd1 from Dvd-E6 using 18S and 28S rRNA specific primers to 

amplify the intragenic region (Figure  2-4, P1 and P2), sequence analyses showed the ITS 

spacer regions of Vd1 and Dvd-E6 to be identical (results not shown). In view of the 

advantages that rDNA targets offer and past success with other Verticillium spp., the 

intergenic region between the tandemly arranged rDNA transcriptional units also was 

examined for sequence differences. As indicated in Figure  2-4, specific primers for the 3' 

end of the 25S rRNA sequence and the 5' end of the 18S rRNA sequence were used to 

amplify the entire intergenic region (Figure  2-4, P3 and P4). While limited in number, 

several exploitable differences were found between the two isolates, in particular, a SpeI 

restriction enzyme site in Vd1 which Dvd-E6 lacks (Figure  2-4, closed box). To 

distinguish Vd1 from Dvd-E6 in plant extracts, a 745 bp portion of the intergenic region 

containing the SpeI restriction site was targeted using two new primers 
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(5’GTGCACTGGAAAGAGC3’ and 5’GGCAACTCCAGTTTGG3’) for PCR 

amplification (Figure  2-4, P5 and P6) and subsequent digestion with SpeI restriction 

enzyme (Figure  2-5A). The digests were fractionated on 2 % agarose gels to differentiate 

the two fungi by restriction fragment length polymorphism, as illustrated in Figure  2-5A 

(left panel); the Dvd-E6 derived DNA remained intact (745 bp) while the Vd1 DNA was 

digested and present as two separate fragments. These results are illustrated using 

extracts from two typical stem samples (Figure  2-5A, right panel, lanes b and c) the 

larger fragment of SpeI endonuclease digestion (640 bp) was observed easily (right panel) 

and distinguishable from intact DNA. In all experiments, Vd1-derived DNA was 

included as a separate sample (e.g., Figure  2-5A, right panel, lane a) to ensure complete 

digestion. For quantitative analyses, gel images were captured using a Umax Astra 600P 

scanner (Umax Technologies, Fremont, CA, USA) and quantified using Molecular 

Analyst PC software (BioRad Laboratories Ltd.). 
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Figure 2-4: Comparisons of the intra- and intergenic sequences in the rRNAs of 

Vd1 and Dvd-E6.  

The intra- or intergenic regions were PCR amplified using 18 and 25S rRNA sequence-

specific primers (P1 and P 2 or P3 and P4, respectively) with purified fungal nuclear 

DNA templates as described in section  2.2.4; the products were cloned in the pTZ19R 

vector and the sequences of inserts were determined by automated dideoxy DNA 

sequencing. The 1881 nucleotide intergenic sequence between the 3' end of the 25 S 

rRNA and the 5' end of the downstream 18 S rRNA sequence is compared in the two 

Verticillium isolates. Differences are indicated by shading and absent nucleotides are 

indicated by dashes; a unique SpeI restriction site is indicated by the closed box. P1 and 

P2: primers for amplifying intragenic region; P3 and P4: primers for amplifying 

intergenic spacer region of both Vd1 and Dvd-E6.  
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Figure 2-5: Differentiation and quantification of Verticillium isolates by PCR-

based assays. 

(A; left panel) For total fungal DNA measurements, plant extracts were used as templates 

(lanes b and c) to PCR amplify the 18-25S intragenic region (Figure  2-4, primers P1 and 

P2) in the presence of a truncated internal control template as previously described (Hu et 

al. 1993). Products were fractionated on 2 % agarose gels, to differentiate the 544 bp 

fungal DNA from the 391 bp internal control as indicated on the right. Purified fungal 

DNA and internal control are included in lanes (a) and (d), respectively; a reaction 

without template (lane e) and fragment length markers (M) also are included. (B; right 

panel) To differentiate the Verticillium isolates a 745 bp portion of the 25-18S intergenic 

region beginning at nucleotide 768 and ending at 1513 was amplified using primers P5 

and P6 as described in Figure  2-4. The PCR amplified control or experimental DNAs 

were digested with SpeI restriction enzyme that cleaves at nucleotide 873 only in the Vd1 

DNA, resulting in a shorter 640 nucleotide fragment when fractionated on 2 % agarose 

gels.  Undigested (lanes a and c) and digested (lanes b and d) PCR amplified control 

DNAs for Dvd-E6 and Vd1, respectively, are shown in the left panel together with a 

reaction in the absence of template (lane e).  Two typical mixed experimental samples are 

shown in the right panel (lanes b and c).  An undigested control (lane a) and fragment 

length markers (M) also are included. The positions of the Dvd-E6 derived fragment (745 

bp) and the Vd1 derived fragment (640) are included on the right. 

Application of the new assay based on the intergenic region permitted a full 

analysis of V. dahliae colonization when either or both species were present. The total 

amount of V. dahliae DNA was determined first using species-specific primers and a 

standard internal control (Figure  2-5B, lanes b and c). Subsequent digestion of PCR 

products (Figure  2-5A) obtained from stem extracts of CS//Dvd E6/Vd1 plants (right 

panel, lanes b and c) indicated that, on average, at 5 dpi most of the colonization by V. 
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dahliae was Dvd-E6 (Dvd-E6, 69.3 and Vd1, 4.20 ng per g plant tissue, respectively). 

Some samples had low levels of Vd1 as shown in Figure  2-5A (right panel, lanes b and c) 

but, in others, all the fungus was Dvd-E6. No Vd1 was detected in any of the stems at 10 

dpi. Evidently, prior colonization by Dvd-E6 restricted the growth of Vd1 either in and/or 

into the stem. These observations raised a new question, whether the phenomenon is a 

property of the isolate Dvd-E6 or a consequence of the order of infection. 

2.3.4 Does order of inoculation matter? 

To address this question, five interactions were established.  To confirm the results 

of the first set of experiments and to provide a basis for comparison, the CS//Vd1, 

CS//Dvd-E6 and CS//Dvd-E6/Vd1 interactions were repeated as described previously. 

Two additional dual inoculation interactions were included, CS//Vd1/Dvd-E6 in which 

seedlings were inoculated at the 3-leaf stage with Vd1 followed at the 4-leaf stage with 

Dvd-E6 and, lastly CS//Dvd-E6+Vd1, in which seedlings were root dipped at the 4-leaf 

stage in a 1:1 mixture (final concentration=10
7
 spores/ml) of Dvd-E6 and Vd1 conidia in 

gelatin solution. Again, control plants were root dipped in gelatin solution alone. At 5 and 

10 dpi, plants were scored for symptom expression and samples were taken from the top 

two-thirds of the stems for quantification of total fungal DNA.  The roots of each 

seedling also were removed and freeze dried. Each experiment comprised 3 plants per 

sampling time for each of the five interactions and the control, and the experiment was 

replicated four times. 

The results for symptom levels (i.e. disease scores) and Vd1 DNA levels (ng/g 

plant tissue) in the stems of 5 (light gray bars) and 10 dpi (dark gray bars) plants are 

summarized in the left and right histograms of Figure  2-6, respectively. Although all 
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levels of pathogen found in the plants were somewhat higher in this set of experiments, 

the results confirmed the important observations from the first set. Inoculation of 

Craigella with Dvd-E6, whether alone or followed by Vd1, by 10 dpi resulted in equally 

good plant growth and reduced symptoms (Figure  2-6, upper panel, E6 and E6/Vd1) in 

the host (P< 0.05) even though the V. dahliae population was substantial and equivalent 

(P< 0.05) (Figure  2-6, lower panel, E6 and E6/Vd1). However, when the order of the dual 

infection was reversed (Figure  2-6, Vd1/E6), the plants were again stunted and both 

symptom and fungal levels were higher and statistically different (P<0.05), resembling 

plants infected with Vd1 alone. Clearly the order of infection does matter. What was most 

interesting, however, were the results with plants inoculated with the mixed spore 

suspension (Figure  2-6, Dvd-E6 + Vd1). At 10 dpi, the symptom scores for the CS//Dvd-

E6 + Vd1 interactions were statistically similar (P< 0.05) to those observed for the 

CS//Dvd-E6/Vd1 and CS//Dvd-E6 interactions (Figure  2-6, upper panel) while the fungal 

levels in stems were intermediate between CS//Dvd-E6 and CS//Vd1 (Figure 2.6, lower 

panel). There was no fungal DNA detected in the control uninoculated plants. This 

suggested that the presence of Dvd-E6 was ameliorating the effects of Vd1 colonization. 
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Figure 2-6: Comparison of symptoms and levels of V. dahliae DNA in dual 

infections to determine whether order of infection matters. 

To serve as a basis for comparison, CS//Vd1, CS//Dvd-E6 and CS//Dvd-E6/Vd1 

interactions were established as previously described. In addition, seedlings were 

inoculated with Vd1 at the 3-leaf stage and Dvd-E6 (E6) at the 4-leaf stage or with a 

mixed inoculum (E6+Vd1) to establish the CS//Vd1/Dvd E6 and CS//Dvd-E6+Vd1 

interactions, respectively. Plants were scored at 5 (light gray bars) and 10 (dark gray bars) 

dpi for symptoms (i.e. disease scores ± SD; upper panel) and levels of V. dahliae DNA 

(i.e. ng/g plant tissue ± SD; lower panel) in the stems.  Results summarize the data for 12 

plants per sampling time for each interaction. 
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Finally, the RFLP-based assay was used to assess individual fungal DNA levels in 

the mixed infections. SpeI digestion of the PCR products from the intergenic region 

obtained from the extracts of stems with mixed infections (e.g. Figure  2-7) showed that 

prior infection with either isolate, pathogenic (black bars) or nonpathogenic (gray bars), 

effectively blocked the other from colonizing the stem. In Figure  2-7, when Vd1 

inoculation preceded Dvd-E6 inoculation (Vd1/E6) the amount of Dvd-E6 in the stems at 

5 and 10 dpi was only 6 % and 8 %, respectively, of the total fungal population. And 

when Dvd-E6 entered the plant first (E6/Vd1), Vd1 was almost totally excluded. Most 

surprising, however, was the fact that when inoculated simultaneously (E6+Vd1) the 

nonpathogenic eggplant isolate, representing almost two-thirds of the V. dahliae 

population in CS//Dvd-E6+Vd1 stems at 10 dpi, substantially restricted colonization by 

the virulent race 1 isolate leading to a significant difference in  amount between the two 

(P<0.05). This raised the question whether the phenomenon was localized to the stem or 

whether Vd1 also was restricted in the root. 
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Figure 2-7: Comparison of relative levels of Dvd-E6 (E6) and Vd1 in tomato stems 

with dual infections. 

Nucleic acid extracts from stems of plants with dual infections (ie Vd1/E6, E6+Vd1, 

E6/Vd1) used to assay total V. dahliae DNA in Figure  2-6 were reassessed by restriction 

fragment polymorphism as described for Figure  2-5 to determine the amounts (ng/g plant 

tissue ± SD) of Dvd-E6 (gray bars) and Vd1 (black bars) for each interaction at 5 and 10 

dpi.  Results summarize the data for 12 plants per sampling time for each interaction. 

2.3.5 Does cross-protection occur in the root? 

As might be anticipated, the total levels of V. dahliae in the roots of inoculated 

plants were much higher (Figure  2-8) than in the stems (Figure  2-7). Analysis of the 

amount of Dvd-E6 (gray bars) and Vd1 (black bars) from the roots of plants with mixed 

infections at 5 and 10 dpi yielded even more dramatic results as summarized in Figure 

 2-8. Whether inoculated before (E6/Vd1) or with (E6+Vd1) Vd1, Dvd-E6 limited the 

virulent isolate's ability to spread in the root even more severely than in the stem and, 
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even when inoculation with Vd1 preceded Dvd-E6, the nonpathogenic eggplant isolate 

represented at least a third of the V. dahliae biomass by 10 dpi. Infection of CS plants 

with Dvd-E6 clearly reduced the virulent race 1 isolate's ability to colonize and raised the 

question of what mechanism might be involved. It is also interesting to note that while 

total levels of fungus continued to increase in the root from 5 to 10 dpi (Figure  2-8) when 

Dvd-E6 infected before (E6/Vd1) or with (E6+Vd1), the Vd1 levels actually decreased 

over time in the stem (Figure  2-7). This observation is consistent with past conclusions 

that Verticillium resistance is most active in the stem (Pegg and Brady 2002). 

 

Figure 2-8: Comparison of relative levels of Dvd-E6 (E6) and Vd1 in tomato roots 

with dual infections. 

Nucleic acid extracts from roots of plants with dual infections (ie Vd1/E6, E6+Vd1, 

E6/Vd1) used to assay stems in Figs. 5 and 6 were assessed by restriction fragment 

polymorphism for amounts (ng/g plant tissue ± SD) of Dvd-E6 (gray bars) and Vd1 

(black bars) for each interaction at 5 and 10 dpi.  Results summarize the data for 12 plants 

per sampling time for each interaction. 
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2.3.6 How does the Dvd-E6 isolate restrict colonization by Vd1? 

The simplest possible explanations for the ability of Dvd-E6 to limit growth of Vd1 

in tomato were that it either outgrew Vd1 or had an inhibitory effect. In a preliminary 

effort to investigate these possibilities, the ability of the two fungi to grow together on 

culture plates was tested directly. Two approaches were used. In the first, the Vd1 and 

Dvd-E6 spore stocks (i.e. original spore concentration = 4 x 10
7
 conidia/ml) were each 

diluted twice to give a final spore concentrations of 1.3 x 10
4
 and 4 x 10

3
. For each of the 

dilutions, an equal volume of Dvd-E6 and Vd1 spores were mixed together and 25 l of 

the mixed spores were spread onto PDA (Figure  2-9, a3) or 1/10 PDA plates. In the 

second experiment, the plates were divided in half and 25 l of Dvd-E6 spore suspension  

were spotted in the center of one half of the plate and 25 l of Vd1 spore suspension 

(concentration = 4 x 10
7
 conidia/ml) were spotted on the other (Figure  2-9, b1). For each 

experiment, corresponding control plates with Dvd-E6 or Vd1 alone also were 

established (Figure  2-9, a1 and a2). All plates were then incubated in the dark at 24 C 

for one week. After one week incubation, the plates were periodically scored for number, 

size and distribution of colonies over a period of seven days. 

As illustrated in Figure  2-9, the morphology of the two V. dahliae isolates was 

quite different; Vd1 formed compact black colonies (Figure  2-9, a1) while Dvd-E6 

colonies were gray and fluffy (Figure  2-9, a2). However, when the isolates were mixed 

and counted on PDA plates after 7 d, colony diameters were similar, indicating similar 

growth rates.  Also, in the mixed culture experiment (Figure  2-9, a3 and a4) Dvd-E6 

spores constituted 43 % of the original mixed population and 45 % of the colonies were 

also Dvd-E6 after 7 d, suggesting that neither isolate is inhibitory to the other. This 
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observation was confirmed by the split plate experiment illustrated in Figure  2-9, b1 and 

similar results were obtained on one-tenth PDA plates. All the data indicated that Dvd-E6 

did not outgrow or inhibit Vd1, in vitro. 

 

Figure 2-9: In vitro experiments with Verticillium dahliae isolates Dvd-E6 and 

Vd1. 

Aliquot of 25 µl of conidial suspension of the Vd1 (a1) or Dvd-E6 (a2) isolates or a 

mixed spore suspension (a3) containing approximately equal concentrations of Vd1 and 

Dvd-E6 conidia were spread onto PDA plates and grown in the dark at 24 ºC for 7d.  

Panel a4 is a higher magnification of a3 showing the similar size and distribution of 

colonies of both isolates.  (b1) PDA plates were divided in half and 25 µl of spore 

suspension of isolate Dvd-E6 were spotted on one side and Vd1 on the other, then 

cultured under the same conditions as for (a). 

While this observation was consistent with the necessity for plant pathogen 

interplay it provided no direct evidence. Global gene expression analyses based on DNA 

chips could represent an effective method to detect the presence of such an interaction.  

As noted earlier, past analyses in our laboratory focused on the development of tolerance 
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and suggested that changes in gene expression in a tolerant response may lead to the 

suppression of symptoms (Robb et al. 2007).  In the present study, up-regulation of gene 

expression at 10 dpi in CS plants infected with Dvd-E6 was examined in search of further 

support for an interplay that may strengthen host resistance to a pathogenic Vd1. 

The plants used for experiment in this section were prepared by Ms. Barbara Lee. 

The microarray results were analyzed by Dr. Jane Robb, of the Department of Molecular 

and Cellular Biology, University of Guelph. Gene expression was compared in extracts 

from CS control and Dvd-E6 infected plants using the commercial available TOM 1 

microarray (Alba et al., 2004) representing approximately 8600 tomato genes. The 

microarray hybridization was completed by the University of Guelph Genomics facility. 

RNA extracts from the various interactions were converted to cDNA using reverse 

transcriptase. The cDNA probes were labeled indirectly with Alexa Fluor 647 and Alexa 

Fluor 555 dyes as described in section  2.2.7. When CS genes with log2 changes of 1.25 or 

greater (approximately 2.5 fold or greater) were selected using a sigma 2 threshold 

(95.5% confidence), 120 genes were found to be upregulated significantly by Dvd-E6 

infection; these are summarized in Figure  2-10 (upper panel). As found in other plant 

pathosystems (Bonshtien et al., 2005) the largest groups of known upregulated genes 

were the defence and signaling genes, representing 18 % and 14 %, respectively, of the 

selected spots. Clearly, the host recognized and responded to challenge by the 

nonpathogenic strain with significant changes in gene expression consistent with the 

establishment of interplay with Dvd-E6. The table in Figure  2-10 (lower panel) lists the 

most upregulated genes in Dvd-E6-infected CS tomato plants.  As anticipated from the 

pie chart many had unknown functions. The known genes fell into two distinct 
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categories: defense (PR leaf protein 6; PR protein 2) and photosynthesis (-carotene 

hydroxylase, RUBISCO, glutamyl-tRNA synthase); up-regulation of these genes could 

be expected to impact the hosts ability to resist a virulent pathogen attack. 

In several instances, preliminary microarray analyses suggested that specific 

defense genes were induced at higher levels in a tolerant interaction than in a compatible 

one.  Since such changes would demonstrate a beneficial interplay between the host plant 

and Dvd-E6 that could act against Vd1 colonization, several of these observations were 

confirmed directly by quantitative RT-PCR analyses. The experiment in this section was 

performed by Mr. Danve C. M. Castroverde. The data for four genes, including the 

Verticillium resistance gene, Ve2, and three defence genes encoding phenylalanine 

ammonia-lyase, a cyclin dependent kinase (CDK) inhibitor (SGN-U 147736) and 

chitinase IV (SGN-U 145299), are summarized in Table  2-1. Expression levels were 

assessed at 6 dpi when defence genes are expected to be active (Heinz et al., 1998; Chen 

et al., 2004) and normalized relative to the expression of a housekeeping gene, actin.  

Clearly, all four genes were upregulated significantly in the tolerant interaction relative to 

the compatible one, by two to seven folds. These results provide strong evidence that 

interplay between Dvd-E6 and its host is important to the restriction of the virulent 

Verticillium isolate in mixed infections. Colonization of tomatoes by the endophytic Dvd-

E6 isolate apparently induces higher expression levels of genes encoding Ve2 resistance 

protein and associated defence proteins in CS tomatoes than are normally found in 

compatible interactions. Since the Ve-protein provides some protection against Vd1 

colonization but not against Dvd-E6 (Chen et al. 2004), the presence of Dvd-E6 in mixed 
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infections may well increase the host's resistance to the virulent isolate without apparent 

detriment to itself. 

 

 

Figure 2-10: Global analyses of genetic changes in Verticillium Dvd-E6-infected 

tomato.  

Tomato seedlings were infected with Dvd-E6 and RNA was extracted at 10 dpi for cDNA 

microarray hybridization analyses as described in section  2.2.7 using the TOM 1 

microarray (Alba et al., 2004). Data indicate changes relative to uninfected control plants. 

Genes were identified using the gene list for the TOM 1 microarray and categorized using 

the accompanying Sol Genomics Network database. The pie chart on the upper panel 

summarizes plant genes that were upregulated during a tolerant response to Dvd-E6; the 
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Table on the lower panel summarizes genes with the greatest changes for 3 replicate 

experiments as a log 2 ratio ± SD 

Table 2-1: Expression of resistance and defense genes in CS tomato infected with 

Vd1 or Dvd-E6 at 6 dpi 

 

1 
Gene expression values relative to actin mRNA level by quantitative RT-PCR  

assay.  
2
 Dvd-E6/Vd1 mRNA levels. 

2.3.7 Is Dvd-E6-induced Verticillium protection in tomato range restricted? 

To test the ability of Dvd-E6 infection to protect Craigella against a more distantly 

related Verticillium pathogen, dual interactions with Vaa also were examined. CS 

seedlings again were inoculated at the 4-leaf stage by dipping the roots in Vd1, Dvd-E6 

or Vaa conidial suspensions (1x10
7 

spores/ml in 0.5 % gelatin solution) to establish 

homogeneous interactions. For dual interactions, seedlings were inoculated with Dvd-E6 

spores at the 3-leaf stage and re-inoculated at the 4-leaf stage with either Vd1 or Vaa 

spore suspension to establish the mixed infections. Control seedlings were root dipped in 

gelatin solution alone. Plants were scored for symptom expression as described in section 

 2.2.3. The top two-thirds of the stems were harvested at 5 and 10 dpi for extraction and 

fungal DNA assays as described in section  2.2.5.  

Figure  2-11 shows the results obtained for the disease score (upper panel) and the 

amount of fungal DNA (lower panel) in the various interactions. The symptoms in the 

dual interactions, Dvd-E6/Vd1 plants with low disease and Dvd-E6/Vaa-infected plants 
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exhibiting the highest disease scores, similar to Vd1- or Vaa-infected plants. When the 

amount of fungal DNA in the stems was assessed, the total fungal biomass in the dual 

infections and the Dvd-E6- and Vd1-infected plants at 5 and 10 dpi was similar (light and 

dark gray bars). In contrast, the amount of fungal biomass attributed to Vaa was 

somewhat lower. In the mixed infections, however, most of the DNA (>90%) was of 

Dvd-E6 origin (white bars). More important, the Vd1 DNA level in Dvd-E6/Vd1 plants 

was substantially reduced relative to plants infected with Vd1 alone while the Vaa DNA 

levels stayed about the same in both single and double infections.  
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Figure 2-11: Comparison of symptoms and levels of Vd1 and Vaa DNA in CS 

tomato simultaneously infected with Dvd-E6. 

Individual (E6, Vd1 and Vaa) and mixed (E6/Vd1 and E6/Vaa) infections were 

established as previously described in section  2.2.3. Plants were scored (upper) at 5 (light 

gray bars) and 10 (dark gray bars) dpi for symptoms (i.e., disease scores ± SD) or assayed 

for total levels of Verticillium DNA (i.e. ng/g plant tissue ± SD) in the stems (lower). In 

mixed infections, levels of each fungus also were determined (black and white bars, 

respectively). Results summarize the data for 12 plants per sampling time for each 

interaction. 
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2.4 Discussion 

When Verticillium spp. infect a plant three host responses can occur: resistance, 

susceptibility or tolerance. Whether a plant's response to Verticillium spp. is resistant, 

susceptible or tolerant depends on the interplay of plant and fungal factors and changes in 

either the host (Veronese et al. 2003) or the pathogen can alter that state significantly. In 

the present case, the endophytic activity of Dvd-E6 is the determinative factor. The data 

presented confirm that the CS/Dvd-E6 interaction exhibits all the properties of tolerance 

(Robb, 2007) including high levels of colonization by Dvd-E6, low symptom levels, 

stimulation of plant growth and protection from virulent Vd1. The results obtained in this 

study agree with previous work (Chen et al. 2004; Robb et al. 2007) which showed that 

while Vd1 levels cycle in susceptible tomato stems (high 100-200 ng/g plant tissue, low 

30-40 ng/g), Dvd-E6 levels achieve an initial (i.e. 4 dpi) intermediate range (60-100 ng/g) 

that remains relatively constant during a 15 d time frame; the average fungal levels in 

both susceptible and tolerant plants are substantially higher than in resistant plants (15 to 

25 ng/g). Despite the extensive fungal population in Dvd-E6-infected tomato, symptom 

levels are much reduced and the plants are taller and more robust than uninoculated 

controls. Furthermore, as shown in the present experiments, these effects also were 

observed in the CS//Dvd-E6/Vd1 interaction. Possibly, this increased vigor contributes to 

the ability of the host to resist attack by other pathogens and pests; however, it seems 

unlikely that such a mechanism could account for the dramatic results observed in the 

present study. Inoculation of Craigella with Dvd-E6 either before or together with Vd1 

essentially excludes the virulent race 1 isolate from the root and severely restricts its 

growth in the stem. Even when Vd1 infects the host first, Dvd-E6 still seems able to 

colonize at an equal rate in the root. Although this was not the case for Vaa, the results 
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demonstrate that Dvd-E6 infection was able to protect Craigella tomatoes against 

colonization by, and symptom development from, Vd1 but not Vaa. 

The mechanism by which Dvd-E6 protects its host from extensive Vd1 colonization 

remains unclear but it does not result from a simple fungal-to-fungal interaction. 

Interplay with the plant is clearly required. Previous studies suggested that tolerance 

might be induced by Dvd-E6 suppression of symptom-related genes in Craigella (Robb et 

al., 2007) raising the possibility that it simultaneously induces tolerance to Vd1. The 

current study indicates that this is not entirely the case. The severe restriction of Vd1 

colonization in the root and the stem during the CS//Dvd-E6/Vd1, and to a lesser extent 

the CS//Dvd-E6+Vd1 interaction must also be a significant factor. However, in the 

tolerant CS// Dvd-E6 interaction, the protective effect appears to be targeted more 

directly, allowing Dvd-E6 to effectively restrict its virulent cousin, Vd1. In this context, it 

may be important that both of the V. dahliae isolates from tomato are endemic to Ontario 

(Dobinson, 1996) and potentially in direct competition, while Vaa from tomato is not. 

Past studies often have suggested that the protective effect stems from an endophyte-

induced activation of systemic acquired resistance (SAR) in the host providing protection 

against a broad range of pathogens (Tjamos et al., 2005). Endophytes that colonize plant 

vascular systems have been shown to induce pathogenesis-related (PR) proteins (Van 

Loon, 2006) associated with SAR or SIR responses in plants (Tjamos et al., 2005). As 

illustrated in the table in Figure  2-10, Verticillium spp. can induce the expression of PR 

proteins in infected tomato and this may well contribute to the ability of either isolate to 

block the other from the stem and root if given a head start. However, other factors also 

must be important since this does not account for the fact that in mixed inoculations (i.e. 
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CS//Dvd-E6+Vd1) Dvd-E6 restricts Vd1 colonization of both root and stem with almost 

equal efficiency. Another possibility is that Dvd-E6 either outgrows or has inhibitory 

activity against Vd1. The in vitro experiments on artificial medium indicated that Dvd-E6 

did not outgrow or inhibit Vd1 in vitro, although it is still possible that the ability of one 

or both fungal isolates to colonize and grow, in, into or on the surface of the root or to 

exert inhibitory effects may be altered by interaction with the host. 

However, as indicated in Figure  2-10, microarray analysis indicates that host gene 

expression is altered substantially by colonization of the vascular system with Dvd-E6. A 

more detailed examination of the most upregulated genes, tabulated in Figure  2-10, 

suggests a stimulation of plant growth and a mobilization of plant defenses that act 

selectively against the Vd1 isolate.  For example, up-regulation of the genes for -

carotene hydroxylase, RUBISCO and glutamyl-tRNA synthase indicate an increase in 

photosynthetic activity in Dvd-E6-infected plants that is likely to result in an increased 

vigor and a stronger resistance response against pathogen attack as well as contributing to 

an increase in plant height. PR proteins have been recognized as important contributors to 

plant defense as well (Van Loon, 2006). 

RT-PCR, which enables a robust analysis of gene expression, shows that infection 

of CS tomatoes with Dvd-E6 significantly increases the level of mRNAs for Ve2 and 

associated defense proteins relative to infection with Vd1. Since the Ve-gene is the only 

gene that can be linked unequivocally with resistance to Vd1, the data strongly support 

the conclusion that infection by the endophytic isolate alters host gene expression 

resulting in increased resistance to colonization by the virulent Vd1. The present study 

does not define the molecular mechanisms involved in establishing the interplay, and the 
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way the plant detects Dvd-E6 and the components of the signaling pathways leading to 

establishment of the epiphytic condition remain unknown. Nevertheless, a potentially 

beneficial plant-fungal interplay between Dvd-E6 and the tomato plant clearly is evident. 

The experimental results presented here also provide evidence that Dvd-E6-induced 

protection is restricted in range. 

Isolates of Verticillium have been associated with the phenomenon of cross 

protection for many years. Most of the studies have focused on the use of bacterial or 

fungal antagonists of Verticillium spp. as potential biocontrol agents for wilt disease or, 

conversely, the use of Verticillium spp. as antagonists to control other types of disease-

causing organisms (Tjamos et al., 2000; Pegg and Brady, 2002). However, this is the first 

instance of a nonpathogenic isolate protecting a plant against a virulent relative of the 

same Verticillium spp. The stability of this interaction remains an open question. 

Historically, Verticillium spp. have proven adept at expanding host range by moving onto 

new plant species. Possibly, this endophytic state actually represents a transition from the 

original host (i.e. eggplant) to the new host (i.e. tomato) but answering this question will 

require further experimentation. Whatever the case, the current interaction remains a 

novel model for molecular analyses of endophytic development and how it acts to the 

benefit of the host. 
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CHAPTER 3: Spore Levels in Mixed Verticillium Infections of Tomato 

3.1 Introduction 

In  Chapter 2, it was shown that Craigella tomatoes can be protected from a virulent 

isolate of V. dahliae race 1 (Vd1) by infection with an avirulent isolate of V. dahliae 

Dvd-E6 (Dvd-E6), that restricts Vd1 colonization in the plant. The study also suggested 

that the cross protection effect, demonstrated by the reduction of disease symptoms and 

Vd1 DNA did not result from Dvd-E6 outgrowing or secreting antimicrobial compounds 

that are toxic to Vd1. This interaction appeared to require interplay between Dvd-E6 and 

the plant. The present chapter sought to investigate the biological mechanism that may 

underlie such protection. 

A number of structural and biochemical strategies could be proposed to increase 

Vd1 resistance in the plant. An effective vascular coating response; a determinant of 

pathogen distribution in the plant, is one of these strategies. It has been found that 

vascular coating increased host resistance against Verticillium spp., especially in 

Craigella resistant (CR) plants (Gold and Robb, 1995). Therefore, an effective vascular 

coating response induced by Dvd-E6 in the plant may restrict Vd1 colonization. Also, 

previous cytological studies on tolerance showed that the amount of Dvd-E6 in tolerant 

interactions remain fairly constant between 6-12 dpi before a gradual reduction when 

compared to Vd1, which had a highly elevated peak of fungal biomass at 10 dpi 

following the cyclical period of fungal elimination (Chen et al., 2004). Such a rapid 

elevation in the amount of fungus in the stem is usually attributed to sporulation in 

planta. The results therefore, showed that the failure of Dvd-E6 biomass to also increase 

at 10 dpi may suggest that Dvd-E6 had a characteristic mycelia lifestyle within the stem. 
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This observation indicates that the presence of Dvd-E6 in a mixed infection may impose 

a similar response on Vd1.    

 There have been some reports of Verticillium spp. hyphal lysis by host hydrolytic 

enzymes as a means of defense response (Pegg and Brady, 2002). Colonization of the 

host xylem by Verticillium spp. is brought about by mycelia growth, but more rapidly by 

conidia carried in the xylem fluid (Tolmsoff, 1973). For example, race 1 isolate of V. 

dahliae colonizes the host plant by the proliferation of its mycelia which produce spores 

that are released into and carried along the transpiration stream, thereby, aiding transverse 

spread of the pathogen in the host plant. Therefore, any mechanism that could prevent or 

inhibit sporulation and/or result in the lysis of spores or mycelia might be involved in 

Vd1 protection in tomato. The study presented in this chapter examines spore levels in 

the various interactions, to investigate whether colonization of stem by Dvd-E6 results in 

the selective targeting of Vd1 spores and/or mycelia. In this context, the amount of Vd1 

or/and Dvd-E6 in planta and also the proportion of spores to mycelium in infected plants 

was examined. 

3.2 Materials and methods 

3.2.1 Pathogens and plants 

Isolates Vd1 and Dvd-E6, of V. dahliae, represent, respectively pathogenic and 

endophytic fungi, used for this experiment and were described in section  2.2.1. The 

plants used for this experiment were CS as described in section  2.2.2.  

3.2.2 Plant infection and sampling 

CS seedlings were inoculated either with Vd1, Dvd-E6 or both by root dipping in 

conidial suspension as described in section  2.2.3. Symptom expression ratings (i.e. 
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disease scores) were scored relative to uninoculated wounded control plants at 5 and 10 

dpi using a 0 to 5 scale as described in section  2.2.3. Plant samples were collected from 

the top two-thirds of the plant stems, after the petiole and leaves were removed and 

pooled. Each pool contained three plants, and four pools were used for each interaction at 

each sampling time. Each of the pools was chopped and divided into two; a fresh sample 

for spore-related experiments and a freeze-dried sample for determination of the total and 

relative amount of fungal DNA.  

3.2.3 Spore levels in infected plant tissues 

Samples for determining fungal spore concentration were derived from the fresh 

samples as described in section 3.2.2. The cut ends of chopped stems were coated with a 

high vacuum grease (Dow Corning Corporation, USA) and surface sterilized in a 10 % 

hypochlorite solution for 10 min, then rinsed in autoclaved distilled water, three times 

(total rinse time 30 min). To obtain a fungal spore sample, 0.15 g of the pooled plant 

stems was weighed into a mortar. One milliliter of autoclaved distilled water was added 

and the tissue was ground 100 times with a pestle. A hemacytometer (Neubauer-ruled 

Bright Line counting chambers) was used to determine the spore count using a Nikon 

Labophot microscope. Each replication was counted 5 times and three independent 

replicate counts were made per sample. 

3.2.4 Determination of spore viability  

Samples for determining the amount of viable fungal spores were prepared as 

described in section  3.2.3. From a 1 ml spore sample, 20 μl were diluted 100 fold and a 

50 µl aliquot was spread onto each of 3 potato-dextrose-agar (PDA) plates containing the 

antibiotic streptomycin (25 mg/ml) to eliminate bacterial contamination. All plates then 
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were incubated in the dark at 26 °C for one week. The plates were then scored for the 

number of colonies. The remaining 980 µl of spore sample were harvested by 

centrifugation at 2000 rpm for 2 min with a bench top micro centrifuge. The supernatant 

was discarded and the spores were freeze-dried immediately for the subsequent 

quantification of spore DNA in each macerate.   

3.2.5 Quantification of fungal and spore DNA  

Stem tissues were freeze-dried separately and pooled (i.e. 3 stems/pool) prior to 

nucleic acid extraction. Similarly, spores from infected plant stems (i.e. 3 stems/pool) 

were also freeze-dried before nucleic acid extraction. Nucleic acid was prepared from the 

various stem and spore samples by extraction using the sodium dodecyl sulfate (SDS)-

phenol method, as described in section  2.2.5. The total amounts of fungal or spore DNA 

(ng/g plant tissue) were determined as described in section  2.2.6. The relative amounts of 

Vd1 and Dvd-E6 fungal or spore DNA in mixed infections were determined as described 

in section  2.2.6. 

3.3 Results 

3.3.1 Preparation of spores from tissue macerates  

To allow effective collection and quantification of fungal spores from macerates, 

the viability of the spores has to be maintained during grinding to release them from the 

plant tissues. To achieve this, two preliminary experiments were conducted. In the first 

experiment to determine the optimal amount of grinding, 0.15 g from each pool of Dvd-

E6-infected plants was weighed into 5 mortars. One milliliter of autoclaved distilled 

water was added to each mortar containing stem tissue and the tissue was ground 20, 40, 

60, 80 or 100 times with a pestle. A similar treatment with 100 X grinding was done also 
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with uninfected CS plant as a control. The macerates were observed and photographed 

under a light microscope. Figure  3-1A-F shows the results obtained from the various 

samples. With increased grinding, remnants of plant tissue disappeared from the 

suspension as spores were released. No spores were detected in control plants (Figure 

 3-1F).  

In the second experiment to determine the effect of grinding on spore release from 

infected plant tissues, 25 µl of Vd1 spore suspension (4 X 10
7
) and 1 ml autoclaved water 

was added to 2 mortars along with 0.15 g uninfected stem tissue added to each of the 

mortars. The tissue in the first mortar was ground 100 times with the spore suspension 

(Figure  3-1G) while in the second mortar, the tissue was ground 100 X before adding the 

macerate to the spore suspension (Figure  3-1H). Each of the suspensions was spread onto 

PDA-streptomycin plates. There was no significant difference in the number of 

colonies/plate observed between ground (91.0 + 7.0) and unground (101.3 + 13.7) spore 

suspension. Also, there were no colonies observed on the control plate (tissue ground 100 

X with no fungus added; Figure  3-1I). 
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Figure 3-1: Maceration of infected plant tissue 

To determine the optimal amount of grinding, 0.15 g from the top two-thirds of Dvd-E6 

infected plant stem tissues was weighed into each of 5 mortars and 1 ml autoclaved water 

was added to each. The stem tissues were ground: A) 20X; B) 40X; C) 60X; D) 80X; E) 

100X and F) CS infected plant was also ground 100X as a control. The macerates were 

each observed and photographed under a light microscope. 

To determine the effect of grinding on spore viability, 25 ul of Vd1 spore suspension (4 

X 10
7
) were added to 2 mortars and 1 ml autoclaved water added. In the first mortar, 0.15 

g of the top two-thirds of an uninfected CS plant stem was ground with the spore 

suspension (G), while in the second mortar; the tissue was ground before adding to the 

spore suspension (H). Each of the suspensions was diluted and spread onto PDA plates.  

3.3.2 Disease assessment of infected plants 

To investigate the biological mechanism underlying endophyte-induced protection, 

four interactions were established: CS/Vd1, CS//Vd1/Dvd-E6, CS//Dvd-E6/Vd1 and 

CS//Dvd-E6. For the single infection interactions, seedlings were inoculated with either 
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Vd1 or Dvd-E6 (spore concentration = 10
7
 spore/ml) at the 4-leaf stage. In the case of 

CS/Vd1//Dvd-E6 mixed infections, the roots of seedlings were dipped in Vd1 inoculum 

at the 3-leaf stage and re-inoculated 4 days later (i.e. 4-leaf stage) with Dvd-E6 inoculum. 

In the case of CS/Dvd-E6//Vd1 mixed infections, the roots were dipped in Dvd-E6 

inoculum at the 3-leaf stage and re-inoculated 4 days later (i.e. 4-leaf stage) with Vd1 

inoculum. Control plants were root dipped in gelatin solution alone. Each experiment 

consisted of 3 plants per sampling time for each of the interactions and the controls. The 

experiment was replicated 4 times. Symptom expression (plant height and disease score) 

was recorded at 5 and 10 dpi because previous studies have shown that the maximum 

difference in colonization occurs at these times when susceptibility, resistance and 

tolerance were compared (Chen et al., 2004). 

The data obtained (Figure  3-2) agreed with the results obtained in  Chapter 2. As 

shown in Figure  3-2, Vd1 infected plants were stunted and highly symptomatic with an 

average symptom score value of 4.1 + 0.31 at 10 dpi, while Dvd-E6 infected plants 

showed minimal symptoms also and were taller than the uninfected control plants. 

Consistent with what was observed in Chapter 2, Dvd-E6 protected plants (CS//E6/Vd1) 

were healthy and had significantly reduced disease scores of 1.5 + 0.25 when compared 

with unprotected CS/Vd1 plants (4.1 + 0.31). These observations suggested that a system 

of an endophyte-induced protection was established. 
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Figure 3-2: Disease scores in tomatoes with mixed Verticillium infections. 

CS tomatoes were inoculated with Vd1, Dvd-E6 or both to establish the susceptible, 

tolerant or mixed interactions as described in section 2.2.3. The picture (upper panel) was 

taken at 10 dpi and shows the increased height of Dvd-E6- and Dvd-E6/Vd1-infected 

plants relative to controls. The table (lower panel) summarizes the data obtained for plant 

height (cm + SD) and symptom scores (0, plant healthy, 5 plant dead + SD) at 10 dpi. 

Values are mean of 12 plants + SD. 

3.3.3 Levels of sporulation in mixed infections  

To determine whether spore production occurred in mixed infections, spore 

samples were prepared (as described in section  3.2.3) for hemacytometer spore counts. 

As anticipated, the results (Figure  3-3) indicate that both Vd1 and Dvd-E6 sporulate 

when present alone at both sampling times, although there was a slight reduction in the 

amount of spores from 5 to 10 dpi. In the mixed infections, 1.5 X 10
7
 and 1.3 X 10

7
 

spores also were recorded in CS/Vd1//Dvd-E6 and CS/Dvd-E6//Vd1 plants respectively, 

 
CS/Vd1  CS//Vd1/E6  CS//E6/Vd1  CS/E6  CS/Ctl.  

      

Plant height  6.4 + 0.66 7.6 + 0.80 10.2 + 1.17 12.2 + 0.98 11.3 + 0.47 

Symptom 

score  

4.1  + 0.31 2.4  + 0.37 1.5  + 0.25 0.8  + 0.22 0 
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at 10 dpi. From the results of hemacytometer spore counts, it was evident that sporulation 

did occur in mixed infections, but it was unknown whether the spores were Dvd-E6 or 

Vd1, or mixed. 

 

Figure 3-3: Hemacytometer spore counts in Verticillium/Craigella interactions. 

CS tomatoes were infected with Vd1, Dvd-E6 or both to establish the CS/Vd1, 

CS//Vd1/Dvd-E6, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions. The amount of spores 

was determined at 5 (white bars) and 10 (dark grey bars) dpi as described in section 3.2.3. 

Results summarize data for 12 plants for each interaction + SD. 

3.3.4 Relative amounts of Verticillium spore DNA in mixed infections 

To determine the relative amounts of Vd1 and Dvd-E6 spores in mixed infections, a 

previously developed quantitative PCR and a RFLP-based assay (section  2.3.3) were 

used to determine the total and relative amounts of Vd1 and Dvd-E6 spore DNA as 

described in section 3.2.5. The results (Figure  3-4) show an interesting observation. There 

was a large significant difference between the number of spores produced by Vd1 and 
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Dvd-E6. Vd1 produced a high amount of spores (99 + 14.5 ng spore DNA/g plant tissue) 

at both sampling times, while the amount produced by Dvd-E6 was greatly reduced; 24 + 

8.9 and 8+4.2 ng spore DNA/g plant tissue at 5 and 10 dpi respectively. However, when 

both isolates were present in mixed infections, there was a 77 % reduction in the amount 

of Vd1 spores in the CS//Vd1/E6 plants when compared with CS/Vd1 plants. The 

reduction in Vd1 spores was even more dramatic in the CS//E6/Vd1 interaction, as no 

Vd1 spores were detected at 10 dpi. In the mixed infection (CS/E6//Vd1), as the amounts 

of Vd1 spore decreased, there was a slight increase in the amounts of Dvd-E6 spores at 

10 dpi when compared to the tolerant interaction (CS/Dvd-E6).  
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Figure 3-4: Relative amounts of Vd1 and E6 spore DNA when present in mixed 

infections in CS tomatoes. 

To determine the relative amount of Vd1 and Dvd-E6 spore DNA when present in mixed 

infection, CS/Vd1, CS//Vd1/Dvd-E6, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions were 

established as described in section 3.2.5. Spores were collected from the remaining spore 

samples as described in section 3.2.4., freeze-dried and the amounts of Vd1 spore DNA 

(i.e. ng/g spore ± SD) (black bars) and Dvd-E6 spore DNA (light grey bars) were 

determined at 5 and 10 dpi by PCR/RFLP based assays as described in section 2.2.6.  

Results summarize data for 12 plants per sampling time for each interaction. 

3.3.5 Are isolate Vd1 spores viable? 

To determine the viability of Vd1 and Dvd-E6 spores, the number of colonies/plate 

of each pathogen when present separately or in mixed infections were determined. The 

remaining parts of the spore suspension samples (980 µl) from hemacytometer spore 

counts were prepared as described in section 3.2.4., spread on PDA-streptomycin plates 

and incubated at 26 
o
C. The number of colonies/plate was counted. Generally, colonies of 

Vd1 appear black on PDA plates, while Dvd-E6 colonies appear white, which allowed 

identification in mixed infections. The results (Figure  3-5) agreed with the pattern 
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observed in the spore DNA determination (Figure  3-4). There was a high number of Vd1 

colonies/plate while Dvd-E6 had less. Consistent with the results in Figure 3-4, all the 

observed colonies in the CS//E6/Vd1 interaction were DVd-E6 and no colonies were 

present for Vd1 on the plates at 10 dpi.  

 

Figure 3-5: Spore viability in Craigella/Verticillium pathosystems. 

To determine the amount of viable Vd1 and Dvd-E6 spores when present in mixed 

infections, spore samples used for hemacytometer spore count were prepared as described 

in section 3.2.4 and plated on PDA plates containing streptomycin. The number of 

colonies/plate was counted for Vd1 (black bars) and Dvd-E6 (grey bars) after one week. 

Results summarize data for 12 plates for each interaction + SD. 

3.3.6 What constitutes the fungal biomass? 

In the context of this study, the fungal biomass is made up of mycelia and spores, 

but the relative proportion of each is unknown in the various interactions of Craigella-

Verticillium plants. To determine the relative amount of mycelia to spores, total nucleic 

DNA was also extracted from freeze-dried stem samples (section 3.2.2). The total and 

 Vd1 Vd1/E6 E6/Vd1 E6 
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relative amounts of fungal DNA (ng/g plant tissue) (Figure 3-6A, left upper panel) were 

determined by the PCR/RFLP-based assay. The differences between the total amounts of 

fungal DNA and the total amounts of spore DNA (ng/g plant tissue) provided the 

estimated amounts of mycelia in the plants. Each experiment comprised a pool of three 

plants per sampling time for each of the five interactions. The control and the experiment 

were replicated four times. 

The results (upper left panel, Figure  3-6A) show the total and relative amount of 

Verticillium DNA. By calculation, the proportion of fungal mycelia to spores (Figure 

 3-6B, right upper panel) and the % composition of fungal biomass (Figure  3-6C, lower 

panel) were determined. The results for the total and relative amount of fungus in the 

plant are consistent also with what was observed in  Chapter 2. As shown in Figure  3-6A 

(left upper panel), the level of Vd1 was high with a corresponding high symptom rating 

depicting the characteristics of the susceptible response. But, in this experiment, the 

amount of Vd1 at 5 dpi was slightly higher than what was previously observed for this 

interaction. Also, as anticipated from previous studies (Chen et al., 2004; section 2.3.1), 

the amounts of pathogen in the CS/E6 and CS//E6/Vd1 plants were also high with low 

symptom expression, showing the characteristics of a tolerant interaction. These results 

show that the spore/mycelium ratio is high for Vd1 at both 5 and 10 dpi. Conversely, 

Dvd-E6 was characterized by a low spore/mycelium ratio, suggesting that this isolate is 

mainly mycelia in the plants (72 and 82 % mycelia at 5 and 10 dpi, respectively). The 

case was different in the endophyte-induced protection interactions; where the amount of 

Vd1 spores was reduced at both 5 and 10 dpi, although the spore/mycelium ratios 

remained constant. 
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Figure 3-6: Relative amounts of mycelia and spore DNA in tomatoes infected with 

Vd1 and/or Dvd-E6. 

Nucleic acid extracts were prepared from the second half of the pooled plant samples 

from the interactions; CS/Vd1, CS//Vd1/Dvd-E6, CS//Dvd-E6/Vd1 and CS/Dvd-E6. 

PCR/RFLP based assays were used to determine the amounts of Vd1 (black bars) and 

Dvd-E6 (grey bars) DNA (ng/g plant tissue) (A; left upper panel). The estimated amounts 

of fungal mycelia (white spotted bars) were calculated from the differences between the 

total amount of fungal DNA and spore DNA (hatched bars) (ng/g plant tissue) (B; right 

upper panel). The table (C; lower panel) summarizes the % amounts of mycelia and 

spores expressed in % estimated biomass. Results summarize data for 12 plates for each 

interaction + SD. 

3.4 Discussion 

The results in this chapter provide insight to the biology underlying the protective 

strategy induced by Dvd-E6 on tomato against Vd1, in relation to the amount of spores 

and mycelia present in the plant. The symptom expression scores and the plant height 

recorded in this study were consistent with what was observed in Chapter 2. Vd1-infected 

C 
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plants were stunted with severe symptoms (4.1 + 0.31), while the Dvd-E6-infected plants 

had fewer symptoms (0.8 + 0.22), were more robust and were taller compared to 

uninfected control plants. The Dvd-E6 protected plants also had less disease symptoms 

(1.5 + 0.25). These observations indicate that the protection phenomenon was established 

and this could be the basis for comparing the amount of spores and mycelia in protected 

and unprotected plants. 

Previous findings have shown that the virulence of Verticillium spp. in a host is 

related to the amount of spores produced in the xylem (Schnathorst, 1981). With this 

observation, it seemed possible that the protective mechanism induced by Dvd-E6 could 

be related to the level of spores in the plant. With this in mind, an attempt was made to 

compare the number of spores and amount of mycelium in the various interactions. 

Preliminary experiments were conducted to investigate what conditions should be used to 

prepare spores from tissue macerates to maintain their viability. The results obtained in 

Figure 3-1 suggest that with increased grinding, more spores were released and 100 

strokes was optimum for breaking down the mycelia and plant cells to release spores 

from stem tissues. The results also indicate that grinding had little or no effect on the 

viability of the spores, as there was no significant difference in the number of 

colonies/plate observed when the spores were ground (91.0+7.0) or not ground 

(101.3+13.7). These observations from the preliminary experiments indicate that spores 

can be effectively collected and quantified from infected plants. 

As anticipated, the hemacytometer spore counts indicate that both Vd1 and Dvd-E6 

produced spores in single infections, but the relative amounts of spores from each isolate 

could not be determined by this method in the mixed infections. This necessitated the use 
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of a previously developed PCR/RFLP-based assay to assess the amount of spore DNA for 

each isolate as an estimate of the amount of spores in the plant. The result (Figure 3-4) 

shows a dramatic difference between the amounts of spores produced by the two isolates. 

In the single infection, Vd1 produced large numbers of spores. The results support 

previous findings, which suggested that the increased level of Vd1 colonization at 10 dpi 

following the cyclical period of fungal elimination (6-8 dpi) in the susceptible response 

might be related to sporulation (Chen et al., 2004). The elevated level of Vd1 spore 

production at 10 dpi also may account for the high level of virulence of this isolate. 

Previous studies have shown that sporulation capacity is correlated to virulence of 

Verticillium spp. (Newcombe et al., 1990; Hastie and Heale, 1984). The high amounts of 

spores produced by the pathogens lead to systemic colonization and symptom expression 

in the host plant (Newcombe et al., 1990). However, in the mixed infection interactions, 

the behavior of Vd1 spore production was different. For example, in the CS/Dvd-E6/Vd1 

interaction, there was a significant reduction (87 %) in the amount of Vd1 spores relative 

to the susceptible reaction at 5 dpi. There was no difference in the level of Dvd-E6 spores 

in the mixed and tolerant interactions; both were low which may also account for the low 

level of virulence of Dvd-E6. The observations with Verticillium spore DNA were further 

confirmed by the experiment for determining the number of viable spores (Figure 3-5). 

The results were consistent with those obtained for the amount of spore DNA (Figure 3-

4). The number of Vd1 colonies in the compatible interaction was far greater than those 

obtained for the Dvd-E6 tolerant interaction. Also, the number of Vd1 colonies observed 

was significantly reduced in both mixed infections compared with the CS/Vd1 

interaction. In the CS/Dvd-E6//Vd1 interaction, no colonies grew on the PDA plates. 



CHAPTER 3: Spore levels in mixed Verticillium infections of tomato 

 91  

 

These results clearly suggest that the level of Vd1 spores was affected in the plant by the 

presence of Dvd-E6.  

The protection effect induced by Dvd-E6 could affect Vd1 spores in several ways. 

One possibility was that the targeting mechanism altered the vascular environment in the 

plant which inhibits Vd1 sporulation. There have been several reports on both host and 

environmental influences on fungal sporulation (Bashi and Rotem, 1975; Rotem and 

Cohen, 1978; Cohen and Rotem, 1969; Smith and Berry, 1974). Similarly, studies also 

have shown that alteration of the environmental conditions may affect fungal sporulation 

competence, the ability of a fungus to sporulate (Champe et al., 1981). Therefore, an 

altered vascular environment in CS plants induced by Dvd-E6 may affect Vd1 

sporulation competence or reduced sporulation, spore germination or viability. Based on 

the results obtained from the viable spore count experiment (Figure 3-5), non-viability of 

Vd1 spores may not be the case, as spores from the mixed infection macerates also were 

viable when spread on PDA plates. Since the spore DNA result indicates a low level of 

Vd1 spores in the mixed infections, this clearly ruled out the possibility of whether the 

spores did not germinate in the first case. 

Another possible mechanism for the protective effect may be that Vd1 produced 

lots of spores in mixed infections comparable to what was observed in the Vd1-infected 

tomatoes, but Dvd-E6 induced the production of some biochemical compounds by the 

plant that have hydrolytic properties that destroyed the Vd1 spores. These compounds 

may include defense proteins such as PR proteins (Stintzi et al., 1993), phenolic 

compounds (Nicholson and Hammerschmidt, 1992) and phytoalexins such as tomatine 

(Keukens et al., 1995) and rishtin (Le Floch et al., 2005). Also, earlier cytological studies 
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have shown that the vascular coating response in a tolerant interaction was similar to the 

one observed in resistant interaction (Chen et al., 2004). The presence of Dvd-E6 may 

result in a more effective vascular coating response in CS plant which prevented Vd1 

colonization in the first case. This can be inferred from the results obtained from the total 

and relative amounts of DNA from Verticillium spp. The population of Vd1 was small in 

the mixed infections with respect to the compatible interaction (Figure 3-6, upper panel), 

suggesting a reduction in Vd1 colonization. Whether a vascular coating response strategy 

was involved in the protection mechanism or not will require further cytological studies.  

It has been found in some fungi, such as Gibberella zeae, that both sporulation and 

mycelial growth occurs simultaneously and any factor that affects one of these may also 

affect the other (Huang and Cappellini, 1980). To further investigate whether the 

mechanism that reduced Vd1 population in the plant in the mixed infections was specific 

to spores alone or also affects mycelia, the amount of mycelia in infected plants also was 

determined. This was achieved by determining the amount of DNA of the Verticillium 

spp. and spore DNA (ng/g plant tissue) in infected stems as an estimate of the proportion 

of conidia versus mycelia in the fungal biomass. The result showed that, in susceptible 

reactions, Vd1 had a high spore/mycelium ratio which indicates that most of the fungal 

biomass was in the form of viable spores rather than mycelia, in the plant. This clearly 

suggests that Vd1 has a dual lifestyle; spores were constantly being produced, which gave 

rise to mycelia, which gives rise to spores. The hyphae sporulate and gave rise to another 

round of spores, thereby, enhancing Vd1 virulence. In contrast, Dvd-E6 had a low 

spore/mycelia ratio which indicated that this isolate is more mycelia and has fewer viable 

spores in the plant, either when alone or in mixed infections. This observation supports 
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the indirect evidence noted by Chen and coworkers that Dvd-E6 might have mainly a 

mycelia lifestyle (Chen et al., 2004). In the mixed infection interactions, in spite of the 

drastic reduction in Vd1 spores, the spore/mycelium ratios remain fairly constant, 

suggesting that both spores and mycelia were equally affected. It therefore, follows that 

the presence of Dvd-E6 in CS plants inhibits both mycelial growth and sporulation of 

Vd1 or it could be that spores, mycelia, or both were lysed. 

In summary, when present alone in the plant, Vd1 was characterized by the 

production of numerous spores, while Dvd-E6 produced less. In the endophyte-protected 

plants, there was significant reduction of Vd1 spores and mycelia, suggesting that both 

were affected by a limiting mechanism. In line with the results obtained in Chapter 2, it 

was hypothesized that the endophytic Dvd-E6 induces Vd1 resistance in tomato by 

altering the gene expression of tomato in a manner that selectively inhibits Vd1 

sporulation and mycelial growth or destroys Vd1 spores or/and mycelia, thereby, 

restricting colonization of the virulent isolate. The actual genes and the nature of the 

molecules that may be involved will be further examined in the next chapter. 

.  
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CHAPTER 4: Defence Gene Responses in Mixed Infections with V. 

dahliae race 1 and Dvd-E6 Isolates 

4.1 Introduction 

This chapter investigates further the genetic changes suggested in the preceding 

chapters. In  Chapter 2, it was shown that infection of Craigella tomatoes by an 

endophytic isolate of V. dahliae, Dvd-E6 can restrict colonization by a virulent isolate of 

V. dahliae, Vd1, severely, regardless of the order of infection. The data also suggested 

the endophyte-induced protection requires a genetic interplay between Dvd-E6 and the 

plant. The results presented in Chapter 3 further suggested that the amount of Vd1 spores 

and mycelia was substantially reduced in mixed infections with Dvd-E6. Therefore, it 

seems reasonable that Dvd-E6 could be inducing PR proteins in the host which restrict 

Vd1 growth selectively. 

Several reports have shown that colonization by endophytic bacteria can result in 

induced systemic resistance (ISR). For examples, studies have shown Pseudomonas 

aeruginosa 7NSK2 induces resistance in bean through ISR against gray mould (De 

Meyer and Hofte, 1997). Similarly, P. fluorescens WCS417 mediates protection of 

carnation against Fusarium wilt (Van Peer et al., 1991) and induces anthracnose 

resistance in cucumber (Wei et al., 1991) through this mechanism. Colonization by some 

endophytic bacteria also promotes production of phytoalexin (Harman et al., 2004), 

accumulation of pathogenesis-related proteins (Park and Kloepper, 2000), and/or 

deposition of structural barriers (Benhamou et al., 1996) contributing to resistance against 

fungal infection. Several studies also have shown that endophytes that colonize plant 

vascular systems do induce PR proteins (Van Loon, 2006) associated with systemic 

acquired resistance (SAR) and systemic induced resistance (SIR) responses in plants 
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(Tjamos et al., 2005). The studies in this chapter represent a search for genetic changes 

that could have these effects. 

A customized Tomato-Verticillium Response (TVR) microarray chip (Robb et al., 

2009) was used to further examine the tomato’s regulatory responses in susceptible, 

tolerant and mixed infection reactions, and to identify changes which may lead to 

tolerance or endophyte induced protection. The TVR chip offers several important 

advantages over the commercial TOM1 array (see section  1.5.2). The results in this 

chapter indicate that CS responds to the presence of either one or both isolates when 

present together, with differential expression of genes, some of which might be involved 

in cross protection.   

4.2 Materials and methods 

4.2.1 Pathogens and plants 

Vd1 and Dvd-E6 isolates that were used for these experiments were described in 

section  2.2.1. The plant varieties used for these experiments were two near-isolines of 

tomato, Craigella susceptible (CS; as described in section  2.2.2) and Craigella resistant 

(CR), which has the Ve1 allele that confers resistance to Vd1. 

4.2.2 Plant infection and symptom expression scoring 

Plants for this experiment were inoculated either with Vd1, Dvd-E6 or both by root 

dipping in conidial suspension as described in section  2.2.3. Symptom expression ratings 

(i.e. disease scores) were scored relative to uninfected wounded control plants at 5 and 10 

dpi using a 0 to 5 scale as described in section  2.2.3.  
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4.2.3 Quantification of fungal DNA in infected plant tissues 

Samples for fungal DNA analysis were prepared from the top two-thirds of each 

stem after the leaves and petioles were removed. Stem tissues were pooled (i.e. 3 stems / 

pool), chopped and divided into two subsamples; freeze-dried and fresh, prior to nucleic 

acid extraction. Nucleic acid was prepared from the various stem samples by extraction 

using the sodium dodecyl sulfate (SDS)-phenol method, as described in section  2.2.5. 

The total and relative amounts of fungal DNA were determined as described in section 

 2.2.6. 

4.2.4 Microarray analyses 

Whole cell nucleic acid extraction: Total cellular RNA was prepared from pooled stem 

tissue from plants of the various interactions involving CS or CR with either Vd1, Dvd-

E6 or both as well as from the control plants at 5 and 10 dpi using the SDS/phenol 

extraction method as described in section  2.2.4. The nucleic acid was fractionated on 1.5 

% agarose gels, stained with methylene blue for 5 min and destained with distilled water 

overnight. Images of the gels were captured under UV light as described in section  2.2.5. 

The ratio of the 28S and 18S ribosomal RNA was used to determine RNA quality.  

First-strand cDNA synthesis: Much of the technical work in this section for cDNA 

synthesis, labeling, hybridization and slide scanning were conducted by Mrs. Jing Zhang 

of the Genomics Facility, Department of Molecular and Cellular Biology, University of 

Guelph. The quality of the cellular RNA extracted above was confirmed using the 

Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). First-strand 

cDNA was synthesized using Invitrogen kits following the manufacturer’s instructions. 

Approximately 20 μg of total cellular RNA with 2 μl anchored oligo (dT)20 primer at a 
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concentration of 2.5 μg/ul, were mixed in a final volume of 18 μl DEPC-treated water in 

a 1.5-ml RNase-free tube. The mixture was incubated at 70 
o
C for 5 min and then cooled 

on ice for at least 1 min. For the reverse transcriptase reaction, a master mix (12 μl) 

containing 6 μl of 5X first strand buffer, 1.5 μl of 0.1 M DTT, 1.5 μl of dNTP mix 

(including amino-modified nucleotides), 1 μl of RNaseOUT (40 U/ μl) and SuperScript 

III RT (400 U/ μl) was prepared and mixed with the denatured RNA-oligo (dT)20 mixture 

to make a final volume of 30 μl. Each RT reaction was incubated at 37 
o
C for 1 hr. After 

the incubation, 15 μl of 1N NaOH were added to each reaction and incubated at 70 
o
C for 

10 min to terminate the RT reaction and hydrolyze the original RNA template. An aliquot 

of 15 μl of 1N HCl was used to neutralize the pH. The first-strand cDNA was purified 

using the SuperScript Purification System-L1014-04 (Invitrogen), following the 

manufacturer’s instructions. 

TVR microarray chip preparation: Microarray hybridizations were performed using a 

customized TVR microarray chip (Robb et al., 2009) by the Genomics facility at the 

University of Guelph. The chip represents approximately 270 tomato unique genes 

involved in defense and resistance responses to Vd1. The slides were rehydrated by 

facing them down over a 50 
o
C water bath for 10 min and then dried at 65 

o
C on a heating 

block for 5 min. They were allowed to cool and this step was repeated 3 more times 

before they were UV cross-linked, two times at 200 mJ. The slides were then washed in 1 

% SDS by dipping them 10 times in sterile double-distilled water and immediately 

transferred to 100 % ethanol, dipping them 5 times and then incubating them for 3 min 

with shaking. The slides were finally dried by centrifugation at 200 g for 2-4 min. They 
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were stored in a light-proof box at room temperature with low humidity until use (Childs 

et al., 2003). 

Target cDNA labeling, microarray hybridization and data acquisition: The 

Invitrogen SuperScript Plus Indirect cDNA Labeling system was used to fluorescently 

label the target cDNA following the manufacturer’s instructions. To a vial of Alexa Fluor 

Reactive Dye from Molecular Probes Inc. (Eugene, OR, USA), 2 μl of DMSO was added 

directly to resuspend the dye with rigorous vortexing and a brief spinning to collect the 

contents. For the fluorescent coupling reaction, 5 μl of 2X coupling buffer and the 

DMSO/dye solution were added to the first-strand cDNA. The mixture was incubated at 

room temperature in the dark for 2 hours. The Alexa Fluor 555 dye (pink color) and 

Alexa Fluor 647 dye (blue color) provide the green and red signals, respectively, when 

scanned. The fluorescently labeled cDNA was purified using the SuperScript Purification 

System-L1014-04 (Invitrogen), following the manufacturer’s instructions. The 

concentration of the labeled cDNA and dye incorporation were measured using the 

NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).  Both 

the labeled cDNAs (infected and control cDNAs) were combined for the hybridization 

reaction. 

For microarray hybridization, a mix containing 5 μl yeast tRNA at a concentration 

of 10 mg/ml (Invitrogen), 5 μl calf thymus DNA at a concentration of 10 mg/ml (Sigma 

Aldrich, ON, Canada) and 100 μl DIG Easy Hyb buffer (Roche, Canada) was prepared 

and 60 μl were added to 10 μl of the fluorescently labeled probe. A total of 70 μl of this 

mixture was incubated at 65 
o
C for 5 min and cooled on ice before being applied to pre-

warmed slides. A cover slip was placed on top of the slide to provide even distribution of 
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the hybridization solution and reduced evaporation. The slides were placed in a prepared 

hybridization cassette, which was locked, wrapped with tape and incubated overnight at 

42 
o
C in a hybridizer 600 chamber (Stratagene, La Jolla, CA, USA). After the overnight 

hybridization, the cover slip was removed in 1X SSC at room temperature and slides 

were washed three times as follows: the slides were quickly transferred to 150 ml pre-

warmed wash solution (1X SSC, 0.1 % SDS, 0.1 mMDTT added before use), incubated 

at 50 
o
C for 10 min with occasional shaking and then transferred to another wash 

solution. This step was repeated 2 more times. The slides were then rinsed in ultra-pure 

1X SSC at room temperature by plunging 10-20 times. This step was repeated one more 

time and then rinsed in 0.1X SSC at room temperature by plunging approximately 15 

times. The slides were slowly removed from the solution and dried by centrifugation at 

200 g for 6 min at room temperature. 

The dry slides were then scanned using a GenePix scanner 4200A (Axon 

Instruments, Inc., Foster City, CA, USA). The microarray data was processed by me 

using GenePix Pro 4.0 software and analyses were performed using Gene Traffic (DUO) 

v3.2 software (Iobion Informatics, La Jolla, CA, USA). Artifacts were flagged and the 

data were normalized using actin as a global reference gene. Extracts from infected plants 

were compared with unwounded uninfected controls. A candidate list of differentially 

expressed genes was generated using the log2 (Alexa 555/Alexa 647) ratios and standard 

deviations were calculated for 8 on-slide replicate arrays. A total of four biological 

replicates were performed for each treatment. 
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4.2.5 Quantitative RT-PCR analyses 

RT-PCR assays were performed using whole cell extracts from the various 

interactions and the control plants as described in section  2.2.8. All RT-PCR assays were 

normalized using the cellular levels of actin mRNA. The mRNA levels were calculated 

relative to tomato actin mRNA and expressed as log2 ratios for comparisons with the 

microarray data. 

4.3 Results 

4.3.1 Disease scores in V. dahliae infected CS tomatoes 

To determine changes in the level of gene expression for tomato defense genes 

which might be related to the endophyte-induced protection observed in previous 

chapters, CS seedlings were infected to create five interactions: CS/Vd1, CS/Vd1//Dvd-

E6, CS/E6+Vd1, CS/E6//Vd1 and CS/E6 as described in section  2.2.3. Plants were scored 

for symptom expression (i.e. disease score and plant height) at both 5 and 10 dpi as 

described in section  2.2.3. Each experiment consisted of three plants per sampling time 

for each of the pathological interactions and the controls. The experiment was replicated 

four times. 

The various interactions are illustrated in Figure  4-1 (upper panel) and the data for 

plant height and symptom level at 5 (white bars) and 10 (dark grey bars) dpi are 

represented in the left and right histograms, respectively, of the lower panel of Figure 

 4-1. With respect to plant height and symptom expression, the present results support the 

data obtained in Chapters 2 and 3. As anticipated, Dvd-E6 infected plants were taller than 

the uninoculated control plants, with reduced amounts of symptoms, with respect to 

CS/Vd1 plants, which were stunted with high symptom score values of 3.2 and 3.5 at 5 
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and 10 dpi, respectively. The CS/Dvd-E6//Vd1 plants were as tall as the uninoculated 

control plants with reduced symptom scores of 0.8 and 0.5 at 5 and 10 dpi, respectively; 

hence showing the characteristics of endophyte induced protection. 

 

 

Figure 4-1: Disease scores in Verticillium infected tomatoes. 

CS tomatoes were inoculated with Vd1 or Dvd-E6 or both to establish the susceptible, 

tolerant or mixed infection interactions, respectively. For the dual inoculations; (Dvd-

E6/Vd1), seedlings were inoculated with Dvd-E6 at the 3-leaf stage and Vd1 at the 4-leaf 

stage, for the (Vd1/Dvd-E6), seedlings were inoculated with Vd1 at the 3-leaf stage and 

Dvd-E6 at the 4-leaf stage, while for the (Dvd-E6+Vd1), seedlings were inoculated with 

1:1 mixture (final concentration= 10
7
 spores/ml) of Dvd-E6 and Vd1 conidia suspension 

at the 4-leaf stage. Control plants were root dipped in gelatin solution alone. The picture 

(upper panel) was taken at 10 dpi and shows the increased height of Dvd-E6- and Dvd-

E6/Vd1-infected plants relative to control. The histograms summarize the data obtained 

for (lower left panel) plant height (cm + SD) and (lower right panel) symptom scores (0, 

plant healthy, 5 plant dead + SD) at 5 (white bars) and 10 (dark grey bars) dpi. Values are 

means of 12 plants.  
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4.3.2 Amount of fungal DNA in V. dahliae infected CS tomatoes 

To determine the amount of Vd1 and Dvd-E6 in infected plants, total nucleic acid 

was extracted from the freeze-dried pooled stems (i.e. 3 plants/pool) for each interaction; 

the total amounts of fungal DNA as well as the relative amounts of specific fungal DNA 

(Figure  4-2) for Vd1 (black bars) and Dvd-E6 (light grey bars) at 5 and 10 dpi were 

determined. The results were consistent with those previously observed in Chapters 2 and 

3. As shown in Figure  4-2, there were high amounts of V. dahliae in both the CS/Vd1 and 

CS/Dvd-E6 interactions which were characteristic of susceptible and tolerant responses, 

respectively. In the presence of Dvd-E6, however, there was a substantial reduction of 

Vd1 DNA in the mixed infection interactions. For example, in the CS/Dvd-E6//Vd1 

plants, the amount of Vd1 DNA in the stem was reduced from 13 ng/g plant tissue at 5 

dpi to undetectable at 10 dpi, suggesting that infection by Dvd-E6 was able to restrict 

Vd1 colonization of the stem with reduced levels of symptom expression. 
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Figure 4-2: Relative amount of Vd1 and Dvd-E6 DNA in mixed infections of 

tomato 

To determine the total and relative amount of isolates Vd1 (black) and Dvd-E6 (grey) 

when present in mixed infections, CS/Vd1, CS//Vd1/Dvd-E6, CS/E6-Vd1, CS//Dvd-

E6/Vd1 and CS/Dvd-E6 interactions were established as described  2.2.3. Levels of V. 

dahliae DNA (i.e. ng/g plant tissue ± SD) were determined by quantitative PCR-based 

and RFLP-based assays as described in section  2.2.5.  Results summarize data for 12 

plants per sampling time for each interaction. 

4.3.3 Genetic changes in CS/Verticillium dahliae interactions 

To determine changes in the level of expression of genes related to tomato defence 

or resistance that may underlie the basis of the tolerant Dvd-E6-plant interaction, and 

protection against Vd1, whole cell nucleic acids were extracted from fresh plant tissues 

with SDS/phenol as described in section 2.2.5 and a TVR microarray chip was used for 

hybridization analyses. The quality of the RNA extracts first was examined based on the 

ratio of the 28S to 18S ribosomal RNAs fractionated on an agarose gel. As shown in 
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Figure  4-3, for each of the extracts, the ratio of the 28S to 18S was approximately 1.5; 

more importantly there was no evidence of significant additional bands that might be 

expected with degradation.  

 

Figure 4-3: RNA quality check using 28S/18S rRNA ratio 

Whole cell nucleic acids were extracted from infected plant tissues using SDS/phenol 

methods as described in section  2.2.5. The nucleic acid was fractionated on 1.5 % agarose 

gels as described in section  2.2.5. Gels were stained with methylene blue for 5 min and 

destained with distilled water overnight before images were captured under UV light 

using a GelDoc 1000 doc center (BioRad Laboratories Ltd., Hercules, CA, USA). The 

ratios of the 28S to 18S rRNAs for 5 (left panel) and 10 (right panel) dpi extracts were 

determined using Molecular Analyst software. Extracts from: unwounded, uninfected CS 

control (c); CS/Vd1 (1); CS//Vd1/Dvd-E6 (2); CSDvd-E6+Vd1 (3); CS//Dvd-E6/Vd1 (4) 

and CS/Dvd-E6 (5) are shown in the gel figures. 

Initially, scatter plots were used to assess the overall differential expression profiles 

across the various interactions. As shown in Figure 4-4, the red color points represent 

expression of genes that were up-regulated with respect to uninfected unwounded 
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controls, while the green color points represent genes that were down-regulated. The 

expression levels of genes that remain unchanged with respect to the controls are 

represented by the yellow points. The results indicated that defense gene responses to V. 

dahliae isolates Vd1 and Dvd-E6 in single or mixed infections in CS tomato are 

characterized by differences in gene expression levels. For example, in the CS/Vd1 

interaction, there were clusters of genes that were strongly up-regulated at 5 dpi as 

indicated by the white arrow head (Figure 4-4A), but these genes were subsequently 

down-regulated at 10 dpi (white arrow head, Figure 4-4F). Conversely, the blue arrow 

head in the CS/Dvd-E6 interaction (Figure 4-4E) indicated a cluster of genes that were 

relatively unaffected at 5 dpi but were induced at a later sampling time (Figure 4-4J). The 

overall expression profile of the CS/Vd1//Dvd-E6 interaction was somewhat similar to 

the compatible interaction.  
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Figure  4-4: Changes in mRNA levels in Verticillium-infected tomato. 

A customized TVR chip was used for microarray hybridization of extracts shown in 

Figure  4-3 as described in section  2.2.7. Images were captured using a GenePix 4000 

microarray scanner and data were analyzed with GenePix Pro software. The overall 

changes in mRNA levels in the various interactions as represented by log2 ratios after 

being normalized with actin reference gene are summarized as scatter plots for 5 [(A) 

CS/Vd1 (B) CS/Vd1//Dvd-E6 (C) CS/E6+Vd1 (D) CS/Dvd-E6//Vd1 (E) CS/Dvd-E6] 

and 10 [(F) CS/Vd1 (G) CS/Vd1//Dvd-E6 (H) CS/E6+Vd1 (I) CS/Dvd-E6//Vd1 (J) 

CS/Dvd-E6] dpi. White arrow heads: clusters of genes that were upregulated in A and 

down-regulated in F in the CS/Vd1 interactions. Blue arrow heads: clusters of genes that 

were upregulated in E and down-regulated in J in the CS/Dvd-E6 interactions. 
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To identify genes undergoing similar changes in the level of mRNA, microarray 

data were imported into and further analyzed with Gene Traffic (DUO) v3.2 software 

(Iobion Informatics, LaJolla, CA, USA) for hierarchical clustering. All genes were 

normalized against the actin reference gene. Average values and standard deviations were 

calculated from 8 replications with values from infected plants as compared with controls 

expressed as log2 ratios. The cluster analysis presented on the left in Figure  4-5 

summarizes the relationship for the mRNA levels of all the defence genes, with the 

individual levels indicated by a color-coded matrix. The strong green fields representing 

average log2 ratios of 2.0 to 5.8 indicate up-regulated genes, while the strong red fields 

representing log2 ratios ranging from -2.0 to -4.8 signify significant down-regulation, 

with respect to uninfected control plants. Grey to black shading indicates log2 ratios 

between 2.0 and -2.0 representing slight or no changes in gene expression. The results 

obtained with the cluster analyses showed that during the CS/Verticillium interactions, 

many plant defence genes were up-regulated (green) but surprisingly, an even greater 

number were down-regulated (red), with same demonstrating little change and a similar 

portion displaying mixed changes consistent with genes that were differentially affected 

by the exact nature of the Verticillium/plant interaction (mixed regulation). 
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Figure 4-5: Cluster analysis of defence gene mRNA levels in CS/Verticillium 

interactions 

Extracts from plants of various CS-Verticillium interactions were used for microarray 

hybridization with a TVR chip. Microarray data were analyzed with Gene Traffic (DUO) 

v3.2 software for hierarchical clustering of genes (rows) expressed in the various 

interactions {columns: (1-1) CS/Vd1; (1-2) CS//Vd1/Dvd-E6; (1-3) CS/E6+Vd1; (1-4) 

CS//Dvd-E6/Vd1; (1-5) CS/Dvd-E6; at 5 and (2-1) CS/Vd1; (2-2) CS//Vd1/Dvd-E6; (2-

3) CS/E6+Vd1; (2-4) CS//Dvd-E6/Vd1; (2-5) CS/Dvd-E6 at 10 dpi}. 
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4.3.4 Characteristics changes in defense gene responses 

The cluster analyses indicated only the general direction of changes in gene 

expression based on pairwise similarity between the genes; they did not examine changes 

in the actual expression profiles for the various interactions. To examine possible 

relationships among the various defence genes, expression profiles of individual plots 

were constructed. Genes indicating at least one change with log2 ratios between -3 to +6 

were selected and values below statistical accuracy (i.e. not attaining sigma 2 level) were 

eliminated. The results for 160 genes were plotted on line graphs, with the log2 ratios on 

the Y-axis and the various interactions identified on the X-axis at both 5 and 10 dpi 

sampling times. Upon detailed examination, the expression profiles obtained could be 

categorized into four major distinct groups, subsequently referred to as Group 1-4. Group 

1 contained 62 genes that encode various PR proteins (PR2, PR23, P4, STH2), chitinases, 

wound induced proteins, enzyme precursors, transcription factors, signaling molecules, 

and several unknown proteins (Table  4-2). Group 2 contained 70 genes including 

calmodulin, cytochrome P450, stress proteins, phytoene synthase, shock protein, some 

PR-1 precursors, heat shock proteins and some unknown proteins (Table 4-3). Group 3 is 

represented by 19 genes that encode products such as proteins for cellular scaffolding, 

some signaling molecules, transferases and only one unknown protein (Table 4-4). Only 

four genes are represented in group 4 (Table 4-5). In each group, four genes which are 

known to be associated with the plant defense response are shown as example plots 

(Figures 4-6 to 4-9). The characteristics of the various groups are discussed below. 
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Group 1 defense genes  

The expression profile of this group was characterized by defense genes that were 

strongly induced by Vd1 at 5 dpi, but showed suppression at 10 dpi. The mRNA levels 

remained the same in the tolerant interaction at both sampling times and were lower than 

the compatible interaction. For the mixed infections, Vd1 and Dvd-E6 apparently had an 

antagonistic effect on the expression of most genes in this group. For example, at 5 dpi, 

the beta carotene hydroxylase gene was induced as more Vd1 was present in the 

interactions, correlating with a higher symptom score (Table  4-1). At 10 dpi, Vd1 gene 

suppression was prevented as more Dvd-E6 was present, which also correlates with a 

lower symptom score. The expression of genes in CS/Vd1 and CS//Vd1/Dvd-E6 plants 

was similar; induction followed by suppression. It is characteristically interesting also 

that expression of genes for the CS/Dvd-E6+Vd1 interaction always remained with little 

difference between 5 and 10 dpi. Four example plots for the genes encoding; Beta-

carotene hydroxylase, class IV chitinase, a 1,3-beta-glucanase and an unknown protein 

were used to illustrate the characteristics of this group (Figure  4-6). All four genes 

display similar characteristic features of this group. Other defense genes in this group and 

the actual log2 ratios for all the interactions are listed in Table 4-2.  
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Table 4-1: Antagonistic effect of Vd1 and Dvd-E6 isolates on beta carotene 

hydroxylase gene expression. 

 

CS seedlings were inoculated with Vd1 or Dvd-E6 to create single interactions or with 

both pathogens to create mixed interactions. Disease symptoms were determined at both 

5 and 10 dpi sampling times. Nucleic acid extract was made and mRNA was compared 

by microarray analyses. Data were analyzed using GenePix Pro software and expressed 

as Log2 ratios. The table summarizes the antagonistic effect of Vd1 and Dvd-E6 on the 

mRNA levels of beta-carotene hydroxylase gene.  
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Figure 4-6: Group 1 defense gene response profiles in Verticillium infected tomato.  

CS seedlings were infected with Vd1, Dvd-E6 or both to establish CS/Vd1, 

CS//Vd1/Dvd-E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as 

described in section  2.2.3. Whole cell nucleic acid was extracted from the plants at 5 and 

10 dpi and used for microarray hybridization with TVR chips as described in section 

 2.2.7. Cluster analysis indicates four distinct gene profiles as shown in Figure  4-5. Log2 

ratios of representative Group 1 defense genes were plotted against the various 

interactions for 5 (white bars) and 10 (grey bars) dpi. 
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Table 4-2: List of Group 1 defense genes in CS tomato 

5' Sequence1

NP24 (PR 23), salt tolerance 1.41 -0.97 0.19 -0.94 -1.62 -1.53 -2.21 -0.51 0.01 -1.75

CTV.15 4.09 2.51 1.86 1.12 1.25 0.32 1.19 2.87 3.65 -0.91

endochitinase 3 precursor 4.70 5.40 3.60 0.97 1.26 1.93 2.12 4.59 4.44 2.31

divinylether synthase 3.70 0.91 1.25 1.00 0.48 -0.06 0.08 2.37 3.56 -0.44

PR-protein STH2 5.60 3.55 7.48 2.99 2.42 2.65 3.73 6.32 6.34 3.70

class IV chitinase 4.27 1.14 1.84 1.34 0.07 -0.21 -0.09 2.28 2.60 0.30

late embryogenesis protein 5.04 3.95 1.96 0.69 -1.13 -0.91 -0.36 3.43 2.30 -1.17

mitogen-activated protein kinase NTF 3 4.71 4.02 3.78 1.48 0.97 1.14 1.75 3.78 4.26 0.75

ser/threonine protein kinase 3.11 2.32 2.14 0.20 -0.14 -0.53 -0.07 2.27 2.34 -0.08

serine acetyltransferase 4 3.44 1.17 1.50 0.91 1.41 0.92 0.88 2.17 2.54 1.28

wound induced protein 4.23 0.71 3.41 0.87 0.08 0.99 0.74 1.53 3.35 0.57

1,3 beta-glucanase basic 4.54 3.91 5.13 1.91 1.39 2.85 2.16 5.60 5.98 1.50

glycine rich protein, 16K 3.98 0.88 3.22 1.25 0.73 2.31 1.66 3.29 4.56 2.43

cytochrome c 3.12 -1.63 1.35 0.99 0.12 0.04 -0.14 1.34 2.02 -0.18

bZIP Transcription Factor 2.85 -1.48 0.31 0.48 -0.33 -0.77 -0.01 0.61 1.68 0.27

small nuclear ribonucleoprotein 1.50 -0.47 0.53 -0.82 -1.05 -0.82 -1.88 -0.19 0.70 -1.75

late embrogenesis protein homologue 4.79 2.47 1.60 0.19 -0.51 -1.00 -0.48 2.83 2.05 -1.13

RelA-SpoT-like protein RSH 4.48 3.91 1.36 0.69 -0.64 0.04 -0.95 2.11 1.97 -1.37

beta-carotene hydroxylase 3.33 2.42 1.18 0.43 -0.56 -0.21 -0.78 1.77 1.92 -0.97

MFL8.1/MFL8.1 0.57 -1.54 -1.92 -0.69 -1.39 -1.22 -2.32 -1.38 -2.13 -1.94

acyltransferase 1.16 0.85 0.72 -0.94 -1.23 -1.14 -2.26 -0.44 -0.17 -2.18

ACC oxidase, ethylene biosynthesis 3.07 -0.57 1.20 0.16 0.06 -0.49 -0.60 2.05 1.42 -0.69

F-box protein 0.94 -0.10 -0.05 -1.17 -1.45 -1.28 -2.38 -0.70 -0.25 -2.42

SA carboxymethyltransferase 5.96 5.81 5.80 2.57 1.72 3.01 2.94 4.78 6.20 1.21

TSI-1 protein 5.12 4.09 5.27 2.57 1.93 2.41 2.64 5.05 5.71 2.14

CBL interacting protein kinase 1 2.02 0.99 1.19 0.52 -0.53 0.69 -0.75 1.40 1.84 0.20

Avr/Cf9 rapidly elicited protein 2.71 -1.19 0.11 -0.41 1.05 0.58 -0.56 0.29 1.46 -0.20

PR protein 2 2.77 1.39 1.18 0.50 -0.63 -0.81 -1.51 2.75 2.29 -1.41

wound induced protein 4.25 3.01 3.14 1.60 0.26 0.94 0.85 3.54 3.06 0.86

PR leaf protein 4 (P4) 5.95 4.75 4.46 2.39 2.08 2.21 3.51 5.56 7.35 3.02

oxygen evolving complex 25.6kD protein 4.89 5.13 5.72 1.89 1.31 1.31 1.66 5.07 4.53 1.27

MA3 domain protein 5.87 5.91 6.31 2.21 1.97 2.74 3.43 6.41 6.02 2.44

acidic 26kD endochitiinase precursor 5.24 5.70 5.30 2.30 1.38 1.56 2.52 4.81 5.12 1.55

unknown protein 4.31 2.22 2.93 1.01 0.13 0.86 1.31 2.59 3.63 0.75

unknown protein 2.89 1.67 2.58 0.33 0.64 0.27 0.74 2.58 3.05 0.45

10E+V10VE10V5E5EV5E+V5VE5V 10E10EV

Average log2 Ratio
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List of Group 1 defense genes in CS tomato (continues) 

5' Sequence1

no sequence 3.80 3.67 3.42 0.08 0.15 -0.29 1.06 3.34 3.49 0.40

no sequence 3.13 -0.37 1.29 0.72 1.54 -0.08 -0.02 1.08 1.81 0.32

unknown protein 5.40 5.17 2.21 0.77 -0.81 -0.43 -0.28 3.90 2.98 -0.97

no sequence 5.36 5.21 3.12 2.64 0.12 -0.23 -0.41 4.01 3.01 -1.09

unknown protein 3.38 2.16 1.88 -0.23 -0.39 -0.68 -0.72 2.43 1.30 -0.64

no sequence 4.56 2.61 3.17 1.82 1.12 2.23 1.56 5.73 3.50 2.70

no sequence 4.06 0.84 3.58 1.45 1.03 2.48 0.39 3.33 5.10 2.21

unknown protein 1.30 -0.75 0.73 -0.61 -1.17 -0.75 -1.55 -0.08 0.77 -1.71

unknown protein 0.51 -0.03 0.03 -1.07 -1.23 -0.06 -1.63 -0.21 0.66 -1.60

unknown protein 0.99 -1.07 0.06 -0.60 0.13 -0.70 -0.96 0.10 0.83 -1.28

unknown protein 1.56 -1.29 0.12 -0.28 -0.86 -1.42 -0.83 -0.30 0.63 -1.07

unknown protein 5.47 3.66 3.03 0.38 -0.50 -0.71 -0.50 2.82 2.39 -1.31

unknown protein 3.84 3.35 2.97 1.16 -0.05 0.62 -0.36 3.25 2.52 -0.06

no sequence 2.34 -0.82 1.75 0.17 -0.22 0.72 -0.59 0.83 1.10 -0.40

unknown potein 0.75 -0.36 0.30 -0.99 -1.09 -1.18 -1.81 -0.12 0.28 -2.06

no sequence 2.63 1.37 0.70 0.15 -0.72 0.50 -0.80 2.62 2.00 -1.26

no sequence 5.44 5.52 5.25 1.94 1.18 2.47 2.16 3.57 5.33 0.75

no sequence 6.07 3.95 5.11 2.66 1.74 2.68 3.24 5.46 5.94 2.78

no sequence 5.77 5.05 5.56 2.00 1.77 2.72 3.12 5.94 5.56 2.12

no sequence 5.38 5.43 6.26 1.84 1.79 1.45 3.00 5.85 5.52 1.93

no sequence 0.25 -0.48 0.15 -1.25 -1.72 -0.11 -1.84 -0.30 -0.34 -1.53

no sequence 1.04 0.13 0.54 -0.67 -0.98 -0.53 -1.49 0.38 0.26 -1.44

no sequence 0.98 -1.72 -0.56 -1.14 -1.60 -2.02 -2.58 -0.67 0.02 -2.33

no sequence 1.50 -0.97 -0.21 -0.62 -1.04 -1.25 -1.05 0.49 1.71 -1.64

no sequence 4.13 0.81 2.25 1.02 1.99 0.52 0.83 2.74 3.54 0.39

no sequence 2.73 -0.62 -0.04 -0.55 -1.32 -1.72 -2.02 0.49 1.56 -1.96

no sequence 2.01 -1.39 -0.90 -0.85 -1.55 -2.30 -2.43 -0.11 0.94 -2.46

Average log2 Ratio

5V 5VE 5E+V 5EV 5E 10V 10VE 10E+V 10EV 10E

 

Nucleic acid extracts were prepared from tomatoes infected with Vd1, Dvd-E6 or both, as 

well as unwounded uninfected CS controls. The levels of mRNA from infected vs control 

extracts were compared by microarray analyses as described in section  4.2.4. Data were 

analyzed using GenePix Pro software and expressed as Log2 ratios. The table summarizes 

Group 1 defense gene average ratios of infected vs control for the interactions: (5V) 

CS/Vd1; (5VE) CS//Vd1/Dvd-E6; (5E+V) CS/Dvd-E6+Vd1, (5EV) CS//Dvd-E6/Vd1; 

(5E) CS/Dvd-E6 at 5 and (10V) CS/Vd1; (10VE) CS//Vd1/Dvd-E6; (10E+V) CS/Dvd-

E6+Vd1, (10EV) CS//Dvd-E6/Vd1; (10E) CS/Dvd-E6) 10  dpi. The standard deviations 

of the log2 ratios are included in Appendix IV. 
1 

Protein encoded by defense gene.  
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Group 2 defense genes 

This is the largest group among the defence gene category. The expression profiles 

indicate genes that also are induced by Vd1 at 5 dpi and suppressed at 10 dpi relative to 

unwounded controls. There was also suppression in the tolerant interaction relative to the 

unwounded controls and there was no significant difference in mRNA levels at both 

sampling times. At 10 dpi, there was suppression for the CS//Vd1/Dvd-E6 interaction 

also. The major difference between Groups 1 and 2 genes was that, for the mixed 

infection (CSE6+Vd1 and CS/Dvd-E6/Vd1) interactions, there was little or no significant 

difference in mRNA levels at both 5 and 10 dpi. Also in this group, Dvd-E6 prevents 

Vd1-induced gene suppression. Figure 4-7 shows sample plots for genes encoding: an 

unknown protein, calmodulin, peroxidase and phytoene synthase 1. All four genes 

displayed similar characteristic profiles. One other interesting characteristic of this group 

is the similarity between the gene expression and symptom score profiles at 5 dpi, as 

shown in Figure  4-8. For example, as the expression of the unknown protein was being 

down-regulated from CS/Vd1 to the CS/Dvd-E6 interactions, the level of symptoms also 

was reduced. Table 4-3 lists all the genes and actual log2 ratios for all the interactions in 

this group.  
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Figure  4-7: Group 2 defense gene response profiles in Verticillium infected tomato. 

CS seedlings were infected with Vd1, Dvd-E6 or both to establish CS/Vd1, 

CS//Vd1/Dvd-E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as 

described in section  2.2.3. Whole cell nucleic acid was extracted from the plants at 5 and 

10 dpi and used for microarray hybridization with TVR chips as described in section 

 2.2.7. Cluster analysis indicates four distinct gene profiles as shown in Figure  4-5. Log2 

ratios of representative Group 2 defense genes were plotted against the various 

interactions for 5 (white bars) and 10 (grey bars) dpi. 
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Figure 4-8: Similarity between symptom expression and Group 2 defense gene 

response profiles in CS-Verticillium interactions. 

CS tomatoes were infected with Vd1, Dvd-E6 or both to create CS/Vd1, CS//Vd1/Dvd-

E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions and symptom score (left 

panel) was determined as described in section  2.2.3. Extracts were prepared for 

microarray hybridization and data analyzed using GenePix Pro software 4.0 as described 

in section  4.2.4. The log2 ratios (Y-axis) were plotted against the various interactions (X-

axis) (right panel). 
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Table 4-3: List of Group 2 defense genes in CS tomato 

5' Sequence1

tumor-related protein 3.47 0.31 0.32 1.23 1.48 1.32 1.04 2.24 3.63 1.38
nonsymbiotic Haemoglobin class 1 1.50 -1.07 0.16 -0.73 -0.83 -1.02 -0.99 0.64 0.86 -1.27
subtilisin-like protein 1.37 -1.14 0.26 -0.90 -1.56 -1.56 -2.24 -0.50 -0.02 -1.73
WRKY TF 0.90 -0.14 -0.09 -0.98 -1.24 -1.57 -2.51 -0.81 -1.00 -2.34
peroxidase 1.85 -0.03 0.56 -0.63 -1.47 -1.04 -1.74 -0.37 0.06 -1.60
cytochrome P450 1.73 0.00 0.06 0.69 -0.01 -0.69 -0.27 0.01 0.94 -0.56
xyloglycan endotransglycosylase(XTRA4) 3.49 -0.80 1.29 1.29 -0.04 -0.58 -0.02 1.69 2.19 -0.19
nam-like protein 8 2.20 -0.81 0.19 1.20 -0.22 -0.63 0.05 -0.21 1.53 0.04
oxaloglutarate-dependent dioxygenase 2.87 0.98 0.62 0.23 0.06 -0.54 -0.06 0.29 1.26 -0.53
sulfolipid synthase 1.55 -0.72 0.18 -0.95 -1.36 -0.84 -1.81 -0.72 -0.52 -1.98
F-box(SLF)-S2 protein 1.59 0.65 0.02 -0.64 -1.43 -0.85 -1.90 -0.78 -0.84 -1.90
RAD21-3 protein 1.84 1.53 0.41 -0.01 -0.59 -0.22 -1.39 0.21 0.18 -1.42
F-box protein 1.41 -0.46 -0.12 -0.51 -1.50 -0.97 -2.01 -0.73 -0.19 -2.01
remorin 1 2.24 -1.02 1.10 1.44 0.06 -0.60 -0.43 0.58 1.04 -0.16
signal transduction, calcium signalling 1.00 -0.50 -0.09 -1.00 -1.27 -1.62 -2.64 -0.56 -0.44 -2.04
AKIN gamma 2.34 1.66 1.10 0.67 -0.37 -0.46 -0.62 1.24 1.01 -0.80
heat shock protein Hsp 20.0 1.06 -0.35 -0.18 -0.48 -1.63 -1.86 -2.57 -0.87 -0.73 -2.77
Myb transcription factore 1.51 0.04 0.95 0.37 -0.92 -0.61 -1.44 0.17 0.30 -1.13
esterase/lipase/thioesterase 1.81 -0.06 0.97 -0.28 -0.87 -0.45 -1.20 0.45 0.43 -1.23
phytoene synthase 2.95 -1.02 0.09 1.06 -0.68 -0.36 -0.56 1.92 1.47 -0.42
pectinesterase family 1.39 -0.89 0.13 -0.64 -1.47 -1.23 -2.08 -0.43 -0.29 -1.91
osmotic stress kinase 2.84 -1.36 0.92 0.69 -0.12 -0.16 -0.69 1.25 1.58 -0.60
phytoene synthase 1 2.12 -0.61 0.81 0.18 -0.78 0.51 -0.74 1.61 1.13 -0.31
endo-Beta-mannanase 1.53 -0.65 0.44 0.84 -0.30 -0.60 -1.04 0.09 0.98 -0.74
calmodulin 1.21 -2.35 -0.24 -0.63 -1.41 -1.12 -2.03 -0.94 -0.23 -1.57
nam- protein 18 1.76 0.23 0.99 0.12 -0.91 0.84 -1.34 0.16 0.55 -1.17
ethylene receptor 2.56 -0.46 0.88 1.17 -0.92 -0.11 -0.52 1.30 1.51 -0.43
hsr 203J 3.85 2.46 2.85 1.20 0.65 1.12 0.38 2.71 2.19 0.63
glycerol-3-phosphate acyltransferase 3.91 2.40 1.50 1.11 -0.29 -0.63 -1.31 2.19 0.99 -1.14
acidic 26kD endochitiinase precursor 4.84 3.92 5.07 2.34 1.35 1.93 2.18 5.57 3.74 2.60
PR protein PR1 precursor 1.35 -0.57 -0.08 -0.88 -1.55 -1.33 -2.31 -0.84 -0.72 -1.99
RNA recognition motif(RRM) protein 3.53 0.68 1.25 0.88 -0.36 -0.18 -0.29 1.82 2.19 -0.23
glutathione S-transferase(PR 1) 1.36 0.04 0.24 -0.31 -1.19 -0.67 -1.90 0.09 -0.07 -1.71
late embryogenesis protein leaf 5 1.61 0.34 1.01 -0.22 -1.01 -0.37 -1.62 0.10 0.44 -0.98
translocation transactivator 2.29 1.04 1.38 -0.29 -1.03 -0.88 -1.64 0.52 0.48 -1.33
shock protein 1.02 -0.65 0.14 -1.20 -1.68 -1.14 -2.20 -0.56 -0.32 -2.07
unknown protein 1.07 -0.61 0.03 -1.08 -1.51 -1.20 -2.16 -0.51 -0.15 -2.07
unknown protein 1.34 -1.50 -0.28 -0.99 -1.52 -1.20 -1.48 -0.59 -0.12 -1.44
unknown protein 1.08 -1.39 0.03 -0.91 -1.72 -1.54 -2.01 -0.74 -0.84 -1.90
unknown protein 1.56 -0.36 0.09 -0.71 -1.48 -0.97 -1.88 -0.30 -0.67 -1.70
unknown protein 0.84 -1.85 -0.67 -0.94 -1.84 -1.42 -2.47 -1.06 -1.08 -2.23
unknown protein 1.22 0.13 -0.53 -0.76 -1.57 -1.22 -2.12 -1.06 -1.22 -2.05
no sequence 1.29 -1.12 -0.20 -0.78 -1.67 -1.35 -2.27 -0.97 -0.95 -1.99
unknown protein 3.10 -0.13 1.69 1.12 0.19 0.16 -0.51 1.37 2.36 -0.17
no sequence 2.14 0.75 -0.01 -0.49 -1.62 -1.24 -2.46 -0.49 -0.57 -2.49
unknown protein 2.14 -0.61 0.38 -0.07 -0.95 -0.66 -1.46 -0.35 0.29 -1.41

5VE 5E+V 5EV 5E 10V 10VE 10E+V 10EV 10E

Average log2 Ratio

5V
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List of Group 2 defense genes in CS tomato (continues) 

5' Sequence1

no sequence 1.81 0.30 0.72 -0.68 -0.95 -0.96 -2.09 0.00 -0.44 -1.70
no sequence 1.88 -0.95 1.22 0.35 -0.08 0.02 -0.63 1.37 1.13 -0.58
unknown protein 1.66 0.18 0.43 -0.63 -1.12 -1.05 -2.00 -0.41 -0.59 -1.74
no sequence 2.56 -1.45 0.91 -0.05 -0.92 0.33 -0.94 0.25 0.88 -0.95
no hits 1.77 -1.41 0.50 0.09 -0.79 -0.65 -0.50 0.16 0.89 -0.71
unknown protein 1.59 -0.23 0.65 -0.71 -1.04 -0.67 -1.39 0.34 0.99 -1.43
unknown protein 1.38 -1.07 0.09 -0.76 -1.39 -1.13 -1.95 -0.48 -0.27 -1.88
unknown protein 3.04 -0.28 1.41 0.54 0.71 0.35 -0.45 1.39 1.33 -0.43
no sequence 1.87 -1.50 0.89 0.30 -0.70 -0.06 -0.90 0.49 1.09 -0.58
no sequence 2.04 -1.15 0.82 -0.06 -1.13 0.21 -0.54 0.99 1.04 -0.46
unknown protein 1.66 0.07 0.09 -0.26 -1.29 -0.51 -1.63 -0.74 -0.13 -1.63
no sequence 1.85 -0.91 0.06 -0.28 -0.91 -0.90 -1.61 -0.31 0.32 -1.64
no sequence 3.44 -0.90 1.88 1.35 -0.21 0.68 -0.56 1.54 1.70 -0.42
no sequence 1.69 -1.06 0.08 -0.55 -1.21 -1.06 -1.90 -0.35 0.01 -1.51
no sequence 1.23 -0.44 0.12 -1.08 -1.50 -1.14 -2.02 -0.70 -0.55 -1.86
unknown protein 4.02 0.23 2.55 2.00 0.42 0.66 0.24 2.86 2.46 0.57
no sequence 2.06 -0.57 -0.14 0.33 -0.42 -0.33 -1.06 -0.21 1.02 -0.81
no sequence 2.49 -0.36 1.27 1.46 -0.23 -0.23 0.25 2.03 2.44 0.26
no sequence 1.98 -0.27 1.15 0.62 -0.43 0.13 -0.88 0.50 1.16 -0.34
no sequence 4.03 0.49 1.21 1.99 1.65 0.76 0.71 1.30 2.32 0.03
no sequence 3.48 -0.07 1.42 1.18 1.18 0.44 1.03 3.07 3.30 0.32
no sequence 1.66 0.34 0.56 -0.87 -1.18 -0.96 -1.63 -0.18 -0.06 -1.45
no sequence 2.10 -1.28 0.15 0.74 -0.09 -0.42 -0.54 0.60 1.57 -0.47
no sequence 2.42 -1.18 0.26 1.08 0.31 -0.25 0.38 0.95 2.56 0.40

10E

Average log2 Ratio

5V 5VE 5E+V 5EV 5E 10V 10VE 10E+V 10EV

 

Nucleic acid extracts were prepared from tomatoes infected with Vd1, Dvd-E6 or both, as 

well as unwounded uninfected CS controls. The levels of mRNA from infected vs control 

extracts were compared by microarray analyses as described in section  4.2.4. Data were 

analyzed using GenePix Pro software and expressed as Log2 ratios. The table summarizes 

Group 2 defense gene average ratios of infected vs control for the interactions: (5V) 

CS/Vd1; (5VE) CS//Vd1/Dvd-E6; (5E+V) CS/Dvd-E6+Vd1, (5EV) CS//Dvd-E6/Vd1; 

(5E) CS/Dvd-E6 at 5 and (10V) CS/Vd1; (10VE) CS//Vd1/Dvd-E6; (10E+V) CS/Dvd-

E6+Vd1, (10EV) CS//Dvd-E6/Vd1; (10E) CS/Dvd-E6) 10  dpi. The standard deviations 

of the log2 ratios are included in Appendix IV. 
1 

Protein encoded by defense gene. 
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Group 3 defense genes 

This group is characterized by profiles that suggest expression of these genes 

remained more-or-less constant at 5 and 10 dpi for all interactions. Four example plots 

for genes encoding: cellulose membrane-anchored protein, jasmonic acid, cell structure 

protein and a dehydration responsive element binding protein were shown in Figure 4-9. 

One interesting feature of this group is the resemblance of the gene expression profiles to 

total amounts of fungal DNA in the plant stem at both sampling times. For example, there 

was induction of the gene encoding 14-3-3 protein by Vd1, which corresponds to high 

amounts of Vd1 DNA, while on the other hand; suppression of these genes by Dvd-E6 

also correlates with reduced amount of Dvd-E6 (Figure  4-10). List of genes and the 

actual log2 ratios for all the interactions in this group is given in Table 4-4.  
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Figure  4-9: Group 3 defense gene response profiles in Verticillium infected tomato. 

CS seedlings were infected with Vd1, Dvd-E6 or both to establish CS/Vd1, 

CS//Vd1/Dvd-E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as 

described in section  2.2.3. Whole cell nucleic acid was extracted from the plants at 5 and 

10 dpi and used for microarray hybridization with TVR chips as described in section 

 2.2.7. Cluster analysis indicates four distinct gene profiles as shown in Figure  4-5. Log2 

ratios of representative Group 3 defense genes were plotted against the various 

interactions for 5 (white bars) and 10 (grey bars) dpi. 
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Figure 4-10: Similarity between total amount of fungal DNA and Group 3 defense 

gene response profiles in CS-Verticillium interactions. 

CS tomatoes were infected with Vd1, Dvd-E6 or both to create CS/Vd1, CS//Vd1/Dvd-

E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as described in section 

 2.2.3 and the total amount of Verticillium DNA (left panel) was determined as described 

in section  2.2.5. Extracts were prepared for microarray hybridization and data analyzed 

using GenePix Pro software 4.0 as described in section  4.2.4. The log2 ratios (Y-axis) 

were plotted against the various interactions (X-axis) (right panel). 
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Table 4-4: List of Group 3 defense genes in CS tomato 

5' Sequence1

expansin precursor -0.37 -2.70 -0.04 -0.57 -0.65 -0.24 -0.86 -0.32 -0.37 -0.66

WIZZ 1.63 -0.74 0.77 0.19 -0.19 1.05 -0.29 2.06 2.15 0.67

flavanol synthase gene family 2.83 0.41 0.96 1.18 -0.10 1.60 0.82 1.34 1.76 0.53

glycolate oxidase 0.59 -1.86 -0.43 -0.77 -1.84 -0.64 -1.90 -1.14 -1.55 -1.46

cellulase Cel3 membrane-anchored 0.65 -1.26 -0.13 -0.54 -0.99 0.15 -1.04 -0.34 -0.60 -1.14

14-3-3 protein 1.98 -0.21 0.46 0.43 -0.06 0.53 -0.68 0.36 0.91 -0.33

thiazole biosynthesis protein 0.48 -2.05 -2.72 -0.62 -1.80 -0.87 -2.45 -1.97 -2.30 -2.08

hydroxysteroid dehydrogenase/isomerase 1.77 -0.79 1.64 0.39 0.09 -0.16 -0.14 0.95 1.04 -0.58

chaperonin 0.56 -0.36 0.42 -0.59 -1.12 -0.80 -1.69 -0.76 -0.79 -1.77

cell structure, tubulin, microtubules 0.57 -2.48 0.00 -1.36 -1.65 -0.37 -1.78 -0.66 -0.70 -1.51

Ca-binding EF hand protein 0.82 -1.94 -0.45 -1.10 -1.93 -1.97 -2.49 -1.04 -1.10 -2.16

DNA cytosine methyltransferase 1.35 -1.08 -0.84 -0.17 -1.04 -0.16 -1.54 -1.00 -1.13 -1.43

dehydration responsive element binding protein 0.04 -2.22 -1.33 -1.06 -1.00 -0.74 -1.60 -0.85 -0.46 -1.27

sensory transduction histidine kinase 1.85 0.09 1.24 0.47 -0.34 0.48 -0.55 1.38 1.15 0.05

jasmonic acid 1.80 -0.88 1.18 0.86 -0.41 0.87 -0.82 0.98 0.54 -0.18

no sequence 1.83 -1.01 1.16 -0.12 -0.99 0.17 1.16 -0.40 2.60 1.39

unknown protein -0.28 -1.94 -0.55 0.36 -0.14 -0.73 -0.25 -0.05 0.49 0.04

no sequence 1.87 -0.96 0.73 1.08 0.19 -0.28 -0.34 0.31 0.94 -0.04

no sequence 1.17 0.08 0.06 0.06 -1.11 0.36 -1.57 -0.63 -1.16 -1.37

Average log2 Ratio

5V 10E+V10VE 10E5VE 10EV5E+V 5EV 5E 10V

 

Nucleic acid extracts were prepared from tomatoes infected with Vd1, Dvd-E6 or both, as 

well as unwounded uninfected CS controls. The levels of mRNA from infected vs control 

extracts were compared by microarray analyses as described in section  4.2.4. Data were 

analyzed using GenePix Pro software and expressed as Log2 ratios. The table summarizes 

Group 3 defense gene average ratios of infected vs control for the interactions: (5V) 

CS/Vd1; (5VE) CS//Vd1/Dvd-E6; (5E+V) CS/Dvd-E6+Vd1, (5EV) CS//Dvd-E6/Vd1; 

(5E) CS/Dvd-E6 at 5 and (10V) CS/Vd1; (10VE) CS//Vd1/Dvd-E6; (10E+V) CS/Dvd-

E6+Vd1, (10EV) CS//Dvd-E6/Vd1; (10E) CS/Dvd-E6) 10  dpi. The standard deviations 

of the log2 ratios are included in Appendix IV. 
1 

Protein encoded by defense gene. 
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Group 4 defense genes 

The expression profile in this group is unique, being characterized by a later 

induction of genes by Dvd-E6, but early induction by Vd1. Another feature of Group 4 

genes is that they are induced in all the interactions at both time points. The mRNA levels 

of both the CS/Vd1 and CS/Vd1//E6 interactions at 5 and 10 dpi remained the same; 

however, there is a significant up-regulation between 5 and 10 dpi in the CS//E6/Vd1 and 

CS/E6 interactions. More so, there was no Vd1 gene suppression in this group. Figure 

4-11 shows four example plots for genes encoding Pti5 PR transcription activator, 

hydroquinone glucosyl transferase, PR leaf protein 6 and an F-box protein. One other 

unique feature in this group is the correlation between gene expression and amount of 

Dvd-E6 DNA. An example is shown with PR leaf protein in Figure  4-12. The list of the 

four genes and actual log2 ratios in this group is shown in Table 4-5.  
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Figure  4-11: Group 4 defense gene response profiles in Verticillium infected 

tomato. 

CS seedlings were infected with Vd1, Dvd-E6 or both to establish CS/Vd1, 

CS//Vd1/Dvd-E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as 

described in section  2.2.3. Whole cell nucleic acid was extracted from the plants at 5 and 

10 dpi and used for microarray hybridization with TVR chips as described in section 

 2.2.7. Cluster analysis indicates four distinct gene profiles as shown in Figure  4-5. Log2 

ratios of representative Group 4 defense genes were plotted against the various 

interactions for 5 (white bars) and 10 (grey bars) dpi. 



CHAPTER 4:  Defense gene responses in mixed Verticillium infections of tomato 

 126  

 

 

Figure 4-12: Similarity between amount of Dvd-E6 DNA and Group 4 defense gene 

response profiles in CS-Verticillium interactions. 

CS tomatoes were infected with Vd1, Dvd-E6 or both to create CS/Vd1, CS//Vd1/Dvd-

E6, CSE6+Vd1, CS//Dvd-E6/Vd1 and CS/Dvd-E6 interactions as described in section 

 2.2.3 and the amount of Dvd-E6 DNA (left panel) was determined as described in section 

 2.2.5. Extracts were prepared for microarray hybridization and data analyzed using 

GenePix Pro software 4.0 as described in section  4.2.4. The log2 ratios (Y-axis) were 

plotted against the various interactions (X-axis) (right panel). 

 

Table 4-5: List of Group 4 defense genes in CS tomato 

5' Sequence1

Pti5, PR transcription activator 3.50 3.22 4.34 0.80 0.52 2.35 2.87 5.30 4.75 3.61

hydroquinone glucosyl transferase 3.59 2.95 4.09 0.82 1.18 2.33 2.57 6.00 4.95 2.80

PR leaf protein 6 precursor(P6), ethylene induced3.24 2.71 5.15 0.67 0.46 2.76 3.37 5.77 5.31 4.07

F-box protein (protein degradation) 0.97 -1.05 -0.50 -0.86 -1.33 -1.58 -2.32 -0.87 -0.68 -1.85

Average log2 Ratio2

5V 5VE 5E+V 5EV 5E 10V 10VE 10E+V 10EV 10E

 

Nucleic acid extracts were prepared from tomatoes infected with Vd1, Dvd-E6 or both, as 

well as unwounded uninfected CS controls. The levels of mRNA from infected vs control 

extracts were compared by microarray analyses as described in section  4.2.4. Data were 

analyzed using GenePix Pro software and expressed as Log2 ratios. The table summarizes 

Group 4 defense gene average ratios of infected vs control for the interactions: (5V) 

CS/Vd1; (5VE) CS//Vd1/Dvd-E6; (5E+V) CS/Dvd-E6+Vd1, (5EV) CS//Dvd-E6/Vd1; 

(5E) CS/Dvd-E6 at 5 and (10V) CS/Vd1; (10VE) CS//Vd1/Dvd-E6; (10E+V) CS/Dvd-

E6+Vd1, (10EV) CS//Dvd-E6/Vd1; (10E) CS/Dvd-E6) 10  dpi. The standard deviations 

of the log2 ratios are included in Appendix IV. 
1 

Protein encoded by defense gene. 

  



CHAPTER 4:  Defense gene responses in mixed Verticillium infections of tomato 

 127  

 

4.3.5 Comparison of mRNA levels using alternate assays 

To confirm the results from microarray hybridization analysis, an alternate assay 

was used to analyze mRNA levels of representative genes from each group of the profile 

analyses. Genes encoding: 1,3-beta glucanase (Group 1), peroxidase (Group 2), 14-3-3 

protein (Group 3) and PR leaf protein 6 precursor were chosen because of the roles they 

are known to play in plant defense responses (Kombrink and Somssich, 1997; Grant and 

Loake, 2000; Roberts, 2003; van Loon, 1999). Aliquots of the whole cell nucleic acid 

extracts used for microarray hybridization were used also for RT-PCR assay as described 

in section  2.2.8. The mRNA levels for the various interactions were compared by 

expressing them as log2 ratios which were then compared with the results obtained by 

microarray hybridization as shown in Table 4-6. The results obtained with the RT-PCR 

assays agreed with the microarray data in terms of expression profiles, although not with 

absolute values. 
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Table 4-6: Comparison of mRNA levels using alternative assays 

 

CS seedlings were inoculated with Vd1 or Dvd-E6 to create various 

CS/Verticillium/interactions. Nucleic acid extracts were made and mRNA levels were 

compared by microarray and RT-PCR analyses. Data were analyzed and expressed as 

Log2 ratios. The table summarizes the comparison between both assays. Values represent 

mean of 4 biological replicates + standard deviation. (5V) CS/Vd1; (5VE) CS/Vd1//Dvd-

E6; (5E+V) CS/Dvd-E6+Vd1; (5EV): CS/Dvd-E6//Vd1; (5E) CS/Dvd-E6 at 5 dpi and 

(10V) CS/Vd1; (10VE) CS/Vd1//Dvd-E6; (10E+V).Cellular  CS/Dvd-E6+Vd1; (10EV): 

CS/Dvd-E6//Vd1; (10E) CS/Dvd-E6 at 10 dpi. 

4.3.6 Effect of the Ve1 gene on Craigella/Verticillium interactions 

As noted earlier the Craigella near isolines used in this study are thought to differ 

primarily in the Ve locus. Recent molecular analyses now show that this locus contains 

two different Ve genes (Ve1 and Ve2) with Ve1 being defective (frame shift mutation) in 

the CS isoline. As a first step in examining any effect of the Ve1 gene on the Verticillium 

spp. interactions, Craigella resistant isoline was infected with Vd1 and Dvd-E6 to 

establish three different interactions: CR/Vd1, CR//Dvd-E6/Vd1 and CR/Dvd-E6. As a 

positive control, an interaction involving CS with Vd1 also was established. To create 



CHAPTER 4:  Defense gene responses in mixed Verticillium infections of tomato 

 129  

 

these interactions, CR seedlings were infected at either 3- or/and 4-leaf stages as 

described in section 2.2.3. Also, uninfected wounded CR and CS, as well as uninfected 

unwounded CR plants were included for comparison. At 5 and 10 dpi, symptom 

expression scores were recorded and the amounts of Verticillium pathogens in the plant 

stems were quantified as described in section 2.2.5. For each interaction, each experiment 

consisted of three plants for each sampling time; the entire experiment was replicated 4 

times. 

Figure 4-13 summarizes the biological changes for CR (Ve
+
) cultivar for the 

symptom scores (upper panel) and plant height (lower panel). As anticipated, CS/Vd1 

plants were stunted with high amounts of symptoms (3.1 + 0.7) at 10 dpi. The CR/Vd1 

had low level of symptoms compared to the compatible interaction, suggesting that the 

presence of the Ve1
+
 gene led to significant reduction in the level of symptoms. The 

CR//Dvd-E6/Vd1 plants were shorter and had higher disease scores at 5 and 10 dpi with 

respect to CR/Vd1 plants. There was no significant difference in plant height among 

CR/Vd1, tolerant interactions and the control plants within the experimental time frame.  
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Figure 4-13: Symptom expression in CR/Verticillium interactions 

CR tomato seedlings were infected with Vd1 and/or Dvd-E6 as described in section 

2.2.3; uninfected CR and CS plants were included also as controls. The figure (upper 

panel) shows the plant height (cm ± standard deviation [SD]) for the various interactions. 

The table (lower panel) summarizes the symptom scores (0, plant healthy -5, plant dead ± 

SD) at 5 (light gray bars) and 10 dpi (dark gray bars) as described in section 2.2.3. 

Results summarize data for 12 plants per sampling time for each interaction. 

The results obtained for the total and relative amounts of Vd1 and Dvd-E6 in the 

plant stems are summarized in Figure 4-14. As anticipated, there were high amounts of 

Vd1 in the susceptible relationship at both sampling times. The amount of fungus in the 

CR/Vd1 plants was significantly lower with respect to the CS/Vd1 interaction at 10 dpi, 

suggesting that the presence of the dominant Ve1
+
 allele resulted in restriction of Vd1 
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colonization. Interestingly, the presence of Dvd-E6 in the plant seems to eliminate Vd1 

entirely. 

 

Figure 4-14: Amounts of fungal DNA in CR tomatoes infected by V. dahliae rac1 

and/or Dvd-E6. 

CR/Verticillium spp. interactions were established as described in section 2.2.3. The 

amounts of Vd1 (black bars) and Dvd-E6 (grey bar) DNA (i.e. ng/g plant tissue ± SD) in 

the plants were determined by a quantitative PCR and RFLP-based assays as described in 

section 2.2.5. Results summarize data for 12 plants per sampling time for each 

interaction. 

4.3.7 Effect of the Ve1
+
 allele on the defense gene responses    

 To examine the effect(s) of the presence of the Ve1 resistance gene on mRNA 

levels of defense genes in tomato, preliminary microarray hybridization analyses also 

were undertaken. Total nucleic acid extracts were made at both 5 and 10 dpi sampling 

times from CR/Vd1, CR/Dvd-E6//Vd1 and CR/Dvd-E6 plants, as well as uninfected 

unwounded CR and CS control plants, as described in section 2.2.5 and used to 

synthesize cDNA as described in section  4.2.4. While preliminary, these results indicated 
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that, unlike the CS/V. dahliae interactions in which defence gene expression profiles were 

categorized easily into major groups, in the CR/V. dahliae interactions, the defense gene 

responses appeared more diverse. As shown in Figure  4-15, in general, the cluster 

analyses indicated less intense changes and more mixed patterns of regulation. This was 

partially evident with respect to the strongly up-regulated group which essentially 

disappeared into several clusters of genes displaying alternative patterns of mixed 

regulation. This is further evident with a detailed examination of its summaries presented 

in Tables 4-7 to 4-10. For example, in Group 1 (Table 4-7), the infected to control plant 

log2 ratio was as low as -4.92 + 1.48 for a late embryogenesis protein and -3.16 + 0.85 for 

an unknown protein, TUS24I10 at 5 dpi. Only a few genes were induced such as the 

Group 1 gene encoding a peroxidase protein with a log2 ratio of 1.49 + 0.36, or the gene 

encoding an acidic endochitinase precursor (1.14 + 0.39). 

 The apparently reduced or possibly suppressed levels for many of the defence 

gene mRNAs in infected CR plants raised the possibility that basal levels in healthy 

plants actually might be significantly higher when an active Ve1 gene is present and 

further induction is not necessary as the pathogens is adequately contained. To test this 

possibility the levels of defense gene mRNA in CR and CS control plants were 

compared. The microarray results indicated that most of the defense genes did, indeed, 

show higher basal levels of expression in the CR relative to the CS isoline. For example, 

in Group 1 (Table 4-7), there were large differences in the basal expression levels of the 

genes encoding PR leaf protein 4 (5.13 + 1.50), bZIP (4.70 + 1.45), endochitinase 

precursor (2.59 + 0.97) and class IV chitinases (4.66 + 0.69), as well as some unknown 

proteins. Genes encoding ethylene receptor, endochitinase, phytoene synthase, as well as 
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some unknown proteins were among the genes that had higher basal levels in CR 

tomatoes in Group 2 (Table 4-8). 

 

 

Figure 4-15: Cluster analysis of defence gene mRNA levels in CR/Verticillium 

interactions. 

Extracts from plants of various CR-Verticillium interactions were used for microarray 

hybridization with a TVR chip. Microarray data were analyzed with Gene Traffic (DUO) 

v3.2 software for hierarchical clustering of genes (rows) expressed in the various 

interactions {columns: (1-1) CR/Vd1; (1-2) CR//Dvd-E6/Vd1; (1-3) CR/Dvd-E6; at 5 and 

(2-1) CR/Vd1; (2-2) CR//Dvd-E6/Vd1; (2-3) CR/Dvd-E6 at 10 dpi}.  
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Table 4-7: Group 1 defense gene mRNA levels in CR tomato 

TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS48P5 NP24 (PR 23), salt tolerance -1.27 1.16   -1.39 1.33   2.05 0.09 

TUS17J9 wound induced protein (L.e.) -0.51 0.63   -2.33 0.92   0.99 0.41 

TUS17N11 1,3 beta-glucanase basic(L.e.) -0.21 0.68   -1.56 0.62   0.85 0.50 

TUS14C1 CTV.15 -0.06 0.45   -0.52 0.29   1.53 0.17 

TUS14F17 endochitinase 3 precursor -0.13 0.50   -1.42 0.59   2.45 0.17 

TUS14H13 divinylether synthase -0.09 0.41   -1.18 0.33   2.13 1.12 

TUS14P18 class IV chitinase -2.13 2.11   -1.47 0.50   3.44 2.17 

TUS15A17 late embryogenesis protein -4.92 3.20   -3.46 1.58   0.50 0.38 

TUS15I10 endochitinase 3 precursor -0.69 0.32   -1.32 0.38   1.97 0.24 

TUS15I21 mitogen-activated protein kinase  0.34 0.28   -0.32 0.21   2.39 1.73 

TUS17A4 ser/threonine protein kinase -0.20 0.42   -0.37 0.23   3.23 1.43 

TUS17G9 serine acetyltransferase 4 0.01 0.22   -0.36 1.02   3.54 0.35 

TUS17P6 glycine rich protein, 16K -0.93 0.54   -0.82 0.57   2.40 0.31 

TUS20I20 cytochrome c) -0.71 0.26   -0.58 0.34   3.22 2.57 

TUS21E16 peroxidase(N.tobaccum) 1.26 0.67   0.37 0.30   2.48 1.25 

TUS21J13 bZIP TF(A.t.) -1.80 1.40   -0.21 2.83   2.65 2.14 

TUS23I8 small nuclear ribonucleoprotein -0.03 0.48   -0.24 0.16   1.77 1.30 

TUS24G7 late embrogenesis protein  -2.79 0.49   -2.89 0.73   2.80 3.13 

TUS26F20 RelA-SpoT-like protein RSH -1.60 1.53   -0.49 0.65   0.82 1.55 

TUS27A5 beta-carotene hydroxylase 0.24 0.48   -0.19 0.16   3.34 0.68 

TUS27N21 MFL8.1/MFL8.1(A.t.) 0.27 0.12   0.74 0.15   1.83 0.55 

TUS34F9 acyltransferase 0.09 0.23   -0.09 0.21   2.85 3.17 

TUS34N18 ACC oxidase -1.37 0.62   -2.11 0.55   -0.44 0.92 

TUS37B12 F-box protein (A.thaliana) 0.07 0.56   -0.46 0.24   1.41 2.56 

TUS39P18 peptide transporter  0.12 0.88   0.14 0.79   3.09 1.47 

TUS40I14 s-adenosyl-L-methionine 0.78 0.27   0.28 0.26   2.08 0.49 

TUS43I19 TSI-1 protein(L.e.) -0.92 0.74   -3.03 2.01   0.73 0.44 

TUS43I21 CBL interacting protein kinase 1  -1.79 0.92   -0.92 0.60   3.99 0.33 

TUS44B17 Avr/Cf9 rapidly elicited protein -0.48 0.99   -0.29 0.47   3.79 0.84 

TUS44D18 PR protein 2 0.07 0.19   -0.35 0.16   3.06 0.60 

TUS44F17 wound induced protein -0.62 1.25   -2.66 1.16   0.37 0.80 

TUS44J4 PR leaf protein 4 (P4) -0.20 0.52   -1.43 1.12   2.43 1.02 

TUS44O7 oxygen evolving complex  0.40 0.29   -0.64 0.32   4.24 2.35 

TUS45D7 MA3 domain protein 1.22 0.32   0.15 0.45   2.37 0.75 

TUS45G3 acidic 26kD endochitiinase  1.14 0.39   -0.47 0.53   2.04 0.10 

TUS46E9 peroxidase (N. tobaccum) 1.49 0.36   0.59 0.38   2.53 0.30 

TUS14A2 unknown protein(A.t.) -1.60 0.64   -2.44 1.01   3.78 0.33 

TUS14E11 unknown protein(A.t.) 0.01 0.27   -0.77 0.49   3.96 0.40 

TUS14J16 no sequence -0.28 1.02   0.17 0.29   2.71 1.00 

TUS14l6 no sequence -0.24 4.65   -1.69 1.89   1.57 1.16 

TUS14M2 no sequence 0.20 0.38   -0.49 0.32   1.23 0.20 

TUS14O1 no sequence -1.54 0.77   -0.79 0.50   1.54 0.77 
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Group 1 defense gene mRNA levels in CR tomato 

TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS15G8 no hits -4.81 3.43 

  

-2.32 0.73 

  

-0.10 0.89 

TUS16A16 unknown protein(A.t.) 0.04 0.37 -0.26 0.20 1.57 1.16 

TUS17O13 no sequence -1.37 1.59 -2.01 1.90 4.70 1.45 

TUS17O13 no sequence -1.34 1.14 -2.87 1.60 2.39 0.07 

TUS19L21 unknown protein(O.sativa) 0.14 0.34 -0.21 0.20 5.13 1.50 

TUS21E18 unknown protein 0.65 0.33 -0.49 0.50 0.57 0.62 

TUS21G10 unknown protein(A.t.) -0.31 0.17 -0.95 0.31 1.32 0.14 

TUS23A21 unknown protein -0.47 0.27 -1.04 0.40 -0.39 3.21 

TUS24I10 unknown protein -3.16 0.85 -2.66 0.79 0.49 2.21 

TUS26O20 unknown protein(A.thaliana) -1.66 1.23 -0.74 0.85 0.35 3.50 

TUS34I3 unknown protein 0.39 0.23 -0.01 0.18 0.72 0.33 

TUS35E17 unknown potein(A.t.) -0.27 0.45 -0.59 0.22 4.66 0.69 

TUS36K18 no sequence 0.54 0.24 -0.49 0.62 -0.20 0.73 

TUS40D22 no hits 0.09 0.30 -0.24 0.23 -0.51 0.50 

TUS44N7 no sequence -0.14 0.77 -1.97 2.24 3.19 2.44 

TUS44P8 no sequence 0.77 0.76 0.18 0.48 1.89 0.17 

TUS45A8 no sequence 1.36 0.43 0.39 0.33 3.15 2.78 

TUS45M2 no sequence 1.33 0.37 -0.21 0.41 1.15 5.21 

TUS48L15 no sequence -0.02 0.50 -0.05 0.22 2.59 0.97 

TUS49A23 no sequence -0.32 0.28 -0.99 0.26 2.90 0.45 

TUS49C23 no sequence 0.13 0.33 -1.27 0.28 0.58 1.20 

TUS49D20 no sequence -0.37 0.59 -0.95 0.36 -1.44 5.49 

TUS49H16 no sequence -0.13 0.33 -0.96 0.29 0.64 1.28 

TUS49M21 no sequence -0.22 0.32 -1.18 0.28 0.72 0.39 
 

Nucleic acid extracts were prepared from Vd1-infected CR, as well as unwounded 

uninfected CR and CS control plants. The levels of mRNA were compared by microarray 

analyses between CR/Vd1 and CR/Ctl extracts at (A) 5 and (B) 10 dpi, as well as (C) CR 

and CS controls. Data were analyzed using GenePix Pro software and expressed as (
3
) 

Log2 ratios. Values represent average (Ave.) of 4 replications + standard deviation (SD). 

The table summarizes Group 1 defense genes in CR tomato. (
1
) Sol Genomics Network 

Expressed Sequence Tag (EST) identification number; (
2
) Protein encoded by the 

expressed sequence.  
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Table 4-8: Group 2 defense gene mRNA levels in CR tomato 

TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS16C8 nonsymbiotic Haemoglobin  -0.05 0.26 

  

-0.84 0.28 

  

-0.02 0.77 

TUS17C11 NP24 precursor(PR 23) -0.13 0.43 -0.78 0.36 0.58 0.21 

TUS17F17 subtilisin-like protein(L.e.) -0.16 0.39 -0.77 0.35 0.46 0.53 

TUS18D14 WRKY TF(A.t.) 0.16 0.30 -0.12 0.19 0.34 0.66 

TUS18M11 ACC oxidase Protein  -0.74 0.35 -1.24 0.34 0.47 0.47 

TUS19E6 peroxidase(N.tobaccum) 0.02 0.34 -0.14 0.26 2.11 0.19 

TUS21K23 cytochrome P450 71A4 -0.78 0.55 -0.97 0.31 3.13 0.22 

TUS21K23 cytochrome P450 71A4 -0.78 0.55 -0.97 0.31 0.42 0.68 

TUS21N18 xyloglycan endotransglycosy. -2.10 1.39 -2.30 0.49 0.32 0.06 

TUS22D22 nam-like protein 8 0.36 3.35 -1.05 0.76 0.27 0.51 

TUS24H21 oxaloglutarate-dependent  -1.12 1.14 -1.53 0.20 1.50 0.08 

TUS25J8 sulfolipid synthase -0.24 0.63 -0.14 0.19 0.25 0.78 

TUS26A2 F-box(SLF)-S2 protein 0.48 0.23 0.06 0.15 1.50 0.08 

TUS26M24 RAD21-3 protein(A.thaliana) 0.53 0.27 0.44 0.15 0.25 0.77 

TUS27G24 F-box protein 0.28 0.20 -0.47 0.25 0.03 0.89 

TUS27N11 remorin 1 -2.09 0.90 -1.79 0.82 0.11 0.94 

TUS34F13 signal transduction -0.04 0.45 -0.49 0.18 0.79 0.03 

TUS34F5 AKIN gamma -0.34 0.29 -0.32 0.27 0.40 0.65 

TUS34G10 heat shock protein 0.11 0.30 0.14 0.23 2.34 0.58 

TUS34G12 Myb transcription factore 0.06 0.41 -0.32 0.29 0.07 0.81 

TUS34G9 esterase/lipase/thioesterase -0.16 0.24 -0.22 0.28 1.53 4.00 

TUS34K10 Ca-binding EF hand protein -0.18 0.28 -0.48 0.38 0.43 0.85 

TUS34L19 phytoene synthase -0.36 0.37 -1.48 0.72 0.43 0.82 

TUS34M11 pectinesterase family 0.08 0.44 -0.30 0.39 3.18 0.59 

TUS34N20 osmotic stress kinase -0.73 0.48 -1.08 0.63 0.94 0.05 

TUS35A11 phytoene synthase 1 0.30 0.19 -0.53 0.28 2.28 0.48 

TUS35A9 endo-Beta-mannanase -1.99 1.46 -0.46 0.89 0.02 0.94 

TUS37A13 calmodulin (A.thaliana) 0.36 0.27 -0.73 0.17 1.22 0.46 

TUS39A18 nam- protein 18  0.56 0.31 -0.26 0.40 0.63 0.90 

TUS43N21 ethylene receptor  -2.16 1.45 -2.23 1.87 0.34 1.03 

TUS43N24 subunit of protein phosphatase -0.03 0.27 -0.68 0.23 2.16 0.02 

TUS44F14 hsr 203J  0.54 0.63 -0.80 0.59 2.10 0.66 

TUS44N17 glycerol-3-phosphate acyltransf, 0.28 0.40 -0.09 0.23 2.11 0.03 

TUS45G1 acidic 26kD endochitiinase  1.13 0.52 -0.77 0.61 1.24 0.01 

TUS46B24 PR protein PR1 precursor -0.11 0.36 -0.38 0.34 2.44 0.07 

TUS46B7 RNA recognition motif protein  -0.78 0.74 -1.10 0.65 3.30 0.18 

TUS46d2 PR protein PR1 precursor 0.11 0.45 -0.22 0.34 0.39 0.83 

TUS46J17 glutathione S-transferase(PR 1) 0.69 0.41 -0.05 0.33 0.41 0.93 

TUS48f13 late embryogenesis protein  0.33 0.42 -0.04 0.38 2.04 0.92 

TUS48K21 translocation transactivator  0.02 0.41 -0.18 0.30 10.04 10.46 

TUS48N3 shock protein (A.thaliana) -0.09 0.65 -0.71 0.43 3.55 0.08 

TUS14J7 unknown protein 0.02 0.38 -0.51 0.21 0.43 1.17 
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TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS20E24 unknown protein(0.sativa) 0.00 0.32 

  

-0.53 0.27 

  

2.99 1.41 

TUS20E9 unknown protein(A.thaliana) 0.05 0.36 -0.25 0.29 2.56 0.43 

TUS23N9 unknown protein(A.thaliana) 0.15 0.45 -0.15 0.19 1.49 0.63 

TUS24K19 unknown protein(L.esculentum) 0.85 0.45 -0.38 0.40 3.39 1.62 

TUS24M23 unknown protein(S.tuberosum) 0.26 0.15 -0.21 0.10 1.35 0.35 

TUS24N16 no sequence -0.13 0.65 -0.27 0.29 2.96 0.08 

TUS25N21 unknown protein(O.sativa) -0.26 0.42 -0.37 0.65 3.31 0.55 

TUS26N21 no sequence 0.22 0.26 0.01 0.21 3.69 0.55 

TUS27O8 unknown protein(A.thaliana) -0.39 0.28 -0.98 0.27 0.83 0.25 

TUS34B13 no hits 0.20 0.22 0.05 0.22 0.92 0.54 

TUS34E23 no sequence -0.49 1.15 0.18 0.54 0.72 5.47 

TUS34J7 unknown protein (A.thaliana) 0.06 0.33 -0.19 0.19 4.04 0.85 

TUS34K19 no sequence 0.14 0.41 -0.15 0.23 5.14 0.74 

TUS34M3 no hits -0.67 0.75 -0.39 0.28 0.26 0.34 

TUS34N23 unknown protein(A.thaliana) 0.24 0.57 -0.13 0.25 2.12 1.61 

TUS34N6 unknown protein(A.thaliana) 0.17 0.39 -0.12 0.25 1.01 0.06 

TUS34O3 unknown protein(A.thaliana) -0.75 0.61 -0.35 0.52 1.87 0.10 

TUS35A7 no sequence 0.02 0.47 -0.48 0.31 0.42 0.62 

TUS35E9 no sequence -0.53 0.48 -0.71 0.17 1.31 0.09 

TUS35N2 unknown protein(A.thaliana) 0.47 0.29 -0.04 0.14 0.16 0.82 

TUS36P18 no sequence -0.03 0.41 -0.38 0.26 0.24 0.88 

TUS43O8 no sequence -1.23 1.00 -1.09 0.58 0.63 0.76 

TUS45N7 no sequence 0.24 0.37 -0.51 0.21 0.41 0.68 

TUS46A8 no sequence 0.18 0.42 -0.54 0.27 1.24 0.68 

TUS46J19 unknown protein (O.sativa) 0.25 1.22 -0.48 1.55 0.44 0.57 

TUS49A17 no sequence -0.91 1.44 0.90 1.90 1.38 0.13 

TUS49A5 no sequence -0.42 0.38 -0.54 0.27 2.78 0.77 

TUS49G17 no sequence -1.69 0.71 -1.41 2.22 0.45 0.88 

TUS49I17 no sequence -0.29 0.28 -1.03 0.40 0.17 0.88 

TUS49K15 no sequence 0.08 0.32 0.00 0.14 1.42 2.55 

TUS49K5 no sequence -0.16 0.50 -0.82 0.39 0.12 0.82 

TUS49N18 no sequence 0.23 0.80 -0.38 0.36 0.27 0.92 

Nucleic acid extracts were prepared from Vd1-infected CR, as well as unwounded 

uninfected CR and CS control plants. The levels of mRNA were compared by microarray 

analyses between CR/Vd1 and CR/Ctl extracts at (A) 5 and (B) 10 dpi, as well as (C) CR 

and CS controls. Data were analyzed using GenePix Pro software and expressed as (
3
) 

Log2 ratios. Values represent average (Ave.) of 4 replications + standard deviation (SD). 

The table summarizes Group 2 defense genes in CR tomato. (
1
) Sol Genomics Network 

Expressed Sequence Tag (EST) identification number; (
2
) Protein encoded by the 

expressed sequence.  
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Table 4-9: Group 3 defense gene mRNA levels in CR tomato 

TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS27E21 14-3-3 protein 0.28 0.20 

  

-0.87 0.30 

  

0.30 0.46 

TUS14K1 expansin precursor -0.06 0.32 -0.81 0.20 -0.20 0.77 

TUS21M23 WIZZ(N.tobaccum) 0.33 1.07 1.37 0.54 1.26 0.53 

TUS23H10 flavanol synthase gene family 1.42 0.89 0.79 0.41 1.26 0.87 

TUS24L20 glycolate oxidase 1.94 0.28 0.69 0.23 1.39 0.08 

TUS26E8 cellulase Cel3 membrane -0.61 0.31 -1.13 0.19 0.97 0.11 

TUS27O21 thiazole biosynthesis protein 0.16 0.22 0.60 0.17 3.32 1.19 

TUS27P8 hydroxysteroid dehydrogenase -0.15 0.57 -1.01 1.07 1.12 1.35 

TUS28C3 chaperonin(A.thaliana) 0.72 0.29 -0.21 0.19 -0.75 0.52 

TUS34G18 Calcium binding protein -0.31 0.98 -1.67 1.39 2.45 1.76 

TUS34H11 calmodulin 2 0.61 0.37 0.30 0.29 0.55 0.03 

TUS34J12 cell structure, tubulin 0.43 0.31 -0.82 0.22 0.55 0.03 

TUS35G20 DNA cytosine methyltransferase 0.22 0.59 0.47 0.30 0.00 0.19 

TUS43B9 responsive element protein 0.40 0.23 -0.42 0.22 1.55 0.42 

TUS43K18 sensory transduction kinase -0.72 0.38 -0.54 0.36 2.39 0.89 

TUS43N10 jasmonic acid 0.73 0.19 -0.16 0.13 1.47 0.12 

TUS14J8 no hits -3.56 1.11 5.26 9.81 2.77 0.96 

TUS23F2 unknown protein(A.thaliana) -0.85 0.24 -1.05 0.28 1.08 0.11 

TUS34C17 no sequence -0.90 0.44 -1.51 0.59 1.08 0.11 

TUS36F9 no hits 2.36 0.28 1.25 0.29 0.73 0.97 

Nucleic acid extracts were prepared from Vd1-infected CR, as well as unwounded 

uninfected CR and CS control plants. The levels of mRNA were compared by microarray 

analyses between CR/Vd1 and CR/Ctl extracts at (A) 5 and (B) 10 dpi, as well as (C) CR 

and CS controls. Data were analyzed using GenePix Pro software and expressed as (
3
) 

Log2 ratios. Values represent average (Ave.) of 4 replications + standard deviation (SD). 

The table summarizes Group 3 defense genes in CR tomato. (
1
) Sol Genomics Network 

Expressed Sequence Tag (EST) identification number; (
2
) Protein encoded by the 

expressed sequence.  
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Table 4-10: Group 4 defense gene mRNA levels in CR tomato 

TUS ID
1
 5' sequence

2
 A

3
 

  

B
3
 

  

C
3
 

    Ave. SE Ave. SE Ave. SE 

TUS43O6 Pti5, PR transcription azctivator -2.48 2.00 

  

-2.37 1.54 

  

3.16 1.16 

TUS43O7 hydr. glucosyl transferase -0.94 0.50 -1.66 1.41 9.76 10.85 

TUS43P7 PR leaf protein 6 precursor(P6) -0.87 2.10 -1.32 0.14 3.14 1.34 

TUS45E3 F-box protein -0.44 0.29 0.42 0.19 1.56 1.49 

Nucleic acid extracts were prepared from Vd1-infected CR, as well as unwounded 

uninfected CR and CS control plants. The levels of mRNA were compared by microarray 

analyses between CR/Vd1 and CR/Ctl extracts at (A) 5 and (B) 10 dpi, as well as (C) CR 

and CS controls. Data were analyzed using GenePix Pro software and expressed as (
3
) 

Log2 ratios. Values represent average (Ave.) of 4 replications + standard deviation (SD). 

The table summarizes Group 1 defense genes in CR tomato. (
1
) Sol Genomics Network 

Expressed Sequence Tag (EST) identification number; (
2
) Protein encoded by the 

expressed sequence. 

4.4 Discussion 

Transcript profiling of either host or pathogen can reveal the nature and/or mode of 

action of candidate virulence factors of a pathogen (Wise et al., 2007). There are many 

reports of gene expression profiling for fungal/host interactions, but few studies have 

investigated genetic control associated with tolerance (Robb, 2007). In this chapter, a 

customized TVR microarray chip was used to examine defense gene mRNA levels in 

various Craigella/Verticillium interactions with a view towards investigating responses 

that may lead to tolerance induction and endophyte-induced protection, as suggested in 

Chapters 2 and 3.  

As powerful as expression microarray technology is, there are some technical 

aspects which could lead to the production of erroneous results, either false positivity or 

negativity that may represent under- or over-expression of certain genes (True and Feng, 

2005). To overcome some of these problems, all the genes were normalized against the 

actin reference gene and log2 ratios below statistical accuracy were removed. More so, 
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the microarray data in this study was further confirmed for representative genes that 

encode; 1,3-beta glucanase for Group 1, peroxidase for Group 2, 14-3-3 protein for 

Group 3 and PR leaf protein for Group 4 using alternate RT-PCR assay to compare the 

level of mRNA for the various interactions. The results (Table  4-6) indicated that most of 

the microarray values agreed with the RT-PCR in terms of patterns of expression, but not 

with absolute values. This could either be as a result of technical problems in either of the 

two assays or the increased sensitivity of RT-PCR assay over the microarray technology.  

The overall expression profiles were different among all the interactions at both 

time points (i.e. 5 and 10 dpi) as shown with the scatter plot results (Figure 4-4). In some 

interactions (such as CS/Vd1) many defense genes were initially up-regulated, but were 

later suppressed, while in others (such as CS/Dvd-E6), the reverse was the case. These 

observations clearly indicate that the plant recognized the presence of the pathogen either 

in single or dual infections and responded to their effect(s) accordingly. The hierarchical 

clustering analyses of the microarray data using Gene Traffic software v3.2 revealed that 

the defense gene responses can be clustered into four groups (Figure  4-5). Groups 1 and 2 

were characterized by strong Vd1 induction followed by suppression, while Dvd-E6 

suppressed genes in this group at both time points and there was no significant difference 

in mRNA levels. However, there was late induction in the mixed infections for Group 1 

genes. Group 2 genes differ from Group 1 genes in that there was no significant 

difference in mRNA levels in the mixed infection interactions at both 5 and 10 dpi. 

Group 3 is distinguished by modest changes in mRNA levels among all the interactions at 

both time points, while Group 4 was characterized by late induction by Dvd-E6. What are 

the biological significance of these expression profiles? 
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When Vd1 infests CS tomato, defense responses are induced to curtail pathogen 

spread by up-regulating defense genes, although the timing might be delayed with respect 

to resistant cultivar (Heinz et al., 1998; Gold et al., 1996). In the present studies, careful 

observation of the nature of genes in Group 1 reveals that they can be correlated with 

fungal colonization and symptom expression in the plant. Some of the genes that were 

strongly up-regulated by Vd1 in the susceptible response were the ones encoding proteins 

known to be associated with plant responses to pathogen invasion and wounding stress, 

such as NP24 (PR-5 family) (Rodrigo et al., 1991); a thaumatin-like protein and wound 

induced protein (PR-6 family), clearly suggesting that the presence of the pathogen was 

detected. Proteins that target fungal cell walls and destroy Verticillium spp. mycelia and 

conidia such as class IV chitinases and endochitinase 3 precursors (PR-3 families; 

Kombrink and Somssich, 1997) as well as 1,3 beta-glucanases (PR-2 family; Kombrink 

and Somssich, 1997) were also among the up-regulated genes. Some transcription factors 

such as bZIP (Lee et al., 2002) and TSI1 protein (Park et al., 2001), which are related to 

plant defense and wounding responses, as well as genes encoding proteins related to 

defense signaling, such as divinylether synthase, an enzyme involved in jasmonic acid 

synthesis (Howe et al., 2000), were also among up-regulated genes in the susceptible 

reaction. The induction of these genes at 5 dpi (Figure 4-6) may be correlated with the 

initial defense responses induced in CS tomato, leading to the first round of fungal 

elimination (Chen et al., 2004). It was less anticipated that these genes were later 

significantly suppressed by Vd1 at 10 dpi. The biological significance of this observation 

could be that, as a result of the delayed resistance response deployed by susceptible plant, 
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Vd1 colonization was increased. The presence of high amounts of the pathogen later 

overpowered the plant defense, resulting in high symptom levels (3.5 + 0.42) at 10 dpi.  

In contrast, the presence of DVd-E6 in CS plants led to lack of induction of Group 

1 defense genes at both sampling times. For example, genes encoding class IV chitinase, 

a degradatory enzyme known to target fungal cell wall (Kombrink and Somssich, 1997) 

were not induced. Also, some genes whose products are important signaling molecules in 

pathogenesis and a defense response such as MAP kinase (Kim et al., 2003), as well as 

divinylether synthase that catalyze a reaction leading to jasmonic acid synthesis (Howe et 

al., 2000) were all suppressed. This may account for the reduced level of symptoms 

(0.7+0.4 and 0.19+0.17, respectively at both 5 and 10 dpi) observed in a tolerant plant. 

More so, ACC oxidase, a protein which catalyzes a reaction in ethylene biosynthesis, 

which has a negative correlation with plant height (Buchanan et al., 2000), was also 

among down-regulated genes. Down-regulation of ethylene may also account for the 

increased height in a tolerant plant (Mittler and Cheung, 2004; Robb et al., 2007). One 

fascinating aspect of the Group 1 defense gene responses was the antagonistic effect of 

Vd1 and Dvd-E6 on CS gene expression. At 5 dpi, as more Vd1 were present in the 

mixed infections, genes were progressively up-regulated as shown with the beta carotene 

hydroxylase gene, which is involved in stress protection in plants (Davison et al., 2002) 

as shown in Table  4-1. But, with increased amounts of Dvd-E6 at 10 dpi, the genes that 

were initially suppressed in compatible interaction were later induced in the plants with 

the dual infections. This suggested that the presence of Dvd-E6 in some way blocks Vd1 

gene suppression; rather these genes were then up-regulated. Some of these genes encode 

proteins that have antifungal properties or are enzymes leading to the production of plant 
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phenolics or phytoalexins that may target fungal spores and mycelia. This observation 

may account for the reduced amounts of symptoms in the endophyte-protected plants.  

The defense gene responses of Group 2 are similar to Group 1 in some respects. At 

5 dpi, among the genes induced by Vd1 are some encoding transcription factors, 

putatively involved in defense, such as NAM-proteins (Hu et al., 2006) and members of 

the WRKY family (Ulker and Somssich, 2004). Other genes in this group are involved in 

signaling pathways such as calmodulin (Takabatake et al., 2007) and the mitigation of 

stress such as phytoene synthase (Buchanan et al., 2000). All these genes may have some 

roles in protecting the plant but were later suppressed by Vd1, correlating with the 

enhanced Vd1 colonization and increased symptom expression at 10 dpi. Similar to what 

was observed in Group 1, Dvd-E6 also down-regulates symptom expression related 

genes, such as the genes encoding peroxidase; a protein with free radical scavenging 

property that plays vital roles in programmed cell death (PCD) (Grant and Loake, 2000). 

Also, cytochrome P450 that is involved in the biosynthesis of the signaling molecule 

(Chapple, 1998), jasmonic acid (Niki et al., 1998), as well as ethylene related genes such 

as those encoding ethylene receptor and oxaloglutarate-dependent dioxygenase (Hamilton 

et al., 1990), were all suppressed by Dvd-E6. One characteristic that distinguishes Groups 

1 and 2 is the reduced ability of Dvd-E6 to induce Group 2 genes after preventing Vd1 

gene suppression in the mixed interactions at 10 dpi. For example, the log2 ratios of 1,3 

beta glucanase (Group 1) gene in the CS//Dvd-E6/Vd1 interaction is 6.0+1.5, while the 

log2 ratio of phytoene synthase (Group 2) gene is 1.1+0.4. This observation may suggest 

lesser roles of Group 2 genes in Dvd-E6-induced defense against V. dahliae pathogens 
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with respect to the Group 1 genes, although they may play more important roles in plant 

development (Quirino et al., 2000). 

A general overview of the Group 3 expression profile shows modest changes in all 

the interactions at both time points. This may suggest that gene products in this group 

also may play even lesser roles with respect to Group 2 in plant defense response against 

V. dahliae in compatible and tolerant interactions. Possibly, they may play important 

roles in incompatible interaction. One gene in this group encodes a cellulase membrane-

anchored protein; such proteins are mostly produced by fungi and bacteria that catalyze 

hydrolysis of plant cell wall materials (Sampathnarayanan and Shanmugasundarami, 

1970; Mehta and Mehta, 1985). Cellulase is also produced by plants but there have not 

been any associated function in plant defence. Another protein in this group is 

chaperonin; a protein complex that assists in folding of nascent cellular polypeptides and 

may also have function in RNA metabolism (Briganti et al., 2000). Also, in this group is 

the flavanol synthase gene family; that is involved in flavanol biosynthesis (Sies et al., 

2005). This group also includes genes encoding proteins that are involved in cellular 

scaffolding, both tubulin and actin. Most of these genes were slightly induced by Vd1 

and slightly suppressed by Dvd-E6 relative to unwounded control.  

Group 4 was characterized by late induction by Dvd-E6 and is the only group that 

was not suppressed by Vd1 at any time point. Probably, some of these genes may be 

associated with pathogenesis in the susceptible response. In contrast, there was strong up-

regulation in the CS/Dvd-E6 interaction as well as the mixed CS/Dvd-E6+Vd1 and 

CS/Dvd-E6//Vd1 interactions at 10 dpi. Genes in this group include Pti5, a PR 

transcription activator; hydroquinone glycosyl transferase, a PR leaf protein precursor 
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that is ethylene induced and a F-box protein required for protein degradation. In the 

tolerant interaction, there was a significant induction at 10 dpi.  

The expression profiles in some of these groups correlate with the biology of 

CS/Verticillium interactions. For example, at 5 dpi in Group 2, as the mRNA levels 

progressively decreased from the CS/Vd1 interaction, to that of CS/Dvd-E6, so also the 

disease scores decreased in the same direction (Figure  4-8). A similar observation applies 

to the expression profile of Group 3 with the total amount of Verticillium biomass. The 

profiles for gene expression and fungal biomass at 10 dpi were also similar for Group 4 

genes. Whether these observations are directly related or not, will require a functional 

approach to determine which genes may be involved in pathogen defense and/or 

pathogenesis.  

In the various groups, except for Group 4, the CS/Vd1 interaction is characterized 

by gene suppression of host genes at 10 dpi, which may reflect its mode of pathogenicity. 

A similar suppression of defense genes has been reported in several other plant 

pathogens. In bacterial pathogens, there have been several reports of pathogen effector-

mediated suppression of host defense (Wise et al., 2007; Cohn and Martin, 2005; de 

Torres et al., 2003; He et al., 2006; Navarro et al., 2004). For example, transcript 

profiling revealed that Pseudomonas syringae pv tomato produces an effector that 

suppresses a cell wall-based defense response that limit the growth of the pathogen in 

Arabidopsis spp. (Hauck et al., 2003). Lee and coworkers have also reported a substantial 

Verticillium-suppression of gene encoding PAL protein in compatible interaction (Lee et 

al., 1992). Whether the gene suppression by Vd1 is achieved through the suppression of 
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various defense genes or a particular gene that regulates the activities of other genes is 

not clear and may require further studies. 

In the various groups, CS/Dvd-E6 interaction was characterized by suppression of 

host genes, which correlates with reduced symptom expression, as also previously 

reported by Robb and co-workers (Robb et al., 2007). The mechanism by which Dvd-E6 

suppresses some defense genes is not clear, although the lack of symptoms in a tolerant 

plant has been linked to suppression of a gene encoding 14-3-3 (Group 3 gene); a protein 

which regulates a wide array of targets, including many transcription factors and 

signaling proteins (Robb et al., 2007). One possible explanation for lack of Dvd-E6-

induced gene induction could be that the amounts of Dvd-E6 present in the xylem vessels 

never reach a threshold to cause induction.  

From the previous data, the defense gene response in the CS isoline, which lacks a 

functional Ve1 resistance gene, indicated that the presence of Vd1 in the plant induced 

some defense genes at 5 dpi, that were later suppressed at 10 dpi. Dvd-E6 was unable to 

induce these genes, but the presence of DVd-E6 in mixed infections prevented Vd1- gene 

suppression. These fascinating observations prompted us to examine what effects the 

presence of the Ve1 resistance gene might have on the patterns of defense gene 

expression. To investigate this, CR, an isoline that contains an active Ve1 gene was 

inoculated with either/both Vd1 and Dvd-E6 to create the CR/Vd1, CR/Dvd-E6//Vd1 and 

CR/Dvd-E6 interactions. Wounded and unwounded uninfected plants also were included 

as controls.  

 Symptom expression scores and the amounts of fungal DNA were determined at 

both 5 and 10 dpi (Figures 4-13 and 4-14). The results showed that Vd1-infected CS 
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plants were stunted, with both high levels of symptoms and amounts of fungus in the 

plant, indicating an effective inoculation procedure in this experiment. The CR/Vd1 

plants demonstrated the characteristics of a resistant interaction with both low levels of 

symptoms and amounts of fungus in the plant stems at both sampling times. The presence 

of the Ve genes enhanced the efficiency of the defence response reducing the amounts of 

the pathogen in the stem (Heinz et al., 1998). At 5 dpi, there was no significant difference 

in the level of symptoms among most of the interactions, except the CR/Dvd-E6//Vd1. 

These observations correlate with the fact that both the susceptible and resistant cultivars 

are initially colonized by Verticillium spp., but as a result of differences in the defence 

responses in the stems, the former results in a compatible interaction while the latter 

produces the resistant response (Pegg and Brady, 2002). Similarly, the CR/E6 plants 

showed the characteristics of a tolerant interaction, with higher amounts of Verticillium 

DNA and low levels of symptoms with respect to the CR/Vd1 interaction at both 

sampling times, although plants were almost the same height as control plants in this 

experiment. These observations are consistent with what were previously observed by 

Chen and coworkers (Chen et al., 2004). Unlike in the CS/Dvd-E6/Vd1 interaction 

(section 2.3.4), which showed an endophyte-induced protection, the results obtained for 

this experiment were different. The CR/Dvd-E6//Vd1 plants were shorter than other 

CR/Verticillium spp. plants, with somewhat higher symptom scores at both sampling 

times. Interestingly, Vd1 was completely restricted from the CR plants at both 5 and 10 

dpi.  

The effect of the presence of the Ve1 allele on mRNA levels of defense genes was 

also investigated. Extracts from CR/Vd1, as well as CR and CS control plants were made 
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and used for microarray hybridization. The log2 ratios indicated that in the CR/Vd1 

interaction, almost all the defense genes in the various groups were not induced at both 

sampling times. This observation suggested that the presence of the Ve1 allele in CR 

tomato did not lead to gene induction by Vd1 infection as previously observed at 5 dpi in 

Group 1 and 2 genes in the CS/Vd1 interaction. Also, the initial grouping of defense gene 

responses established for the CS/Verticillium spp. interaction became not too relevant for 

the CR/Verticillium spp. interactions. Surprisingly, the defense genes were not only not 

induced, but some even appeared to be suppressed relative to uninoculated CR control 

plants at both sampling times. Only a few genes showed small inductions. Some of these 

include the Group 1 genes encoding proteins associated with antioxidant behaviour, 

peroxidase (Grant and Loake, 2000) and acidic endochitinase precursor, which target 

fungal cell wall (Kombrink and Sommssich, 1997). Also, there was some induction of a 

few Group 3 genes including those encoding flavanol synthase, glycolate oxidase and 

some unknown proteins. This may suggest important roles these proteins play in 

incompatible interaction. The results for the CR microarray analyses suggested that 

infected resistant plants were not characterized by super-induction of defense genes to 

elicit a faster or more intense defense response. A possible explanation for this 

observation could be that healthy CR plants normally have higher levels of defense gene 

products than the CS plants.  

 To test this idea further, levels of mRNAs for the two isolines were compared by 

microarray hybridization. The results (Table 4:7- 4:10) indicated that indeed the CR 

isoline has higher basal mRNA levels for most of the defense genes which can be 

attributed to the presence of Ve
+
 in CR isoline. This observation has been reported also by 
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Robb et al. (2009), where the basal level of mRNA was found to be higher in CR isoline 

with respect to CS. Furthermore, there was a significant higher basal level of transcript 

for some genes, notably important for defense in the CR with relative to CS tomato. 

These genes include PR leaf protein 4, known to protect the plant during pathogen attack 

(van Loon and van Strien, 1999), the precursor for endochitinase, that targets fungal cell 

walls (Kombrink and Somssich, 1997), and also some unknown proteins. This 

observation may indicate that the higher basal level of defense proteins in the CR isoline 

give it an initial edge over CS in combating infection by Verticillium spp. explaining the 

resistant nature in CR plants. 

In summary, the results presented in this chapter are fascinating and indicate that 

the presence of Vd1 in the CS plant induced some key defense genes at 5 dpi, that were 

later suppressed by 10 dpi. Dvd-E6 was unable to induce these genes, but the presence of 

DVd-E6 in mixed infections prevents Vd1- gene suppression; thus maintaining a high 

level of transcript for these genes and their products that apparently selectively target 

Vd1, hence restricting its colonization at 10 dpi. The mechanisms of Dvd-E6 or Vd1 gene 

suppression as well as Vd1 gene induction are not yet clear. Also, the mechanism by 

which Dvd-E6 blocks Vd1 defense gene suppression is unknown and requires further 

experimentation. Further more, the presence of the Ve
+
 gene abolish the four groupings 

previously established as many of the genes were not induced. During a Verticillium spp. 

infection, there was a significant gene induction in the susceptible isoline in attempting to 

combat the invading pathogens, although unsuccessful. However, in the CR isoline, the 

basal level of defense gene products was apparently sufficient; perhaps giving CR plants 

an initial advantage. While these results are exciting, further experiments will be required 
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to confirm these observations. Also, the effect of the Ve1 resistance allele on defense 

gene responses in the other interactions should be examined and further comparisons 

made of transcript levels in healthy control plants and at earlier time points.  
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CHAPTER 5: Altered Defense Gene Expression by RNAi Knockdown 

5.1 Introduction 

The results in Chapter 4 identified clusters of genes whose expression patterns 

correlate with symptom expression (Group 2 defense genes), total amounts of V. dahliae 

DNA (Group 3 defense genes) and amounts of V. dahliae, isolate Dvd-E6 (Group 4 

defense genes), in the plant. Whether there is any direct relationship between individual 

gene expression profiles and the observed phenotypes requires functional analyses. 

Identifying specific genes that are directly associated with some of these phenotypes is 

important to aid our understanding of Verticillium pathogenicity, resistance, tolerance 

induction and Dvd-E6-induced protection in CS. More so, identifying genes whose 

expression is associated with the phenotype may also allow development of bioassays for 

susceptibility, resistance or tolerance. The results presented in Chapter 4 also indicated 

that the higher basal levels of defence gene products in the CR isoline may be enough for 

resistant responses. Confirmatory analyses will be the down-regulation of the Ve1
+
 gene 

in the CR isoline, whether the defense gene responses will be similar to that observed 

with the CS isoline. This chapter is an attempt to develop gene silencing tools to 

determine the functional significance of specific genes identified in Chapter 4. An 

ethanol inducible RNA silencing method will be used (for review on RNA silencing; 

refer to section 1.5.3). Initially two genes, one encoding a putative receptor, the Ve2 gene 

and, a defense response gene of unknown function, TUS15G8 were chosen as targets for 

technology assimilation.  

The Ve2 gene was chosen because of its putative role in defense against Vd1 and 

Vaa. Unlike other herbaceous plants such as alfalfa and potato with multiple resistances, 
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resistance in tomato against Verticillium spp. has been considered monogenic (Beckman, 

1987). More recently, Kawchuk and coworkers (2001) have shown that two inverted 

genes, Ve1 and Ve2 independently can confer resistance to Vaa in potato (Kawchuk et al., 

2001), something which has not been verified in tomato. To begin to answer this 

question, we have selected Ve2 as the first gene to target with our silencing studies. The 

second gene selected for RNAi knockdown was TUS15G8, a gene encoding an unknown 

protein which appears to be highly suppressed in the tolerant interaction (Robb et al., 

2007). In a previous study, Robb and coworkers used DNA chip analysis to investigate 

expression patterns of defense genes in both tolerant and compatible interactions. The 

study showed that, in a tolerant interaction, there was a 25.3 fold reduction in the 

transcript level for TUS15G8 when compared to that observed in a susceptible reaction 

(Robb et al., 2007). Functional analysis of such a gene could aid our understanding of the 

tolerant interactions. In the course of the work described in this chapter, vectors for both 

Ve2 and TUS15G8 gene knockouts were constructed and used to transform tomato 

plants. Assays for the detection and expression of the transgenes were also developed and 

used for preliminary trials, but this time did not permit a full characterization of actual 

―knockdown‖. 

5.2 Materials and methods 

5.2.1 Ethanol inducible RNAi vector construction 

The parent ethanol-inducible plasmids (pMW4 and pMW4-GUS) used for this 

study were obtained from Dr. Eric Lam’s laboratory (Rutgers University, New Jersey, 

USA). The plasmid pMW4 is an alcohol-inducible vector that was derived from the alc 

regulon of Aspergillus nidulans that contains two components; the alcR gene and palcA 
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(Lo et al., 2005). It was constructed by removing the alcR coding region (a transcription 

factor which is an ethanol sensor) from Aspergillus nidulans and cloning it into 103c-SK, 

an overexpression vector under the 35S CaMV promoter and including the nopaline 

synthase 3’-terminator (nos3’). The 35S-alcR-nos3’ fragment was then cloned into a 

pCambia 1300 binary vector downstream of palcA. The hpRNA-encoding unit, 

containing oppositely oriented recombination sequences of attP1 and attP2 and the 

octopine synthase 3’ terminator (ocs3’), were removed from the pHellsgate2 vector and 

inserted downstream of palcA as shown in Figure  5-1. The hpRNA construct of the target 

gene can be generated in a single step recombination of the attB1 and attB2 sequences 

(flanking the PCR product) with the attP1 and attP2 sites in pMW4 as shown in Figure 

 5-1 (Lo et al., 2005).  
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Figure 5-1: pMW4, an ethanol-inducible RNAi vector. 

In pMW4, alcR is driven by the CaMV 35S promoter. The hpRNA-encoding unit derived 

from pHellsgate2 with oppositely oriented recombination sequences (attP1-attP2) was 

cloned downstream of the palcA promoter as described in section  5.2.1. To construct 

pMW4TUS15G8, TUS15G8 PCR product with attB1 and attB2 flanking sequences was 

inserted into pMW4 at the attP1 and attP2 sites. Through recombination, two new sites 

(attL1 and attL2) were then generated in the vector and, attR1 and attR2 flanking the 

ccdB (a bacterial lethal gene allowing positive selection of the desired construct) 

fragment was excised from the vector. The intron and hygromycin resistance gene are 

identified as I and Hyg respectively. Modified from Lo et al., 2005. 

To make the alcohol inducible RNAi constructs, the targeted sequences were 

amplified by PCR using tomato nuclei acid extract as a template. After three successive 

rounds of PCR to amplify the gene and incorporate the attB1 and attB2 recombination 

sequences, the amplified DNA was inserted into the pMW4 vector through an in vitro 

recombination site reaction. The first PCR amplification was made using the gene 

specific primers: A17 and antiA17 (for TUS15G8 fragment) or Ve2NP and aVe2NP (for 

Ve2 fragment). Each of the PCR products was purified by phenol extraction and the 

supernatants were removed, precipitated overnight with 2 volumes of salted ethanol and 
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dissolved in 1 ml of double distilled water. This was followed by another round of 

amplification using the adaptor primers: A17GW and antiA17GW (for TUS15G8 PCR 

fragment) or Ve2NPGW and Ve2NPGW (for Ve2 PCR fragment). Again, each of the 

PCR products was purified as described above and dissolved in 1 ml of double distilled 

water. The last round of amplification was performed with recombination primers 

(attB1GW and attB2GW). The PCR products were again each purified as above and 

dissolved in 50 l double distilled water. The primer names, sequences and annealing 

temperatures used are summarized in Table  5-1. The PCR amplification was conducted 

as described in section  2.2.4 with the exception of the annealing temperatures, which 

were calculated for the specific primer sequences (Table  5-1). For in vitro recombination, 

the recombination reaction mix, containing 50 ng of attB-PCR product, 150 ng of donor 

vector pMW4 and  2 l BP Clonase II (Invitrogen, Carlsbad, CA, USA) enzyme, was 

prepared and  the reaction volume was brought to 10 l with TE buffer (pH 8.0). The 

solution was mixed thoroughly by vortex and incubated at 25 
o
C for 1 hr. The reaction 

was terminated by the addition of 1 l Proteinase K (2 g/ml) solution, mixed briefly by 

vortex and incubated at 37 
o
C for 10 min.  
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Table 5-1: List of primers used for PCR amplifications for the construction and 

characterization of TUS15G8 and Ve2 RNAi vectors 

 

Note: nt, nucleotide 

5.2.2 Agrobacterium-mediated tomato transformation  

The in vitro recombinant DNA was used to transform E. coli DB3.1 cells using a 

heat shock transformation method (Sambrook et al., 1989). Selection of positive clones 

took advantage of the normally lethal ccdB gene contained in pMW4 and the kanamycin 

selectable marker (Bernard, 1995). To confirm the insertion of gene fragments in 

opposite orientations, plasmid minipreps were made (Sambrook et al., 1989) from the 

two clones pMW4-TUS15G8 or pMW4-Ve2, for PCR amplification. Vector specific 

primers (HGsite2 and antiHGsite1) were used together with gene specific primers: A17 

for TUS15G8 (Figure  5-2; upper panel) or Ve2NP for Ve2 fragments (Figure  5-2; lower 

panel) to detect recombinants by PCR amplification as described in section  2.2.4. To 
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further confirm the insertion of the gene fragment in the right orientation, minipreps also 

were digested with XbaI or HindIII (Fermentas) restriction enzymes, corresponding to the 

left and right gene insertion sites, respectively. The 20 l digestion mix contained 1 μg of 

plasmid DNA, 2 μl of 10X reaction buffer (supplied with the enzyme) and 2 units of the 

restriction endonuclease, XbaI or HindIII (Fermentas). The solution was mixed by vortex 

and incubated at 37 
o
C overnight. The digested reaction products were characterized by 

their electrophoretic mobilities on 1.5 % agarose gels as described in section  2.2.4. CsCl 

purified maxiprep of the confirmed positive clones were prepared and stored for further 

use. 

 

 

Figure 5-2: Relative locations of PCR primers used to characterize the TUS15G8 

and Ve2 RNAi constructs. 

Note: The sequence of each primer is defined in Table 5-1.  

Agrobacterium tumefaciens strain EHA105 that was used in this study contains 

virulent pMOG410 and a rifampicin resistance gene (Hood et al., 1993) EHA105 was 

transformed independently with the purified pMW4-TUS15G8 or pMW4-Ve2 plasmids 

obtained from E. coli DB3.1 using a freeze‐thaw method (Holsters et al., 1978). 
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Competent cells were made by growing A. tumefaciens EHA105 in 2 ml YEP medium 

(10g peptone, 10g yeast extract, 5g NaCl per liter). The overnight culture was transferred 

into a 250 ml flask containing 50 ml of YEP medium and incubated in a shaker at 28 
o
C. 

The absorbance at A600 nm was monitored until it reached a value between 0.5 and 1. The 

growth of the culture was stopped by placing the culture flask on ice and the EHA105 

cells were collected by centrifugation in a Beckman rotor JA‐20 at 3000x g for 5 min at 

4
o
C. The cells were re-suspended in 1 ml of 20 mM CaCl2 and used for transformation. 

For the transformation of competent A. tumefaciens EHA104, 1 μg of purified 

pMW4-TUS15G8 or pMW4-Ve2 plasmid DNA was added to 100 μl of competent 

EHA105 cells, mixed gently, submerged into liquid nitrogen for 20 sec and transferred 

directly into a water bath at 37 
o
C for 5 min. 1 ml of preheated (at 28 

o
C) YEP was added 

to the tube and incubated at 28 
o
C in a shaker at 100 rpm for 4 hours. The cells were 

collected by centrifugation on a bench top microcentrifuge for 1 min at full speed and re-

suspended in 100 μl YEP medium. The transformed cells were spread on 20 ml YEP agar 

(10 g peptone, 10 g yeast extract, 5 g NaCl, 15 % w/v agar) containing 50 μg/ml 

kanamycin and 25 μg/ml rifampicin in Petri dishes and incubated at 28 
o
C for 48 hours. 

Colonies were tested for incorporation of pMW4-TUS15G8 or pMW4-Ve2 by PCR and 

restriction enzyme analysis as described above. Glycerol stocks of the confirmed positive 

clones were made and stored at -80 
o
C for long term storage. 

CS tomato was transformed with A. tumefaciens strain EHA105 containing the 

pMW4-TUS15G8 RNAi construct using a method described by Fillatti and coworkers 

(Fillatti et al., 1987) with minimal modifications (Chang, 2006). CS tomato seeds were 

sterilized with 70 % ethanol for 2 min and then transferred to 5 % hypochlorite solution 
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for 20 min. The seeds were rinsed six successive times with sterile distilled water and 

excess water was removed on a sterile filter paper. The sterile seeds were placed in 

magenta boxes (Magenta, Sigma) (25 seeds/margenta box) containing 50 ml of medium 

A (for media compositions, refer to Table  5-5) and incubated in a growth chamber at 25 

o
C with light conditions of 16 hr light and 8 hr darkness. After 8-10 days of incubation, 

cotyledon explants were obtained from the germinated seedlings and a 5 mm by 5 mm 

portion was cut from the middle of each cotyledon with a surgical blade and placed on 

agar plates containing medium B (for media compositions, refer to Table  5-2). The plates 

were sealed with parafilm and incubated at 25 
o
C for 24 hr for pre-cultivation. 

Three days before the co-cultivation of explants, glycerol stock of A. tumefaciens strain 

EH105 containing the RNAi constructs were streaked on YEP agar plates containing 25 

μg/ml rifampicin and 50 μg/ml kanamycin and incubated at 28 
o
C for 24-48 hours. To 

prepare the A. tumefaciens for plant transformation, a single colony from the plate was 

used to inoculate 10 ml of YEP medium in a 12 ml blue cap tube containing 25 μg/ml 

rifampicin and 50 μg/ml kanamycin and incubated at 28 
o
C overnight with gentle 

shaking. Cells from the overnight A. tumefaciens culture were collected by centrifugation 

at 4 
o
C with 5000 rpm and diluted with liquid MSO (for compositions, refer to Table  5-4) 

to an absorbancy at 600 nm of 0.5-1.0. For tomato transformation, 10 ml of the diluted A. 

tumefaciens suspension were poured onto the cotyledon explants in a Petri dish, covered 

with aluminum foil and left for 20 min with occasional shaking. The excess A. 

tumefaciens on the cotyledon explants was drained on filter papers and the cotyledons 

were transferred onto plates containing medium B agar with 100 μM of acetosyringone. 

The plates were covered with aluminum foil and co-cultivated in the dark at 25 
o
C for 24 
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hr. The cotyledon explants were then transferred onto plates containing medium C (for 

media compositions, refer to Table  5-5), with 25mg/ml kanamycin and 150mg/ml of 

timentin. To initiate calli, cotyledon explants were transferred to fresh medium C as 

above, containing 25 mg/ml kanamycin and 150 mg/ml of timentin, twice a week. After 

3-4 weeks, shoot-containing calli were cut off and transferred to medium D as in previous 

page (for media compositions, refer to Table  5-5) for regeneration and selection. Calli 

were transferred onto fresh medium weekly until shoots were about 2-3 cm long. The 

shoots were cut off from the calli and transferred to medium E as on previous page (for 

media compositions, refer to Table  5-5) in magenta boxes on a biweekly basis to allow 

development of roots. When about 6 cm high, plantlets were transferred to pots with 

moistened soil mix containing Promix BX (Premier Horticulture Ltee, Riviere-du-Loup, 

Quebec, Canada), vermiculite and Turface MVP (Profile Products LLC, Buffalo Grove, 

IL, USA) in a 3:2:1 ratio. Pots containing plantlets were placed on flats, wrapped with 

plastic wrap to create a humidity chamber and placed in a controlled growth chamber 

with 16 hr of light at 25 
o
C and 8 hr of darkness at 22 

o
C. Hoagland’s solution was 

applied once a week as the plantlets were gradually acclimatized. After 3 weeks, the 

transgenic plants were transferred into larger pots. 
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Table 5-2: Hormones for tomato transformation 

 

Note  N: normal, NaOH: sodium hydroxide, EtOH: ethanol hydroxide. Adapted from 

 Chang, 2006. 

Table 5-3: YEP media composition for tomato transformation 

 

Note  N: normal, NaOH: sodium hydroxide, EtOH: ethanol hydroxide. Adapted from 

Chang, 2006. 

Table 5-4: MSO composition 

 

Note  KOH: potassium hydroxide. Adapted from Chang, 2006. 



CHAPTER 5:  Altered defense gene expression by RNAi knockdown 

 162  

 

Table 5-5: Media for tomato transformation 

 

Note NAA: naphthalene acetic acid, BAP: benzyl aminopurine, IAA: indole acetic 

acid, KOH: potassium hydroxide. Adapted from Chang, 2006. 

5.2.3 Assay for plasmid DNA 

Transgenic tomato plants were selected on hygromycin. The presence of the 

transgene was confirmed using a PCR-based assay. Total nucleic acid extracts were 

prepared from 0.2 g leaf tissue as described in section  2.2.4. A 100 ng aliquot was used as 

template for PCR amplification using vector-specific primers; HGsite2 and antiHGsite1 

(Table  5-1). To confirm the insertion of the inverted genes, a transgene-specific primer 

(A17) and HGsite2 primer were used for the left side insertion, while the right side was 

confirmed with the gene specific primer (A17) and antiHGsite2 primer (see Figure  5-2 

for relative primer locations).  
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5.2.4 Assay for plasmid-derived RNA   

To determine the expression of the transgene, the RT-PCR-based plasmid-derived 

RNA assay was applied. Four week old transgenic plants were ethanol induced by 

treatment with 200 ml of 1 % ethanol solution (v/v) by root drenching. Leaf tissues were 

collected from the transgenic plants before and after 24 hours of ethanol treatment. Total 

nucleic acid extracts were prepared from the leaf samples as described in section  2.2.4. 

For the RT-PCR assay, the RT reaction was performed as described in section  2.2.8 using 

500 ng template and oligo (dT) primer. A separate RT reaction using the reverse gene 

specific primer was also set up as a positive control. The PCR amplification step was 

performed using the forward gene specific primer (A17) and antiHGsite1 (Figure  5-2). 

Gene specific primers were used for the control PCR amplification step. All the RT-PCR 

products were analyzed on agarose gels as described in section  2.2.4. 

5.3 Results 

5.3.1 Preparation of inducible RNAi knockdown vectors 

To develop tools for future studies to investigate the significance of the genetic 

differences observed in Chapter 4, an inducible RNAi-based silencing approach was 

undertaken. Gene fragments for insertion in an ethanol inducible RNAi vector (–pMW4), 

kindly provided by Dr. Eric Lam, were prepared by successive PCR amplification steps 

as described in section  5.2.1. A three step approach was used in our laboratory to provide 

a simple experimental method for generating the necessary extended recombination 

sequences (GGG GAC AAG TTT GTA CAA AAA AGC AGG CT). The fragments were 

inserted using the Hellsgate cloning system based on in vitro recombination and BP 

clonase (BP Clonase II, Invitrogen, Carlsbad, CA, USA). For the pMW4-TUS15G8 
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construct, gene specific primers (A17 and antiA17) were used to amplify a 690 bp 

fragment region of the gene (Figure  5-3a). For the pMW4-Ve2 construct, gene specific 

primers (Ve2NP and aVe2NP) were used to amplify a 294 bp fragment region of the 

gene. The PCR products were purified as described in section  5.2.1, and subjected to a 

further PCR re-amplification step using adaptor primers: A17 GW and antiA17 GW (for 

TUS15G8) or Ve2NPGW and aVe2NPGW (for Ve2), which are chimeric forward and 

reverse primers each containing terminal TUS15G8 or Ve2 gene sequences and 

recombination sequences (AGC AGG CT). This PCR step added 16 bp to the ends of the 

first PCR product resulting in a fragment size of 706 and 310 bp, respectively, to the 

TUS15G8 and Ve2 gene fragments (Figure  5-3). The PCR products were again purified 

as described in section  5.2.1 and a third round of PCR amplification was repeated using 

the recombination sequence primers; attB1GW and attB2GW, which resulted in a 748 or 

352 bp fragment, respectively, for TUS15G8 and Ve2 (Figure  5-3). The three successive 

PCR amplification reactions added 29 nt of recombination sequence to both ends of the 

PCR product. The attB1-TUS15G8-attB2 or attB1-Ve2-attB2 PCR product was again 

purified as described in section  5.2.1 and dissolved in 50 μl of double distilled water for 

the recombination reaction. 
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Figure 5-3: Preparation of TUS15G8 and Ve2 partial gene fragments for RNAi 

production. 

Each insert was prepared by three successive PCR amplifications using: A) gene specific 

primers, A17 and antiA17 for TUS15G8 fragment (upper panel) or Ve2NP and aVe2NP 

for Ve2 fragment (lower panel); B) Adaptor primers, A17GW and antiA17GW for 

TUS15G8 PCR product or Ve2NPGW and aVe2NPGW for Ve2 PCR product (lower 

panel); C) Recombination sequence primers (attB1GW and attB2GW)  for both 

TUS15G8 (upper panel) and Ve2 (lower panel) as described in section  2.2.4. An aliquot 

(10 l) of each reaction mix was fractionated on 2 % agarose gels. Lane Mk: Plasmid 

pTZ19R digested with HinfI loaded as a size marker; lane 1: PCR amplification product; 

and lane Nc: PCR control with no template. 



CHAPTER 5:  Altered defense gene expression by RNAi knockdown 

 166  

 

For the recombination reaction, the purified PCR product was incubated with 

pMW4 plasmid (Lo et al., 2004) and BP clonase (BP Clonase II, Invitrogen, Carlsbad, 

CA, USA). The reaction involves the recombination of the attB1 and attB2 sequences 

flanking the PCR product with the attP1 and attP2 sequences contained in pMW4 vector. 

The recombination generated the final RNAi vector (containing the attL1 and attL2) and 

a by-product (containing the attR1 and attR2), which included the ccdB sequence (a 

bacterial lethal gene) that was excised from the donor vector permitting positive selection 

of the desired clone (Figure  5-1). The recombination reaction facilitates the simultaneous 

insertion of the TUS15G8 or Ve2 gene fragment in two opposite orientations. The 

recombination reaction product was used to transform E. coli DB3.1. For pMW-

TUS15G8, a total of 28 clones were observed on the LB-kanamycin plates and 42 clones 

for pMW4-Ve2. Nine and six of these clones were selected, respectively, for pMW4-

TUS15G8 and pMW4-Ve2 for miniprep plasmid DNA extraction and further analysis. To 

confirm the insertions in two orientations, PCR amplification was used, targeting part of 

the TUS15G8 or Ve2 gene sequences and a short fragment of the intron spacer separating 

the two gene fragments (Figure  5-2) using miniprep plasmid DNA as a template. To 

confirm the insertion of TUS15G8 gene in the left side of the hpRNA-encoding unit, a 

gene specific primer (A17) was used as the forward primer for the TUS15G8 gene 

fragment, or Ve2NP for the Ve2 gene fragment, and a vector-specific primer (HGsite2) as 

the reverse primer for the PCR amplification. To confirm the insertion of the gene in the 

right side of the hpRNA-encoding unit, a vector-specific primer (antiHGsite1) was used 

as the forward primer and a gene specific primer (A17) for the TUS15G8 gene fragment 

and Ve2NP for the Ve2 gene fragment, as reverse primer for PCR amplifications. These 
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amplifications generated recombination fragments (Figure  5-4) of 1.1 and 0.99 kb for 

TUS15G8 or 0.7 and 0.59 kb for Ve2, respectively, for left and right side insertions.  The 

results summarized in Figure  5-4 show that two positive selected clones had the 

TUS15G8 gene inserted on both the left and right sides of the hpRNA encoding unit for 

TUS15G8, and three clones showed correct insertions for Ve2 gene. 
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Figure 5-4: Confirmation of TUS15G8 and Ve2 gene inserts by PCR 

amplification. 

Plasmid DNAs were isolated from nine selected transformed E. coli DB3.1 positive 

clones of pMW4-TUS15G8 and six from pMW4-Ve2 and used as PCR templates. PCR 

amplification was performed as described in section  2.2.5. PCR amplification to detect 

the insertion of the: (upper panel A) TUS15G8; (lower panel, upper lane) Ve2 sequences 

in the left side of the hpRNA-encoding unit and (upper panel B) TUS15G8; (lower panel, 

lower lane) Ve2 in the right side of the hpRNA-encoding unit. Aliquots (10 μl) of each 

PCR product were fractionated on 2 % agarose gels. Lane Mk: Plasmid pTZ19R digested 

with HinfI, loaded as a size marker, lane 1-9: positive clones and lane Nc: PCR control 

with no template. 
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To further confirm the insertion of the TUS15G8 gene fragment in opposite 

orientations, restriction enzyme digestions also were performed. ―Miniprep‖ plasmid 

DNA from 2 positive clones were digested with XbaI and HindIII endonucleases and 

products were fractionated on 1.5 % agarose gel as shown in Figure  5-5. The results 

confirmed the observation made in Figure  5-4; both selected clones contained the 

TUS15G8 or Ve2 gene fragments in two orientations. One of these two clones was 

selected for Agrobacterium transformation. 

 

Figure 5-5: Restriction enzyme digestion of pMW4TUS15G8 constructs. 

Plasmid DNAs were isolated from two positive clones and digested with restriction 

enzymes; the digested products were fractionated on 1.5 % agarose gels. Left panel: XbaI 

digests to detect the insertion of TUS15G8 gene in the left hand side of the hpRNA-

encoding unit. Right panel: HindIII digest to detect the insertion of TUS15G8 gene in the 

right hand side of the hpRNA-encoding unit. Lane Mk: Plasmid pTZ19R digested with 

HinfI, loaded as a size marker, lane Pc: digested pMW4 positive control; lanes 1-2: 

digested pMW4-TUS15G8 clones; lane Uc: undigested pMW4TUS15G8 control. 

5.3.2 Preparation of transgenic plants 

To insert the hpRNA-encoding unit into the tomato genome, the A. tumefaciens 

strain EHA105 binary system was used in preference to LB4404 because of its more 

virulent nature (Hood et al., 1993). Plasmid DNA was isolated from a selected positive E. 
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coli DB3.1 clone and used to transform A. tumefaciens strain EHA105 as described in 

section  5.2.2. A total of 68 clones for pMW4-TUS15G8 and 79 clones for pMW4-Ve2 

were obtained from this transformation. Four clones each were selected and tested for the 

insertion of TUS15G8 or Ve2 gene fragments as described in section  5.3.1. The four 

clones selected contained TUS15G8 or Ve2 gene fragments in two orientations as shown 

in Figure  5-6.  

 

Figure 5-6: Screening transformed A. tumefaciens EH105 for pMW4-TUS15G8 

DNA.  

Positive clones of A. tumefaciens were selected on a YEP agar plate containing 

kanamycin and streptomycin. Plasmid DNA was isolated from each clone and used for 

PCR amplification with one gene specific primer (A17) for TUS15G8 and (Ve2NP) for 

Ve2 and each of plasmid specific primers, HGsite2 (upper panel) and anti HGsite1 (lower 

panel) as shown in Figure  5-2. The PCR amplifications were conducted as described in 

section  2.2.4. A 10 l aliquot of each reaction mix was loaded and fractionated on a 2 % 

agarose gels for (left panel) pWW-TUS15G8 and (right panel) pMW4-Ve2. Lane Mk: 

Plasmid pTZ19R digested with HinfI loaded as a size marker; lane Nc: PCR control 

without template; lanes 1-4: PCR amplification products. 

Clone 1 containing the pMW4-TUS15G8 construct was used to transform CS 

tomato plants as follows. Fifty sterilized CS seeds were germinated on medium A in 
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magenta boxes (Figure  5-7A). The cotyledons obtained were co-cultivated with EH105 

for 24 hours. The cotyledon explants were then transferred to medium B containing 25 

mg/ml hygromycin as a selective marker (Figure  5-7B). The swollen explants were 

transferred into fresh medium twice a week until calli formation (Figure  5-7C). After 3-4 

weeks, the calli produced shoots which were transferred to new medium to allow shoot 

elongation (Figure  5-7D). To induce root formation, 2-3 cm tall shoots were transferred 

to magenta boxes containing medium D with a reduced amount (10 mg/ml concentration) 

of hygromycin (Figure  5-7E). Four actual transformed plants were obtained. After 6 

weeks in magenta boxes (Figure  5-7F), the plantlets were transplanted onto soil and 

acclimatized to growth chamber conditions (Figure  5-7G) as described in section  5.2.2. 

The transformed plants were maintained till the fruiting stage (Figure  5-7I) and seeds 

were collected for storage and further experiments.  
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Figure 5-7: Various stages in the Agrobacterium-mediated tomato transformation 

using cotyledon explants. 

A. tumefaciens strain EHA105 containing the RNAi vector (pMW4-TUS15G8) was used 

to transform CS tomato cotyledons. The figures show the various stages in the 

transformation process. A) CS seeds germinated in medium A in magenta box; B) Co-

cultivated CS cotyledon with A. tumefaciens in medium B; C) Formation of calli on 

medium C; D) Calli with primordia shoot; E) Shoot in rooting medium; F) Plantlet ready 

for transplanting onto soil; G) Three week old plants potted in soil; H) Six week old 

transformed plant I) Full grown transformed plant.  

To screen the putative transgenic plants for A. tumefaciens contamination, the A. 

tumefaciens virulence gene G (VirG) was targeted for PCR amplification. Total nucleic 

acid extracts from the leaves of putative tomato transgenic tomatoes were made as 
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described in section  2.2.4 for use in the assays and purified plasmid from A. tumefaciens 

strain EHA105 was used as a positive control for the PCR-based assay. As observed in 

Figure  5-8, there was no bacterial contamination detected in any of the putative 

transgenic plants under conditions which permitted the detection of genome-associated 

plasmid sequence (Figure  5-9).  

 

Figure 5-8: PCR-based assays for contamination by A. tumefaciens in transformed 

tomato. 

Total nucleic acid was isolated from the leaf of three week old putative transgenic plants 

and used for PCR amplification as described in section  2.2.4 with a primer set that 

targeted the A. tumefaciens virulence gene, VirG. A 10 l aliquot of each reaction mix 

was fractionated on a 2 % agarose gel. Lane Mk) Plasmid pTZ19R digested with HinfI 

loaded as a size marker; lane Pc) PCR positive control; lanes 1-4) expected PCR 

amplification products of putative transgenic plants and lane; Nc) PCR control without 

template. 

5.3.3 Detection of plasmid DNA in transformed tomato 

The putative transgenic plants also were examined for the presence of the RNAi 

transgene using a PCR-based assay. Nucleic acid extracts were prepared from leaves of 

transgenic plants and PCR amplifications, specific for the left and right inserts, were 

performed as described in section  5.3.2. A positive control using the pMW4-TUS15G8 
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plasmid itself was included. The PCR amplified products were fractionated on an agarose 

gel as described in section  2.2.4. The results (Figure  5-9) showed that three of the four 

tomato transformants were true transgenic plants while one appeared to be a false 

positive.  

 

Figure 5-9: Assay for pMW4TUS15G8 DNA in transgenic tomato 

Nucleic acid extracts from leaves of transgenic plants were used for PCR amplifications 

as described in section  2.2.4. Upper gel: PCR amplification to detect the insertion of 

TUS15G8 gene in the left hand side of the hpRNA-encoding unit. Lower gel: PCR 

amplification to detect the insertion of TUS15G8 gene in the right hand side of the 

hpRNA-encoding unit. Aliquot (15 l) of each reaction mix were fractionated on 2 % 

agarose gel. Lane Sm) Plasmid pTZ19R digested with HinfI loaded as a size marker; lane 

Pc) PCR positive control; lanes 1-4) PCR amplification products of putative transgenic 

plants and lane Nc) PCR negative control. 

5.3.4 Induction of RNAi in transformed tomato 

To test for ethanol-inducible transgene expression and also to measure changes in 

expression level of the endogenous TUS15G8 gene following RNAi knockdown, RT-

PCR assays were performed on the three confirmed transgenic plants. Since the 

expression of the TUS15G8 RNAi was ethanol-inducible, the plants were assayed before 

and after ethanol induction as described in section  5.2.4. For the expression assay, total 
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nucleic acid from leaf tissue was prepared before and 24 hour after ethanol induction. 

The two RT-PCR assays that were performed are described in section  2.2.5. The first was 

designed to detect the expression of the transgene, while the second would detect changes 

in the level of the expression of endogenous TUS15G8 gene following RNAi 

knockdown. The RT reaction was performed on the three confirmed transgenic plants 

using an oligo (dT) primer as described in section  2.2.4. For the plasmid-derived 

transcript, the A17 and antiHGsite1 primers were used. To determine the endogenous 

TUS15G8 gene transcripts, the PCR amplification step was performed using the A17 and 

antiA17 primers (Figure  5-2). Figure  5-10 shows the results obtained for these assays. As 

observed in Figure  5-10A, no expression of the transgene was detected in any of the three 

transgenic tomato plants before or after ethanol induction. Similarly, as shown in Figure 

 5-10B, there was no significant change in the level of the endogenous TUS15G8 mRNA 

before or after ethanol induction. 
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Figure 5-10: Expression of endogenous and plasmid-derived TUS15G8 gene RNA 

in transgenic CS tomato. 

Total nucleic acid was isolated from the leaf tissue of the three week old putative 

transgenic plants before and 24 hour after ethanol induction. RT-PCR assays were 

performed on the extracts using oligo (dT) primer for the RT step. In the PCR step, for 

the: A) plasmid-derived TUS15G8 gene expression, A17 and antiHGsite1 primers were 

used; B) endogenous TUS15G8 gene expression, A17 and antiA17 primers were used. A 

10 l aliquot of each PCR product before ethanol induction (upper panel) and 24 hour 

after ethanol induction (lower panel) was loaded and fractionated on a 2 % agarose gel. 

Lane Mk) Plasmid pTZ19R digested with HinfI loaded as a size marker; lanes 1-3) RT-

PCR products; lane Nc) PCR control without template. 

5.4 Discussion 

RNAi offers ample opportunities for functional analyses of genes (for review; see 

section  1.5.3). The studies described in this chapter represent a preliminary step in the 

application of RNAi knockdown technology to study the molecular basis of the V. 

dahliae/plant interactions described in this thesis. Since TUS15G8 is a defense response 

gene encoding an unknown protein, that was chosen because of its suppression in the 
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tolerant interaction, the use of an inducible system (Caddick et al., 1998; Salter et al., 

1998) was most appropriate for this type of study. This system will allow the flexibility 

of switching on and off, the expression of the target gene to investigate the possible 

reversal of phenotype (for review on ethanol inducible system, refer to section  1.5.3).  

The study in this chapter employed a recombination strategy to insert a TUS15G8 

or a Ve2 gene fragment into the parent vector, pMW4, to form the RNAi vectors. The 

strategy took advantage of the ccdB lethal gene for selection of positive clones. In an 

initial trial, CS tomatoes were transformed with A. tumefaciens EHA105 containing the 

inducible RNAi construct, pMW4-TUS15G8. The transformation efficiency was very 

low; only three putative transgenic plants, free of A. tumefaciens contamination, were 

obtained from around eighty cotyledons, and analyzed for the presence and expression of 

the transgene. The type, concentration, time of application of the inducing molecule and 

the spatial distribution of induced activity of the transgene in tomato had been previously 

investigated (Garoosi et al., 2005). In a dose-response study, Garoosi and coworkers 

(2005) found that, in transgenic plants expressing the CAT and GUS transgenes, optimal 

induction of expression was observed with the use of 0.1 % (v/v) ethanol. Similarly, in 

time course studies of transgenic tomato plants expressing the GUS gene, the optimal 

induction period after ethanol application was 24 hr (Lo et al., 2005).  In this chapter, 

transgene expression was induced by root drenching the three transgenic plants with 0.1 

% (v/v) ethanol. Nucleic acid extracts from leaves (three week old plants) were prepared 

before and 24 hr after induction and, the RT-PCR assays were performed to determine 

the expression of the transgene. No expression was detected either before or 24 hour after 

induction (Figure  5-10A). This result was further confirmed by investigating the down-
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regulation of the endogenous TUS15G8 gene with a similar RT-PCR assay. The 

expression of the endogenous TUS15G8 gene was detected in all the transgenic plants 

(Figure  5-10B), with no differences in the level of expression between induced and non-

induced treatments, indicating that the gene was not down-regulated.  

There have been several studies to explain the non expression of transgenes in 

transgenic plants. In some studies, gene silencing effects have been attributed to specific 

sequence duplication (Scheid et al., 1998; Meyer, 1996; Flavell, 1994; Assaad et al., 

1993) while, in other studies, positional effect (Reuter et al., 1990; Dean et al., 1988; 

Hagernann and Snoad, 1971) was given as the reason. In Craigella tomato, it has been 

demonstrated that the non-expression of the transgene may be accounted for by an active 

silencing mechanism (Chang, 2006; Chang et al., 2009). Chang and coworkers showed 

that the expression of a GUS reporter sequence under the PAL5 promoter was only 

detected in two of 28 transformants selected from two experiments. The findings also 

implicated DNA methylation as the probable cause of the gene silencing. A similar 

observation was made by Juarez Ayala in silencing the tomato Ve genes (Juarez Ayala, 

2008). 
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CHAPTER 6: General Conclusions 

6.1 Conclusions 

When Verticillium spp. infect CS tomato, three types of interactions; 

susceptibility, resistance or tolerance are possible. Previous studies in our laboratory have 

found an isolate of V. dahliae from eggplant, Dvd-E6 that can induce the tolerant state in 

CS or CR tomatoes. A tolerant interaction is characterized by high amounts of growth of 

the fungus and a low level of symptoms. The plants are more robust and taller than 

uninfected control plants of the same physiological stage. In these respects, isolate Dvd-

E6 resembles an endophyte. One of the notable characteristics of an endophyte is the 

ability to protect the host plant against a virulent pathogen. There are lots of fundamental 

questions associated with plant disease tolerance. Why does Dvd-E6; a pathogenic isolate 

on eggplant, induce a tolerant state in Craigella susceptible (CS) tomato? What accounts 

for the increased height in a tolerant plant? Why does a plant heavily colonized by Dvd-

E6, show fewer symptoms? Can tolerance be used to protect a host plant against virulent 

pathogens? What mechanism may underlie this protection? An understanding of these 

fascinating biological questions could increase our knowledge of tolerance as a plant 

defense strategy.  

This Ph.D. thesis research was undertaken towards seeking a better understanding 

of the cellular and molecular basis of plant disease tolerance in tomato and, in particular, 

its protective strategy. A previously studied Craigella/Dvd-E6 interaction was used as a 

tolerance model. To study mixed infections of Vd1 and Dvd-E6, a PCR/RFLP based 

assay was developed to differentiate and quantify both isolates.  To investigate the 

endophytic property of Dvd-E6 in protecting tomato against virulent Verticillium spp., 
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the assay was used for exploratory studies, as described in chapter 2. The results showed 

that Dvd-E6 protected CS plants from virulent Vd1 with a significant reduction in 

symptom level, and plants were taller than the uninfected control. More so, this 

observation correlated with the ability of Dvd-E6 to restrict Vd1 colonization in both the 

stem and root, when Dvd-E6 was inoculated first (Dvd-E6/Vd1) or simultaneously with 

(Dvd-E6+Vd1) Vd1. A preliminary effort was made to investigate the mechanism that 

might be involved in restricted Vd1 colonization. The ability of both isolates to grow 

together in culture plates was tested. Since the morphology of the two isolates is 

different, it allowed the differentiation of colonies from individual isolates on plates. The 

results obtained for diameter and numbers of colonies were the same for both isolates, 

indicating that the endophyte induced protection observed in tomato probably did not 

result from Dvd-E6 outgrowing or inhibiting Vd1.  

Global gene expression analyses using microarray hybridization and confirmed by 

RT-PCR assay indicated that some defense genes were induced at higher levels in a 

tolerant interaction with respect to a compatible interaction at 10 dpi, which suggested 

that a molecular interplay between Dvd-E6 and the tomato host may result in the 

differential restriction of Vd1 colonization. The microarray data also showed that Dvd-E6 

up-regulated some photosynthetic genes with respect to control plants, which may 

account for the increased height of a tolerant plant. Other alternatives for the increased 

plant height may include the down-regulation of genes involved in ethylene biosynthesis, 

such as ACC oxidase, since the level of ethylene production has a negative correlation 

with plant height (Buchanan et al., 2000); increased ethylene production in plants 

resulted in reduced plant height (Hiraki and Ota, 1975). Also, the effect of bZIP 
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transcription factor on the genes involved in the biosynthesis of the plant growth 

hormone, gibberellin, which has a positive correlation with plant height (Richards et al., 

2001). Other work presented in Chapter 2 investigated whether the protective effect 

would also restrict Vaa colonization; however, this seemed not to be the case as the 

CS//E6/Vaa plants had high levels of both symptoms and fungal DNA, comparable to the 

CS/Vaa interaction. This observation suggested that Dvd-E6 protection in tomato is range 

restricted. 

Chapter 3 examined the biological mechanism that may underlie the protective 

strategy. Previous studies have shown that the virulence of a pathogen depends on its 

ability to sporulate in the host plant (Schnathorst, 1981); the more spores are produced, 

the more these spores spread, germinate and colonize the xylem vessels of the plant 

leading to symptom expression. Based on this observation, an approach to collect and 

separate fungal spores was developed and used to compare Vd1 and Dvd-E6 spore and 

mycelia levels in the various interactions: CS/Vd1, CS//Vd1/Dvd-E6, CS//Dvd-E6/Vd1 

and CS/Dvd-E6. The results suggested that Dvd-E6 has a mycelial lifestyle producing 

few viable spores whether alone or in mixed infections. Conversely, Vd1 produced many 

spores when present alone in the plant and this may account for its increased virulence 

over Dvd-E6. However, the Vd1 and Dvd-E6 spore/mycelia ratios remained the same in 

the mixed infection interactions in spite of a significant reduction in the amounts of Vd1 

biomass, suggesting that the endophyte induced protection in tomato probably affects 

both Vd1 spores and mycelia. 

 Chapter 4 further examined the question whether there is interplay between Dvd-

E6 and the plant and, if so, what genes may be involved that could account for protection. 
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Both microarray, as well as, RT-PCR assay were used to examine gene expression in 

various Craigella/Verticillium interactions. The results obtained from the scatter plots 

indicated that tomato responds differently to the presence of the two isolates when 

present either alone or in mixed infections. Profile analyses revealed that the defense 

gene responses to V. dahliae may be characterized by four expression profiles. Vd1 was 

able to induce many defense genes at 5 dpi followed by suppression at 10 dpi, which may 

account for the substantial level of Vd1 colonization in susceptible plants at 10 dpi. 

Conversely, Dvd-E6 infection suppressed other defense genes, notably the ones related to 

disease expression; this may also account for the low level of symptoms observed in a 

tolerant interaction, as previously reported (Robb et al., 2007). However, Dvd-E6 also 

induced a limited number of Group 4 genes at a later time point. The overall results 

suggested that endophyte induced protection in tomato was brought about by Dvd-E6 in 

compromising the ability of Vd1 to suppress defense genes; hence, these genes which 

include; the PR-2, PR-3, PR-5, PR-10, PR-6 families of proteins as well as peroxidase 

(PR 9) and genes involved in signal transduction such as MAPK remained induced. 

These genes have been reported to play important roles in defense responses (Castroverde 

et al., 2009). The presence of these gene products may alter the vascular environment to 

inhibit Vd1 sporulation, conidial germination and growth of mycelia in mixed infections, 

as suggested in Chapter 3. The microarray data also indicated similarities between 

expression profiles between: Group 2 genes and disease scores at 5 dpi, Group 3 genes 

and total amounts of V. dahliae biomass as well as Group 3 genes and amount of Dvd-E6. 

The significance and actual relationship between the expression profiles and the observed 

phenotypes require functional analyses to identify key target genes which may be critical 
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to defence or pathogenesis and may be useful in developing bioassays for susceptibility, 

resistance or tolerance. 

The results presented in Chapter 4 also examined the effect of the presence of the 

Ve1
+
 allele on the defense gene responses. CR isolines were infected with Vd1 and 

mRNA levels were compared relative to CR controls by microarray analyses. The 

biological results obtained showed that the presence of the Ve1
+
 resistance gene resulted 

in drastic restriction of Vd1 colonization and in the presence of Dvd-E6 in mixed 

infection, Vd1 was completely eliminated from the plant stem. Unlike in the CS 

microarray results, where the presence of Vd1 in the compatible interaction led to 

induction of defense genes at 5 dpi, the CR results indicated that most of the genes were 

not induced at both sampling times. This observation suggested that the level of defense 

gene products may be higher in healthy CR plants than CS. This idea was further tested 

by comparing the basal mRNA levels of CR and CS isolines. The results obtained 

indicated that the basal level of defense proteins present in CR plants was higher and the 

results suggest the basal level may be sufficient for the defense response.   

To obtain a better idea of function of the various defense genes examined in 

Chapter 4, a preliminary step to develop inducible RNAi silencing vectors was 

undertaken. The Ve2 gene that encodes a putative receptor and a gene for an unknown 

protein, TUS15G8, were chosen for this purpose. Results in Chapter 5 showed a 

successful construction of ethanol inducible RNAi vectors; pMW4-TUS15G8 and 

pMW4-Ve2. An attempt was made also to use the pMW4-TUS15G8 vector for an 

Agrobacterium-mediated tomato transformation. Four putative transformed plants were 

generated but only three of them contained the transgene. None of these plants were 
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expressing the RNAi knockdown, since the level of mRNA of the transgene was not 

detected and also expression of the endogenous genes remained unchanged before and 

after ethanol induction. 

From the results of this thesis work, future considerations may include 

optimization of the Agrobacterium-mediated tomato transformation protocol, since the 

efficiency of regeneration was low in these studies. This will enable the regeneration of 

more transgenic plants that could allow functional analyses to be made more effectively. 

The expression assay for testing the induction of transgene also needs to be standardized. 

Once this assay is established, it will allow specific biological investigations to be made 

which may include the nature of the biochemical compounds involved in targeting Vd1 

spores and inhibiting mycelial growth in mixed infections, as suggested in Chapter 3. 

Also, it may be used to confirm the effect of the Ve1
+
 allele in CS as well as determine 

the roles TUS15G8 and other key defense genes of interest, whose mRNA levels in the 

various interactions suggested important roles in tolerance and endophyte-induced 

protection. Understanding the mechanism by which Dvd-E6 prevents Vd1 gene 

suppression, as suggested in chapter 4, could lead to a better understanding of 

Verticillium pathogenesis.  

6.2 Agricultural potentials  

Resistance to Vd1 has been linked to Ve resistance alleles; but these alleles do not 

confer resistance to V. dahliae race 2. More so, there are other agriculturally important 

plants such as potato where resistance genes against Verticillium pathogens have not been 

found. This thesis work raises some important observations about plant disease tolerance 

that could have potential agricultural significance. The results obtained showed that Dvd-
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E6-induced tolerance can protect CS tomato against virulent Vd1 by blocking its ability 

to suppress defense genes in mixed interactions, leading to the up-regulation of the genes 

that play important roles in plant defense. The Dvd-E6-induced tolerance was suggested 

to involve a molecular interplay between Dvd-E6 and the plant, not Dvd-E6 physically 

restricting Vd1 colonization. Therefore, understanding the mechanisms by which Dvd-E6 

blocks Vd1 gene suppression can aid our knowledge towards the development of plants 

capable of mimicking Dvd-E6 induced tolerance, even without the presence of either 

Dvd-E6 or the resistance gene, thereby protecting susceptible plants against Verticillium 

pathogens. This initiative can also be extended to other plants where there is no known 

resistance gene against Verticillium infections. Furthermore, identification of some key 

defense genes whose expression profiles correlate with symptom development or the 

amount of Verticillium DNA as suggested in Chapter 4 can lead to the development of 

biomarkers for susceptibility, resistance or tolerance.  
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6.3 Further technological advances 

Proteomic studies: The results in Chapter 4 suggested different mRNA levels of defense 

genes in response to V. dahliae infections. Since the level of mRNA may not correlate 

with the actual translated protein, proteomic studies can be undertaken to investigate 

whether the expression of some of these defense genes correlate with the actual amount 

of proteins. The results from this type of study can be a guide in choosing genes for 

functional analysis. This also may increase our understanding of pathogenesis of 

Verticillium spp. and other vascular pathogens as well as of plant defence responses. 

Cytological studies: Plant resistance to Verticillium spp. attack is characterized by both 

biochemical and structural defense responses. The vascular coating response is one of the 

mechanisms proposed in Chapter 3 for endophyte induced protection. Cytological studies 

to measure coating initiation, coating suppression and fungal escape (Chen et al., 2004) 

in all the various interactions may also provide insights into the nature of possible 

structural defense strategy involved in the endophyte-induced protection. 

In summary, collectively, the results in this thesis work show that Dvd-E6 

behaves as an endophyte and also protects tomato against pathogenic Vd1, but not Vaa. A 

molecular interplay between CS tomato and Dvd-E6 results in restricting Vd1 

colonization from the plant, leading to reduction in symptom expression level.  The 

pathogenesis of Vd1 may partly involve defence gene suppression, which was blocked by 

Dvd-E6 in mixed interactions. The induction of genes in such mixed interactions may 

alter the vascular environment that selectively target Vd1 spores and inhibit mycelial 

growth. This may account for the reduced level of symptom expression observed in the 

endophyte-induced protection in CS tomato. The presence of the Ve1
+
 allele in the CR 
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isoline restricted Vd1 colonization and resulted in basal levels of defense gene proteins 

which is sufficient for defense response. Whether the observations in this thesis are true 

also for other fungal endophyte/host interactions will require further studies. In the 

interim, unlike several studies which have focused mainly on compatible or/and 

incompatible interactions, this thesis work is a contribution towards increasing our 

understanding of tolerance to Verticillium dahliae with respect to its protective 

mechanism in tomato.  
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APPENDIX II: Conversion Factors  

(A) Conversion from Vd1 or Vaa standard curve values to ng fungal DNA/g 

plant tissue 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  3076.923 =
1000 ×  20

6.5
 

Where: 

 1000: Factor to convert from mg to g plant tissue. 

 6.5: Factor from the starting plant material (as explained in the table 

below). 

 20: Dilution factor from PCR (5 ul) to the total nucleic acid extraction 

stock (100 ul). 

 

 

(B) Correction factor for the short Vd1 DNA restriction fragment 

Dvd-E6 intact fragment: 691 bp 

Vd1 restriction fragments: 584 and 107 bp 

To account for the short Vd1 DNA restriction fragment not seen on agarose gel, 

multiply Vd1 molecular analyst area by the correction factor. 

Correction factor=1.18=
691

584
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(C) Conversion factor for calculating number of spores/ml/g plant tissue 

Protocol 

1) Add 0.15 g a pool of plant stem tissues (top 2/3 stem of 3 plants/pool) inti a 

mortar. 

2) Add 1 ml of autoclaved H2O added. 

3) Ground 100 times with a pestle. 

4) Add a drop (25 ul) of spore suspension on a hemacytometer groove and allow 

settling for 2-3 min. 

5) Count the number of spores under the microscope. 

6) Find average of 3 counts per replicate for 3 replicates. 

 

Number of spores/ml: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓
𝑠𝑝𝑜𝑟𝑒𝑠

𝑚𝑙
= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑜𝑓 3 𝑒𝑚𝑎𝑐𝑦𝑡𝑜𝑚𝑒𝑡𝑒𝑟 𝑠𝑝𝑜𝑟𝑒 𝑐𝑜𝑢𝑛𝑡𝑠 ×  25 × 104 

Number of spores/ml/g plant tissue 

0.15 g of plant tissue = y number of spores in 1 ml 

0.15 g of plant tissue = y number of spores 

1g of plant tissue = y number of spores × 6.67 

Conversion factor = 6.67 

 

Number of spores/ml/g plant tissue= 6.67 × number of spores/ml 
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APPENDIX III: Raw Data for Calculating Vd1 and Vaa Standard 

Curves 

 

Raw Data for Vd1 Standard Curve (0.1 pg Internal Control) 

          

 
REPLICATE 1 REPLICATE 2 REPLICATE 3 

Int. Ctrl. F C F/C F C F/C F C F/C 

(pg) 
   

    100 372 59 6.30 265 53 5.00 133 31 4.30 

50 374 72 5.20 299 65 4.60 133 31 4.30 

10 302 89 3.40 248 73 3.40 93 30 3.10 

5 275 106 2.60 163 68 2.40 97 39 2.50 

1 147 105 1.40 83 64 1.30 12 42 0.30 

1 79 113 0.70 42 70 0.60 25 50 0.50 

0 22 114 0.20 16 80 0.20 6 42 0.14 

 

Vd1 Standard Curve (0.1 pg Internal Control) 

         

  
Average 

Rep. 1 Rep. 2 Rep. 3 Average SD 
 

Int. Ctrl. Average Std. Dev. 

    
(pg) 

  

      6.30 5.00 4.30 5.20 1.01 
 

100 5.20 1.01 

5.20 4.60 4.30 4.70 0.46 
 

50 4.70 0.46 

3.40 3.40 3.10 3.30 0.17 
 

10 3.30 0.17 

2.60 2.40 2.50 2.50 0.10 
 

5 2.50 0.10 

1.40 1.30 0.30 1.00 0.61 
 

1 1.00 0.61 

0.70 0.60 0.50 0.60 0.10 
 

1 0.60 0.10 

0.20 0.20 0.14 0.18 0.03 
 

0 0.18 0.03 

 

Raw Data for Vaa Standard Curve (0.1 pg Internal Control) 

          

 
REPLICATE 1 REPLICATE 2 REPLICATE 3 

Int. Ctrl. F C F/C F C F/C F C F/C 

(pg) 
   

    100 237 53 4.47 338 66 5.12 213 47 4.53 

50 298 68 4.38 395 92 4.29 341 75 4.55 

10 279 86 3.24 368 114 3.23 418 112 3.73 

5 220 91 2.42 298 142 2.10 377 115 3.28 

1 137 117 1.17 195 168 1.16 165 156 1.06 

1 94 130 0.72 134 178 0.75 99 152 0.65 

0 26 147 0.18 65 192 0.34 28 160 0.18 
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Vaa Standard Curve (0.1 pg Internal Control) 

         

  
Average 

Rep. 1 Rep. 2 Rep. 3 Average SD 
 

Int. Ctrl. Average Std. Dev. 

    
(pg) 

  

     4.47 5.12 4.53 4.71 0.36 
 

100 4.7 0.25 

4.38 4.29 4.55 4.41 0.13 
 

50 4.42 0.11 

3.24 3.23 3.73 3.40 0.29 
 

10 3.4 0.72 

2.42 2.10 3.28 2.60 0.61 
 

5 2.6 0.61 

1.17 1.16 1.06 1.13 0.06 
 

1 1.13 0.06 

0.72 0.75 0.65 0.71 0.05 
 

1 0.71 0.05 

0.18 0.34 0.18 0.23 0.09 
 

0 0.23 0.01 
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APPENDIX IV: Log2 Ratios of CS Defence Genes 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS24M23 1.22 0.31 0.13 0.51 -0.53 0.25 -0.76 0.20 -1.57 0.40 -1.22 0.44 -2.12 0.74 -1.06 0.23 -1.22 0.39 -2.05 0.35

TUS24O20 3.64 0.99 -0.14 0.13 1.22 0.85 1.25 0.58 0.37 0.18 0.33 0.13 -0.16 0.85 0.90 0.41 1.50 0.47 -0.32 0.25

TUS24P20 2.24 0.23 0.53 0.50 0.00 0.22 0.51 0.44 -0.95 0.39 -0.65 0.25 -1.60 0.43 0.35 1.00 1.05 0.36 -1.36 0.48

TUS25F20 1.82 0.53 -0.83 0.74 0.81 1.00 0.98 0.43 0.54 0.75 0.52 0.41 -0.05 0.35 0.54 0.48 1.73 0.48 0.38 0.31

TUS25J1 1.38 0.47 -0.55 0.79 0.19 0.51 -0.30 0.30 -0.12 0.21 0.03 0.38 -0.22 0.68 0.06 0.48 1.15 0.38 -0.25 0.19

TUS25N21 3.10 0.75 -0.13 0.66 1.69 0.68 1.12 0.63 0.19 0.59 0.16 0.45 -0.51 0.35 1.37 0.56 2.36 0.54 -0.17 0.47

TUS25N22 2.37 0.46 -0.26 0.97 -0.05 0.45 1.26 0.53 1.25 0.70 0.16 0.58 -0.55 0.27 0.59 0.60 0.66 0.14 -0.32 0.31

TUS25O20 2.17 0.44 -1.16 1.06 -0.18 0.44 0.62 0.58 0.01 1.24 -0.19 0.41 -0.93 0.56 0.05 0.45 0.19 0.27 -0.89 0.25

TUS25O21 2.04 1.04 -1.57 0.58 -0.46 1.16 0.73 0.39 0.35 0.34 -0.54 0.80 0.87 0.58 0.38 0.80 0.89 0.64 0.14 0.54

TUS26A2 1.59 0.33 0.65 0.35 0.02 0.24 -0.64 0.19 -1.43 0.45 -0.85 0.41 -1.90 0.79 -0.78 0.30 -0.84 0.37 -1.90 0.37

TUS26B14 2.48 0.90 -1.66 0.95 0.03 0.74 0.81 0.50 0.92 0.54 0.30 0.82 0.00 0.50 0.09 0.75 1.36 0.80 -0.59 0.41

TUS26E8 0.65 0.22 -1.26 0.58 -0.13 0.20 -0.54 0.24 -0.99 0.33 0.15 0.33 -1.04 0.32 -0.34 0.22 -0.60 0.43 -1.14 0.40

TUS26F20 4.48 0.43 3.91 0.86 1.36 0.47 0.69 0.61 -0.64 0.52 0.04 0.21 -0.95 0.41 2.11 0.88 1.97 0.38 -1.37 0.35

TUS26I13 3.00 1.48 0.59 0.24 1.48 0.41 0.86 1.08 0.84 1.91 1.17 0.93 0.14 0.60 0.27 0.65 1.91 0.49 -0.07 0.64

TUS26M24 1.84 0.22 1.53 0.62 0.41 0.16 -0.01 0.47 -0.59 0.33 -0.22 0.43 -1.39 0.47 0.21 0.77 0.18 0.25 -1.42 0.48

TUS26N21 2.14 0.18 0.75 0.50 -0.01 0.25 -0.49 0.54 -1.62 0.40 -1.24 0.43 -2.46 0.69 -0.49 0.74 -0.57 0.35 -2.49 0.31

TUS26O20 2.99 1.86 -1.53 0.44 1.91 0.96 1.13 1.19 1.16 0.47 -0.01 0.50 0.48 0.78 0.26 0.86 1.14 0.35 0.13 0.40

TUS26O21 3.98 1.46 -0.21 0.44 0.95 1.41 1.60 1.02 -0.07 1.94 0.25 0.63 0.52 0.28 0.22 0.58 1.81 0.62 0.41 0.37

TUS26O22 1.64 0.68 -1.71 1.15 1.22 0.39 0.52 0.27 0.02 1.29 0.11 0.71 -0.23 0.89 0.25 0.74 1.17 0.40 -0.60 0.32

TUS27A5 3.33 0.29 2.42 0.56 1.18 0.39 0.43 0.36 -0.56 0.39 -0.21 0.35 -0.78 0.39 1.77 0.73 1.92 0.51 -0.97 0.25

TUS27G24 1.41 0.27 -0.46 0.12 -0.12 0.21 -0.51 0.28 -1.50 0.29 -0.97 0.62 -2.01 0.83 -0.73 0.47 -0.19 0.71 -2.01 0.37

TUS27N11 2.24 0.79 -1.02 0.52 1.10 0.42 1.44 0.88 0.06 1.43 -0.60 0.33 -0.43 0.29 0.58 0.45 1.04 0.38 -0.16 0.99

TUS27N24 2.46 0.49 -0.65 0.75 0.89 0.66 1.39 0.86 -0.61 0.94 -0.43 0.40 0.30 0.15 1.15 0.84 1.66 0.31 0.15 0.52

TUS27O21 0.48 0.22 -2.05 0.73 -2.72 0.25 -0.62 0.21 -1.80 0.31 -0.87 0.43 -2.45 0.59 -1.97 0.60 -2.30 0.41 -2.08 0.34

TUS35I4 2.11 0.49 -0.95 0.69 1.24 0.55 0.65 0.44 0.20 0.81 0.34 0.43 0.40 0.31 0.65 0.60 1.60 0.24 0.61 0.55

TUS35J1 1.78 0.67 0.53 0.66 1.51 1.49 0.35 0.61 -0.12 0.98 0.57 0.66 0.12 0.43 1.41 0.71 1.25 0.46 -0.42 0.35

TUS35J9 1.87 0.63 -1.04 0.68 2.18 1.24 0.31 0.46 0.52 0.72 0.04 0.66 0.24 0.64 0.43 0.78 1.14 0.56 -0.39 0.49

TUS35N2 1.66 0.31 0.07 0.44 0.09 0.21 -0.26 0.34 -1.29 0.31 -0.51 0.49 -1.63 0.70 -0.74 0.46 -0.13 0.60 -1.63 0.44

TUS36B3 2.49 0.94 -1.05 0.70 -0.07 0.74 0.60 0.33 0.55 0.45 -0.35 0.33 -0.04 0.40 0.35 1.19 0.73 0.35 -0.16 0.32

10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E65CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6
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TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS36D8 2.08 0.67 -1.98 1.23 1.31 0.99 -0.09 0.62 -0.63 0.67 1.49 0.82 -0.37 0.19 -0.47 0.62 1.53 0.75 -0.36 0.48

TUS36F9 1.17 0.37 0.08 0.94 0.06 0.25 0.06 0.31 -1.11 0.39 0.36 0.17 -1.57 0.63 -0.63 0.40 -1.16 0.43 -1.37 0.39

TUS36K18 2.63 0.57 1.37 0.67 0.70 0.20 0.15 0.34 -0.72 0.51 0.50 0.73 -0.80 0.58 2.62 1.17 2.00 0.76 -1.26 0.76

TUS36P18 1.85 0.43 -0.91 0.56 0.06 0.30 -0.28 0.38 -0.91 0.47 -0.90 0.37 -1.61 0.64 -0.31 0.43 0.32 0.34 -1.64 0.44

TUS37A13 1.21 0.23 -2.35 0.66 -0.24 0.27 -0.63 0.24 -1.41 0.39 -1.12 0.32 -2.03 0.55 -0.94 0.58 -0.23 0.36 -1.57 0.42

TUS37B12 0.94 0.22 -0.10 0.57 -0.05 0.23 -1.17 0.29 -1.45 0.32 -1.28 0.34 -2.38 0.60 -0.70 0.47 -0.25 0.21 -2.42 0.38

TUS37F14 3.50 1.20 -0.94 0.62 0.65 0.64 1.42 1.03 0.39 0.58 0.97 1.38 0.11 0.63 0.02 0.60 2.01 0.54 0.36 0.28

TUS37J6 2.16 0.48 -0.44 0.47 0.13 0.21 0.88 0.71 0.02 0.91 0.78 1.04 -0.40 0.37 0.01 0.66 1.16 0.39 -0.64 0.34

TUS37P20 2.60 0.71 -0.73 0.85 0.23 0.17 0.66 0.98 0.23 0.87 0.05 0.13 -0.65 0.48 0.74 1.57 1.08 0.36 -0.84 0.45

TUS39A12 2.30 1.02 -1.33 0.63 0.45 0.29 0.41 0.61 0.15 0.46 0.42 0.67 -0.40 0.45 -0.11 0.91 1.10 0.37 -0.53 0.39

TUS39A18 1.76 0.51 0.23 1.29 0.99 0.39 0.12 0.21 -0.91 0.37 0.84 0.46 -1.34 0.54 0.16 0.69 0.55 0.39 -1.17 0.63

TUS39P17 3.95 6.53 -0.51 1.72 0.47 1.07 2.78 1.30 1.26 1.03 -0.11 1.21 1.31 0.67 0.94 1.99 2.57 0.71 1.29 0.91

TUS39P18 3.02 1.42 -1.25 0.90 2.11 1.77 0.71 0.83 0.57 0.84 -0.31 1.06 1.20 0.24 2.06 1.37 2.06 0.74 1.74 0.96

TUS40A19 -0.20 0.52 -0.94 1.06 -0.37 1.40 0.32 0.98 -0.67 1.40 -1.14 0.95 0.18 0.30 -0.48 0.67 1.38 0.91 1.17 0.91

TUS40D22 5.44 0.25 5.52 0.49 5.25 0.40 1.94 0.41 1.18 0.41 2.47 0.59 2.16 1.01 3.57 1.88 5.33 0.71 0.75 1.13

TUS40I14 5.96 0.23 5.81 1.19 5.80 0.46 2.57 0.58 1.72 0.52 3.01 0.78 2.94 0.97 4.78 1.30 6.20 1.02 1.21 0.88

TUS43B9 0.04 0.28 -2.22 0.31 -1.33 0.17 -1.06 0.28 -1.00 0.32 -0.74 0.30 -1.60 0.30 -0.85 0.27 -0.46 0.20 -1.27 0.30

TUS43E17 2.10 0.42 -1.59 0.33 0.85 0.96 0.21 0.52 0.29 0.58 1.20 1.39 0.13 0.45 -0.02 0.68 1.82 0.55 -0.04 0.39

TUS43H15 0.84 0.36 0.21 1.10 1.25 0.71 0.61 0.24 -0.30 0.98 1.63 0.61 0.47 0.54 0.70 0.77 0.38 0.24 0.72 0.65

TUS20J1 1.58 0.39 -0.96 0.59 0.50 0.31 0.79 0.76 -0.47 0.57 0.35 0.61 -0.19 0.19 1.83 1.36 2.13 0.58 0.16 0.27

TUS21K23 1.73 0.64 0.00 1.78 0.06 0.86 0.69 0.86 -0.01 1.26 -0.69 0.51 -0.27 0.26 0.01 0.45 0.94 0.54 -0.56 0.37

TUS21K23 1.08 0.19 -1.44 0.57 -0.68 0.21 -1.00 0.30 -1.66 0.37 -1.75 0.44 -2.50 0.61 -1.08 0.45 -0.95 0.52 -2.29 0.44

TUS23F2 -0.28 0.35 -1.94 0.49 -0.55 0.22 0.36 0.40 -0.14 0.49 -0.73 0.31 -0.25 0.26 -0.05 0.48 0.49 0.43 0.04 0.40

TUS23H10 2.83 0.63 0.41 1.08 0.96 0.59 1.18 0.87 -0.10 1.07 1.60 0.47 0.82 0.63 1.34 0.79 1.76 0.67 0.53 0.54

TUS24H21 2.87 0.68 0.98 0.32 0.62 1.32 0.23 0.80 0.06 0.69 -0.54 0.61 -0.06 0.39 0.29 0.53 1.26 0.44 -0.53 0.49

TUS25O13 2.34 0.62 -0.04 0.71 1.86 0.28 0.86 0.66 -0.23 0.92 1.92 0.52 0.49 0.20 0.34 0.56 2.40 0.43 0.16 0.56

TUS27E21 1.98 0.31 -0.21 0.44 0.46 0.09 0.43 0.38 -0.06 1.01 0.53 0.35 -0.68 0.25 0.36 0.46 0.91 0.43 -0.33 0.31

TUS27O8 2.14 0.30 -0.61 0.31 0.38 0.23 -0.07 0.29 -0.95 0.66 -0.66 0.58 -1.46 0.57 -0.35 0.74 0.29 0.38 -1.41 0.43

TUS40C15 1.31 0.68 -1.61 1.18 0.49 0.83 0.78 0.76 -0.03 1.01 -0.15 1.63 0.09 0.39 -0.30 0.46 1.38 0.56 -0.14 0.45

TUS44B17 2.71 0.64 -1.19 1.56 0.11 0.75 -0.41 0.29 1.05 0.80 0.58 1.40 -0.56 0.31 0.29 0.80 1.46 0.48 -0.20 0.36

NP24 3.61 0.44 1.32 0.88 2.24 0.54 1.08 0.34 0.77 0.94 3.02 0.55 1.44 0.36 2.62 0.88 4.12 0.40 2.16 0.49

Ve2N -0.14 0.26 -0.41 0.64 0.03 0.57 0.04 0.33 -0.61 0.33 -0.55 0.25 -0.06 0.48 0.05 0.74 0.23 0.28 0.02 0.53

Actin2 0.96 0.24 0.33 0.34 0.08 0.28 -0.48 0.18 -0.58 0.43 0.74 0.57 -0.73 0.52 -0.40 0.66 -0.40 0.23 -0.66 0.48

Ve2N -0.09 0.28 -0.80 0.49 -0.24 0.59 -0.26 0.35 -0.43 0.49 -0.53 0.27 0.04 0.74 -0.12 0.49 0.35 0.29 -0.06 0.39

Ve2N-2 -0.09 0.26 -0.75 0.66 -0.62 0.38 -0.52 0.38 -0.44 0.60 -0.33 0.47 -0.76 0.23 -0.77 0.40 0.02 0.30 -0.50 0.35

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6

 



 

 

2
2

0
 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

Ve2N -0.03 0.51 0.05 0.82 -0.35 0.37 -0.07 0.38 -0.03 0.51 -0.35 0.20 -0.25 0.28 -0.20 0.68 0.32 0.27 -0.13 0.33

Ve2N-2 -0.40 0.34 -1.01 0.34 -0.70 0.61 -0.74 0.28 -0.61 0.35 -0.65 0.43 -0.81 0.33 -0.70 0.43 -0.02 0.33 -0.46 0.44

NP24 3.46 0.55 0.53 0.72 3.57 1.30 0.91 0.34 1.10 0.84 1.91 0.48 1.48 0.55 3.06 1.25 4.15 0.57 2.09 0.76

Ve2N-2 -0.13 0.29 -1.75 0.26 -0.58 0.44 -0.68 0.22 -0.77 0.37 -0.88 0.44 -0.86 0.24 -0.63 0.50 0.19 0.41 -0.53 0.26

TUS17J9 4.23 0.41 0.71 1.34 3.41 0.49 0.87 0.36 0.08 0.53 0.99 0.80 0.74 0.37 1.53 0.89 3.35 0.94 0.57 0.55

TUS17K8 2.53 1.28 -0.87 0.76 0.45 0.74 1.29 0.75 0.42 0.75 0.23 0.77 0.45 0.28 2.02 0.83 3.16 0.87 1.02 0.74

TUS17N11 4.54 0.25 3.91 2.57 5.13 1.76 1.91 0.55 1.39 0.63 2.85 1.28 2.16 1.04 5.60 2.38 5.98 1.58 1.50 0.98

TUS17O13 4.06 0.79 0.84 1.05 3.58 0.98 1.45 0.41 1.03 0.38 2.48 1.06 0.39 0.26 3.33 2.00 5.10 1.29 2.21 1.34

TUS17P6 3.98 0.38 0.88 1.71 3.22 0.69 1.25 0.48 0.73 0.34 2.31 0.78 1.66 1.49 3.29 1.68 4.56 1.50 2.43 1.05

TUS19E6 1.85 0.32 -0.03 1.25 0.56 0.27 -0.63 0.49 -1.47 0.33 -1.04 0.63 -1.74 0.81 -0.37 0.45 0.06 0.88 -1.60 0.50

TUS19L21 1.30 0.33 -0.75 1.14 0.73 0.29 -0.61 0.51 -1.17 0.32 -0.75 0.42 -1.55 0.67 -0.08 0.41 0.77 0.77 -1.71 0.42

TUS20E9 1.08 0.28 -1.39 1.19 0.03 0.22 -0.91 0.53 -1.72 0.32 -1.54 0.51 -2.01 0.69 -0.74 0.41 -0.84 0.45 -1.90 0.35

TUS20I20 3.12 0.54 -1.63 0.79 1.35 0.72 0.99 0.64 0.12 0.35 0.04 0.66 -0.14 0.63 1.34 1.04 2.02 0.89 -0.18 0.90

TUS21D9 0.32 0.23 -0.59 1.21 0.21 0.26 -1.10 0.62 -1.57 0.33 -0.54 0.82 -1.70 0.77 -0.68 0.45 0.31 0.63 -1.98 0.46

TUS21E16 3.65 0.41 1.93 2.09 4.31 0.81 0.84 0.36 1.05 0.39 2.43 0.94 2.10 0.90 3.76 1.91 4.63 0.91 1.79 0.97

TUS21E18 0.51 0.28 -0.03 1.24 0.03 0.63 -1.07 0.24 -1.23 0.38 -0.06 0.71 -1.63 0.72 -0.21 0.49 0.66 0.65 -1.60 0.55

TUS21M23 1.63 0.33 -0.74 0.69 0.77 1.18 0.19 0.35 -0.19 0.49 1.05 1.12 -0.29 0.34 2.06 1.82 2.15 0.45 0.67 0.90

TUS21N18 3.49 0.47 -0.80 0.98 1.29 1.29 1.29 0.46 -0.04 0.78 -0.58 0.26 -0.02 0.16 1.69 1.29 2.19 0.60 -0.19 0.27

TUS22A3 2.10 0.49 -2.13 0.90 0.86 1.19 1.19 0.43 -0.62 0.69 0.42 0.55 -0.05 0.67 0.14 0.63 1.80 0.88 -0.12 0.53

TUS22I11 1.35 0.75 -1.48 0.57 0.63 0.41 -0.02 0.38 -0.53 0.48 -0.25 0.65 -0.24 0.71 0.39 0.31 1.01 0.43 -0.43 0.46

TUS22J17 1.60 0.30 -0.52 1.12 0.39 0.29 -0.50 0.62 -1.36 0.36 -0.70 0.66 -1.45 0.73 -0.16 0.40 -0.23 0.55 -1.41 0.38

TUS23A21 1.56 0.31 -1.29 0.84 0.12 0.23 -0.28 0.45 -0.86 0.20 -1.42 0.41 -0.83 0.23 -0.30 0.56 0.63 0.38 -1.07 0.29

TUS23I8 1.50 0.33 -0.47 0.64 0.53 0.46 -0.82 0.49 -1.05 0.67 -0.82 0.47 -1.88 0.40 -0.19 0.80 0.70 0.57 -1.75 0.43

TUS23N9 1.56 0.25 -0.36 0.90 0.09 0.31 -0.71 0.25 -1.48 0.41 -0.97 0.77 -1.88 0.70 -0.30 0.60 -0.67 0.40 -1.70 0.41

TUS24G7 4.79 0.33 2.47 0.83 1.60 0.63 0.19 0.27 -0.51 0.34 -1.00 0.24 -0.48 0.13 2.83 1.05 2.05 0.54 -1.13 0.38

TUS24I10 5.47 0.46 3.66 1.07 3.03 1.17 0.38 0.20 -0.50 0.64 -0.71 0.32 -0.50 0.41 2.82 1.23 2.39 0.67 -1.31 0.42

TUS24K19 0.84 0.30 -1.85 0.86 -0.67 0.22 -0.94 0.40 -1.84 0.39 -1.42 0.59 -2.47 0.55 -1.06 0.37 -1.08 0.37 -2.23 0.27

TUS24L20 0.59 0.25 -1.86 0.89 -0.43 0.18 -0.77 0.45 -1.84 0.29 -0.64 0.32 -1.90 0.47 -1.14 0.32 -1.55 0.21 -1.46 0.28

TUS34J12 0.57 0.29 -2.48 0.54 0.00 0.18 -1.36 0.47 -1.65 0.35 -0.37 0.28 -1.78 0.38 -0.66 0.42 -0.70 0.46 -1.51 0.31

TUS34K10 0.82 0.29 -1.94 0.94 -0.45 0.15 -1.10 0.56 -1.93 0.34 -1.97 0.17 -2.49 0.58 -1.04 0.30 -1.10 0.43 -2.16 0.29

TUS34K19 2.56 0.76 -1.45 0.86 0.91 0.45 -0.05 0.57 -0.92 0.90 0.33 0.58 -0.94 0.32 0.25 0.51 0.88 0.53 -0.95 0.54

TUS34L19 2.95 1.34 -1.02 0.77 0.09 0.87 1.06 0.76 -0.68 0.93 -0.36 0.31 -0.56 0.37 1.92 0.92 1.47 0.44 -0.42 0.30

TUS34M3 1.77 0.64 -1.41 0.77 0.50 0.44 0.09 0.69 -0.79 0.53 -0.65 0.42 -0.50 0.19 0.16 0.45 0.89 0.37 -0.71 0.48

TUS34M11 1.39 0.32 -0.89 0.70 0.13 0.31 -0.64 0.52 -1.47 0.41 -1.23 0.49 -2.08 0.75 -0.43 0.76 -0.29 0.57 -1.91 0.44

TUS34M12 2.57 1.31 -0.97 1.00 0.27 0.24 1.61 0.76 -0.28 0.67 -0.32 0.26 0.13 0.19 0.54 0.78 1.21 0.32 -0.20 0.24

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6
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2
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TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS34N18 3.07 0.51 -0.57 0.84 1.20 0.67 0.16 0.64 0.06 0.99 -0.49 0.42 -0.60 0.24 2.05 1.37 1.42 0.47 -0.69 0.39

TUS34N20 2.84 0.99 -1.36 1.50 0.92 0.58 0.69 0.75 -0.12 0.80 -0.16 0.33 -0.69 0.27 1.25 1.19 1.58 0.75 -0.60 0.45

TUS34N23 1.59 0.53 -0.23 0.51 0.65 0.36 -0.71 0.65 -1.04 0.36 -0.67 0.21 -1.39 0.46 0.34 0.37 0.99 0.47 -1.43 0.30

TUS34N6 1.38 0.21 -1.07 0.99 0.09 0.20 -0.76 0.48 -1.39 0.41 -1.13 0.51 -1.95 0.50 -0.48 0.49 -0.27 0.65 -1.88 0.35

TUS34N7 3.21 1.50 -0.86 1.05 0.46 0.95 0.16 0.39 0.16 1.76 -0.16 0.52 -0.16 0.19 0.65 0.83 0.94 0.45 0.26 0.54

TUS34O3 3.04 0.62 -0.28 0.52 1.41 0.79 0.54 0.61 0.71 0.04 0.35 0.49 -0.45 0.38 1.39 0.48 1.33 0.24 -0.43 0.50

TUS34O19 2.34 0.70 -0.82 0.81 1.75 0.97 0.17 0.26 -0.22 0.44 0.72 0.45 -0.59 0.13 0.83 0.77 1.10 0.51 -0.40 0.47

TUS35A7 1.87 0.41 -1.50 0.82 0.89 0.35 0.30 0.30 -0.70 0.93 -0.06 0.62 -0.90 0.14 0.49 0.66 1.09 0.52 -0.58 0.54

TUS35A11 2.12 0.76 -0.61 0.60 0.81 0.41 0.18 0.42 -0.78 0.52 0.51 0.80 -0.74 0.20 1.61 0.83 1.13 0.36 -0.31 0.56

TUS35B4 1.83 0.67 -1.38 0.55 1.11 2.02 0.44 1.04 -0.32 1.06 -0.77 0.42 0.32 0.37 0.77 0.93 1.43 0.41 0.12 1.01

TUS35B13 3.09 1.08 -1.18 0.92 1.10 1.39 0.61 1.12 0.58 1.55 -0.12 0.39 0.03 0.47 0.97 1.52 2.14 0.85 0.16 0.40

TUS35B24 2.05 0.58 -0.95 0.81 1.77 1.73 0.76 1.22 -0.07 0.90 0.32 0.72 -0.45 0.57 0.49 0.52 1.01 0.30 -0.43 0.45

TUS35E4 2.34 1.48 -1.20 0.71 1.51 1.65 0.24 0.96 1.26 0.61 0.30 0.89 -0.23 0.67 1.51 1.24 0.96 0.44 0.19 1.11

TUS35E7 1.52 0.64 -1.52 0.93 1.39 0.96 0.93 1.05 -0.04 0.78 -0.34 0.47 0.00 0.49 0.41 0.58 0.87 0.52 0.01 0.39

TUS35E9 2.04 0.35 -1.15 0.80 0.82 0.13 -0.06 0.54 -1.13 0.99 0.21 0.45 -0.54 0.30 0.99 0.67 1.04 0.40 -0.46 0.36

TUS35E13 3.18 1.47 -1.26 0.86 0.63 1.18 1.42 0.92 0.40 0.94 -0.06 1.37 -0.30 0.34 0.11 1.08 1.76 0.59 -0.60 0.35

TUS35G20 1.35 0.33 -1.08 0.86 -0.84 0.53 -0.17 0.37 -1.04 0.33 -0.16 0.53 -1.54 0.72 -1.00 0.59 -1.13 0.52 -1.43 0.43

Ve1A 1.36 0.51 -1.19 0.66 -0.18 1.51 1.00 1.52 -0.50 1.08 -0.11 1.11 1.50 1.45 -0.97 0.56 1.91 1.24 0.42 1.36

Ve1B 2.29 1.29 -1.80 0.91 0.19 1.09 0.27 1.21 0.42 1.74 -0.71 0.84 2.60 5.60 0.17 1.53 2.15 0.97 1.26 0.72

Ve2A 0.96 0.52 -1.11 0.69 0.18 1.39 -0.09 0.30 -0.68 1.23 0.22 1.37 0.88 0.57 -0.57 0.63 2.93 1.30 1.59 0.91

Ve2B 1.14 0.45 -1.20 0.68 0.11 1.00 -0.02 0.55 -1.18 1.50 -0.09 0.43 1.40 0.66 0.94 0.52 2.21 0.94 1.75 0.77

PAL Ex1 0.26 0.06 -1.31 0.66 -0.35 0.28 -0.40 0.36 -0.76 0.45 0.08 0.65 0.10 0.61 -0.36 0.31 0.36 0.33 0.44 0.39

PAL Ex2 0.93 0.30 -0.47 0.36 -0.15 0.21 -0.51 0.46 -0.94 0.32 -0.34 0.26 -0.86 0.36 0.10 0.53 0.35 0.26 -0.44 0.19

Actin -0.62 0.30 -0.45 0.66 -0.41 0.25 0.46 0.53 0.25 0.40 -0.08 0.73 0.53 0.73 0.11 0.54 0.20 0.50 0.40 0.38

TUS48N3 1.02 0.31 -0.65 0.60 0.14 0.34 -1.20 0.19 -1.68 0.29 -1.14 0.49 -2.20 0.80 -0.56 0.51 -0.32 0.62 -2.07 0.38

TUS48N15 0.59 0.24 -0.39 0.85 0.50 0.61 -0.83 0.22 -0.58 0.64 1.04 1.19 -0.85 0.64 0.41 0.26 0.07 0.57 -0.31 0.71

TUS48N22 2.79 0.31 1.33 0.92 0.75 0.32 -0.47 0.30 -1.28 0.53 -0.73 0.59 -1.69 0.64 0.81 0.99 0.48 0.94 -1.79 0.48

TUS48O5 4.89 0.35 1.26 0.65 1.61 0.22 1.39 0.70 1.10 0.54 0.45 0.75 0.10 0.29 3.00 1.35 3.65 1.34 -0.12 0.72

TUS48P5(wrong?)1.40 0.87 -4.91 4.01 0.06 1.06 -1.20 0.65 -3.74 1.79 9.19 9.62 0.79 0.81 -0.26 0.43 1.31 1.75 -0.97 0.66

TUS48P5 3.72 0.20 1.60 0.50 3.34 0.35 0.55 0.22 0.55 0.43 1.81 0.59 1.84 0.82 3.69 0.98 3.90 1.07 1.47 0.91

TUS48P8 1.45 0.29 -0.46 1.43 0.25 0.18 -0.85 0.26 -1.46 0.42 -1.11 0.32 -1.60 0.67 -0.27 0.24 -0.23 0.36 -1.60 0.29

TUS24N16 1.29 0.25 -1.12 0.77 -0.20 0.19 -0.78 0.38 -1.67 0.35 -1.35 0.37 -2.27 0.68 -0.97 0.34 -0.95 0.40 -1.99 0.38

TUS25J8 1.55 0.29 -0.72 0.54 0.18 0.41 -0.95 0.23 -1.36 0.65 -0.84 0.70 -1.81 0.72 -0.72 0.40 -0.52 0.44 -1.98 0.39

Ve2N -0.06 0.52 -0.01 0.84 -0.11 0.64 -0.27 0.45 -0.48 0.38 -0.56 0.44 -0.09 0.51 0.16 0.68 0.76 0.35 -0.02 0.40

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6
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TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS14H13 3.70 0.20 0.91 0.74 1.25 0.23 1.00 0.45 0.48 0.33 -0.06 0.69 0.08 0.63 2.37 1.09 3.56 0.79 -0.44 0.79

TUS14J7 1.07 0.26 -0.61 0.78 0.03 0.29 -1.08 0.37 -1.51 0.45 -1.20 0.30 -2.16 0.52 -0.51 0.31 -0.15 0.60 -2.07 0.38

TUS16C8 1.50 0.37 -1.07 0.63 0.16 0.29 -0.73 0.24 -0.83 0.43 -1.02 0.29 -0.99 0.48 0.64 0.25 0.86 0.62 -1.27 0.30

TUS18M11 1.80 0.46 -1.51 0.75 -0.26 0.35 0.33 0.39 0.25 0.46 -1.04 0.31 0.09 0.59 1.08 0.59 0.71 0.38 -0.03 0.34

TUS19N14 2.43 0.66 -0.10 1.07 0.73 1.12 -0.24 0.37 -0.36 0.51 -0.42 0.79 -0.44 0.46 1.38 1.11 1.13 0.60 -0.44 0.50

TUS20E24 1.34 0.29 -1.50 0.85 -0.28 0.32 -0.99 0.15 -1.52 0.30 -1.20 0.29 -1.48 0.56 -0.59 0.21 -0.12 0.48 -1.44 0.36

TUS14A2 4.31 0.53 2.22 1.13 2.93 0.90 1.01 0.37 0.13 0.78 0.86 0.56 1.31 0.82 2.59 0.74 3.63 0.64 0.75 0.65

TUS14B6 3.47 1.19 0.31 0.53 0.32 1.16 1.23 0.60 1.48 0.30 1.32 1.16 1.04 0.37 2.24 0.90 3.63 0.66 1.38 0.95

TUS14C1 4.09 0.62 2.51 0.92 1.86 0.45 1.12 0.81 1.25 0.29 0.32 1.23 1.19 1.57 2.87 1.27 3.65 1.97 -0.91 0.61

TUS14C15 2.17 0.51 1.27 2.39 0.96 0.50 1.24 0.74 -0.17 0.96 -0.03 0.58 0.31 0.43 1.46 1.50 1.70 0.55 -0.04 0.57

TUS14E11 2.89 0.36 1.67 0.54 2.58 0.69 0.33 0.29 0.64 1.04 0.27 0.86 0.74 0.59 2.58 0.41 3.05 0.70 0.45 0.64

TUS14F17 4.70 0.36 5.40 1.32 3.60 0.56 0.97 0.25 1.26 0.78 1.93 0.97 2.12 0.83 4.59 0.63 4.44 1.03 2.31 0.62

TUS14H14 5.60 0.35 3.55 0.73 7.48 2.58 2.99 0.45 2.42 0.58 2.65 1.46 3.73 0.88 6.32 1.41 6.34 1.83 3.70 1.31

TUS14J8 1.83 0.72 -1.01 0.77 1.16 0.95 -0.12 0.87 -0.99 0.63 0.17 0.92 1.16 0.58 -0.40 0.87 2.60 1.41 1.39 0.63

TUS14J16 3.80 0.60 3.67 0.79 3.42 0.31 0.08 0.17 0.15 0.35 -0.29 0.63 1.06 0.86 3.34 0.77 3.49 1.29 0.40 0.70

TUS14K1 -0.37 0.31 -2.70 0.35 -0.04 0.16 -0.57 0.17 -0.65 0.69 -0.24 0.32 -0.86 0.40 -0.32 0.38 -0.37 0.36 -0.66 0.26

TUS14M2 0.95 0.36 -0.62 0.43 0.40 0.32 -0.96 0.26 -0.89 0.81 -0.69 0.63 -1.20 0.51 0.23 0.65 0.77 0.30 -1.69 0.45

TUS14M4 2.42 0.56 0.65 1.08 1.60 1.02 0.86 0.48 0.07 0.40 -0.37 0.53 0.25 0.68 1.20 0.77 1.15 0.39 0.03 0.43

TUS14O1 5.39 0.49 3.91 1.12 3.56 1.02 2.04 0.40 1.59 0.55 1.83 1.53 1.82 0.69 4.10 1.60 4.18 1.20 2.06 1.09

TUS14P18 4.27 0.38 1.14 0.51 1.84 0.65 1.34 0.88 0.07 0.73 -0.21 0.41 -0.09 0.35 2.28 0.63 2.60 0.58 0.30 0.37

TUS15A4 5.40 0.42 5.17 1.67 2.21 0.65 0.77 0.35 -0.81 0.28 -0.43 0.33 -0.28 0.50 3.90 0.98 2.98 0.53 -0.97 0.36

TUS15A17 5.04 0.27 3.95 1.31 1.96 0.38 0.69 0.34 -1.13 0.73 -0.91 0.44 -0.36 0.30 3.43 0.77 2.30 0.70 -1.17 0.38

TUS15G8 5.36 0.68 5.21 0.98 3.12 1.14 2.64 5.56 0.12 0.58 -0.23 1.04 -0.41 0.25 4.01 0.58 3.01 0.72 -1.09 0.26

TUS15I10 4.09 0.30 2.17 0.45 1.98 0.53 0.84 0.45 0.03 0.96 1.15 0.76 0.35 0.28 3.13 0.59 3.33 0.89 0.73 0.59

TUS15I21 4.71 0.38 4.02 0.73 3.78 0.83 1.48 0.29 0.97 0.95 1.14 0.78 1.75 0.72 3.78 0.38 4.26 0.45 0.75 0.37

TUS16A16 3.38 0.29 2.16 0.82 1.88 0.43 -0.23 0.53 -0.39 0.39 -0.68 0.34 -0.72 0.48 2.43 0.92 1.30 0.77 -0.64 0.50

TUS17A4 3.11 0.33 2.32 0.56 2.14 0.42 0.20 0.50 -0.14 0.29 -0.53 0.58 -0.07 0.19 2.27 0.69 2.34 0.59 -0.08 0.37

TUS17C11 1.41 0.28 -0.97 0.87 0.19 0.22 -0.94 0.54 -1.62 0.37 -1.53 0.61 -2.21 0.55 -0.51 0.91 0.01 0.93 -1.75 0.65

TUS17F17 1.37 0.20 -1.14 0.78 0.26 0.30 -0.90 0.51 -1.56 0.37 -1.56 0.62 -2.24 0.60 -0.50 0.86 -0.02 0.86 -1.73 0.66

TUS17G9 3.44 0.42 1.17 1.29 1.50 0.56 0.91 0.33 1.41 0.75 0.92 0.45 0.88 0.96 2.17 0.82 2.54 0.88 1.28 0.55

TUS49A5 1.98 0.38 -0.27 1.15 1.15 0.79 0.62 0.49 -0.43 0.87 0.13 0.30 -0.88 0.16 0.50 0.26 1.16 0.45 -0.34 0.34

TUS49A17 2.49 0.70 -0.36 1.46 1.27 0.88 1.46 0.61 -0.23 0.64 -0.23 0.47 0.25 0.28 2.03 0.76 2.44 0.69 0.26 0.57

TUS49A23 0.98 0.32 -1.72 0.59 -0.56 0.43 -1.14 0.33 -1.60 0.33 -2.02 0.34 -2.58 0.43 -0.67 0.46 0.02 0.54 -2.33 0.33

TUS49C23 1.50 0.35 -0.97 0.40 -0.21 0.26 -0.62 0.21 -1.04 0.28 -1.25 0.34 -1.05 0.33 0.49 0.36 1.71 0.41 -1.64 0.36

TUS49D2 1.85 0.30 -1.39 0.54 -0.04 0.33 -0.08 0.69 -0.87 0.40 -0.48 0.34 -0.81 0.12 1.38 1.86 1.54 0.55 -0.88 0.45

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6

 



 

 

2
2

3
 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS49D20 4.13 0.57 0.81 0.75 2.25 0.25 1.02 0.42 1.99 0.46 0.52 0.97 0.83 0.63 2.74 0.82 3.54 0.95 0.39 0.72

TUS49G17 4.03 0.92 0.49 1.00 1.21 0.58 1.99 1.26 1.65 0.75 0.76 0.97 0.71 0.86 1.30 0.57 2.32 0.79 0.03 0.42

TUS49H16 2.73 0.32 -0.62 0.63 -0.04 0.21 -0.55 0.32 -1.32 0.38 -1.72 0.44 -2.02 0.68 0.49 0.83 1.56 0.99 -1.96 0.49

TUS49I17 3.48 0.41 -0.07 0.37 1.42 0.23 1.18 0.38 1.18 0.67 0.44 0.66 1.03 0.42 3.07 1.32 3.30 0.88 0.32 0.37

TUS49K5 2.10 0.65 -1.28 0.23 0.15 0.49 0.74 0.54 -0.09 0.54 -0.42 0.27 -0.54 0.19 0.60 0.29 1.57 0.41 -0.47 0.43

TUS49K15 1.66 0.23 0.34 0.77 0.56 0.38 -0.87 0.13 -1.18 0.42 -0.96 0.33 -1.63 0.79 -0.18 0.61 -0.06 0.54 -1.45 0.57

TUS49M21 2.01 0.25 -1.39 0.66 -0.90 0.37 -0.85 0.13 -1.55 0.36 -2.30 0.37 -2.43 0.42 -0.11 0.66 0.94 0.75 -2.46 0.26

TUS49N18 2.42 0.53 -1.18 0.25 0.26 0.58 1.08 0.25 0.31 0.95 -0.25 0.19 0.38 0.22 0.95 0.27 2.56 0.60 0.40 0.27

Ve2N 0.00 0.47 -0.11 0.38 0.02 0.54 -0.08 0.38 -0.68 0.80 -0.87 0.34 -0.35 0.21 0.11 0.65 0.29 0.46 0.16 0.48

NP24 3.23 0.34 0.68 0.73 3.40 1.72 0.90 0.50 1.06 0.59 1.33 0.62 1.21 0.33 3.51 0.59 3.81 0.81 2.02 0.54

NP24 4.05 1.35 0.84 1.01 1.89 0.56 0.94 0.46 0.66 1.12 1.00 0.88 1.26 0.61 4.03 1.00 3.87 0.86 1.91 0.69

Ve1A 0.59 1.76 -1.04 1.08 -0.02 0.51 -0.76 1.41 -0.02 2.24 -1.33 0.95 4.13 6.90 -1.44 1.92 1.79 0.66 1.21 0.45

Ve1B 1.37 1.63 -1.57 0.69 -0.64 1.29 1.23 0.41 -1.21 1.70 -0.21 1.15 0.95 0.80 -0.14 1.01 2.20 0.46 2.76 1.12

Ve2N 0.11 0.53 0.15 0.94 0.45 0.81 -0.07 0.60 -0.07 0.78 -0.74 0.54 -0.05 0.49 0.07 0.52 0.36 0.42 0.20 0.40

TUS45G3 5.24 0.38 5.70 2.58 5.30 0.41 2.30 0.45 1.38 0.69 1.56 1.75 2.52 0.88 4.81 1.14 5.12 1.63 1.55 0.89

TUS45M2 0.25 0.38 -0.48 0.50 0.15 0.30 -1.25 0.37 -1.72 0.28 -0.11 0.80 -1.84 0.69 -0.30 0.43 -0.34 0.34 -1.53 0.47

TUS45N7 1.69 0.29 -1.06 0.78 0.08 0.36 -0.55 0.38 -1.21 0.41 -1.06 0.61 -1.90 0.57 -0.35 0.52 0.01 0.45 -1.51 0.35

TUS45O6 5.63 0.72 5.43 1.32 4.60 0.59 1.87 0.44 1.60 0.75 2.26 1.04 2.56 0.97 5.40 0.96 4.85 1.09 1.76 0.79

TUS45O7 5.07 0.32 4.94 0.79 5.20 0.54 1.82 0.66 1.32 0.74 2.05 0.98 1.21 0.40 4.82 0.56 5.11 1.78 1.21 0.95

TUS45O8 2.46 0.62 0.41 0.60 1.99 0.49 0.88 0.66 -0.09 0.67 1.48 0.95 -0.53 0.18 1.90 0.56 1.92 0.57 -0.10 0.46

TUS46A8 1.23 0.28 -0.44 0.71 0.12 0.14 -1.08 0.10 -1.50 0.39 -1.14 0.59 -2.02 0.65 -0.70 0.37 -0.55 0.33 -1.86 0.35

TUS46B7 3.53 0.92 0.68 0.74 1.25 0.98 0.88 0.49 -0.36 0.70 -0.18 0.55 -0.29 0.36 1.82 0.62 2.19 0.66 -0.23 0.62

TUS46B24 1.35 0.31 -0.57 0.73 -0.08 0.70 -0.88 0.47 -1.55 0.39 -1.33 0.63 -2.31 0.61 -0.84 0.40 -0.72 0.29 -1.99 0.32

TUS46D2 1.53 0.31 -0.04 0.69 0.28 0.14 -0.85 0.47 -1.51 0.40 -1.31 0.55 -2.26 0.64 -0.78 0.39 -0.65 0.32 -1.99 0.35

TUS46E9 3.51 0.50 3.56 1.42 5.09 1.49 1.01 0.44 0.84 0.31 1.42 0.95 2.36 0.91 4.53 0.85 4.43 1.20 2.47 0.78

TUS46I9 3.28 0.66 -0.08 1.33 1.05 0.36 0.53 0.57 -0.31 0.59 -0.35 0.58 0.22 0.92 1.70 0.91 3.35 0.90 -0.48 0.28

TUS46J17 1.36 0.36 0.04 0.87 0.24 0.18 -0.31 0.50 -1.19 0.21 -0.67 0.44 -1.90 0.54 0.09 0.61 -0.07 0.38 -1.71 0.43

TUS46J19 4.02 0.92 0.23 0.60 2.55 0.92 2.00 0.60 0.42 1.35 0.66 0.64 0.24 0.64 2.86 0.91 2.46 0.75 0.57 0.43

TUS46N7 0.71 1.61 -1.45 1.27 -0.15 1.78 0.00 0.24 -1.65 1.09 0.04 1.48 0.24 0.89 -0.03 0.73 0.76 1.13 -0.05 0.58

TUS46O7 0.96 0.52 -0.13 0.58 0.38 0.19 -1.01 0.39 -1.57 0.40 -0.90 0.45 -2.07 0.71 -0.38 0.48 -0.20 0.42 -2.02 0.40

TUS48D8 2.79 0.96 0.88 1.48 3.07 1.22 2.14 1.15 -0.70 1.57 0.32 0.66 0.36 0.63 1.75 0.86 1.88 0.63 -0.04 0.58

TUS48E17 2.06 1.19 -0.57 0.71 -0.14 0.48 0.33 0.55 -0.42 0.83 -0.33 0.25 -1.06 0.45 -0.21 0.17 1.02 0.38 -0.81 0.72

TUS48F3 -0.71 0.45 0.12 0.91 0.24 0.32 -0.43 0.29 -0.09 0.40 -0.34 0.42 -0.84 0.31 -0.18 0.55 0.31 0.57 -0.40 0.62

TUS48F13 1.61 0.47 0.34 0.53 1.01 0.39 -0.22 0.54 -1.01 0.33 -0.37 0.58 -1.62 0.19 0.10 0.48 0.44 0.60 -0.98 0.62

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6

 



 

 

2
2

4
 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS48I10 5.59 0.51 4.89 1.00 5.18 0.29 1.70 0.28 1.35 0.29 0.97 0.99 1.04 0.41 3.98 1.01 4.54 1.70 0.95 1.11

TUS48K10 6.12 0.39 7.01 1.08 7.24 0.96 2.42 0.66 2.13 0.58 3.51 1.11 4.11 1.56 6.58 1.04 7.34 1.70 2.96 1.39

TUS48K21 2.29 0.59 1.04 0.93 1.38 0.24 -0.29 0.44 -1.03 0.44 -0.88 0.48 -1.64 0.74 0.52 0.82 0.48 0.90 -1.33 0.60

TUS48L15 1.04 0.36 0.13 0.47 0.54 0.20 -0.67 0.61 -0.98 0.49 -0.53 0.93 -1.49 0.23 0.38 0.60 0.26 0.62 -1.44 0.45

Actin -0.90 0.30 -0.31 0.41 -0.18 0.19 0.30 0.24 0.45 0.36 -0.86 0.43 0.34 0.68 0.29 0.62 -0.01 0.52 0.44 0.47

Ve1A 0.84 1.25 -0.94 0.58 0.51 1.44 2.12 1.37 -0.19 1.40 -0.80 0.43 1.17 1.00 -0.16 0.73 2.19 0.98 2.09 1.77

Ve1B 2.30 1.08 -0.68 0.66 0.42 1.29 1.63 1.00 -0.52 0.95 -0.36 0.45 1.12 0.90 2.27 1.51 2.93 0.88 1.50 0.56

Ve2A 1.43 0.96 1.12 5.87 -0.16 0.76 0.76 0.69 -0.15 1.35 -0.27 1.09 1.28 0.43 2.44 1.88 1.63 0.47 1.55 0.38

Ve2B 1.65 0.60 -1.46 0.20 1.87 2.49 1.06 0.91 1.56 1.36 0.00 0.71 1.19 0.64 1.93 0.79 2.75 0.57 1.54 0.32

PALEx1 0.31 0.23 -0.02 0.42 -0.27 0.69 -0.13 0.36 -0.72 0.33 -0.32 0.43 -0.17 0.42 -0.19 0.44 0.78 0.58 0.30 0.30

PALEx2 0.79 0.18 0.05 0.27 0.05 0.41 -0.52 0.28 -0.68 0.20 -0.35 0.42 -1.04 0.29 0.11 0.39 0.63 0.33 -0.60 0.31

Actin -0.86 0.19 0.21 0.28 -0.10 0.18 0.52 0.38 0.56 0.37 -0.69 0.66 0.39 0.76 0.28 0.28 0.03 0.52 0.49 0.40

TUS26B8 1.65 0.44 -2.10 1.07 0.60 1.34 0.33 0.55 -0.46 0.98 1.50 1.76 0.00 0.45 2.42 1.24 1.57 0.58 0.40 0.34

TUS27N21 0.57 0.27 -1.54 0.47 -1.92 0.12 -0.69 0.16 -1.39 0.47 -1.22 0.32 -2.32 0.53 -1.38 0.57 -2.13 0.34 -1.94 0.38

TUS35A9 1.53 0.58 -0.65 0.46 0.44 0.59 0.84 1.26 -0.30 0.69 -0.60 0.40 -1.04 0.33 0.09 0.95 0.98 0.58 -0.74 0.41

TUS35E17 0.75 0.63 -0.36 0.29 0.30 0.22 -0.99 0.24 -1.09 0.56 -1.18 0.37 -1.81 0.61 -0.12 0.57 0.28 0.50 -2.06 0.43

TUS35D11 1.07 0.73 -0.29 0.28 0.00 0.19 -0.95 0.26 -1.51 0.35 -1.45 0.52 -2.67 0.64 -1.16 0.35 -1.07 0.28 -2.28 0.45

TUS38M10 2.67 1.41 -1.55 0.99 1.33 0.81 1.06 0.94 0.94 1.12 -0.22 0.47 -0.94 0.41 0.99 0.90 0.85 0.51 -0.70 0.40

TUS43I19 5.12 0.39 4.09 1.86 5.27 1.71 2.57 0.34 1.93 0.73 2.41 0.84 2.64 0.76 5.05 0.43 5.71 1.10 2.14 0.42

TUS44B14 2.47 1.02 -1.49 1.16 -0.67 0.55 0.26 1.12 0.06 0.84 0.87 1.12 0.29 0.64 2.68 1.59 2.41 0.85 0.84 0.74

TUS14J8 -1.75 0.23 -2.50 0.36 -1.17 0.23 0.24 0.24 0.36 0.47 -1.57 0.43 -0.43 0.33 -0.56 0.37 -0.31 0.42 0.27 0.34

TUS14L6 3.13 1.24 -0.37 1.35 1.29 0.75 0.72 0.95 1.54 0.30 -0.08 1.03 -0.02 0.29 1.08 0.57 1.81 0.40 0.32 0.51

TUS17O13 4.56 0.33 2.61 1.28 3.17 1.48 1.82 0.33 1.12 0.73 2.23 1.06 1.56 0.75 5.73 1.03 3.50 0.98 2.70 1.09

TUS18D14 0.90 0.36 -0.14 0.31 -0.09 0.39 -0.98 0.52 -1.24 0.54 -1.57 0.48 -2.51 0.71 -0.81 0.52 -1.00 0.31 -2.34 0.43

TUS20N21 2.06 1.03 -1.78 1.10 2.33 1.00 0.70 0.73 0.43 1.31 0.05 0.65 -0.52 0.42 0.48 0.43 1.43 0.80 -0.19 0.87

TUS21G10 0.99 0.36 -1.07 0.52 0.06 0.27 -0.60 0.14 0.13 0.93 -0.70 0.19 -0.96 0.36 0.10 0.59 0.83 0.43 -1.28 0.35

TUS21J13 2.85 1.04 -1.48 0.72 0.31 0.49 0.48 0.41 -0.33 1.19 -0.77 0.42 -0.01 0.34 0.61 0.92 1.68 0.30 0.27 0.36

TUS22D22 2.20 1.14 -0.81 1.56 0.19 0.64 1.20 1.15 -0.22 1.09 -0.63 0.54 0.05 0.20 -0.21 0.74 1.53 0.58 0.04 0.54

TUS27P8 1.77 0.57 -0.79 1.42 1.64 0.98 0.39 0.82 0.09 0.30 -0.16 0.43 -0.14 0.40 0.95 0.50 1.04 0.37 -0.58 0.34

TUS28B7 1.38 0.93 -0.44 2.19 1.84 1.06 0.85 0.68 -0.61 0.56 0.37 0.77 -0.13 0.63 1.12 0.98 1.79 0.98 0.37 0.58

TUS28C3 0.56 0.18 -0.36 0.47 0.42 0.16 -0.59 0.27 -1.12 0.49 -0.80 0.45 -1.69 0.71 -0.76 0.18 -0.79 0.28 -1.77 0.60

TUS28C5 1.69 0.71 -0.75 0.52 -0.83 0.85 1.49 1.55 -0.28 1.23 -0.51 0.82 -0.32 0.69 1.98 1.29 1.51 0.63 -0.02 0.98

TUS34B13 1.81 0.34 0.30 0.18 0.72 0.17 -0.68 0.14 -0.95 0.42 -0.96 0.23 -2.09 0.51 0.00 0.57 -0.44 0.41 -1.70 0.53

TUS34C3 1.03 0.77 -1.19 0.70 0.10 0.90 0.18 0.80 0.41 0.82 -0.76 0.29 0.59 1.51 0.46 1.55 2.19 0.71 0.05 0.82

TUS34C17 1.87 0.50 -0.96 0.50 0.73 0.72 1.08 0.49 0.19 0.59 -0.28 0.35 -0.34 0.27 0.31 0.41 0.94 0.36 -0.04 0.48

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E610CS/Vd1



 

 

2
2

5
 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS34E23 1.88 0.66 -0.95 0.70 1.22 0.77 0.35 0.56 -0.08 0.64 0.02 0.53 -0.63 0.47 1.37 0.42 1.13 0.34 -0.58 0.37

TUS34F13 1.00 0.34 -0.50 0.63 -0.09 0.77 -1.00 0.27 -1.27 0.45 -1.62 0.52 -2.64 0.73 -0.56 0.52 -0.44 0.35 -2.04 0.40

TUS34F14 1.42 0.47 0.08 1.00 0.67 0.73 0.62 0.42 -0.07 0.21 -0.38 0.37 -0.27 0.23 0.39 0.32 0.75 0.44 -0.06 0.36

TUS34F20 2.16 0.97 -0.90 0.62 0.11 0.82 0.37 0.35 0.12 1.35 -0.13 0.45 0.14 0.46 0.77 0.78 1.43 0.65 0.25 0.51

TUS34F5 2.34 0.31 1.66 0.64 1.10 0.22 0.67 0.32 -0.37 0.59 -0.46 0.53 -0.62 0.37 1.24 0.50 1.01 0.32 -0.80 0.29

TUS34F9 1.16 0.30 0.85 0.89 0.72 0.32 -0.94 0.46 -1.23 0.43 -1.14 0.32 -2.26 0.79 -0.44 0.26 -0.17 0.52 -2.18 0.57

TUS34G9 1.81 0.38 -0.06 0.87 0.97 0.29 -0.28 0.30 -0.87 0.53 -0.45 0.55 -1.20 0.47 0.45 0.36 0.43 0.28 -1.23 0.49

TUS34G10 1.06 0.25 -0.35 0.66 -0.18 0.26 -0.48 0.22 -1.63 0.47 -1.86 0.58 -2.57 0.50 -0.87 0.50 -0.73 0.49 -2.77 0.35

TUS34G12 1.51 0.52 0.04 1.18 0.95 0.52 0.37 0.30 -0.92 1.35 -0.61 0.43 -1.44 0.40 0.17 0.15 0.30 0.41 -1.13 0.37

TUS34G18 1.99 0.48 -1.73 0.73 1.19 0.57 0.41 0.77 0.87 1.34 -0.12 0.47 -0.58 0.48 1.35 0.78 0.98 0.40 -0.60 0.40

TUS34H8 2.53 0.60 -1.25 0.82 0.37 0.66 1.68 0.97 -0.36 1.06 0.50 0.36 0.12 0.60 0.53 0.97 2.72 0.99 0.06 0.37

TUS34H11 2.19 0.38 0.11 0.63 1.29 0.71 0.76 0.29 -0.52 0.68 1.23 0.83 -0.27 0.41 1.91 0.24 1.73 0.52 0.04 0.40

TUS34I3 3.84 0.20 3.35 0.35 2.97 0.42 1.16 0.22 -0.05 0.69 0.62 0.74 -0.36 0.22 3.25 0.46 2.52 0.95 -0.06 0.49

TUS34I12 1.93 0.80 -1.42 1.18 0.59 1.17 1.21 1.19 -0.98 1.08 -0.50 0.54 -0.43 0.36 0.55 0.58 1.45 0.76 -0.22 0.44

TUS34J5 1.86 0.70 -0.08 0.53 1.14 0.96 0.99 0.70 -0.53 0.54 -0.03 0.67 -0.39 0.48 0.45 0.69 1.67 0.62 -0.39 0.42

TUS34J7 1.66 0.33 0.18 0.79 0.43 0.23 -0.63 0.29 -1.12 0.31 -1.05 0.58 -2.00 0.70 -0.41 0.63 -0.59 0.35 -1.74 0.57

TUS34J9 2.33 0.54 -0.96 1.03 0.65 1.12 0.59 0.98 -0.28 2.34 0.23 0.69 -0.46 0.28 1.22 0.03 1.29 0.72 -0.17 0.75

TUS43I21 2.02 0.46 0.99 1.44 1.19 0.80 0.52 0.96 -0.53 0.55 0.69 0.80 -0.75 0.31 1.40 0.56 1.84 0.62 0.20 0.27

TUS43K18 1.85 0.39 0.09 0.31 1.24 0.25 0.47 0.30 -0.34 0.83 0.48 1.32 -0.55 0.15 1.38 0.53 1.15 0.32 0.05 0.43

TUS43N10 1.80 0.49 -0.88 0.34 1.18 0.49 0.86 0.39 -0.41 0.59 0.87 0.56 -0.82 0.13 0.98 0.48 0.54 0.42 -0.18 0.41

TUS43N21 2.56 0.36 -0.46 0.76 0.88 0.61 1.17 0.75 -0.92 0.80 -0.11 0.36 -0.52 0.34 1.30 0.96 1.51 0.50 -0.43 0.32

TUS43N24 0.97 0.24 -1.05 0.36 -0.50 0.44 -0.86 0.14 -1.33 0.37 -1.58 0.46 -2.32 0.43 -0.87 0.43 -0.68 0.19 -1.85 0.35

TUS43O6 3.50 0.41 3.22 0.89 4.34 0.77 0.80 0.16 0.52 0.40 2.35 0.98 2.87 0.66 5.30 0.85 4.75 1.11 3.61 0.42

TUS43O7 3.59 0.32 2.95 0.87 4.09 1.55 0.82 0.22 1.18 0.42 2.33 0.88 2.57 0.82 6.00 1.80 4.95 1.58 2.80 0.63

TUS43O8 3.44 2.27 -0.90 0.69 1.88 0.66 1.35 0.36 -0.21 1.45 0.68 0.60 -0.56 0.23 1.54 0.54 1.70 0.21 -0.42 0.49

TUS43P5 2.07 0.63 -0.55 0.48 0.78 1.66 1.10 0.69 1.43 7.05 0.58 1.35 0.94 0.63 1.76 0.68 2.71 0.88 1.83 0.56

TUS43P7 3.24 0.36 2.71 0.55 5.15 1.14 0.67 0.26 0.46 1.06 2.76 0.87 3.37 0.81 5.77 1.18 5.31 0.93 4.07 0.56

TUS43P8 3.59 0.48 2.32 0.83 4.50 2.21 1.32 0.58 0.31 1.19 3.24 1.64 2.60 0.95 4.45 0.88 4.48 1.71 3.14 0.55

TUS44D18 2.77 0.44 1.39 0.47 1.18 0.21 0.50 0.15 -0.63 0.89 -0.81 0.39 -1.51 0.68 2.75 0.94 2.29 1.03 -1.41 0.65

TUS44E16 3.55 2.43 -0.26 1.46 1.17 0.44 1.27 0.73 -0.14 2.79 -0.05 0.28 -0.60 0.35 1.30 0.89 1.60 0.65 -0.59 0.28

TUS44F14 3.85 0.64 2.46 1.00 2.85 0.81 1.20 0.56 0.65 0.60 1.12 0.59 0.38 0.66 2.71 0.66 2.19 0.88 0.63 0.44

TUS44F17 4.25 0.71 3.01 1.19 3.14 0.68 1.60 0.63 0.26 1.19 0.94 0.72 0.85 0.80 3.54 0.93 3.06 0.75 0.86 0.39

TUS44J4 5.95 0.90 4.75 1.53 4.46 0.65 2.39 0.25 2.08 1.48 2.21 0.33 3.51 0.57 5.56 0.60 7.35 1.76 3.02 0.92

TUS44N7 6.07 0.74 3.95 1.26 5.11 0.99 2.66 0.79 1.74 0.98 2.68 1.37 3.24 1.02 5.46 0.43 5.94 1.33 2.78 0.94

TUS44N17 3.91 0.36 2.40 0.64 1.50 0.38 1.11 0.34 -0.29 0.51 -0.63 0.59 -1.31 0.82 2.19 0.68 0.99 1.21 -1.14 0.59

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6

 



 

 

2
2

6
 

TUS ID

Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD

TUS44O7 4.89 0.25 5.13 0.79 5.72 0.51 1.89 0.41 1.31 0.42 1.31 0.80 1.66 0.85 5.07 0.53 4.53 1.09 1.27 0.62

TUS44P8 5.77 0.35 5.05 0.59 5.56 1.30 2.00 0.51 1.77 0.42 2.72 1.30 3.12 0.89 5.94 0.74 5.56 1.13 2.12 0.70

TUS45A8 5.38 0.27 5.43 0.50 6.26 0.34 1.84 0.30 1.79 0.34 1.45 0.80 3.00 0.78 5.85 0.60 5.52 1.08 1.93 0.58

TUS45D7 5.87 0.35 5.91 0.98 6.31 0.80 2.21 0.36 1.97 0.28 2.74 0.97 3.43 0.77 6.41 0.65 6.02 1.09 2.44 0.60

TUS45E3 2.30 0.65 0.68 0.56 1.65 0.30 0.02 0.31 -0.06 0.99 1.77 1.43 1.16 0.70 3.84 1.60 1.80 0.69 1.27 0.48

TUS45G1 4.84 0.42 3.92 0.63 5.07 0.79 2.34 0.21 1.35 0.64 1.93 0.94 2.18 0.88 5.57 0.94 3.74 1.66 2.60 0.61

5CS/Vd1 5CS//Vd1/E6 5CS/E6+Vd1 5CS//E6/Vd1 5CS/E6 10CS/Vd1 10CS//Vd1/E6 10CS/E6+Vd1 10CS//E6/Vd1 10CS/E6

 


