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ABSTRACT
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Verticillium is a soil-borne fungus that is one of the world's foremost plant pathogens.
Commercial plant grafting suggests that resistance occurs in the root; this conflicts with
decades of research indicating that resistance occurs in the stem. The goal of this thesis work
was to use an alternative approach to determine the location of resistance by expressing the
Ve1 gene using organ-specific promoters. Promoter sequences for the stem-specific gene,
Ribulose 1,5-bisphosphate carboxylase oxygenase small chain 2A (Rbsc2A), and root-specific
gene, Tobacco Mosaic Virus Induced (TMVi) were taken from the Sol Genomics Network (SGN)
database, cloned into constructs with the Ve1 gene and susceptible tomato germplasm was
transformed using Agrobacterium tumefaciens. Preliminary results suggest that resistance may
not be localized and expression of the Ve1 gene in either the root or the stem is sufficient to
develop whole plant resistance to the Verticillium pathogen.

ACKNOWLEDGEMENTS
I would like to gratefully thank everyone who, in one way or another, assisted me in my
Master's thesis. I would especially like to thank my co-advisor, Dr. E. Jane Robb, for her
unwavering support and guidance throughout my Master's program, and tireless effort in
reading my manuscript. I would also like to thank my co-advisor, Dr. Ross N. Nazar, for his
continual technical guidance and for teaching me critical thinking skills. Special thanks to my
co-advisor, Dr. Annette Nassuth, for diving into my thesis work part way through completion
with enthusiasm and for the critical reading of this manuscript.
I would also like to thank my first teacher in the lab, Dr. Hakeem Shittu, who patiently
taught me the techniques essential to my thesis work, Danve Castroverde, for the use of
plasmids and advice, Dr. Srinivas Nellimarla, for his guidance through the DNA cloning stages of
my work, and Cindy Pordel, for her untiring patience and advice. Special thanks to my other lab
colleagues Mahsa Vasin, Abdalla Albeily, Warren Van Loggerenberg, and Pepa Blaya for their
advice about various experiments and support throughout the course of my program. I am
highly indebted to the Natural Sciences and Engineering Research Council (NSERC) for their
financial support in completing my thesis work.
I would especially like to thank my boyfriend, Matthew Rueffer, for all his love,
emotional support, and for always listening; I would not have completed the entirety of this
thesis without him. Finally, special thanks to my family (Mom, Dad, Cameron, and Michelle)
and friends for their unwavering love and support throughout the pursuit of my Master's
degree.

iii

TABLE OF CONTENTS
ABSTRACT .................................................................................................................. ii
ACKNOWLEDGEMENTS .............................................................................................. iii
TABLE OF CONTENTS ................................................................................................. iv
LIST OF TABLES .......................................................................................................... vi
LIST OF FIGURES ....................................................................................................... vii
LIST OF ABBREVIATIONS .......................................................................................... viii
CHAPTER 1: INTRODUCTION ....................................................................................... 1
1. VERTICILLIUM .................................................................................................................. 1
1.1 Symptoms ............................................................................................................... 2
1.2 Verticillium structures and microsclerotia formation ............................................ 2
1.3 Verticillium life cycle .............................................................................................. 3
1.4 Plant defense against Verticillium .......................................................................... 7
2. RESISTANCE GENES ........................................................................................................... 9
2.1 RLP/RLK class ........................................................................................................ 10
2.2 Ve genes ............................................................................................................... 11
3. THE STEM-ROOT CONTROVERSY ........................................................................................ 14
4. GENETIC ENGINEERING IN PLANTS ..................................................................................... 16
4.1 Root-specific promoters ....................................................................................... 20
4.2 Stem-specific promoters ...................................................................................... 23
5. RATIONAL .................................................................................................................... 25
CHAPTER 2: MATERIALS AND METHODS ................................................................... 28
1.
2.
3.
4.
5.
6.
7.

PLANT, PATHOGEN, AND SOIL MATERIAL.............................................................................. 28
PLANT INOCULATION AND SYMPTOM INDEX ASSAY ................................................................ 29
NUCLEIC ACID EXTRACTION .............................................................................................. 29
DNA CLONING .............................................................................................................. 31
PLANT TRANSFORMATION ................................................................................................ 38
RT-PCR ANALYSIS ......................................................................................................... 41
QUANTIFICATION OF FUNGAL DNA .................................................................................... 43

CHAPTER 3: RESULTS ................................................................................................ 45
1.
2.
3.
4.

EXPRESSION OF PUTATIVE ORGAN-SPECIFIC GENES ................................................................. 45
PREPARATION OF VE1 GENE CONSTRUCTS WITH ORGAN-SPECIFIC PROMOTERS ........................... 50
PLANTS EXPRESSING ORGAN-SPECIFIC VE1 GENES ................................................................. 71
EFFECT OF ORGAN-SPECIFIC VE1 EXPRESSION ON VERTICILLIUM DISEASE DEVELOPMENT .............. 71
iv

CHAPTER 4: DISCUSSION........................................................................................... 83
1. CHOOSING THE ORGAN-SPECIFIC PROMOTERS ...................................................................... 84
2. CHALLENGES DURING PLANT TRANSFORMATION.................................................................... 86
3. THE RBSC2A AND TMVI PROMOTERS EXPRESS THE VE1 TRANSGENE PREFERENTIALLY IN DIFFERENT ORGANS
....................................................................................................................................... 88
4. INFECTION OF TRANSGENIC PLANTS EXPRESSING THE VE1-CR GENE IN AN ORGAN-SPECIFIC MANNER90
5. CONCLUSIONS AND FUTURE DIRECTIONS ............................................................................. 92
REFERENCES ............................................................................................................. 95
APPENDIX............................................................................................................... 107

v

LIST OF TABLES
TABLE 1.1 SUMMARY OF PROMOTERS USED IN GENETIC ENGINEERING .............................................................. 18
TABLE 2.1 SUMMARY OF PRIMERS USED FOR DNA CLONING AND GENE EXPRESSION STUDIES............ 33
TABLE 2.2

CHANGES TO THE DNA CLONING PROTOCOLS OUTLINED IN SECTION 2.4 ........................ 36

TABLE 2.3 COMPOSITION OF YEP MEDIUM FOR TOMATO TRANSFORMATION ................................. 40
TABLE 2.4 MEDIA, HORMONE, AND ANTIBIOTIC AMOUNTS FOR FUNGAL TRANSFORMATION .............. 40
TABLE 3.1 LIST OF FIRST 12 PUTATIVE TRANSGENIC PLANTS FOR EACH CONSTRUCT .......................... 74

vi

LIST OF FIGURES
FIGURE 1.1. THE COLONIZATION CYCLE OF VERTICILLIUM ............................................................. 5
FIGURE 1.2. PROTEOME ANALYSIS OF THE RBSC2A AND TMVI PROTEINS ..................................... 24
FIGURE 3.1. GENE ENVIRONMENT OF THE TWO TARGETED DIFFERENTIALLY EXPRESSED TOMATO GENES46
FIGURE 3.2. RT-PCR ASSAY OF MRNA LEVELS FOR THE TWO TARGETED TOMATO GENES ................. 48
FIGURE 3.3. LEVELS OF RBSC AND TMVI GENE EXPRESSION IN THE STEM AND ROOT OF DIFFERENT TOMATO
ISOLINES ............................................................................................................................ 49

FIGURE 3.4. GENOME ORGANIZATION AND ISOLATION OF THE RBSC2A PROMOTER ......................... 52
FIGURE 3.5. GENOME ORGANIZATION AND ISOLATION OF THE TMVI PROMOTER ........................... 53
FIGURE 3.6. DNA CLONING STRATEGY OUTLINED FOR THE RBSC2A PROMOTER ............................. 55
FIGURE 3.7. CONSTRUCT MAP AND IDENTIFICATION OF PTZ19R-RBSC2A .................................... 56
FIGURE 3.8. CONSTRUCT MAP AND IDENTIFICATION OF PTZ19R-TMVI ....................................... 58
FIGURE 3.9. QUALITY OF THE DNA SEQUENCING RESULT OF PTZ19R-RBSC2A.............................. 59
FIGURE 3.10. CONSTRUCT MAP AND IDENTIFICATION OF PMYE1RBSC2A-NOS............................ 61
FIGURE 3.11. CONSTRUCT MAP AND IDENTIFICATION OF PMYE1TMVI-NOS............................... 62
FIGURE 3.12. THE FINAL 4 CONSTRUCT MAPS WHICH WILL DRIVE VE1-CR EXPRESSION IN AN ORGAN-SPECIFIC
MANNER ........................................................................................................................... 64

FIGURE 3.13. IDENTIFICATION OF THE FINAL FOUR CONSTRUCTS CONTAINING THE VE1-CR OR VE1-CRR GENE
....................................................................................................................................... 66
FIGURE 3.14. DETERMINATION OF ORIENTATION OF THE VE1-CR GENE FOR THE FOUR FINAL CONSTRUCTS
....................................................................................................................................... 68
FIGURE 3.15. DETECTION OF FINAL CONSTRUCTS IN TRANSFORMED AGROBACTERIUM TUMEFACIENS .. 70
FIGURE 3.16. STEPS OF AGROBACTERIUM TUMEFACIENS MEDIATED PLANT TRANSFORMATION .......... 72
FIGURE 3.17. VE1 GENE EXPRESSION IN 12 PUTATIVE PMYE1RBSC2A-NOS + VE1-CR TRANSGENIC PLANTS
....................................................................................................................................... 76
FIGURE 3.18. EXPRESSION OF THE RECOMBINANT VE1 TRANSGENE IN TRANSFORMED TOMATO PLANTS78
FIGURE 3.19. QUANTIFICATION OF VD1 IN TOP 3 TRANSGENIC PLANTS FOR ALL FOUR CONSTRUCTS ... 81

vii

LIST OF ABBREVIATIONS
Ave1

avirulence of Ve1

Avr

avirulence

bp

base pairs

BSA

bovine serum albumin

Bt

Bactillus thuringiensis

CaMV

Cauliflower mosaic virus

CaTin1

capsum annuum TMVi clone 1

CC

coiled coil

cDNA

complementary DNA

CNL

coiled coil-nucleotide binding site-leucine rich repeat

CR

cv Craigella resistant (CRG CR 218)

CS

cv Craigella susceptible (CSG CR 26)

dNTP

deoxyribonucleotide triphosphate

dpi

days post infection

EDTA

ethylenediaminetetraacetic acid

eLRR

extracellular leucine-rich repeat

GFP

green fluorescent protein

kb

kilo bases

LB

Luria-Bertani

LRR

leucine-rich repeat

LZ

leucine zipper

MAMP

microbe-associated molecular pattern

NBS

nucleotide binding site

NCBI

national centre for biotechnology information

NGS

N-linked glycosylation

PAL

phenylalanine ammonia-lyase

PAMP

pathogen-associated molecular pattern

viii

PCR

polymerase chain reaction

Rbsc2A

ribulose 1,5-bisphosphate carboxylase/oxygenase small chain 2A

R gene

resistance gene

RLK

receptor-like kinase

RLP

receptor-like protein

rpm

rotations per minute

RT

reverse transcriptase

SDS

sodium dodecyl sulphate

SGN

sol genomics network

SIREO

Solanum lycopersicum root-expressed 2-ODD

SNP

single nucleotide polymorphisms

TIR

toll-like/interleukin receptor

TMV

tobacco mosaic virus

TMVi

tobacco mosaic virus induced

TNL

toll-like/interleukin receptor-nucleotide binding site-leucine rich repeat

U

units

Vd1

Verticillium dahliae race 1

YEP

yeast extract peptone

ix

CHAPTER 1 - INTRODUCTION
1. Verticillium
Several Verticillium species are soil-borne pathogens that have a broad host range
affecting many economically important crops worldwide (Pegg and Brady, 2002). There are six
Verticillium species now recognized as pathogenic (Barbara and Clewes, 2003), but only two
species, Verticillium dahliae Kleb. and Verticillium albo-atrum, cause major agricultural damage
and infect over 200 dicotyledous species including tomato, potato, eggplant, strawberries, and
cotton (Fradin et al., 2009; Robb et al., 2009). The host specificity of these two pathogens
results from the fact that different isolates infect specific types of plants (Bhat and Subbarao,
1999). V. dahliae is more virulent than V. albo-atrum at higher temperatures and the two
species have different geographical locations (Church and McCartney, 1995). V. dahliae can
also withstand freezing and colder temperatures for longer than V. albo-atrum. Until the mid1970`s, V. dahliae was classified as a subgroup of V. albo-atrum, which included both dark
mycelial and microsclerotial strains (Schnathorst, 1973). The microsclerotial strains were then
separated from V. albo-atrum to make a separate species called V. dahliae (Isaac, 1967;
Schnathorst, 1973). Control of Verticillium infection relies heavily on chemical soil fumigants,
which are expensive and may have various health and environmental effects (Cirulli, 1981;
Rowe et al., 1987; Kawchuk et al., 2001; Fradin and Thomma, 2006). Once plants are infected
with Verticillium, there are no economical fungicides available to control the infection and
spread (Fradin and Thomma, 2006).
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1.1 Symptoms
Since Verticillium can infect a wide range of hosts, there are no common symptoms in all
plants (Fradin and Thomma, 2006). Some symptoms of Verticillium infection include internal
vascular discolouration and external wilting and yellowing of leaves (Robb et al., 1982) followed
by necrosis and abscission of the leaves, branches, and finally death of the entire plant if severe
enough (Robb, 2007). Annuals often overcome or survive infection, but symptoms such as early
senescence, stunted growth, chlorosis, and yield loss may appear (Fradin and Thomma, 2006).
Symptoms start at the bottom of the plant and move towards the apex. In tomatoes, first the
tips and edges of the lower leaves turn yellow, which cause V-shaped lesions. These leaves will
then become fully discoloured, flaccid, and eventually necrotic (Pegg and Brady, 2002; Fradin
and Thomma, 2006). If infection continues, the upper leaves as well as the branches will
become chlorotic, which can lead to death of the plant. If the plant overcomes the infection,
some chronic symptoms such as stunted growth and chlorosis (Robb, 2007) may remain. Many
bacterial and Fusarium species also cause wilt disease with similar symptomology, making the
cause hard to diagnose (Fradin and Thomma, 2006).
1.2 Verticillium structures and microsclerotia formation
Verticillium species can take many forms in order to infect a host plant. There are
septate hyphae, which Brandt (1964) and Brandt and Reese (1964) have claimed to grow in the
direction of growth requirements. Brandt (1967) also found diffusible morphogenic factors
(DMFs), which appeared to inhibit hyphal elongation and promote lateral branching of V.
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dahliae. This may contribute to the growing of a colony or may take part in conidiogenesis
(Brandt, 1967).
Microsclerotia are the resting structures of the fungus that allow it to survive in the soil
for up to 15 years (Vallad et al., 2006). The conidial form of Verticillium also can live in
decomposing plant material, but only up to 4 years (Vallad et al., 2006). Microsclerotia
produced by V. dahliae are microscopic hyphal sections that have differentiated into thickwalled, heavily melanized, aggregated cells (Pegg and Brady, 2002; Fradin and Thomma, 2006).
The melanin is deposited into the intercellular space and the cell wall to protect the inner
portion of the cell (Fradin and Thomma, 2006). Melanin is formed by the oxidative
polymerization of indolic or phenolic compounds (Bell and Wheeler, 1986). In the case of V.
dahliae, the melanin contributes to the long-term survival of the microsclerotia, as nonmelanized microsclerotia, such as form in V. albo-atrum, quickly lose their persistence and
ability to germinate (Hawke and Lazarovits, 1995). Hyphae, conidiophores, and microsclerotia
help Verticillium to colonize the stems and leaves of plants, overwinter and survive until the
next growing season, and successfully penetrate a plant through the roots for another infection
cycle.
1.3 Verticillium life cycle
Verticillium dahliae race 1 (Vd1) is what is called a monocyclic pathogen, meaning that
each growing season only can have one cycle of disease and inoculum production (Fradin and
Thomma, 2006). Although the xylem is a nutritionally poor environment, it is thought the
Verticillium exploits this habitat to avoid competition with other microbes (McCully, 2001).
3

Apart from the nutrients Verticillium receives from the xylem sap (nitrates, sulfates, and
phosphates, and variable carbohydrates), other required nutrients are acquired by enzymatic
digestion of host cell walls and inducing nutrient leakage from neighbouring cells (Divon et al.,
2005; Mobius and Hertweck, 2009; Klosterman et al., 2011). Verticillium follows a disease cycle
in which there are three phases: the dormant, parasitic, and saprophytic phase (Fradin and
Thomma, 2006) shown in Figure 1.1. Microsclerotia overwinter in the soil during the dormant
phase. In the spring root exudates, which are released from host and non-host plants stimulate
germination (Schreiber and Green, 1963), the end of the dormant phase. Microsclerotia are
multicellular and can germinate several times, allowing for a greater chance of successful
infection. The resulting hyphae can travel a short distance to reach plant roots (Huisman,
1982).
The parasitic phase is entered once the hyphae infect a root tip or a site of lateral root
formation (Bishop and Cooper, 1983a). In tomato, the fungus must cross the endodermis in
one of two areas of the root (the root tip and the site of lateral root formations), which do not
have a fully developed endodermis. Additionally, infection can occur at nematode wound sites
(Huisman, 1982). After colonizing the cortical cells, hyphae will migrate intercellularly toward
the vascular parenchyma cells in order to invade the xylem vessels (Di Pietro et al., 2003;
Schumann and D'Arcy, 2010; Klosterman et al., 2011; Nadarasah and Stavrinides, 2011). Once
the fungus enters the xylem vessels, it grows as mycelium and produces conidiophores. The
resulting conidia travel up the xylem of the plant in the sap and get trapped on the perforated
vessel walls or in bordered pits (Bishop and Cooper, 1983b). Border pits are pits between
vessels that have a bowl-shaped overarching secondary wall (De Boer and Volkov, 2003). Pit
4

Figure 1.1. The colonization cycle of Verticillium. The cycle has the three phases: the dormant
phase, the parasitic phase, and the saprophytic phase. Adapted from a drawing of Vickie
Brewster, coloured by Jesse Ewing (Source:
http://www.apsnet.org/Education/lessonsPlantPath/Verticillium/discycle.htm).
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membranes have a mesh-like membrane, which only allows water and solutes to move freely
between vessels or to neighbouring parenchyma cells (Choat and Pittermann, 2009), but not
Verticillium spores (Choat et al., 2003, 2004). Germination of trapped conidia produces germ
tubes which penetrate through these perforated pits by enzymatic activity, which leads to
colonization of adjacent vessels. The germ tubes grow into new mycelia which forms new
conidiophores that sporulate and continue the disease cycle (Bishop and Cooper, 1983b).
In order to colonize, the fungus must secrete plant cell wall degrading enzymes to get
out of spore trapping sites and move from one vessel element to another (Pegg et al., 1976).
The xylem parenchyma cells in turn respond to give either a resistant/tolerant or susceptible
host response (Robb, 2007). The plant may form tyloses, outgrowths from the half bordered
pits adjacent to vessel-associated parenchyma cells, protruding into the xylem to block the
spread of Verticillium (Beckman, 1964; Talboys, 1972; Grimault et al., 1994; Agrios, 2005).
Tyloses are formed in both compatible and incompatible interactions, although they develop
much faster in the incompatible interaction (Grimault et al., 1994; Fradin and Thomma, 2006).
Along with the generation of tyloses, the production of pectin-rich gels and gums around
tyloses has been found to seal off the xylem vessel and prevent the spread of the pathogen
(Robb et al., 1983; Robb et al., 1991; Rahman et al., 1999; Clérivet et al., 2000). Although this
prevents pathogen spread, it may have a disadvantageous effect on the plant; sealing off too
many xylem vessels may result in drought stress, and could kill the plant (Fradin and Thomma,
2006).
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Verticillium does not enter any living cells of the plant at any point in the disease cycle.
It grows and spreads completely extracellularly, making it different from many other pathogens
the plant may be exposed to. The plant is usually heavily colonized before any symptoms can
be seen. Several studies have determined that it takes two to four days before the fungus
penetrates the root xylem vessels, and one more day to spread to other xylem vessels and
elements in order to sporulate (Gold and Robb, 1995; Chen et al., 2004). Once sporulation
occurs in the root, it is thought to give rise to colonization in the xylem vessels of the stem. It
has been found that the aggressiveness of the Verticillium strain increases with the rate of
conidiation in planta (Schnathorst, 1963). Around one week after inoculation, the first round of
fungal elimination occurs (Gold and Robb, 1995; Chen et al., 2004). It is thought that the
colonization of the stems of susceptible plants, after the initial fungal elimination, occurs in
alternating rounds of fungal proliferation and fungal elimination (Heinz et al., 1998). In
resistant plants the stems are not usually re-colonized after the initial elimination event (Gold
and Robb, 1995; Chen et al., 2004).
Lastly, the saprophytic phase commences with tissue necrosis as the plant dies and the
shoots and roots become heavily colonized. Microsclerotia are formed in the dying plant and
are spread into the soil during plant decomposition. The mycelia can overwinter in perennials
or seeds, but do not survive as long as microsclerotia (Fradin and Thomma, 2006).
1.4 Plant defense against Verticillium
When a plant detects an invading pathogen such as Verticillium, two defense
mechanisms are used: pre-existing and inducible. The pre-existing defense mechanism is
7

constitutive and provides physical and chemical barriers. In contrast, the inducible defense
mechanism is deployed when the pathogen continues to invade despite the pre-existing
defense mechanism. A wide spectrum of inducible defense mechanisms exist. Microbeassociated molecular patterns (MAMPs) and pathogen-associated molecular patterns (PAMPs)
as well as effector proteins of vascular wilt pathogens are perceived by plants using
extracellular or intracellular receptors which activate defence responses and transcriptional
reprogramming in the parenchyma cells surrounding the xylem (Yadeta and Thomma, 2013).
This can lead to signaling cascades for pathogenic recognition and induction of defense or
pathogenesis-related genes (for review, see Castroverde et al., 2010).
There are three ways that tomatoes can interact with a Verticillium infection. The first
way is through resistance; the plant can effectively resist colonization with low pathogen levels
and low symptom expression. Susceptibility occurs when the plant is overwhelmed by the
pathogen resulting in high amounts of symptoms and sometimes death (Heinz et al., 1998).
Both resistance and susceptibility are well described and easily distinguishable from one
another (Pegg and Brady, 2002). The last way tomatoes can interact with Verticillium is the
lesser known tolerance condition whereby plants have high levels of the pathogen, like a
susceptible interaction, with low amounts of symptoms, like a resistant interaction (Clarke,
1984; 1986; Chen et al., 2004). Our laboratory uses two near-isolines of tomato with few
genetic differences including one in a resistance gene for Verticillium (Bishop and Cooper,
1983b); this allows comparative studies to be carried out between incompatible and
compatible tomato-Verticillium interactions.
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2. Resistance genes
An important part of the tomato's defence system are the resistance (R) genes (for
review, see Pegg and Brady, 2002). Studies with different pathogens suggest that for every
resistance gene in the plant, there is an avirulence factor (Avr) in the pathogen that it directly
interacts with; this is termed gene-for-gene resistance (Flor, 1955; 1971). When the R gene
encoded products recognize a pathogen effector, it activates a series of signaling cascades,
leading to the induction of defence-related gene expression. (Liu et al., 2007) (for a review, see
Castroverde et al., 2010). There are four groups of resistance genes: TNL, CNL, RLP/RLK, and a
miscellaneous category. The TNL group of genes encode proteins that include a Tolllike/Interleukin Receptor (TIR) domain, a Nucleotide Binding Site (NBS) domain, and a LeucineRich Repeat (LRR) domain (Schornack et al., 2004). The CNL group of genes encodes proteins
with a coiled coil (CC)/leucine zipper domain, a NBS domain, and a LRR domain (van Ooijen et
al., 2007). The TNL and CNL group proteins are completely cytoplasmic and have been
researched the most, while the RLP/RLK group is partly extracellular (Castroverde et al., 2010)
and the molecular mechanisms by which they operate are relatively unknown.
There are two theories on how the R genes work: the direct model and the indirect
model. The direct model proposes that pathogen Avr effectors directly interact with a plant R
protein to trigger R-gene mediated resistance signalling (Keen, 1990; Liu et al., 2007). An
example for this model is the Pita gene in rice that interacts and reacts with the AVR-Pita
avirulence effector from the rice blast fungus, Magnaporthe grisea (Jia et al., 2000). The more
preferred model, with more supporting data, is the indirect model, also called the guard
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hypothesis. The R protein becomes activated when a 'guardee', or intervening protein directly
interacts with the Avr effector (van der Biezen and Jones, 1998; Liu et al., 2007). The guardee
protein undergoes a conformational change once it is bound to the avr effector and activates
the R protein to counteract the Avr effector. There has been evidence for an interaction
between Pto, Prf, and AvrPto (Mucyn et al., 2006). Prf is the probable gene encoding a LZ-NBSLRR protein, part of the targeting of AvrPto, which guards the Pto R gene (Mucyn et al., 2006).
Another example in Arabidopsis, RPS5 was shown to guard PBS1, which is a target for
proteolysis by AvrRphB, further supporting the guard hypothesis (Ade et al., 2007). More
extensive research needs to be done in order to conclude which model more accurately
portrays the R gene-Avr effector interaction (Liu et al., 2007).
In an evolutionary perspective, the direct model may be overcome easily by the Avr
effector proteins via mutations in the effector that do not allow the R protein to recognize it,
but do not change the pathogens virulence, which could become deadly to the plant (van
Ooijen et al., 2007). The indirect model theoretically seems to be more difficult to overcome
since mutations to avoid being recognized by the guardee protein will also affect the virulence
of the pathogen.
2.1 RLP/RLK class
The RLP/RLK class comprises resistance genes for Cladosporium fulvum, and V. dahliae
or V. albo-atrum (Jones et al., 1998; Kawchuk et al., 2001; Rivas and Thomas, 2005). The
proteins encoded by these genes contain an extracellular leucine-rich repeat (eLRR) domain at
the N terminus that is connected to a variable cytoplasmic C-terminal area by a transmembrane
10

domain (van Ooijen et al., 2007). If the cytoplasmic domain includes a protein kinase domain, it
is termed a receptor-like kinase (RLK). If there is no protein kinase domain present, it is called a
receptor-like protein (RLP) (Kawchuk et al., 2001; van Ooijen et al., 2007). There are two
unique features about eLRR domains compared to LRR domains in the rest of the R genes.
Firstly, they have numerous N-linked glycosylation sites (NGS) in the exposed regions (van der
Hoorn et al., 2005). Secondly, they have C- and N-terminal cysteine-rich "capping" domains
that shield the LRR domain by flanking both sides (Kolade et al., 2006). This allows the
hydrophobic core to not get broken down by solvents (van Ooijen et al., 2007).
2.2 Ve genes
The Ve genes are considered to be RLPs and provide resistance against V. albo-atrum
and V. dahliae (Schaible et al., 1951). The Ve locus has been cloned from tomato (Kawhuck et
al., 2001); it includes two genes named Ve1 and Ve2 that are inversely oriented with an
intergenic region in between (Kawchuk et al., 2001; Juarez-Ayala, 2008). The corresponding
avirulence effector protein Avirulence of Ve1 (Ave1) was uncovered recently by de Jonge et al.
(2012). Further analysis found that Ave1 gene is conserved in all Vd1 strains tested, and also
acts as a potent virulent factor in Arabidopsis (de Jonge et al., 2012). Zhang et al. (2013)
uncovered a functional Ve1 ortholog in Nicotiana glutinosa and found that Ave1 is necessary for
resistance against Vd1 upon inoculating with an Ave1 deletion mutant of a Vd1 isolate.
Preliminary studies on both Ve1 and Ve2 have not yet determined how these genes
confer resistance against Verticillium (Fradin et al., 2009). The Ve1 gene has 3162 base pairs
(bp) while the Ve2 gene contains 3420 bp (Kawchuk et al., 2001). Studies by Fradin et al. (2009)
11

and Juarez-Ayala (2009) found that the Craigella Resistant (CR) tomato isoline, which has the
Ve1+ allele, produces a Ve1 protein of 1,053 amino acids while Craigella Susceptible (CS)
tomatoes, which have the Ve1- allele, produce a truncated protein of only 407 amino acids. The
difference arises from a deletion at nucleotide position 1220 in the Ve1 gene in CS tomatoes;
this deletion creates a premature stop codon, which disrupts the eLRR domain near the Nterminus (Fradin et al. 2009). Investigations on the Ve2 gene in the CS and CR isolines found 8
single nucleotide polymorphisms (SNPs); however, no mutations that would distinguish CS from
CR in terms of resistance were discovered (Fradin et al., 2009).
The intergenic region between the Ve1 and Ve2 genes also was sequenced. The CS
intergenic region was 36 nucleotides shorter than the CR intergenic region (3.4 kilo bases [kb]).
Also, the intergenic regions were analyzed to search for cis-acting regulatory elements; no
differences were found between the resistant and susceptible isolines (Fradin et al., 2009;
Juarez-Ayala, 2009). Since the truncation of the Ve1 gene in CS plants appears to be a major
difference between CS and CR plants, Ve1+ is clearly involved with resistance, but there is little
knowledge about the mechanism of how this leads to resistance.
Fradin et al. (2009) further investigated the resistance roles of Ve1 and Ve2 by using a
tomato cultivar called MoneyMaker, which is highly susceptible to Verticillium dahliae.
Transgenic plants were made containing either the Ve1 or Ve2 gene of the resistant isoline. All
plants containing the Ve1+ gene, under the control of the cauliflower mosaic virus (CaMV) 35S
promoter originally obtained from pBluescript (P35S:Ve1), showed resistance to V. dahliae race
1 and V. albo-atrum., whereas plants having the Ve1- gene show no resistance to disease
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symptoms when infected. On the other hand, plants with the P35S:Ve2 transgene showed
symptoms of Verticillium infection when challenged; thus susceptibility was unchanged. This
suggested that Ve1, but not Ve2 provides resistance against Verticillium in tomato. In contrast,
Kawchuk et al. (2001) stated that both Ve1 and Ve2 provided resistance against V. albo-atrum
race 2 in transgenic potato, although it was not stated whether the expression was controlled
by the endogenous promoter or the CaMV35S promoter. Perhaps the Ve2 protein is no longer
active in tomato but is still active in potato. It has been suggested that the potato Ve2 gene can
still connect to a disease signalling cascade and provide functionality (Fradin et al., 2009).
Expression studies have suggested that resistant plants could have higher levels of Ve1
transcripts than susceptible plants throughout Verticillium infection (Juarez-Ayala, 2008). The
Ve2 gene also had higher amounts of transcripts in CR plants infected with Verticillium when
compared to CS infected plants, a 7 fold difference at 5 days post infection (dpi), and a 2 fold
difference at 10 dpi. The early high Ve gene expression levels could give the resistant plants a
competitive advantage over susceptible plants as more Ve receptor proteins in early stages of
infection might activate the downstream defence response faster and stronger (Gold and Robb,
1995). Just as most R genes have basal levels of expression, so do Ve1 and Ve2 (Castroverde et
al., 2010). Most R genes have been reported to express constitutively, but Ve1 and Ve2 show
induced expression post infection with V. dahliae race 1 (Fradin et al., 2009); although low
levels of the basal expression are still seen in uninoculated control plants. Reverse
transcriptase-polymerase chain reaction (RT-PCR) has been shown to generate moderate to
strong signals (Castroverde, 2010) for both Ve1 and Ve2 genes, therefore it is a good method to
use for testing their expression. Knowledge about the Ve protein localization is quite limited
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(Martin, 1999, Fradin et al., 2009). One study by Ruthardt et al. (2007) located the Ve2 protein
by fusing it to green fluorescent protein (GFP) and found it to be localized in the endoplasmic
reticulum in tomatoes. A recent study by Zhang et al. (2013) on tobacco plants used
agroinfilitration with the Ve1 protein fused with GFP and found that Ve1 localizes to the plasma
membrane. The section of the Ve1 protein, which has been found to give rise to resistance, is
LRR22-LRR35; without this section of the Ve1 protein, the plant succumbs to Verticillium
infection (Fradin, 2011). It may also be due to difference in protein folding without this section.
3. The stem-root controversy
Despite all research to date, little is known about the molecular mechanism behind the
regulation of resistance to Verticillium in tomato by the Ve genes or even where resistance
occurs: the root, the stem, or both. A study done by Bishop and Cooper (1983a) on the
colonization of roots in susceptible and resistant cultivars found very little changes in infection.
There was approximately the same amount of fungus found in the roots of both cultivars, the
defence mechanisms found upon fungal infection were also similar, with the exception of a
thicker endodermis in the resistant cultivar. In contrast, a bigger difference between
susceptible and resistant cultivars was found in the stem (Bishop and Cooper, 1983b; Bishop,
1984). An increased amount of gelation and tylose production was found in resistant cultivars
infected with the fungus compared to the susceptible cultivars. The rapid gelation and tylose
production was thought to trap the fungus before it could colonize the plant further. This
research lead to the idea that resistance occurs in the stem, since the detectable changes upon
infection between cultivars occurred in that region. Numerous studies were performed
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thereafter on the defence mechanisms in the stem of the plant. Some of the defence
mechanisms include: vascular gelation coatings (i.e. lignin, suberin), the first visible change
leading to occlusion of vessels (VanderMolen et al., 1977), callose deposition between the
plasmalemma and pit membranes beside infected vessels (Beckman et al., 1982; Mueller and
Beckman, 1984), and tylose production (VanerMolen et al., 1977) as well as other secondary
metabolism changes such as increases in cell wall degrading enzymes and expression of
pathogenesis-related genes. Vascular coatings are found shortly after infection, and build up
and coat the xylem vessels, slowing down the rate of Verticillium spread; the buildup can even
completely block off an infected vessel. This also means the plant's water supply was being
blocked off, resulting in the wilting symptom. The vessel coating (Robb et al., 1983; Robb et al.,
1987; Street et al., 1986; VanderMolen et al., 1977) and other defence responses (Beckman and
Talboys, 1981; Pegg and Brady, 2002; Fradin and Thomma, 2006) are found to happen at an
increased rate in the incompatible interactions when compared to the compatible interactions.
Studies done recently by Robb et al. (2009; 2012) have found a more intense elevation of
defense gene expression in the compatible interactions, suggesting that vessel wall coatings
and other defence responses do not fully account for resistance.
However, results from grafting experiments have indicated recently that resistance
occurs in the root of the plant. Many studies have found that grafting a resistant rootstock
onto a susceptible stem makes the plant resistant; this has been found for many different
plants with regards to different soil-borne diseases. For example, a study done by Liu et al.
(2009) found that eggplant scions grafted onto resistant tomato rootstock significantly
decreased the incidence and severity of Verticillium infection when compared to non-grafted
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eggplants. Rivard and Louws (2008) drew a similar conclusion after grafting a resistant tomato
root onto a susceptible heirloom tomato scion produced grafted plants resistant to bacterial
wilt. The results from these studies would support the idea of resistance occurring in the root,
not the stem of the plant. In order to help understand this stem-root controversy, this thesis
work utilizes a method different than plant grafting to help determine where resistance lies, by
promoting expression of the resistant Ve1 gene in either the root or the stem of transgenic
tomato plants derived from susceptible germplasm. An innovative way to execute this is by the
use of tomato organ-preferential promoters. In the literature, most promoters that express
genes preferentially in one or more organs and have low expression in other organs are termed
organ-specific promoters. The term organ-specific promoter is not fully correct, as finding zero
expression of a gene in a particular organ and a large amount of expression in other organs is
rarely the case (Cai et al., 2007; Jeong et al., 2010; Koehorst-van Putten et al., 2012; Li et al.,
2013). One will typically find very low amounts of expression in other organs, or the method
used to detect expression cannot show a result with levels that low. Although this term is not
fully correct, in order to be consistent with the literature, organ-preferential promoters will
from now on be known as organ-specific promoters. These types of promoters will be used in
this thesis work to genetically engineer plants to express the resistance gene predominantly in
either the root or the stem of susceptible tomato plants; this technique, on a molecular level, is
similar to grafting and may provide further insights into where resistance lies.
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4. Genetic engineering in plants
There are many important aspects in genetic engineering: the selection marker used,
the type of gene that is being inserted, how the gene is being terminated, and what type of
promoter is being used to drive the gene's expression once it is in the host organism. In order
to get efficient gene expression with a desired phenotype in transgenic plants, the promoter
used to express the inserted gene is crucial. This choice may not only affect the transgene
transcription level, but also how, when, and where the transgene is expressed (Koyama et al.,
2005). In commercial varieties of plants, genetic modification using the transgenic approach is
a good solution for introducing pest and disease resistance while maintaining all the excellent
agricultural characteristics of non-transgenic plants (Vaughan et al., 2006). In order to have the
transgenes expressed efficiently in the targeted cells, it also may be necessary for the promoter
to drive high expression levels (Jones et al., 2008).
There are many different types of promoters used for genetic engineering in plants:
constitutive promoters, which typically induce high levels of expression of the gene of interest
in a continuous manner, inducible promoters, which drive expression of a gene only when a
specific agent is used, and organ-specific promoters, which induce expression of a gene
preferentially in one or more organs, and very low amounts of gene expression in others.
Common promoters used in genetic engineering described below in this section are
summarized in Table 1.1. The most common constitutive promoter used currently for
transgene expression in dicotyledons is the CaMV35S promoter, with high gene expression in
almost all plant cells in a continuous fashion (Odell et al., 1985; Battraw and Hall, 1990). Some
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Table 1.1: Summary of promoters used in genetic engineering. List of some general and stem- and
root-specific promoters, reviewed with the key characteristics and who discovered them, categorized
into four groups: constitutive, inducible, root-specific, and stem-specific.

Promoter Type
Constitutive
throughout plant

Name
Cauliflower mosaic
virus 35S

Inducible throughout
plant

Phenylalanine
ammonia-lyase 5
Alc regulon

Root-Specific

LEα-DOX

Ribulose LX
PHT1

PrPR10

FaRB7

SIREO

Tobacco mosaic virus
induced (TMVi)
Stem-Specific

ST-LS1

Characteristics
High expression
throughout all plant
cells.
Induced by stress or
fungal infection.
Induced by ethanol
treatment.
Induced by salt
treatment, wounding,
pathogen challenge
and ethylene
exposure.
Induced by phosphate
starvation in root tips.
Induced by phosphate
starvation from
Arabidopsis thaliana
expressed in rice.
Induced by abiotic
stresses and signal
molecules in tobacco.
Does not display root
specific activity in
heterologous hosts.
Highly expressed
throughout root and
unaffected by
dehydration or
wounding stress.
Is induced by tobacco
mosaic virus in
tobacco plants.
Involved in
photosynthesis and
preferentially
expressed in green
tissues.

Reference
Battraw and Hall,
1990; Odell et al.,
1985
Chang et al., 2008, Yi
et al., 2004
Salter et al., 1998
Tirajoh et al., 2005

Köck et al., 2006
Koyama et al., 2005

Xu et al., 2010

Vaughan et al., 2006

Jones et al., 2008

Shin et al., 2001; 2003

Stockhaus et al.,
1989
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16R isoform of the
14-3-3 gene

Solely expressed in
green tissue,
especially expressed
in the primary
vascular system. May
be controlled by
sucrose levels.
Ribulose 1,5Involved in carbon
bisphosphate
fixation. Expressed
carboxylase
highly in green tissue.
oxygenase small chain May be controlled by
2A (Rbsc2A)
light.

Szopa et al., 2003

Pichersky et al., 1986;
Sugita et al., 1987
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constitutive promoters have been found to lead to degradation of the foreign protein (Florack
et al., 1995), and to induce gene silencing (Daxinger et al., 2008). If one wanted to only express
or silence a specific gene at a certain time period or at a certain stage of development, an
inducible promoter might be desired. Using inducible promoters to express a resistance gene
have been shown to be more effective in combating some pathogens when compared to
constitutive promoters (Yi et al., 2004), for example, for soft rot in potatoes. Expression of the
resistance gene using the CaMV35S promoter led to variable or contradictory resistance, likely
because of cellular protein degradation; expression of the resistance gene under an inducible
promoter showed reliable and stable resistance (Yi et al., 2004), for reasons that are unclear.
An example of an inducible promoter in tomato studies is the phenylalanine ammonia-lyase
(PAL) 5 promoter, which results in strong expression of the PAL5 gene when induced by fungal
infection (Yi et al., 2004; Chang, et al., 2008); another example, the ethanol inducible system,
uses the alc regulon of Aspergillus nidulans to induce gene expression (Salter et al., 1998;
Roslan et al., 2001). Both constitutive and inducible promoters allow for a foreign gene to be
expressed throughout the whole plant, but not in specific organs. Organ-specific promoters are
a necessary tool for this thesis work in order to drive the resistance gene expression in either
the stem or the root of the plant. The options of stem- and root-specific promoters are
explored in the sections below, and also summarized in Table 1.1.
4.1 Root-specific promoters
Roots are the primary plant organ to deal with stresses such as drought, heavy metal
accumulation, nutrient deficiency, and attack by microorganisms of the rhizosphere (Jones et
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al., 2008). In order to test genes that are thought to help protect the plant against these
stresses, a direct transgene expression solely in the root tissues would be very useful in order to
either test the functions of a certain gene or test the expression of a gene not known to have
any effect in the root. This tool could be useful to engineer resistance to specific root
pathogens (Okubara and Paulitz, 2005), like resistance to Verticillium in this thesis. When
looking for a suitable root-specific promoter, one should be aware of any environmental
signals, which could regulate expression of the particular gene, and how that may affect
experiments in which it will be used. For example, native expression in tomato of LEα-DOX, an
α-dioxygenase that is involved in defence of the roots against oxidative damage, is induced by
high salt treatment, pathogen challenge, ethylene exposure, and wounding (Tirajoh et al.,
2005). This would not be ideal for constitutive expression of a gene in the roots of plants.
Very few root-specific promoters have been described and most seem to act
predominantly in root hairs (Bucher, 2002). There are many root-specific genes that produce
proteins involved in ion transportation and their expression can be induced by the loss of the
relevant ion in the plant or soil (Yoshimoto et al., 2002). For example, in tomato, high activities
of the ribulose LX gene, part of the phosphate starvation response, were induced in root hairs
and in the vasculature in response to phosphate starvation (Köck et al., 2006); prolonged
phosphate starvation induced expression in cotyledons and leaves, and mature plants also
showed expression in the stigmas of different flowering stages. These characteristics would not
be ideal in an experiment requiring a root-specific promoter. The PHT1 gene from Arabidopsis
thaliana, which was expressed in rice by Koyama et al. (2005), was also induced in the primary
and secondary roots, as well as the root hairs by phosphate starvation, with little expression in
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the stem and leaves. The strong inducibility of these nutrient-stress response genes limits their
use as constitutive root promoters (Köck et al., 2006). Another example is the promoter for the
PrPR10 gene from white pine that was induced by abiotic stresses and signal molecules in
tobacco roots with very little gene expression in the stems and leaves (Xu et al., 2010). At the 5
leaf stage, no expression of PrPR10 was found in the stems or leaves, and strong levels of
expression found in the primary root. Some of the promoter elements in the PrPR10 promoter
are normally found in inducible promoters, but this promoter was not found to be inducible in
this study. A possible reason the presence of inducible promoter elements found in this
promoter could be that these elements also act as root-specific promoter elements (Xu et al.,
2010). Vaughan et al. (2006) discovered a near-root-specific promoter called FaRB7, with little
gene expression in the petioles, in strawberries after researching the TobRB7 gene in tobacco,
which has been well studied (Conkling et al., 1990). However, the promoter for this gene did
not display root specific activity in heterologous hosts and this seems to be true for many other
root specific promoters (Vaughan et al., 2006). When the FaRB7 gene was expressed in
tobacco, it was found to express strongly in all organs, even stronger in some cases than when
under the CaMV35S promoter. Jones et al. (2008) discovered a root specific promoter in
tomatoes for a gene called Solanum lycopersicum root-expressed 2-ODD (SIREO). The promoter
for SIREO governs a high level of expression of the gene even in the cortex of mature roots, and
has a 49 fold higher amount of expression when compared to the leaves, and a 16 fold increase
of expression when compared to the stem. There was no expression found in the vascular
tissue, and expression continued to be root-specific in mature plants. It was found to be
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unaffected by dehydration or wounding stress, with a slight suppression by exposure to sodium
chloride, salicyclic acid and jasmonic acid (Jones et al., 2008).
The above described root-specific promoters have not been used to investigate
Verticillium interactions. During an experiment done in our lab by Hakeem Shittu (unpublished
data) to look at plant defense protein expression levels, a seemingly root-specific protein was
revealed. Grafting experiments were done by grafting a susceptible scion onto a resistant root,
and a resistant scion onto a susceptible root, and the resulting plant was infected with Vd1 in
order to look at various protein expression levels (Robb et al., 2012). The protein extracts from
these infected grafted plants were analyzed at the University of Texas Medical Branch in
Galveston, Texas, for protein expression levels using a 2D electrophoresis gel followed by
digestion and peptide analysis using mass spectrometry on some proteins for the identification
of proteins with striking differences (Robb et al., 2012). Data analysis revealed some proteins
that were expressed mainly in the CS and CR roots but not in the stems. One seemingly rootspecific protein that stood out was identified as tobacco mosaic virus induced (TMVi) protein,
and found to have a 10.9 increase of expression in CS and CR roots when compared to CS and
CR stems of tomatoes and very low amounts of expression in the stems (Shittu, Robb and
Nazar, personal communication) as visualized in Figure 1.2A. The Capsicum annuum TMVi
clone 1 (CaTin1) (GenBank: AF480414.1), which will be referred to as TMVi, was first discovered
in hot pepper by Shin et al. (2001; 2003). TMVi was found to be induced during a compatible
interaction between hot pepper and TMV. Little is further known about this gene and its
corresponding promoter.
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Log Normalized Volume

A

Log Normalized Volume

Upper Stem CS root Lower Stem CS root

Root CS root

Upper Stem CR root

Lower Stem CR root

Root CR root

B

Upper Stem CS root Lower Stem CS root

Root CS root

Upper Stem CR root

Lower Stem CR root

Root CR root

Figure 1.2. Proteome analysis of the Rbsc2A and TMVi proteins. CS or CR tomato plants were cut in
two, the lower stems and the upper stems were grafted onto the opposite isoline (Shittu et al.,
unpublished results). Plants were infected with Vd1 and whole cell protein extracts were prepared on
10 dpi. The protein extracts were prepared (Shittu et al., unpublished results) and fractioned by twodimensional electrophoresis as described in Robb et al. (2012). The images were taken with a
ProExpress 2-D Proteomic Imaging System (Perkin Elmer Life and Analytical Sciences, Waltham, MA) and
quantified (Nazar et al., unpublished data) using Progenesis SameSpots software v4.0 (Nonlinear USA,
Durham, NC) The selected spots were identified using a MALDI-TOF/TOF Proteonomics Analyzer, 4000
Series Explorer (v3.6 RCI) software (Straub et al., 2009) and MASCOT (Matrix Science, London, UK). A)
Tomato Mosaic Virus-induced (TMVi) and B) Ribulose 1,5-bisphosphate carboxylase oxygenase
(RuBisCO) small chain 2A (Rbsc2A protein). Gels show the protein levels in various root and stem
samples while the log graph below numerically shows the difference in expression levels between the
root and stem samples.
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4.2 Stem-specific promoters
A major difference between the green tissue of the plant and the roots is
photosynthetic activity in the stem and leaves. Stem and leaf specific genes are most likely to
be involved in photosynthesis and be inducible by light. A number of stem-specific genes are
summarized in Table 1.1 and described below. Stockhaus et al. (1989) investigated a gene
involved in photosynthesis called ST-LS1 that was expressed strongly in the green tissue of
plants, predominantly in the leaves, with low expression in the petioles and stems, and no
detectable expression in the roots. Szopa et al. (2003) researched a 16R isoform of the 14-3-3
protein gene from potato and found it was expressed strongly in green tissue, mainly in the
primary vascular system; however, it may be controlled by sucrose levels, and as the plant
matures, the expression of the protein decreases.
None of the stem-specific promoters in the previous paragraph have been tested for
organ-specificity in Verticillium interactions. During the defense protein expression studies
described in the previous two pages, a seemingly stem-specific promoter was also revealed;
this was the promoter for the gene that encodes the protein called ribulose 1,5-bisphosphate
carboxylase oxygenase (RuBisCO) small chain 2A (Rbsc2A) (GenBank ID: 543974), found to have
5.9 fold higher levels in the stem when compared to the roots of CS and CR plants (Shittu, Robb
and Nazar, personal communication) as seen in Figure 1.2B. The Rbsc protein is involved in
carbon fixation and can be controlled by light during chloroplast development. The Rbsc small
subunits are expressed highly in green tissues, and their promoters have been used widely to
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express many different foreign genes in different host species and circumstances (for review,
see Bakhsh et al., 2011).
5. Rationale
Verticillium has been studied in many different plant species for decades, but whether
resistance against the fungus occurs in the root or the stem has been controversial. Most
studies focus on biochemical, physiological, and cytological aspects of the plant-pathogen
interaction, but a molecular picture of how this interaction works is slowly being discovered.
Because of the root-stem controversy described in 1.2.2, it is important to study where in the
plant resistance lies. Although the Ve1 gene has been cloned under the expression of
constitutive promoters such as the CaMV35S and the PAL promoter, Ve1 expression has not
been governed by organ-specific promoters. Understanding where in the plant resistance to
Verticillium lies may help to better understand how this resistance occurs on a molecular level.
Also it could be helpful in understanding what the Ve1 gene does depending on where the
resistance occurs; it could be part of the initial recognition process or cue signaling cascades
leading to the expression of defence genes.
The purpose of this thesis was to further understand where in the plant resistance to
Verticillium occurs. The objectives were to (1) compare mRNA expression levels of the 2
putative organ-specific genes selected from the protein results; (2) isolate and clone the TMVi
and Rbsc2A promoters into constructs containing the CR Ve1 gene; (3) transform CS plants with
constructs driving organ-specific Ve1 expression; and (4) to observe any differences in symptom
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development and fungal levels between the different organ-specific transgenics when infected
with Vd1.
This thesis work is presented in 4 chapters. Chapter 1 (Introduction) has reviewed
current knowledge of the tomato-Verticillium plant-pathogen interaction, plant defense
responses including the putative role of the Ve locus. It also provides an overview of gene
expression using different types of promoters in plant genetic engineering, with a focus on
root-specific (TMVi) and stem-specific (Rbsc2A) promoters. Chapter 2 (Methods) outlines the
materials and methodology used to complete the objectives of this thesis. Chapter 3 (Results)
summarizes the data gathered throughout the course of the thesis work as follows: (1)
expression analysis of putative organ-specific genes agreeing with the previous protein studies
on organ-specific expression; (2) preparation of the Ve1 gene with organ-specific promoters; (3)
expression of organ-specific Ve1 genes in transgenic tomato plants; and lastly (4) the positive
effect of organ-specific Ve1 gene expression on Verticillium disease development. Finally,
chapter 4 (discussion) relates the results to previous literature, as well as provides insights into
where in the plant resistance lies, based on the results of this research. The potential impact of
the organ-specific resistance strategy used in this thesis work on the plant grafting industry, as
well as possible future studies are included.
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CHAPTER 2 - MATERIALS AND METHODS
1. Plant, Pathogen, and Soil
Two near-isolines of tomatoes (Solanum lycopersicum), cultivar Craigella, were used for
this research: CRG CR 218 (Craigella resistant; CR) and CSG CR 26 (Craigella susceptible; CS)
(Bishop and Cooper, 1983b) originally obtained from Richard Cooper, University of Bath, UK. CR
plants express functional resistance against Vd1 whereas CS plants do not. Plants were grown
in autoclaved soil containing a 3:2:1 mixture of Sunshine Mix LA4 (Sun Gro Horticulture Canada
Ltd., Seba Beach, AB, Canada), vermiculite (Therm-o-rock West, Inc., Chandler, AZ, USA), and
Turface mvp (Profile Products LLC, Buffalo Grove, IL, USA) and were maintained in either
Percival growth cabinets with a cycle of 14 hours light (1.5 X 10 3 μmol) at 26°C and 10 hours
dark at 22°C or in a greenhouse with 16 hours light (lights turning on when outside light levels
were below 300 μmol and off when outside light levels rose above 500 μmol) at 23-25°C during
the day and 8 hours dark at 19-21°C. The plants were fertilized weekly with Hoagland's solution
(Hoagland and Arnon, 1950).
The isolate of Vd1 used was obtained from the Provincial Horticulture Experimental
Station at Simcoe, Ontario, Canada and were stored axenically as suspensions of 4x107
conidia/ml in 50 % aqueous glycerol at -80°C (Maniatis et al., 1982). To obtain conidial spores
for plant infection experiments, 25 μL of the stock were spread onto a potato dextrose agar
(PDA) plate and stored in darkness at 24°C for 4 weeks prior to the infection date. The spores
were collected by pouring 0.5% sterile gelatin solution onto the plates and using a glass hockey
stick to rub the spores off the media. The spore solution is collected and diluted to 1 X 10 7
spores/μL.
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2. Plant inoculation and symptom index assay
For the infection of the transgenic plants, stem cuttings were used. Lateral stems from
the transgenic plants were cut using a razor blade, and all petioles were removed. The cuttings
were dipped in 0.4% IBA rooting powder (Nu-Gro IP Inc., Brantford, Ontario), planted in pots
with autoclaved soil and grown under greenhouse conditions for 3 weeks. The cuttings were
placed in lightly sealed bags for the first 3-5 days; the bags were then opened for 3 days, and
then removed entirely for 3 weeks of further growth in growth chambers.
For plant inoculation, spore concentrations were determined using a haemocytometer.
To infect the cuttings, which had not been watered the previous day, the soil was shaken gently
from the roots, and the roots were rinsed in sterile distilled water. The plants then were
inoculated with Vd1 by root dipping in 0.5% sterile gelatin solution containing 1 X 107 spores/μL
for 3 min (Dobinson et al., 1996). Control plants were root-dipped in uninoculated gelatin
solution. Plants were replanted and maintained as described previously in section 2.1. Disease
symptoms were scored relative to mock-inoculated control plants 5 and 10 days post
inoculation (dpi) using a 0 (no symptoms) to 5 (plant death) scale (Busch and Smith, 1981;
Shittu et al., 2009). Plants were scored independently by two different people and the scores
for each plant were averaged.
3. Nucleic acid extraction
Total nucleic acid extracts were prepared from 0.5 g of fresh plant material (if the whole
plant was being sacrificed) or 0.25 g (for testing putative transgenic plants) for various
experiments using sodium dodecyl sulphate (SDS)-phenol (Nazar et al., 1991; Robb and Nazar,
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1996). The plant material was ground (about 100 strokes) in liquid nitrogen using a prechilled
mortar and pestle. The powdered tissue was transferred to a glass homogenizer containing 5
mL of SDS extraction buffer (0.3% SDS, 0.14 M sodium chloride, 0.05 M ammonium acetate)
and 5 mL of phenol solution (946 mL 90% phenol, 210 mL m-cresol, 135 mL water, and 1.3 g 8hydroxyquinoline). After 5 strokes of homogenization, the homogenate was decanted into a 15
mL blue capped tube and incubated at 65°C for 10 min with inversion every minute. The
phases were separated by centrifugation for 10 minutes at 10 000 rotations per minute (rpm),
(10°C) in a Beckman J2-21 centrifuge with a JA20 rotor (Beckman, Palo Alto, California, USA).
The upper aqueous layer was transferred into a new blue capped tube and the nucleic acid was
precipitated with two volumes of salted ethanol (2% potassium acetate in 95% ethanol) at
-20°C overnight.
The precipitate was collected by centrifugation for 20 min at 10 000 rpm at 4°C. The
supernatant was discarded; the pellet was vacuum-dried for 10 minutes, dissolved in 1 mL of
sterile distilled water and reprecipitated overnight at -20°C by the addition of a half volume
(500 μL) of ammonium acetate followed by 2 volumes (3 mL) of 95% ethanol. Nucleic acid
again was collected by centrifugation for 20 minutes at 10 000 rpm at 4°C; the supernatant was
discarded and the pellet was washed with 1 mL of 70% ethanol and collected by centrifugation
for 10 minutes at 10 000 rpm at 4°C. The final pellet was dissolved in 100 μL (if the starting
material was 0.25 g) or 200 μL (if the starting material was 0.5 g) of sterile distilled water and
stored at -80°C.
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The RNA quantity and quality were assessed by fractionating 10 μL of extract (denatured
by the addition of 95% formamide with 0.1% bromophenol blue and heating at 65°C for 5 min)
on a 1.5% agarose gel stained with methylene blue for 3 min and destained with distilled water
overnight (Lee, 1992; Sambrook and Russell, 2001). The quantity was determined using
Molecular Analyst Software (BioRad, Hercules, CA, USA).
4. DNA cloning
The Rbsc2A and TMVi genes were identified using the National Centre for Biotechnology
Information (NCBI) Blast (http://www.ncbi.nlm.nih.gov/) and the promoter sequences for these
genes were identified for PCR amplification using the Sol Genomics Network (SGN) website
(http://solgenomics.net/), which has the Heinz 1706 tomato cultivar full genome sequence.
The promoter regions then were identified using the SGN and amplified using PCR. Primers for
the 3' end of the promoter region were designed to anneal to a unique sequence between the
transcription start site and the ATG start codon. Primers designed for the 5' end of the
promoters annealed to unique sequences 1000 bp upstream (TMVi) or 2000 bp upstream
(Rbsc2A) of the ATG start codon. The 50 μL PCR mix contained: 5 μL of 10X PCR buffer (500 mM
potassium chloride, 15 mM magnesium chloride, 10 mM Tris-HCl pH 9.0, 1% Triton X-100), 0.2
mM of each deoxyribonucleotide triphosphate, 0.2 mM bovine serum albumin, 100 ng of each
oligonucleotide primer, 1 unit (U) of Pfu DNA polymerase (Fermentas MBI, Burlington, Ontario),
and 5 μL nucleic acid extract (Robb and Nazar, 1996). Light mineral oil was placed on top of the
mix before loading into the PCR machine. PCR amplification was performed in a programmable
thermocycler (Pharmacia LKB, Gene ATAQ Controller, Stockholm, Sweden) using 30 reaction
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cycles consisting of a 1 min denaturation step at 94°C, 1 min annealing step at variable
temperatures depending on the primers used (see Table 2.1), and a 1 min elongation step at
72°C. An initial 5 min denaturation step at 95°C and a final 5 min elongation step at 72°C were
included. The primers used incorporated the restriction sites for HindIII (AAGCTT) at the 5' end
of the promoter, and XbaI (TCTAGA) at the 3' end of the promoter for cloning purposes. For the
TMVi promoter, primers IDT360 (incorporating the HindIII site) and IDT377 (incorporating the
XbaI site) were used.
To amplify the promoter from the Rbsc2A gene, a megapriming technique was used
(Good and Nazar, 1992; Nabavi and Nazar, 2005). Initially, the promoter region from the
Rbsc2A gene was PCR amplified in two halves using 35 cycles and primers IDT355 and IDT397
for the first half, and primers IDT396 and IDT378 for the second half. Each half contained a
small section of overlapping sequence. The PCR products were digested with 5 U of
Exonuclease (Fermentas MBI, Burlington, Ontario) at 37°C for one hour, followed by the
addition of another 5 U of Exonuclease (Fermentas MBI, Burlington, Ontario) at 37°C for
another hour to remove contaminating primers and then incubated at 80°C for 20 minutes to
inactivate the Exonuclease. Both were used simultaneously as templates for a second 100 μL
PCR reaction using 5.5 μL PCR buffer, 5.5 μL bovine serum albumin (BSA), 10 μL
deoxyribonucleoside triphosphate (dNTP), 200 ng of IDT355 (incorporating the HindIII site), 200
ng of IDT378 (incorporating the XbaI site), and 2 μL Pfu enzyme. The second PCR reaction was
performed using 35 reaction cycles consisting of a 1 min denaturation step at 94°C, 1 min
annealing step at 43°C, and 15 min elongation step at 72°C. An initial 5 min denaturation step
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Table 2.1: Summary of primers used for DNA cloning and gene expression studies.
*All primers listed in the thesis are described in this table.
Description of
Primer Set

Rbsc2A
promoter

Number

Designation

Oligo Sequence

IDT355

Forward

GATGATGAAGCTTCTAGTGTTG

IDT378

Reverse

GCTTCTTCTCTCTAGATTTGGTTC

IDT360

Forward

CCTTCTGTCTAGAGTTAATTAC

IDT377

Reverse

CCTAGTGGAAGCTTAAATTTTAG

Part A of
Rbsc2A
promoter

IDT355

Forward

GATGATGAAGCTTCTAGTGTTG

IDT397

Reverse

GCATTTAGTGGTCACTC

Part B of
Rbsc2A
promoter

IDT396

Forward

GTATTGTTCCCTCAAGTC

IDT378

Reverse

GCTTCTTCTCTCTAGATTTGGTTC

Testing for
expression with
aNOS+Ve1F

IDT353

Forward

TGTGTGATGTAACCAGAA

IDT431

Reverse

CGGGAAATTCGAGCTC

Testing for
expression with
aNOS+Ve1R

SL094

Forward

GATCAAGAGTAACTAGCC

IDT431

Reverse

CGGGAAATTCGAGCTC

IDT350

Forward

GGCTGGATTTGCWGGWG

IDT252

Reverse

ACAGCCTGAATAGCAAC

IDT357

Forward

ACTCTCATACCTTCCTG

IDT369

Reverse

CCGAATAGTACAAGACAC

IDT439

Forward

TATACAGCTTATGTCCG

TMVi promoter

Actin

Rbsc2A gene

TMVi gene
Screening A.
tumefaciens for
Ve1-CR forward
construct

IDT376

Reverse

IDT353

Forward

IDT258

Reverse

Annealing
Temperature

# of
Cycles

Product
Size

43⁰C

35

1895 bp

40⁰C

30

1044 bp

43⁰C

35

893 bp

43⁰C

35

1356 bp

41⁰C

40

852 bp

41⁰C

40

515 bp

43⁰C

30

363 bp

43⁰C

30

446 bp

40⁰C

35

495 bp

42⁰C

30

1117 bp

ATAGAGAAGCGATTCTC
TGTGTGATGTAACCAGAA
CCAGTGAATTCCCGATC
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Screening A.
tumefaciens for
Ve1-CR reverse
construct
Vd1 diagnostic
to quantify
fungal amount
Sequencing
primers for
Rbsc2A and
TMVi
promoters

IDT048

Forward

IDT258

Reverse

C064-30

Forward

IDT102

Reverse

SL178

N/A

SL179

N/A

GAAGTACAGAGTTGCC
CCAGTGAATTCCCGATC

42⁰C

30

328 bp

58⁰C

30

324bp

N/A

N/A

N/A

ACTCCGATGCGAGCTGTAAC
CCGGTCCATCAGTCTCTCTG
CAGGAAACAGCTATGAC
GACGTTGTAAAACGACG
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at 95°C and a final 5 min elongation step at 72°C also were included. Both the promoters for
the TMVi and Rbsc2A gene PCR products were fractionated on a 2% agarose gel to confirm a
proper size and adequate yield and then cleaned by phenol extraction (Chomczynski and Sacchi,
2006) followed by ethanol precipitation. Once resuspended in water, a further portion was run
on a 2% agarose gel to determine the concentration.
Three stages of DNA cloning were completed to produce the final constructs. Details
are outlined below for the initial stage, with minimal changes for the final two stages outlined
in Table 2.2. Initially, the promoters were cloned into pTZ19R (Thermo Fisher Scientific), using a
3:1 molecular ratio of promoter PCR product to pTZ19R. The mixture was incubated firstly with
XbaI (Fermentas MBI, Burlington, Ontario) with Tango buffer Y (33 mM Tris-acetate [pH 7.9 at
37°C], 10 mM magnesium acetate, 66 mM potassium acetate, 0.1 mg/mL BSA) at 37°C
overnight, then precipitated, redissolved, and incubated with HindIII (Fermentas MBI,
Burlington, Ontario) with buffer R (10 mM Tris-HCl [pH 8.5 at 37°C], 10 mM MgCl2, 100 mM KCl,
0.1 mg/ml BSA) at 37°C overnight; this cleaved the ends from the PCR products and opened up
the plasmid. A portion was fractionated on a 2% agarose gel to confirm a proper ratio (3:1
molecular ratio) as well as full digestion.
Then the mixture was phenol-purified, followed by ethanol precipitation, and
resuspension in 10 μL of sterile distilled water and 1 μL of ligation buffer (400 mM Tris-HCl, 100
mM MgCl2, 100 mM DTT, 5 mM ATP); the mixture was heated at 70°C for 3 min, at 50°C for 15
min, chilled on ice for 5 min and finally left at room temperature for 5 min. 1 μL of 10 mM ATP
and 1 μL of T4 DNA ligase (Fermentas MBI, Burlington, ON) were added. Finally, the mix was
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Table 2.2: Changes to the DNA cloning protocols outlined in section 2.4.
Rbsc2A and TMVi Promoters +
PMYE1PAL-NOS
pTZ19R-Rbsc2A and pTZ19R-TMVi were
digested and fractionated on a 1%
agarose gel. The promoter bands were
gel purified using the QIAquick Gel
Extraction Test kit (QIAGEN,
Duesseldorf, Germany) and quantified.
The PMYE1PAL-NOS plasmid (Yi et al.,
2004) was also digested to release the
PAL promoter. Either the Rbsc2A or
TMVi promoters were mixed together
with PMYE1-NOS + PAL in the ratio
stated below.

PMYE1Rbsc2A-NOS and PMYE1TMViNOS + Ve1-CR
The plasmid PMYE1PAL-NOS + Ve1-CR
(made previously in our lab by Danve
Castroverde) was digested to release the
Ve1-CR gene and fractionated on a 1%
agarose gel. The Ve1-CR was gel purified
using the QIAquick Gel Extraction Test kit
and quantified. PMYE1Rbsc2A-NOS and
PMYE1TMVi-NOS were digested to allow
for the Ve1-CR gene to be inserted. The
Ve1-CR gene was mixed together with
either the digested PMYE1Rbsc2A-NOS
or PMYE1TMVi-NOS in the ratio stated
below.

Enzyme(s)
digested with

HindIII and XbaI (as stated in section
2.4).

BamHI (Fermentas MBI, Burlington,
Ontario) in BamHI buffer (10 mM Tris-HCl
[pH 8.0 at 37°C], 5 mM MgCl2, 100 mM
KCl, 0.02% Triton X-100, 0.1 mg/mL BSA).

Molecular ratio
used
Incubation of
time
transformed E.
coli plates
Enzymes used to
test extracted
DNA from
colonies
Large scale DNA
extraction

1:1

1:1

14-18 hours

14-18 hours

HindIII and XbaI (as described in section
2.4)

BamHI to test for Ve1-CR incorporation.
XbaI to test for Ve1-CR orientation.

A single colony is added to liquid LB +
kanamycin (100 mg/L) and incubated
overnight at 37°C with shaking instead
of 2-4 hours. After adding 2-propanol,
the samples are left at room
temperature overnight instead of for 15
minutes.

A single colony is added to liquid LuriaBertani (LB) + kanamycin (100 mg/L) and
incubated overnight at 37°C with shaking
instead of 2-4 hours. After adding 2propanol, the samples are left at room
temperature overnight instead of for 15
minutes.

Starting material
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incubated overnight at 16°C. Successful ligation was verified by fractionating pre- and postligation samples on a 2% agarose gel.
The ligated DNA was used to transform competent E. coli C490 cells by the heat-shock
method (Sambrook et al., 1989). For transformation, an aliquot of competent cells was thawed
and 25 μL were added to an eppendorf tube containing the pre-ligated sample as a negative
control, while the ligated mixture was added to the remaining 175 μL of thawed competent
cells. These were held on ice for 10 min, heat pulsed at 42°C for 3 min, and incubated at room
temperature for 10 min. LB broth was inoculated separately with these mixtures and each was
incubated at 37°C with shaking for 2-4 hours to allow expression of the resistance gene. Then
transformed cells were spread onto LB plates containing 100 μg/mL ampicillin and incubated
for 12-14 hours at 37°C.
Positive clones were screened by isolating plasmid DNA from random colonies using a
small-scale (miniprep) extraction method described previously by Birnboim and Doly (1979).
Subsequently the extracted DNAs were digested simultaneously with HindIII and XbaI in Tango
buffer Y; the pure vector (pTZ19R) and the vector plus insert (either the TMVi or Rbsc2A gene
promoters) yielded different restriction profiles.
Constructs (pTZ19R-TMVi and pTZ19R-Rbsc2A) were prepared from positive clones
using a large-scale (maxiprep) method and cesium-chloride purification as described by Good
and Nazar (1995). The identity of both constructs was confirmed further by simultaneous
digestion with HindIII and XbaI using Tango buffer Y.
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Both pTZ19R-TMVi and pTZ19R-Rbsc2A were submitted for sequence analysis (Core
Genomics Facility, University of Guelph, Guelph, Ontario), using SL178 and SL179 respectively
as the sequencing primers (Table 2.1). PMYE1Rbsc2A-NOS and PMYE1TMVi-NOS were
constructed with the changes outlined in Table 2.2, and the Ve1-CR gene was inserted into
these constructs in both orientations, also using changes to the above protocol (on the previous
pages) outlined in Table 2.2. Once the final four constructs were prepared using a large-scale
DNA extraction method (maxiprep), plant transformation experiments could be carried out.
5. Plant Transformation
Tomato plants were transformed with recombinant constructs using Agrobacterium
tumefaciens-mediated transformation as described by Fillatti et al. (1987) with minimal changes
(Chang et al., 2006). An aliquot of competent Agrobacterium tumefaciens EHA105 was thawed
and 1 μg of each construct was added individually. The samples were frozen in liquid nitrogen
and thawed in a 37°C water bath for 5 min, and then added to 1 mL of yeast extract peptone
(YEP) medium (for media compositions, see Table 2.3) individually and incubated at 28°C for 2-4
hours to allow for expression of antibiotic resistance genes. The cells were collected by bench
top micro centrifugation for 1 min and the pellets were resuspended in 100 μL of YEP medium
and spread onto a YEP agar plate containing 50 μg/mL kanamycin and 25 μg/mL rifampicin. The
plates were incubated at 28°C for 2-3 days. Transformed colonies were screened by PCR using
primers IDT353 and IDT258 for forward orientation, and IDT048 and IDT258 for reverse
orientation (Table 2.1).
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For plant transformation, CS seeds were sterilized using a 10% hypochlorite solution
(Javex® bleach) for 15 min and rinsed six times with sterile distilled water for a total rinse time
of 2 hours. Then the seeds were placed in a petri dish lined with autoclaved filter paper soaked
in sterile distilled water. The petri dishes were covered in parafilm and placed in darkness in a
growth chamber at 25°C for 3 days. The germinated seeds were placed in magenta boxes
(Sigma-Aldrich Co, LLC, St. Louis, MO, USA) containing 50 mL of medium A (for all media
compositions, refer to Table 2.4), and incubated in growth chamber conditions. After 5-7 days
of incubation, cotyledon explants were cut from the germinated seedlings with a sterile surgical
blade and placed onto agar plates containing medium B with the adaxial side contacting the
medium. These plates were sealed with parafilm and incubated at 25°C for 48 hours for precultivation.
Prior to pre-cultivation, a single positive colony was inoculated into 2 mL YEP medium
with 25 μg/mL rifampicin and 50 μg/mL kanamycin in a sterile blue-capped tube and incubated
for 1-2 days at 28°C with shaking in darkness. One day prior to co-cultivation, two flasks of 25
mL of YEP medium containing 25 μg/mL rifampicin and 50 μg/mL kanamycin were inoculated
with either 50 μL or 150 μL of the short-term stocks and incubated at 28°C with shaking in
darkness for 20 hours until grown to an absorbance between 0.5-1.0 at 600 nm. The cells were
collected by centrifugation at 5000 rpm for 10 min at room temperature and resuspended in 10
mL in MS dilution medium. The solution was diluted further until an absorbance of 0.5-1.0 at
600 nm was reached and then poured onto the cotyledon explants in the petri dishes, covered
with aluminum foil, and left to incubate for 30-60 min with occasional shaking. Excess infection
solution was blotted onto autoclaved paper towel and the explants were dried fully before
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Table 2.3: Composition of YEP medium for tomato transformation.
Component

Concentration

Yeast Extract

10 g/L

Peptone

10 g/L

NaCl

5 g/L

Agar

15 g/L

Adjust pH with KOH to:

7

Table 2.4: Media, hormone, and antibiotic amounts for fungal transformation.
Component

Medium A

Medium B

Medium C

Medium D

Medium E

Unit

MS Salts

4.4

4.4

4.4

4.4

4.4

g/L

Sucrose

30

30

30

30

30

g/L

Vitamin Mix (100X)

1

1

1

1

1

mL/L

Gelrite

1

2

2

2

2

g/L

Acetosyringone

---

100

---

---

---

μM/L

BAP

---

1.5

---

---

---

mg/L

Zeatin

---

---

1.5

0.5

---

mg/L

Kanamycin

---

---

100

150

150

mg/L

Timentin

---

---

150

200

200

mg/L

IAA

---

---

---

---

0.3

mg/L

Adjust pH with KOH to:

5.8

5.8

5.8

5.8

5.8
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being transferred onto plates containing medium B with 100 μM acetosyringone. The plates
were covered in parafilm and aluminum foil and incubated in darkness at 25°C for 48 hours.
The explants were transferred onto plates containing medium C and incubated under
growth chamber conditions. To further encourage callus formation, explants were transferred
to fresh medium C, twice a week, for the first 2-3 weeks. The explants then were transferred
once a week onto media D. Once stems were noticeable, the explants were moved to Sigma
jars with medium D to allow for stems to grow. When 5-7 cm high, the explants were
transferred into jars containing media E until at least 3 healthy roots were produced. Any
remaining medium was rinsed off the plantlets with distilled water and they were potted in
autoclaved soil described previously in section 2.1.
At first the potted plants were kept in plastic bags to create a humidity chamber and
incubated in a growth chamber. Once the potted plants grew to the height of the plastic bag,
the bag was opened to allow for acclimatization. After 1 week, the bag was removed
altogether, the plants were repotted to larger pots, transferred to the greenhouse and grown
under greenhouse conditions as previously described (section 2.1). After testing for the
expression of the Ve1-CR transgene, the flowers from positive plants were covered by
pollination bags for 10 days so no cross-pollination could occur. The seeds were taken from
tomatoes grown from the transgenic plants, dried, and kept at 4°C.
6. RT-PCR Analysis
DNA from putative transgenic plants was extracted using the SDS buffer-phenol method
described previously in section 2.3. A 3X dilution of the extract was used as template for PCR
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along with primers that would amplify a section of the NOS terminator and the Ve1-CR gene in
both orientations. The PCR was carried out as described previously in section 2.4.
Analysis of the expression of the Ve1-CR gene in either orientation was tested at the
mRNA level using reverse-transcription PCR (RT-PCR). 10 μL of extract were treated with DNase
I (Fermentas MBI, Burlington, Ontario) in a 50 μL reaction containing DNase I buffer (100 mM
Tris-HCl pH 7.5 at 25°C, 25 mM MgCl2, 1 mM CaCl2), 1 U of DNase I (Fermentas MBI, Burlington,
Ontario), and sterile distilled water. This was incubated at 37°C for 30 min to degrade all the
DNA in the sample. 5 μL of 50 mM ethylenediaminetetraacetic acid (EDTA), (Fermentas MBI,
Burlington, Ontario) were added and the reaction was incubated at 65°C for 15 min to
deactivate the DNase I enzyme. Then the reaction was made up to 100 μL by the addition of
sterile distilled water.
5 μL of the DNase I reaction were added to 13 μL of the RT reaction mix containing 5
mM of each dNTP and 200 ng of oligo-dT primer. 5 μL of the DNase I reaction were added to
another RT reaction mix, without enzyme to act as a negative control for RT. RT reactions were
incubated first at 65°C for 5 min to allow denaturation and then immediately chilled on ice for 3
min to quench and prevent renaturation. 5 μL of RT buffer (250 mM Tris-HCl, 395 mM KCl, 15
mM MgCl2, 50 mM dithiothreitol, pH 8.3) were added, followed by incubation at 42°C for 2 min
to allow for proper annealing. 100 U (2 μL) of Moloney Murine Leukemia Virus (MMLV) reverse
transcriptase (Fermentas MBI, Burlington, Ontario) were added and the reaction mix was
incubated at 37°C for 60 min to create complementary DNA (cDNA) to be used in the
subsequent PCR reaction (described in section 2.4). Subsequently, the RT reaction was diluted
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to 250 μL using sterile distilled water. 5 μL were used as template for PCR reactions with
primers that amplified the Ve1-CR gene in either orientation (forward using IDT353 and IDT 431
and reverse using SL094 and IDT431) with variable annealing temperatures depending on the
primer set (see Table 2.1). Amplification was carried out for 40 cycles.
The expression of both the TMVi and Rbsc2A genes was observed using primers IDT439
and IDT376 for the TMVi gene and IDT357 and IDT369 for the Rbsc2A gene; these primers
amplified a section of each gene. Stem and root nucleic acid extractions of CS and CR plants,
infected and non-infected, were used as templates in RT-PCR reactions to test expression levels
in the stems and roots of tomatoes. The RT-PCR using the TMVi gene primer set was amplified
for 35 cycles, whereas the actin RT-PCR and Rbsc2A gene RT-PCR were amplified for 30 cycles.
10 μL of the RT-PCR products were fractionated on a 2% agarose gel. All samples were
standardized against the actin RT-PCR and the stem and root samples were compared.
7. Quantification of fungal DNA
To determine levels of Vd1 in the plant, infected plants were sacrificed individually at 10
dpi. The upper two-thirds of the stem were cut, mixed and 0.5 g were randomly chosen for
nucleic acid extraction. For the roots, they were gently washed to clean off the dirt, chopped,
mixed, and 0.5 g were randomly chosen for nucleic acid extraction and the amount of fungus
was quantified using the following technique.
The amount of fungal DNA was determined by a previously described quantitative PCRbased assay (Hu et al., 1993; Robb and Nazar, 1996) using an internal control. The total nucleic
acid extract was diluted 5X and 5 μL were used for PCR (as described in section 2.5). DNA was
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amplified using 30 reaction cycles consisting of a 1 min denaturation step at 94°C, 1 min
annealing step at 58°C, and 1 min elongation step at 72°C; an initial 5 min denaturation step at
95°C and a final 5 min elongation step at 72°C also were included.
After the PCR, 10 μL of the mix was fractionated by electrophoresis on a 2% agarose gel.
The gel was stained with ethidium bromide (10mg/L) for 10 min, destained with distilled water
and visualized under UV light using a GelDoc 1000 (BioRad, Hercules, CA, USA). DNA bands
were quantified using Molecular Analyst Software (BioRad, Hercules, CA, USA). The intensity
ratio between the template band and internal control band for each sample was correlated
with the amount of Vd1 (in ng fungal DNA/g plant tissue) using a standard curve (Hu et al.,
1993; Robb and Nazar, 1996) made recently in our lab by Cindy Pordel.
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CHAPTER 3 - RESULTS
1. Expression of putative organ-specific genes
To confirm the organ-specific expression levels of Rbsc2A and TMVi suggested in Figure
1.2, their mRNAs were determined by quantitative RT-PCR. Total nucleic acid extracts were
prepared from root or stem of CS and CR plants to confirm their organ-specificity and cDNA was
transcribed using a poly-dT primer and MMLV reverse transcriptase as described in section 2.6.
Primers were synthesized based on the tomato genes database (solgenomics.net) and used to
amplify a section of each gene. The Rbsc2A and TMVi genes were localized in the tomato
genome by using the BLAST tool on the solgenomics.net website. The sequences used to BLAST
were found on the NCBI website (www.ncbi.nlm.nih.gov) by searching the accession numbers
received from the mass spectrometry results in the defence protein studies (Nazar et al.,
unpublished data). The accession numbers were 543974 for the Rbsc2A gene, and AF480414.1
for the TMVi gene. The genes were then viewed on the genome browser from the sol genomics
network and the Rbsc2A gene (Solyc03g034220.2.1) and TMVi gene (Solyc03g096540.2.1)
sequences were downloaded. Primers IDT357 and IDT369 (Table 2.1) were designed to amplify
a 446 bp section of the mRNA from the Rbsc small subunit gene and primers IDT439 and IDT376
(Table 2.1) were designed to amplify a 495 bp section of the mRNA from the TMVi gene. The
positions of the primers for both genes are diagrammed in Figure 3.1.
Total nucleic acid was extracted from stem and roots of CS and CR plants and the DNA
was degraded with DNaseI. Reverse transcription was performed on the resulting RNA samples

45

Figure 3.1. Gene environment of the two targeted differentially expressed tomato genes. A) Rbsc2A
(Solyc03g034220.2.1, http://solgenomics.net/feature/17755423/details) and B) TMVi
(Solyc03g096540.2.1, http://solgenomics.net/feature/17765866/details) genes found on the sol
genomics network (solgenomics.net) and viewed in the tomato genome browser. The arrows represent
primers with primer numbers (refer to Table 2.1) used above.
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to make cDNA, which was subsequently amplified using PCR with primers for the Rbsc small
subunit, TMVi and actin genes. Actin was used as a control since the amount of actin mRNA
remains constant in all organs of tomatoes at any age (Thellin et al., 1999; Haq, 2006;
Castroverde, 2010; Shittu, 2010), even when infected with Verticillium (Haq, unpublished data).
As shown in Figure 3.2A, the level of actin mRNA remained relatively constant in all samples,
consistent with a uniform extraction and expression for each sample. In strong contrast, the
Rbsc small subunit mRNA levels were seen to be much stronger in the stem than in the root
when lanes 1-5 (representing stem samples) are compared to lanes 6-10 (representing root
samples) in Figure 3.2B, whereas TMVi mRNA levels were significantly stronger in the root
when compared to the stem samples when lanes 6-10 are compared to lanes 1-5 in Figure 3.2C.
Similar results were also obtained with CS stem and root samples.
The RT-PCR was repeated two more times using the Rbsc small subunit and TMVi gene
primers in order to obtain an average for the gene expression analysis. The Rbsc small subunit
and TMVi mRNA levels were standardized against their corresponding actin mRNA levels and
averaged (Figure 3.3). In both CS and CR plants, the Rbsc small subunit transcript (Figure 3.3A)
was significantly higher in the stem (blue bars) than in the root samples (red bars). The CS
plants had an average of 23:1 fold higher levels of Rbsc small subunit mRNA expression in the
stem when compared to the root, and a 21:1 fold higher level of gene expression in CR plants.
Overall, the Rbsc small subunit had a 22 fold higher level of mRNA expression in the stem. In
contrast, the transcript level for TMVi (Figure 3.3B) was significantly higher in the root (red
bars) than in the stem samples (n.d.). There was no detectable amount of TMVi mRNA
expression in the stem samples.
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Figure 3.2. RT-PCR assay of mRNA levels for the two targeted tomato genes. Stem and roots of 5 CR
plants had their total nucleic acid extracted, treated with DNaseI, and cDNA was transcribed using a
poly-dT primer and MMLV reverse transcriptase as described in section 2.6. Subsequently, PCR was
performed on these samples, fractionated on a 2% agarose gel, and quantified using Molecular Analyst
Software. In all three gels, lanes 1-5 are stem RT-PCR reactions and lanes 6-10 are root RT-PCR
reactions. A) actin (363 bp) using IDT350 and IDT252 B) the Rbsc small subunit (446 bp) using IDT357
and IDT369 and C) TMVi gene (495 bp) using IDT439 and IDT376. The size marker (SM) is the pTZ19R
vector digested with Hinf1 to indicate the sizes of PCR amplified bands. The negative control (NC) for
PCR has no template.
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Figure 3.3. Levels of Rbsc small subunit and TMVi gene expression in the stem and root of different
tomato isolines. Agarose gels from Figure 3.2 were captured for quantification using Molecular Analyst
Software and repeated two more times using the same methods as described in Figure 3.2 for both CS
and CR plants. All RT-PCR samples for both Rbsc small subunit and TMVi genes were standardized
against actin RT-PCR samples and averaged. A) depicts the averaged amount of Rbsc small subunit
mRNA expression in the stem (blue) and roots (red) of CS and CR plants. B) depicts the averaged
amount of TMVi gene expression in the stem (not detectable) and roots (red) of CS and CR plants. Each
column has 5 plants averaged with standard deviation rates.
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Overall, the protein results and the RT-PCR results agreed reasonably well and support
the conclusion that the Rbsc small subunit is expressed at much higher levels in the stem than
in the root of CS and CR tomato plants, whereas TMVi is expressed almost exclusively in the
root. Preliminary RT-PCR studies using infected stem and root samples from CS and CR plants
sacrificed at 10 dpi were conducted. In general the expression of the Rbsc small subunit again
was found to be higher in the stem than in the roots, and TMVi transcript levels were higher in
the root than in the stem (data not shown). Since all the results confirmed a strongly
preferential expression of Rbsc small subunit protein in the stem and TMVi protein in the root,
the two promoters for those genes were targeted for isolation, cloning, and eventual use in
plant engineering.
2. Preparation of Ve1 gene constructs with organ-specific promoters
In order to express the Ve1 gene preferentially in either the stem or root of a tomato
plant, the promoter sequences from the stem-specific (Rbsc2A) and root-specific (TMVi) genes
were identified as follows: the Rbsc2A and TMVi proteins were identified using the protein
accession numbers provided by the mass spectrometry analysis from the experiment outlined
in section 1.5.2 and 1.5.3. The protein sequences were found on the NCBI website
(http://www.ncbi.nlm.nih.gov/), followed by the DNA sequences (accession numbers found in
section 1.5.2 and 1.5.3). To find the promoters of these genes, from now on denoted as the
Rbsc2A promoter and the TMVi promoter, the sol genomics network genome browser
(http://solgenomics.net/gbrowse/bin/gbrowse/ITAG2.3_genomic/) was utilized by finding the
gene using the BLAST tool (using the gene sequences found on the NCBI website), and the
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sequences upstream of both genes were downloaded. Primers IDT355 and IDT378 (Table 2.1)
were made to amplify a 1895 bp section of the Rbsc2A promoter upstream of the gene (as
shown in Figure 3.4A), with the 3' end annealing in between the transcription start site and the
ATG start codon, using CS total nucleic acid as template. The primer annealing to the 5' end of
the promoter sequence was created to amplify the region almost 2000 bp upstream of the ATG
start codon. No analysis of promoter elements was performed, although the Rbsc2A promoter
is twice the size of the TMVi promoter, which should be sufficient to include all promoter
elements. The location of the primers is described in more detail in A1 of the Appendix.
Amplification of the whole 1895 bp promoter region was problematic with non-specific primer
binding, therefore an approach called megapriming was used in an attempt to overcome the
lack of proper amplification. Megapriming is a two-step PCR process, which was carried out as
described in section 2.4 with the use of internal primers IDT396 and IDT397 as well as IDT355
and IDT378 (shown in the genome browser in Figure 3.4A). In the first step, the Rbsc2A
promoter was PCR amplified in two subsections using CS total nucleic acid as template. The
first subsection was amplified using primers IDT355 and IDT397 (Table 2.1) to produce an 893
bp fragment as shown in lanes 1-3 in Figure 3.4B. The second subsection was amplified using
primers IDT397 and IDT378 to produce a 1356 bp fragment as shown in lanes 4-6 in Figure 3.4B.
These two subsections have a 200 bp overlap, allowing the PCR products to be used as
template for a second PCR reaction with primers IDT355 and IDT378. This produced the full
1895 bp Rbsc2A promoter product as shown in lanes 7-9 in Figure 3.4B.
For the TMVi promoter, primers IDT360 and IDT377 (Table 2.1) were created to amplify
a 1044 bp section of the TMVi upstream sequence using PCR; this did not include the TATA box
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Figure 3.4. Genome organization and isolation of the Rbsc2A promoter. A) The Rbsc2A promoter
viewed on the Sol genomics network's genome browser
(http://solgenomics.net/feature/17755423/details) and with a 6 kb region displayed. The primers used
for megapriming are labeled with the associated arrows indicating direction. B) PCR amplification of the
first and second steps of megapriming fractionated on a 2% agarose gel. Subsection 1 is shown in lanes
1-3 using primers IDT355 and IDT397 to amplify an 893 bp fragment using CS total nucleic acid as
template. Lanes 4-6 represent subsection two PCR amplified using primers IDT 378 and IDT396 to give a
1356 bp fragment using CS total nucleic acid as template. Lanes 7-9 represent the second step of
megapriming using subsections 1 and 2 as template and primers IDT355 and IDT378 to amplify the
Rbsc2A promoter, 1895 bp in length. SM is the size marker used to determine the size of the PCR
products. NC1 is the negative control for lanes 1-3, NC2 is the negative control for lanes 4-6, and NC3 is
the negative control for lanes 7-9. All negative controls had no template added to the PCR reaction.
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Figure 3.5. Genome organization and isolation of the TMVi promoter. A) The TMVi promoter viewed
on the sol genomics network's genome browser (http://solgenomics.net/feature/17765866/details)
with a 4 kb region viewed to include upstream promoter region of the TMVi gene. Primers used to
amplify the TMVi promoter are labeled with arrows below indicating the direction. B) PCR amplification
of the TMVi promoter fractionated on a 2% agarose gel. Lanes 1-3 represent the TMVi promoter
amplified by PCR (the uppermost band in each lane) using primers IDT360 and IDT377 (Table 2.1) and
using CS total nucleic acid as template. The promoter is 1044 bp in length. SM represents size marker
used to determine the size of the PCR products. NC represents the negative control used for PCR that
has no template in the reaction mix.
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at the other end of the promoter that would allow transcription of the gene that would be
transcribed upstream of the TMVi gene. The primer designed for the 3' end anneals to a unique
sequence found between the transcription start site and the ATG start codon. The location of
the primers is outlined in more detail in A2 of the Appendix. The TMVi promoter primers are
displayed on the sol genomics network genome browser in Figure 3.5A. The TMVi promoter
was amplified using PCR as shown in Figure 3.5B. Primers for the TMVi promoter and the
external primers for the Rbsc2A promoter had 5' end extensions to incorporate either a HindIII
restriction site on the forward primer (the 5' end of the promoter) or a XbaI restriction site on
the reverse primer (on the 3' end) to facilitate DNA cloning.
In order to get both promoters into the final construct, multiple DNA cloning steps were
done. The first step was to subclone the promoters into the pTZ19R plasmid for sequencing
purposes as well as increasing the DNA quantity of the promoters for further use. The DNA
cloning strategy is outlined in Figure 3.6. Each PCR sample was phenol purified and sequentially
digested first with HindIII and then with XbaI to produce vector-compatible sticky ends on the
promoter sequences. The plasmid pTZ19R also was sequentially digested first with HindIII and
then with XbaI to allow insertion of the PCR amplified fragments. The digested promoter
fragments were added separately to the digested pTZ19R in a 3:1 molecular ratio, ligated using
T4 DNA ligase, and transformed into E. coli C490 competent cells as described in section 2.4.
DNA was isolated from individual colonies using a small-scale extraction method, followed by
digestion with both HindIII and XbaI to test for inserts. Colonies, which had incorporated the
promoter sequences, would be expected to have two bands on an agarose gel. Figure 3.7A
illustrates the vector map for pTZ19R-Rbsc2A showing the Rbsc2A promoter inserted into
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Figure 3.6. DNA cloning strategy outlined for the Rbsc2A promoter. The Rbsc2A promoter, digested
with both HindIII and XbaI, was first subcloned into pTZ19R, also digested with both enzymes. Once the
Rbsc2A promoter was eluted from the gel where pTZ19R-Rbsc2A was digested with both enzymes, it
was purified and cloned into the already digested PMYE1PAL-NOS plasmid. The last step incorporates
the Ve1-CR gene, amplified from the PMYE1PAL-NOS + Ve1-CR plasmid, using the BamHI enzyme in both
directions. The same strategy also is applied to the TMVi promoter.
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A
Figure 3.7. Construct map and identification of pTZ19R-Rbsc2A. A) construct map of pTZ19R-Rbsc2A,
4757 bp, illustrating the position of restriction endonuclease sites HindIII and XbaI, the Rbsc2A promoter
insert, and the other important components of the pTZ19R plasmid. B) Restriction digest fractionated
on a 2% agarose gel of pTZ19R and pTZ19R-Rbsc2A using HindIII and XbaI enzymes. Lane 1 depicts
pTZ19R, digested with both enzymes, giving 1 linear band 2862 bp in length. Lane 2 portrays the digest
of pTZ19R-Rbsc2A giving two bands from the extract of a positive colony. The uppermost band
corresponds to the pTZ19R plasmid at 2862 bp and the lower band corresponds to the Rbsc2A promoter
at 1895 bp.
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pTZ19R and the HindIII and XbaI restriction sites. The restriction digest confirming the
promoter has been inserted into pTZ19R is shown in Figure 3.7B. Lane 1 represents pTZ19R,
digested with both enzymes, as 1 linear band. Lane 2 shows pTZ19R-Rbsc2A, cut with both
enzymes, as two bands, the upper band representing pTZ19R at 2862 bp, and the lower band
being the Rbsc2A promoter at 1895 bp. The construct map for pTZ19R-TMVi is portrayed in
Figure 3.8A, showing where the TMVi promoter was inserted along with HindIII and XbaI
restriction sites. Figure 3.8B shows the restriction digest confirming the insertion of the TMVi
promoter into pTZ19R. Lane 1 represents pTZ19R, digested with both enzymes, displaying 1
linear band at 2862 bp in length. Lane 2 shows pTZ19R-TMVi also digested with both enzymes
as two bands; the uppermost band represents the plasmid pTZ19R at 2862 bp, and the lower
represents the TMVi promoter at 1044 bp. The restriction digests of both constructs confirm
that the insert is in the plasmid.
Recombinant DNA was prepared from chosen positive colonies (pTZ19R-Rbsc2A and
pTZ19R-TMVi) for DNA sequencing and further subcloning. Both sequencing results were
consistent with the target genes and high quality as illustrated with the result for pTZ19RRbsc2A (Figure 3.9); both sequences were over 99% identical to the sequences found on the sol
genomics network (see Appendix A1 and A2). Subsequently, each purified clone was digested
first with HindIII and then with XbaI, and fractionated on a 1.5% agarose gel. The bands
corresponding to the promoter sequences were eluted from the gel, purified, and added in an
equal molecular ratio to the PMYE1PAL-NOS Ti plasmid. This plasmid also was digested first
with HindIII and then XbaI to release the PAL promoter. The PMYE1PAL-NOS plasmid is used in
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A
Figure 3.8. Construct map and identification of pTZ19R-TMVi. A) construct map of pTZ19R-TMVi, 3096
bp, illustrating the TMVi promoter insert location, the HindIII and XbaI restriction sites, and the other
components of pTZ19R. B) Restriction digest of pTZ19R and pTZ19R-TMVi using HindIII and XbaI
enzymes fractionated on a 2% agarose gel. Lane 1 shows pTZ19R, digested with both enzymes, as 1
linear band 2962 bp in length. Lane 2 portrays the digest of pTZ19R-TMVi giving two bands from a
positive colony. The uppermost band corresponds to the pTZ19R plasmid at 2862 bp and the lower
band corresponds to the TMVi promoter at 1044 bp.
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Figure 3.9. Quality of the DNA sequencing result of pTZ19R-Rbsc2A. A section of the sequencing result
from pTZ19R-Rbsc2A showing a portion of the Rbsc2A promoter. Sequence viewed in BioEdit Sequence
Alignment Editor version 7.2.0 by Tom Hall.
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our lab for Agrobacterium tumefaciens infection of tomato. It has left and right border
sequences that allow sequences placed in-between, with the help of the bacterium, to be
inserted into a plant's genome. The DNA insert also has a kanamycin selection marker, which
can be utilized in selection for successful plant transformation. In order to use this plasmid for
this thesis work, the PAL promoter had to be removed, and the Rbsc2A and TMVi promoters
were separately incorporated. The purified DNA inserts were added in a 1:1 molecular ratio
with the digested PMYE1PAL-NOS, ligated using T4 DNA ligase, and used to transform E. coli
C490 competent cells. DNA was again extracted from colonies, and subsequently digested first
with HindIII, followed by XbaI, and fractionated on a 1.5% agarose gel to detect appropriate
promoter inserts in the plasmid. Positive colonies would show a band either at 1895 bp (Rbsc2A
promoter) or 1044 bp (TMVi promoter) instead of at 1151 bp (PAL promoter). The construct
map and identification of PMYE1Rbsc2A-NOS is shown in Figure 3.10. Figure 3.10A portrays the
position of the Rbsc2A promoter in PMYE1-NOS as well as the position of the restriction sites
for the enzymes used in the cloning process. A restriction digest fractionated on a 1.5% agarose
gel is shown in 3.10B illustrating the difference between PMYE1PAL-NOS and PMYE1Rbsc2ANOS used to find a transformed colony, which has the Rbsc2A promoter incorporated. Lane 1
represents PMYE1PAL-NOS digested with HindIII and XbaI. The top band corresponds to the
PMYE1-PAL plasmid at 12042 bp, and the lower band corresponds to the PAL promoter at 1151
bp. Lane 2 represents PMYE1Rbsc2A-NOS digested with both enzymes with the top band
representing the PMYE1-NOS promoter at 12042 bp, and the bottom band corresponding to
the Rbsc2A promoter at 1895 bp. This method was very useful for finding colonies, which had
the Rbsc2A promoter incorporated instead of the PAL promoter; it also was used to identify the
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A
Figure 3.10. Construct map and identification of PMYE1Rbsc2A-NOS. A) Construct map of
PMYE1Rbsc2A-NOS, 13937 bp, illustrating the position of the Rbsc2A promoter, the HindIII, XbaI, and
BamHI restriction sites, and the other important components of the PMYE1-NOS plasmid identified
along the outside of the construct. B) Restriction digest of extracts from positive clones from the
PMYE1PAL-NOS + Rbsc2A transformation using restriction enzymes HindIII and XbaI fractionated on a
1.5% agarose gel. Lane 1 depicts PMYE1PAL-NOS as two bands. The top band at 12042 bp is the
PMYE1-NOS plasmid, and the bottom band is the PAL promoter at 1151 bp. Lane 2 portrays
PMYE1Rbsc2A-NOS digested, showing 2 bands. The uppermost band again is the PMYE1-NOS plasmid,
and the lower band at 1895 bp is the Rbsc2A promoter. SM is the size marker used to determine the
sizes of bands on the gel.
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Figure 3.11. Construct map and identification of PMYE1TMVi-NOS. A) Construct map of PMYE1TMViNOS, 13086 bp, depicting the position of the TMVi promoter, the HindIII, XbaI, and BamHI restriction
sites, as well as the following components of the PMYE1-NOS plasmid: right and left border sequences,
NOS promoter, NOS terminator, and the NPTII resistance gene. B) Restriction digest of extracts from a
PMYE1TMVi-NOS positive clone compared to that of PMYE1PAL-NOS using HindIII and XbaI restriction
enzymes fractionated on a 1.5% agarose gel. Lane 1 shows the digested PMYE1PAL-NOS as 2 bands.
The upper band corresponding to the PMYE1-NOS plasmid at 12042 bp, and the lower band relating to
the PAL promoter at 1151 bp. Lane 2 portrays the digested PMYE1TMVi-NOS also as 2 bands. The top
band corresponding to the PMYE1-NOS plasmid at 12042 bp, and the lower band corresponding to the
TMVi promoter insert at 1044 bp.
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PMYE1TMVi-NOS clone. Figure 3.11 depicts the construct map and identification of the
PMYE1TMVi-NOS clone. A construct map depicting the position of the TMVi promoter as well
as the enzymes used in the cloning process, as well as the PMYE1-NOS components is shown in
Figure 3.11A. A restriction digest fractionated on a 1.5% agarose gel in Figure 3.11B depicts the
identification of a PMYE1TMVi-NOS transformed colony and the difference between the
PMYE1PAL-NOS plasmid. Lane 1 portrays the PMYE1PAL-NOS plasmid digested with HindIII and
XbaI; the top band corresponds to the PMYE1-NOS plasmid at 12042 bp, and the lower band
corresponds to the PAL promoter at 1151 bp. Lane 2 depicts the digest of PMYE1TMVi-NOS
using HindIII and XbaI enzymes. The top band corresponds to the PMYE1-NOS plasmid, and the
bottom band is the TMVi promoter at 1044 bp. Figures 3.10 and 3.11 show the detection of
either the Rbsc2A or TMVi promoter incorporation into the PMYE1-NOS plasmid.
The last step in creating the constructs that will promote Ve1 expression in an organspecific manner is to insert the CR-Ve1 gene into the plasmids. Using only one enzyme, BamHI,
for cloning purposes allows for the insert to be incorporated in both orientations. The reverse
orientation also was identified and used as a negative control for plant transformation
purposes. This resulted in 4 final constructs diagrammed in Figure 3.12. Figure 3.12A depicts
the PMYE1Rbsc2A-NOS + Ve1-CR construct containing the Rbsc2A promoter that will express
the forward Ve1-CR gene expression and Figure 3.12B diagrams the PMYE1Rbsc2A-NOS + Ve1CRr construct illustrating the Rbsc2A promoter that will express the Ve1-CRr (reverse) gene
expression. Figure 3.12C portrays the PMYE1TMVi-NOS + Ve1-CR construct, which contains the
TMVi promoter that will drive the forward Ve1-CR gene expression; lastly, Figure 3.12D
diagrams the PMYE1TMVi-NOS + Ve1-CRr construct depicting the TMVi promoter that will drive
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Figure 3.12. The 4 maps for the final constructs that will drive Ve1-CR expression in an organ-specific
manner. Construct maps of A) PMYE1Rbsc2A-NOS + Ve1-CR, B) PMYE1TMVi-NOS + Ve1-CR, C)
PMYE1Rbsc2A-NOS + Ve1-CRr, and D) PMYE1TMVi-NOS + Ve1-CRr depicting the orientation and location
of the Ve1-CR gene. A) and B) portray the Ve1-CR gene in the forward orientation, and C) and D) show
the Ve1-CR gene in the reverse orientation (Ve1-CRr). Restriction sites HindIII, XbaI, and BamHI are
labeled, as well as the Rbsc2A promoter in figures A) and C) or the TMVi promoter in figures B) and D).
The rest of the components of the PMYE1-NOS plasmid (right and left borders, NOS promoter, NOS
terminator, and NPTII resistance gene) are labeled.
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the Ve1-CRr (reverse) gene expression. Figures 3.12A-D show position, orientation, the other
important components of the PMYE1-NOS plasmid and the enzymes used in the DNA cloning
process. To create the final constructs diagrammed in Figure 3.12, positive colonies
PMYE1Rbsc2A-NOS and PMYE1TMVi-NOS were cesium chloride gradient purified and digested
with BamHI restriction endonuclease. A plasmid already containing the Ve1-CR gene (3162 bp),
PMYE1PAL-NOS + Ve1-CR (created by and obtained from Danve Castroverde, personal
communication), was digested with BamHI to free the Ve1-CR gene and fractionated on a 1%
gel. The band corresponding to the Ve1-CR gene was eluted from the gel and added in an equal
molecular ratio of the already digested PMYE1Rbsc2A-NOS and PMYE1TMVi-NOS constructs.
Each mixture was incubated with T4 DNA ligase and used to transform E. coli C490 competent
cells. To select recombinants, DNA was prepared from transformed colonies and digested with
BamHI. Digesting with BamHI will release the Ve1-CR or Ve1-CRr gene from the plasmid if it has
been incorporated, or linearize the plasmid it has not been incorporated, allowing for detection
of proper inserts. Upon confirmation of the insertion of the Ve1-CR gene, the DNA extracted
from these colonies was digested with XbaI restriction endonuclease to determine orientation
of the Ve1-CR gene. This enzyme can be used to test for Ve1-CR orientation since there are 2
restriction sites in the constructs: one XbaI restriction site is at the 3' end of the promoter and
the other is 1189 bp downstream in the Ve1-CR gene. Therefore, if the Ve1-CR gene was
inserted in the forward orientation, digestion with XbaI would create a fragment 1189 bp. If
the Ve1-CR gene was inserted in the reverse orientation, digestion would create a fragment
1973 bp. Once the orientation of the Ve1-CR gene was confirmed, DNA was extracted from the
colonies and purified using cesium chloride gradient purification. The positively transformed
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Figure 3.13. Identification of the final four constructs containing the Ve1-CR or Ve1-CRr gene.
Transformed colonies had their DNA extracted and digested with BamHI restriction endonuclease to
identify colonies that had incorporated the Ve1-CR or Ve1-CRr gene. The restriction digests were
fractionated on a 1.5% agarose gel and compared to the PMYE1PAL-NOS + Ve1-CR or PMYE1PAL-NOS +
Ve1-CRr constructs also digested with BamHI. A) Identification of PMYE1Rbsc2A-NOS + Ve1-CR and
PMYE1Rbsc2A-NOS + Ve1-CRr transformed colonies. Lane 1 depicts the digested PMYE1PAL-NOS + Ve1CRr plasmid. The top band corresponds to the PMYE1PAL-NOS construct at 13193 bp and the lower
band is the Ve1-CR gene at 3162 bp. Lane 2 displays the digested PMYE1Rbsc2A-NOS + Ve1-CR
construct. The upper band is the PMYE1Rbsc2A-NOS plasmid at 13937 bp and the bottom band
corresponds to the Ve1-CR gene at 3162 bp. Lane 3 portrays the digested PMYE1PAL-NOS + Ve1-CRr
plasmid with the top band corresponding to the PMYE1PAL-NOS plasmid and the lower band being the
Ve1-CRr gene at 3162 bp. Lane 4 depicts the digested PMYE1Rbsc2A-NOS + Ve1-CRr construct. The
upper band corresponds to the PMYE1Rbsc2A-NOS plasmid at 13937 bp and the lower band is the Ve1CRr gene at 3162 bp. B) Identification of PMYE1TMVi-NOS + Ve1-CR and PMYE1TMVi-NOS + Ve1-CRr
transformed colonies. Lane 1 portrays the digested PMYE1PAL-NOS + Ve1-CR plasmid with the top band
corresponding to the PMYE1PAL-NOS plasmid at 13193 bp and the bottom band being the released Ve1CR gene at 3162 bp. Lane 2 identifies the PMYE1TMVi-NOS + Ve1-CR construct. The upper band
corresponding to the PMYE1TMVi-NOS plasmid at 13086 bp and the lower band being the Ve1-CR gene
at 3162 bp. Lane 3 shows the digested PMYE1PAL-NOS + Ve1-CRr plasmid with the top band being the
PMYE1PAL-NOS plasmid at 13193 bp and the bottom band corresponding to the Ve1-CRr gene at 3162
bp. Lane 4 represents the digested PMYE1TMVi-NOS + Ve1-CRr construct. The upper band
corresponding to the PMYE1TMVi-NOS plasmid at 13086 bp and the lower band being the Ve1-CRr gene
at 3162 bp. SM is the size marker used to determine the size of the fragments on the agarose gel.
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colonies shown in the following 2 figures depict how insertion and orientation confirmation was
performed. Figure 3.13 shows the positively transformed colonies that incorporated the Ve1CR gene compared against the control PMYE1PAL-NOS + Ve1-CR and PMYE1PAL-NOS + Ve1-CRr
plasmids. In Figure 3.13A, lane 1 depicts the digested PMYE1PAL-NOS + Ve1-CR plasmid and
lane 3 represents the digested PMYE1PAL-NOS + Ve1-CRr plasmid; both have the lower
fragment corresponding to the Ve1-CR (lane 1) or Ve1-CRr (lane 3) gene at 3162 bp. Lane 2
represents the digested PMYE1Rbsc2A-NOS + Ve1-CR construct with the lower band being the
Ve1-CR gene at 3162 bp. Lane 4 portrays the PMYE1Rbsc2A-NOS + Ve1-CRr construct and the
lower band corresponds to the reverse Ve1-CR gene at 3162 bp. Figure 3.13B illustrates the
insertion of the Ve1-CR gene in both PMYE1TMVi-NOS + Ve1-CR and PMYE1TMVi-NOS + Ve1CRr constructs. Lane 1 depicts the digested PMYE1PAL-NOS + Ve1-CR plasmid and lane 3
represents the digested PMYE1PAL-NOS + Ve1-CRr plasmid; both have the lower band
corresponding to the Ve1-CR (lane 1) and Ve1-CRr (lane 3) gene at 3162 bp. Lane 2 portrays the
digested PMYE1TMVi-NOS + Ve1-CR constructs with the lower band lined up with the control in
lane 1, corresponding to the Ve1-CR gene at 3162 bp. Lane 4 represents the PMYE1TMVi-NOS +
Ve1-CRr construct; the lower band aligned with the lower band in the control (lane 3),
corresponding to the Ve1-CRr gene at 3162 bp.
Orientation of the Ve1-CR gene in the 4 constructs that were depicted in Figure 3.13 are
shown in Figure 3.14. Figure 3.14A depicts the PMYE1Rbsc2A-NOS constructs with the Ve1-CR
gene in forward and reverse orientation. Lane 2 portrays the forward Ve1-CR orientation in the
PMYE1Rbsc2A-NOS + Ve1-CR construct with the lower band at 1189 bp. Lane 4 depicts the
reverse Ve1-CR gene orientation in the PMYE1Rbsc2A-NOS + Ve1-CRr construct as the lower
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Figure 3.14. Determination of orientation of the Ve1-CR gene for the four final constructs.
Transformed colonies had their DNA extracted, digested with XbaI restriction endonuclease and
fractionated on a 1.5% agarose gel to determine orientation of the Ve1-CR gene in the final four
constructs. A) Orientation of the Ve1-CR gene in the PMYE1Rbsc2A-NOS + Ve1-CR and PMYE1Rbsc2ANOS + Ve1-CRr constructs. Lane 1 represents the digested PMYE1PAL-NOS + Ve1-CR plasmid with the
bottom band corresponding to the forward orientation of the Ve1-CR gene, which creates a fragment
1189 bp in length, and the top band at 15166 bp corresponds to the rest of the construct. Lane 2
depicts the digested PMYE1Rbsc2A-NOS + Ve1-CR construct with the bottom corresponding to the
forward orientation of the Ve1-CR gene, creating a fragment 1189 bp in length. The top band is the
remainder of the construct at 15910 bp. Lane 3 depicts the digested PMYE1PAL-NOS + Ve1-CRr plasmid
with the lower band corresponding to the fragment, which would be digested if the Ve1-CR gene is
incorporated in the reverse orientation at 1973 bp. The upper band is the remainder of the plasmid at
14382 bp. Lane 4 portrays the digested PMYE1Rbsc2A-NOS + Ve1-CRr construct. The lower band
corresponds to the expected fragment for the reverse Ve1-CR orientation at 1973 bp and the upper
band is the remainder of the construct at 15126 bp. B) Orientation of the Ve1-CR gene in the
PMYE1TMVi-NOS + Ve1-CR and PMYE1TMVi-NOS + Ve1-CRr constructs. Lane 1 represents the digested
PMYE1PAL-NOS + Ve1-CR plasmid with the bottom band corresponding to the expected size of the
forward orientation of the Ve1-CR gene at 1189 bp and the upper band is the remainder of the plasmid
at 15166 bp. Lane 2 depicts the digested PMYE1TMVi-NOS + Ve1-CR construct. The lower band
corresponds to the forward orientation of the Ve1-CR gene at 1189 bp and the upper band is the
remainder of the construct at 15059 bp. Lane 3 depicts the digested PMYE1PAL-NOS + Ve1-CRr plasmid
with the bottom band corresponding to the expected fragment if the Ve1-CR gene is in the reverse
orientation at 1973 bp and the upper band is the remainder of the plasmid at 14382 bp. Lane 4 portrays
the digested PMYE1TMVi-NOS + Ve1-CRr construct. The lower band corresponds to the expected size of
the reverse Ve1-CR gene at 1973 bp and the upper band is the remainder of the construct at 14275 bp.
SM is the size marker used to determine the size of the fragments on an agarose gel.
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band is 1973 bp. Lanes 1 and 3 are the control plasmid further confirming the forward
orientation (lane 1) or reverse orientation (lane 3). The orientation for constructs PMYE1TMViNOS + Ve1-CR and PMYE1TMVi-NOS + Ve1-CRr are diagrammed in Figure 3.14B. Lane 2 depicts
the forward orientation of the Ve1-CR gene in the PMYE1TMVi-NOS + Ve1-CR construct with
the lower band at 1189 bp. Lane 4 portrays the Ve1-CR gene in reverse orientation in the
PMYE1TMVi-NOS + Ve1-CRr construct since the lower band is 1973 bp in length. Lanes 1 and 3
are again the control plasmids further confirming the forward orientation (lane 1) or reverse
orientation (lane 3). Upon confirmation of the insertion and orientation of the Ve1-CR genes,
all four constructs were complete. The next stage was to transform all four constructs
separately into Agrobacterium tumefaciens for plant transformation.
DNA from all four positive colonies, PMYE1Rbsc2A-NOS + Ve1-CR, PMYE1Rbsc2A-NOS +
Ve1-CRr (reverse), PMYE1TMVi-NOS + Ve1-CR, and PMYE1TMVi-NOS + Ve1-CRr (reverse) were
purified by cesium chloride gradient centrifugation and transformed into Agrobacterium
tumefaciens. The transformed colonies were extracted and their DNA diluted 10 fold. PCR was
used to confirm successful transformation and determine orientation of the Ve1-CR gene. PCR
to confirm the reverse insertion of the Ve1-CR gene was performed using primers IDT048,
which aligns to part of the Ve1-CR sequence near the beginning of the gene, and IDT258 (Table
2.1) that binds to the end of the NOS terminator; these primers amplify a 328 bp fragment of
the constructs with the Ve1-CRr gene, confirming successful transformation and incorporation.
PCR using primers IDT353, which binds to part of the Ve1-CR sequence 900 bp from the end of
the gene, and IDT258 (Table 2.1), were used to confirm successful transformation of constructs
with the Ve1-CR gene in forward orientation. These primers amplify a 1117 bp fragment of the
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Figure 3.15. Detection of final constructs in transformed Agrobacterium tumefaciens. Transformed
Agrobacterium tumefaciens had their DNA extracted and diluted 10 fold for detection of recombinant
DNA using PCR. 10 μL of PCR product were fractionated on a 2% agarose gel to detect the incorporation
of the constructs. Primers IDT048 and IDT258 (Table 2.1) were used to detect the reverse Ve1-CR
orientation and primers IDT353 and IDT258 (Table 2.1) were used to detect the forward Ve1-CR
orientation. Lane 1 depicts the Ve1-CRr transgene detection from PMYE1Rbsc2A-NOS + Ve1-CRr
transformed Agrobacterium with a fragment 328 bp in length. Lane 2 portrays the Ve1-CRr transgene
detection from PMYE1TMVi-NOS + Ve1-CRr transformed Agrobacterium with a 328 bp fragment. Lane 3
portrays the forward Ve1-CR transgene detection from PMYE1Rbsc2A-NOS + Ve1-CR transformed
Agrobacterium with a fragment 1117 bp in length. Lane 4 shows the forward Ve1-CR transgene
detection from PMYE1TMVi-NOS + Ve1-CR transformed Agrobacterium with an 1117 bp fragment. NC1
refers to the PCR negative control for lanes 1 and 2 and NC2 is the PCR negative control for lanes 3 and
4. SM is the size marker used to determine fragment sizes on agarose gels.
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constructs with the Ve1-CR gene. The colonies that were successfully transformed are shown in
Figure 3.15, which depicts the PCR amplification used to confirm successful transformation of
the 4 constructs into Agrobacterium. Tenfold diluted DNA extracted from transformed colonies
was used as template for PCR with the primers described in the previous sentences. Lane 1
portrays a colony transformed with the PMYE1Rbsc2A-NOS + Ve1-CRr construct with a band
corresponding to 328 bp. Lane 2 depicts a colony transformed with PMYE1TMVi-NOS + Ve1-CRr
as the fragment viewed corresponds to 328 bp. Lane 3 illustrates the successful transformation
with the PMYE1Rbsc2A-NOS + Ve1-CR construct with a fragment 1117 bp, and lane 4 shows the
PMYE1TMVi-NOS + Ve1-CR construct successfully transformed into Agrobacterium with a band
corresponding to 1117 bp. Now that all four constructs were transformed successfully into
Agrobacterium, the next stage was to transform CS plants with these constructs to determine if
expressing the Ve1-CR gene in an organ-specific manner could help in determining where in the
plant resistance lies.
3. Plants expressing organ-specific Ve1 genes
The recombinant Ve1 genes under the control of the Rbsc2A or TMVi promoter were
incorporated into the genome of CS plants through Agrobacterium tumefaciens-mediated plant
transformation as described in section 2.5 using Agrobacterium tumefaciens strain EHA105.
The steps in the transformation process are outlined photographically in Figure 3.16. First,
sterilized CS seeds were germinated on wet filter paper in darkness for 3 days; then, planted in
Medium A and grown for 5-7 days (for medium composition, see Table 2.3) as shown in Figure
3.16A. Subsequently, the cotyledon explants were cut, placed onto Medium B and incubated
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Figure 3.16. Steps of Agrobacterium tumefaciens-mediated plant transformation. Detailed methods
are described in section 2.5, following Fillatti et al. (1987), with minimal changes found in Chang et al.,
(2006).
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for another 2 days for pre-cultivation (Figure 3.16B). After inoculation with Agrobacterium,
transformed with one of the four constructs, the plants were blotted and placed onto plates
containing medium B. The explants were kept in darkness for 48 hours, and placed onto plates
containing medium C (Figure 3.16B). During callus formation, explants were transferred onto
fresh plates of medium C twice a week for the first 2-3 weeks, and then once a week thereafter.
Once successful callus formation and leaves could be viewed, explants were placed onto plates
containing medium D, with the kanamycin concentration increased to 150 mg/L and transferred
to fresh media once a week (Figure 3.16C). At the time stems could be seen, explants were
moved to Sigma jars with medium D to allow for shoot elongation. When the explants were 5-7
cm high, they were transferred into Sigma jars containing medium E as shown in Figure 3.16D.
When at least 3 healthy roots could be visualized on the explants, excess media was rinsed off,
and the explants were potted and grown into mature plants as illustrated in Figure 3.16E. This
procedure was repeated 4 times for each construct, concurrently, to increase the chances of
yielding positive transgenic CS plants.
Once the plant transformation was completed, 17 putative PMYE1Rbsc2A-NOS + Ve1CR, 38 PMYE1TMVi-NOS + Ve1-CR, 18 PMYE1Rbsc2A-NOS + Ve1-CRr, and 33 PMYE1TMVi-NOS +
Ve1-CRr transgenic plants were obtained and grown under greenhouse conditions. The first 12
putative transgenic plants from each construct were examined further for transgene expression
and are summarized in Table 3.1. Total nucleic acid extracts were prepared as previously
described in section 2.3. Initially the putative transgenics were investigated by PCR
amplification using Ve1-CR forward transgene primers (IDT353 and IDT 431) and Ve1-CR reverse
transgene primers (SL094 and IDT431), which span a portion of the Ve1-CR gene and the NOS
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Table 3.1. List of first 12 putative transgenic plants for each construct. Bolded numbers indicate plants
with the strongest expression of the Ve1-CR transgene in each category.

PMYE1Rbsc2A-NOS +
Ve1-CR
1
5
14
17
19
22
38
39
40
43
44
45

PMYE1Rbsc2A-NOS +
Ve1-CRr
2
13
21
23
24
25
41
42
46
47
48
49

PMYE1TMVi-NOS +
Ve1-CR
2.5
3
6
10
12
16
26
27
31
32
33
34

PMYE1TMVi-NOS +
Ve1-CRr
4
8
9
11
15
18
20
28
29
30
35
36
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terminator (Table 2.1). This means no endogenous Ve1 gene DNA could be amplified. If the
putative transgenic plants being tested still were infected with Agrobacterium, false-positive
results could occur as PCR amplification could amplify the transgene in the bacteria as well as in
the plant. To rule out any false-positive transgenic plants, RT-PCR was performed using the
same primers mentioned in the previous sentences. The bacteria would not be expected to
express the recombinant Ve1-CR/r gene, therefore, any Ve1-CR transgene expression could only
come from a plant that had incorporated the gene into its genome. Variable expression of the
Ve1-CR/r was expected since the construct could be inserted at any point in the tomato
genome and also could have been silenced in some locations. Twelve putative transgenic
plants from all four constructs (48 plants total) were tested for Ve1 forward or reverse
transgene expression. Figure 3.17 illustrates the RT-PCR expression levels of the Ve1 forward
transgene in 12 putative PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants. Only 3 of the plants
had a strong amplification of the Ve1 transgene (lanes 10, 11 and 12 corresponding to plants
43, 44, and 45, respectively), a few were barely detectable (lanes 1, 7 and 9, plants 1, 38, and
40, respectively), and the rest of the 12 plants had no Ve1 transgene expression detected. As
often observed in plant transformation, not every plant, which continues through all the stages
of growth, was actually transformed. For this reason, it is necessary to start with a large
number of plants.
Once the extract from each of the five transgenic plants for each construct that
expressed the Ve1 gene had been treated with RT, PCR was repeated 3 times to provide
technical replication. Three transgenics plants, which showed the best signals as outlined in
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Figure 3.17. Ve1 gene expression in 12 putative PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants. DNA
from the 12 putative PMYE1Rbs2A-NOS + Ve1-CR transgenic plants was extracted, treated with DNaseI
and MMLV to create a cDNA copy of the mRNA, and PCR amplified using primers IDT353 and IDT431.
The PCR products were fractionated on a 2% agarose gel. Lanes 1-12 represent the 12 different putative
transgenics being amplified for an 852 bp section of the Ve1-CR transgene. Lanes 1, 7, and 9 show very
low levels of transgene expression, whereas lanes 10, 11, and 12 show strong amplification of the
transgene. Negative control (NC) for PCR has no template. SM is the size marker used for determining
the size of the PCR fragments.
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Table 3.1, were selected to take cuttings and to facilitate the assay of expression levels for the
Ve1 transgene in the roots. The Ve1 forward expression from the PMYE1TMVi-NOS + Ve1-CR/r
transformed plants had been very low in the petiole extracts used thus far consistent with the
previous TMVi gene expression analysis showing minimal expression in stem extracts. Root
extracts, obtained from the roots of cuttings from transgenic plants, were necessary to further
test the Ve1 transgene expression under the TMVi promoter.
For the plant cuttings, new lateral shoots from transgenic plants were cut off of the stem using
a razor blade. All the petioles were removed from these cuttings and the bottoms were dipped
in 0.4% IBA rooting powder (Gro IP Inc., Brantford, Ontario) prior to being planted in soil, as
described in section 2.2. Cuttings were grown for 3 weeks and the roots were extracted as
described in section 2.3. The extracts were treated with DNaseI, reverse transcribed with
MMLV and used as templates for PCR, amplifying with the Ve1 forward and reverse primers
(see Table 2.1). Ve1 transgene mRNA expression was compared in the root and stems of the
top three transgenic plants from all four constructs and standardized against their actin RT-PCR.
Figure 3.18 depicts the Ve1 transgene expression in stem and root samples from the best 3
PMYE1Rbsc2A-NOS + Ve1-CR (Figure 3.18A) and PMYE1TMVi-NOS + Ve1-CR (Figure 3.18B)
transgenic plants. Figure 3.18A depicts the Ve1-CR transgene mRNA being expressed at a high
level in the stem when compared to the root in all 3 plants. Plant 43 had a 2.3 fold high level of
transgene mRNA expression in the stem when compared to the roots. Plant 44 had an 11.7 fold
higher level of Ve1 transgene mRNA expression in the stem when compared to the roots, and
plant 45 had an 80 fold difference. Since all three plants had a vast range in fold differences for
mRNA transgene expression, this experiment should be replicated to obtain a better
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Figure 3.18. Expression of the recombinant Ve1 transgene in transformed tomato plants. DNA from
the best 3 transgenic plants for both PMYE1Rbsc2A-NOS + Ve1-CR (A) and PMYE1TMVi-NOS + Ve1-CR (B)
were extracted from the stems and roots of cuttings of the transgenic plants. The extracts were treated
with DNaseI, MMLV, and PCR amplified using primers IDT353 and IDT431 for forward Ve1 transgene
expression. The Ve1 transgene expression has been standardized against an actin control. Ve1
transgene expression that is expressed in the stem in both graphs is represented by blue columns and
amount of Ve1 transgene expression from the root is represented in red. A) the best 3 PMYE1Rbsc2ANOS + Ve1-CR transgenic plants. Plant number 43 was found to have a 2.4 higher level of transgene
expression in the stem (blue) than in the roots (red). Plant 44 has an 11.7 fold high level of transgene
expression in the stem when compared to the root. Plant 45 was found to have an 80 fold higher level
of transgene expression in the stem when compared to the root. B) the Ve1 transgene expression in the
stem and the root of the best 3 PMYE1TMVi-NOS + Ve1-CR transgenic plants. Plant 10 has a 10.6 fold
higher level of expression in the root than in the stem. Plant 33 has a 12.9 fold difference, and plant 34
has a 5.7 fold difference.
78

quantification. The top three PMYE1TMVi-NOS + Ve1-CR transgenic plants show the Ve1
transgene being highly expressed at the mRNA level in the roots when compared to the stem
illustrated in Figure 3.18B. Plant 10 had a 10.6 fold higher level of mRNA expression in the root
when compared to the stem, plant 33 had a 12.9 fold difference, and plant 34 had a 5.7 fold
higher level of transgene mRNA expression in the roots when compared to the stem. This
result should also be replicated to further confirm the relative fold difference in transgene
expression in a root-specific manner. Overall, the results of the Ve1 transgene expression
driven by the Rbsc2A or the TMVi promoter agree with the earlier gene expression analysis
(discussed in section 3.1) as well as the protein gel results (refer to Figure 1.2).
4. Effect of organ-specific Ve1 expression on Verticillium disease development

Once the organ-specific Ve1 transgene expression in transgenic plants was confirmed, a
preliminary infection experiment was conducted to see if fungal accumulation levels were
different in the transgenic plants compared to normal CS plants. Cuttings were taken again,
grown for three weeks, and then inoculated with Vd1 as described in section 2.2. Symptoms
were non-existent even in the normal CS infected with Vd1. This has been observed previously
in the lab as well and probably reflects the fact that Verticillium infection normally occurs in
seedlings, while the cuttings are physiologically older and behave differently than seedlings
(Jane Robb, personal communication). After 15 dpi, the stem and roots were sacrificed and
their nucleic acid was extracted. The stem samples were diluted 10 fold, the roots samples
were diluted 50 fold and used as template for PCR amplification of Vd1 rDNA using primers
C064-30 and IDT351 (Table 2.1) with an internal control as described in section 2.7. The PCR
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products were fractionated on a 2% gel and quantified using a standard curve made by Cindy
Pordel in our lab. The amount of Vd1 in the stems and roots of the chosen transgenic plants is
illustrated in Figure 3.19A-D. Transgenic plants with the forward Ve1-CR gene seemed to have
less Vd1 than plants which expressed the Ve1-CRr gene. The plants, which had the least
amount of Vd1 in the stems and roots on average, were the PMYE1Rbsc2A-NOS + Ve1-CR
transgenic plants. Although these plants were expressing the Ve1-CR gene in a stem-specific
manner, a huge reduction in the amount of fungus in the roots was found. The PMYE1TMViNOS + Ve1-CR transgenic plants also saw a reduction in the amount of Vd1 in the root, but not
quite as reduced as the PMYE1Rbsc2A-NOS + Ve1-CR constructs. This could indicate that the
Ve1-CR gene can be expressed in either the stem or the root and still give resistance against
Vd1. The results of this experiment indicate that cuttings are not ideal for an infection
experiment to determine if expressing the Ve1-CR gene in an organ-specific manner can change
the resistance of the plant. This was expected since Verticillium is a seedling disease and the
cuttings are physiologically older. This cutting experiment was only meant as a preliminary trial
to determine if any differences could be found. Since the experiment shown in Figure 3.19A-D
did indicate small differences between transgenic lines, a seedling experiment has been
conducted, and is currently being finished. The seedling experiment should give a truer
representation of how expressing the Ve1-CR gene in either the stem or the root of CS plants
may affect the resistance to Verticillium.
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Figure 3.19. Quantification of Vd1 in top 3 transgenic plants for all four constructs. Cuttings infected
with Vd1 had their DNA extracted from the roots and stems at 15 dpi. The stem samples were diluted 5
fold and the root samples were diluted 50 fold and used as template for PCR amplification. Primers
C064-30 and IDT351 were used to amplify a section of the Vd1 rDNA and the internal control added to
the PCR mixture. The PCR products were fractionated on a 2% agarose gel and quantified using the
standard curve shown in Figure 3.20. A) The best 3 PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants
comparing Vd1 levels in the stem and roots of the transgenic plants 43, 44 and 45. B) The best
PMYE1Rbsc2A-NOS + Ve1-CRr transgenic plants and their corresponding Vd1 levels in the stem and
roots of transgenic plants 41, 42 and 47. C) The best 3 PMYE1TMVi-NOS + Ve1-CR transgenic plants
comparing the Vd1 levels in the stems and roots of transgenic plants 10, 33 and 34. D) The best
PMYE1TMVi-NOS + Ve1-CRr transgenic plants and their corresponding stem and root Vd1 levels of
transgenic plants 11, 28 and 30.
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CHAPTER 4 - DISCUSSION
The genus Verticillium includes some of the world's foremost fungal plant pathogens,
which collectively have a very broad host range; therefore, research directed at the control and
treatment of this disease is of great importance. Tomatoes are one type of crop that can be
infected by both Verticillium dahliae and Verticillium albo-atrum and also one of the few crops
in which a resistance gene has been identified. Verticillium resistant cultivars of tomato
carrying the resistant Ve1 allele are used in industry to combat the pathogen, but little is known
about how the gene is regulated or how it results in resistance. Therefore, research into how
the resistance to Verticillium occurs in plants is necessary. In this respect, the work in this
thesis as discussed in the introduction, was undertaken to help answer a controversial
question: where does resistance to Verticillium occur in the plant? To provide a novel way to
approach this, the Ve1-CR gene was inserted into a vector with a stem-specific or root-specific
promoter. Susceptible plants were transformed with these constructs and positive
transformants were infected with Verticillium to determine if there were any differences in
symptoms or levels of fungus when the Ve1-CR gene is preferentially expressed in the root and
stems of these plants. While still preliminary, experiments with cuttings showed a modest
difference between constructs with the Rbsc2A promoter (stem-specific) as compared to the
TMVi promoter (root-specific), with only a decrease of Vd1 pathogen in the root samples. In
contrast, the control transgenics carrying the inverse Ve1-CR gene sequence had an increased
level of Vd1 in the roots, this could mean that having the resistance gene expressed in either
the root or the stem of the plant could increase the resistance and not just one or the other.
However, a definitive conclusion, must await the results of ongoing seedling experiments.
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Strategies and steps leading to these observations are considered in this chapter together with
future perspectives of this work and some concluding remarks.
1. Choosing the organ-specific promoters
As discussed in the introduction, the Rbsc2A and TMVi promoters were chosen based on
proteome analysis of differing protein levels in the stems and roots of tomato plants (Nazar et
al., unpublished data). In this thesis work, the mRNA expression levels of these genes were
tested first to confirm the organ-specificity found in the protein analysis. Primers for these
analyses were based on gene sequences stored on the NCBI and the SGN databases; these also
were used to identify the promoter sequence regions upstream of both genes.
The genes encoding the Rubisco protein have been extensively studied and reported on
in the literature. In higher plants the Rubisco protein consists of 8 large subunits encoded by
the chloroplast genome and 8 small subunits encoded in the nucleus (Ellis, 1981). The small
subunit precursors contain a transit peptide, which is involved in transporting the small subunit
into the chloroplast, after which it is removed. The genes encoding the Rubisco small subunits
are the best characterized light-inducible genes (Tobin and Silverthorne, 1985) and known to be
tissue-specific (Dean et al., 1985; Fluhr et al., 1986; Sheen and Bogorad, 1986). In tomatoes the
Rubisco small subunits are encoded by a multigene family consisting of Rbcs-1, Rbcs-2A, and
Rbcs-3, which was first reported by Pichersky et al. (1986), while small subunit genes Rbcs-3B
and Rbcs-3C subsequently were reported by Sugita et al., in 1987. Rbcs-1 and Rbcs-3 have been
mapped to chromosome 2 and Rbcs-2 to chromosome 3. The gene of interest for this thesis
work, Rbsc2A, apparently shows the third strongest level of protein expression in leaves of all
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the small subunit genes (Sugita et al., 1987). As for the TMVi gene, much less is known. It was
found to be induced during incompatible interactions between hot pepper and TMV (Tobacco
Mosaic Virus). The gene also is induced by ethylene, but not by salicyclic acid or methyl
jasmonate (Shin et al., 2003). There was no literature for the TMVi gene in tomato.
When the transcript level of the Rbsc and TMVi genes was tested using RT-PCR,
expression of both genes was found to be largely specific to either the stem or the root,
respectively, as first observed with the protein results. The Rbsc gene was found to have a 27
fold higher level of mRNA expression in the stem than in the roots, and the protein results
explained in the introduction reported a 5.9 fold higher level of Rbsc2A protein in the stem than
the roots; this confirms high stem-specificity for the Rbsc small subunit. One reason the Rbsc
small subunit ratio was higher in the RT-PCR assay than in the protein results could be that the
RT-PCR assay may have amplified all 3 small subunits of the Rbsc gene as they have very similar
mRNA sequences (Pichersky et al., 1986; Sugita et al, 1987). The TMVi protein had a 10.9 fold
higher level of expression in the roots than in the stems as explained in the introduction, and
the TMVi gene expression at the mRNA level showed strong signals in the roots, but the assay
was unable to detect any mRNA expression of TMVi in the stems. This further confirms the
TMVi gene is root-specific. Overall, there could be much higher mRNA levels than protein levels
for both genes due to different levels of mRNA and protein expression; these could arise from
how efficiently the mRNA from both genes was translated and how long the proteins were
available for use before degradation. If the mRNA is not translated with high efficiency, there
would be a higher level of mRNA expression compared to the amount of protein. Secondly, if
the protein is degraded shortly after being translated, there would be more mRNA expression
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than amount of protein found in the assay. With results confirming a substantial degree of
organ-specificity at two different levels of gene expression, the two promoters seemed ideal for
use as tools to drive expression of the Ve1-CR gene in a differential manner.
2. Challenges during plant transformation
Two methods are commonly used for plant transformation: Agrobacterium
tumefaciens-mediated and particle bombardment. Agrobacterium tumefaciens-mediated
transformation has a few benefits compared to particle bombardment; it is more efficient,
leads to more stable transgene expression across generations, and results in fewer cases of
gene silencing (Travella, 2005). Some changes from the original protocol developed by Fillatti
et al. (1987), which were not included in the minimal modifications discussed by Chang et al.
(2006), were made during this thesis work and are discussed below. After the explants had
been transformed and grown for 3 weeks, the kanamycin concentration was increased from
100 mg/L to 150 mg/L. The selection marker was increased in an attempt to lower the number
of escapes; escapes remain healthy looking, grow stems and roots, and get transferred to soil
but upon testing for transgene expression, are found to be non-transgenic; further testing is
necessary to determine if an increased amount of antibiotic indeed decreases the number of
escapes. When the first 12 putative transgenics were tested from each construct, over half the
plants were not transgenic; therefore, the concentration may need to be further increased or a
different selection marker such as hygromycin could be utilized since hygromycin has been
reported to allow fewer escapes (De Kathen and Jacobsen, 1990). Another issue found while
testing putative transgenics was that many plants still had Agrobacterium in the plant at the
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point of testing using PCR amplification. Primers were used that PCR amplified a section of the
NOS terminator and part of the DNA from Agrobacterium past the left border sequence; only
plants that still are infected with the bacteria would have amplification. Amplification of the
Ve1 transgene could then come from the bacteria and give a false-positive result in plants that
are still infected with Agrobacterium. Very early on after infection until being placed in soil,
explants are placed on media with timentin, an antibiotic for Agrobacterium and work
completed in our lab (Danve Castroverde and Pepa Blaya, unpublished data) suggests that
infusing cuttings with timentin can eliminate the bacterial contamination. The infusing also
resulted in the plants growing faster than explants that were not infused with timentin. Faster
growth could result from having no competition with the bacterial infection, or the antibiotic
could stimulate factors in the plant that relate to plant growth. Normally, PCR amplification is
used in our lab to identify transgenic plants using primers that amplify the Ve1 transgene. In
order to use PCR amplification to detect successful transformation, higher concentrations of
timentin could be used in future transformation experiments to eliminate false-positives from
escapes. In order to rule out Ve1 transgene signals coming from the Agrobacterium instead of
the plant, RT-PCR was used since Agrobacterium is not expected to express the construct; only
transformed plants will express the construct integrated into their genomes. Although
Agrobacterium tumefaciens-mediated transformation is more efficient than particle
bombardment, it is still not very efficient. Starting with 200 seeds for each construct, fewer
than 40 explants reached the testing stage; and out of the top 12 putative transgenic plants,
only a few had the construct incorporated into their genome and were expressing the Ve1-CR
transgene, as shown in Figure 3.17.
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3. The Rbsc2A and TMVi promoters express the Ve1 transgene preferentially in different
organs
Each construct had at least 3 transgenic plants that gave detectable RT-PCR signals for
Ve1 transgene expression. The Ve1 transgene expression from PMYE1TMVi-NOS + Ve1-CR
transgenic plants was found to have 5.6-12.9 fold higher levels of expression in the roots than
in the stems of the top 3 transgenic plants numbers 10, 33 and 34, diagrammed in Figure 3.18B;
this is comparable to the protein studies (10.9 fold difference) and the gene expression studies.
Based on these results, the TMVi promoter clearly expresses the Ve1-CR gene in a strong rootspecific manner, agreeing with both the proteome studies and the transcript expression
analysis. This indicates that the TMVi promoter is a novel, root-specific promoter, which can be
used for various experiments in the future.
The Ve1 transgene expression from PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants was
found to have 2.3-80 fold higher levels of expression in the stems than in the roots for the three
plants numbers 43, 44 and 45 chosen for further analysis as illustrated in the top graph of
Figure 3.18; this agrees with the protein studies (5.9 fold difference) and the transcript
expression analysis. The Ve1-CR gene is being expressed strongly in a stem-specific manner in
the PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants, also agreeing with proteome analysis and
transcript expression assays. This confirms that the Rbsc2A promoter is useful as an organspecific promoter in this construct. In order to obtain a better representation of the average
Ve1 transgene expression levels in the stem and roots of the top 3 PMYE1TMVi-NOS + Ve1-CR
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and PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants, the RT-PCR should be replicated at least
two more times so an average with standard deviation bars can be obtained.
The Rubisco small subunit promoters have been used in transformation studies in
different crops and systems. These green tissue-specific promoters are becoming ideal for
genetic engineering in lieu of constitutive promoters like the cauliflower mosaic virus 35S
promoter as a non-abrasive way to regulate genes in transgenic crops (Bakhsh et al., 2011). For
example, there have been concerns that the constitutive expression of Bacillus thuringiensis
(Bt) insect toxins will increase insect resistance to Bt (Huang et al., 1999). B. thuringiensis have
an insecticidal δ-endotoxin produced as crystal proteins or Cry proteins encoded by plasmid cry
genes, which have been cloned into various plant species. Alternatively, different Rbcs small
subunit promoters from different plants have been used recently to induce expression of
various cry genes in transgenic plants (for review, see Bakhsh et al., 2011). A study by Wong et
al. (1992) found tobacco plants transformed with a truncated form of the cryIA(c) gene under
the control of an Arabidopsis Rbsc small subunit promoter with the Rbsc transit peptide had a
10- to 20-fold increase in cryIA(c) mRNA and protein levels, respectively, in the leaf tissue when
compared to tobacco plants transformed with the same gene under the control of the
CaMV35S promoter. Insect resistant rice was created by Fujimoto et al. (1993) through the
introduction of a rice Rbsc small subunit promoter inducing a truncated cryIA(b) δ-endotoxin
gene. Transgenic rice plants had a 0.5% toxin level out of the total soluble leaf protein, and
showed resistance against the rice leaf folder and the yellow stem borer. A study by Kim et al.
(2009) transformed rice using the Agrobacterium tumefaciens-mediated transformation
method with the rice Rbsc small subunit promoter inducing the cry1A(c) gene including the
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sequence encoding the transit peptide. The use of the transit peptide sequence increased the
cryIA(c) transcript levels by 25-fold and the protein levels by 100-fold compared to transformed
rice without the transit peptide sequence. The cryIA(c) protein levels comprised 2% of the total
soluble proteins in the leaf of the plant. Resistance to rice leaf folder and caterpillar and rice
skipper were confirmed in artificial laboratory conditions and resistance to the rice leaf folder
was confirmed under field conditions. The Rbsc promoters have also been tested for organ
expression levels using the β-glucuronidase (GUS) reporter gene. The Rbsc small subunit
promoter was isolated from cotton by Amarasinghe et al. (2006) and transformed into
Arabidopsis and cotton with the GUS reporter gene. Histochemical analysis of the second
generation transgenics found high expression of the GUS gene in leaves and cotyledons and
almost no detectable GUS expression in the roots. Gittins et al. (2000) used the tomato Rbcs3C
promoter to promote the expression of the GUS reporter gene in apple giving half the level of
expression in leaf tissues as the GUS reporter under the control of the cauliflower mosaic virus
35S promoter. Therefore, experiments in the literature have already found the Rbsc2A
promoter useful for organ-specific expression, which has been confirmed further in this thesis
work.
4. Infection of transgenic plants expressing the Ve1-CR gene in an organ-specific manner
Seeds from transgenic tomato plants can take months to obtain so a preliminary Vd1
infection experiment using cuttings attained from growing transgenic plants were used initially
to test the effect of organ-specific expression. Cuttings were sacrificed at 15 dpi instead of the
normal time at 10 dpi to allow the interaction more time to develop; cuttings are
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physiologically older than seedlings and take longer to colonize. The absence of symptoms in
the cuttings (even the non-transgenic CS cutting), even up to 15 dpi, was expected based on
previous experience in our laboratory (Nazar and Robb, unpublished data); Verticillium is
predominantly a seedling disease. The cuttings also had a larger root system than seedlings
normally would, which could influence results substantially.
Three transgenic lines from each construct, bolded in Table 3.1, were used for the
cutting experiment. Detection of Vd1 in the stems and roots from these plants is summarized
in Figure 3.19A-D. PMYE1Rbsc2A-NOS + Ve1-CR transgenic plants seemed to have the least
amount of Vd1 in the roots shown in Figure 3.19A, with the PMYE1TMVi-NOS + Ve1-CR
transgenic plants having a modest increase in the level of Vd1 in their roots illustrated in Figure
3.19C when compared to the transgenic control plants with the reverse Ve1-CR gene
diagrammed in Figures 3.19B and D. The amount of Vd1 in the stems of all transgenic plants
remained unchanged as shown in Figures 3.19A-D. This preliminary experiment suggests that
resistance may occur in both the stem and the root of resistant plants. Expressing the resistant
Ve1 gene in either the stem or the root of the plant may be enough for the plant to be resistant
to Verticillium infection. This would support the decades of research indicating that resistance
occurs in the stem, while also supporting the new grafting research indicating that a resistant
root grafted onto a susceptible stem will allow the plant to still be resistant to Verticillium
infection. In order to get a better picture of how organ-specific resistance is affecting the plant
under normal physiological conditions, a seedling experiment is currently being carried out.
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5. Conclusions and Future Directions
The aim of this master's thesis was to use organ-specific promoters to increase
expression of the Ve1 resistance allele, selectively, in either the stem or the root of transgenic
plants having CS germplasms. This provides a different approach to answer the question:
where in the plant does resistance to Verticillium occur? In the process, constructs able to
enhance expression of a gene in an organ-specific manner were developed. In the future, these
constructs could be used with different gene inserts to investigate the effects of different genes
expressed in either the stem or root of plants. The preliminary cutting experiment infected
with Vd1 suggest that resistance can occur in both the stem and the root, and that expression
of Ve1 in either will render the entire plant resistant. Hopefully the seedling experiment
currently being completed will have more substantial and clearer results. Protein assays
illustrating the amount of Ve1-CR protein in the transgenic plants also might be used to confirm
differences in gene expression.
Use of organ-specific promoters to make a susceptible plant resistant to a pathogen
may have agricultural applications. Many industries worldwide are using plant grafting as a
technique to achieve resistance to soil-borne pathogens and nematodes while increasing the
yield and quality of the crops (compared to the resistant plant strains, which typically have a
lower quality and a lower yield than susceptible plants). Another reason why industries may
use grafting is to improve plant physiology in order for them to adapt crops to harsher
conditions (Kubota et al., 2008). Grafting resistant rootstock onto susceptible scions is
becoming a common practice in many areas of the world to battle against soil-borne diseases

92

(Besri, 2001; Pavlou et al., 2002; Giannakou and Karpouzas, 2003; Lee, 2003; Bletsos, 2005;
Kobayashi, 2005; Kubota et al., 2008). Plant grafting has occurred for centuries; the first
written record was found in an ancient book from the 5th century in China (referenced in Lee
and Oda, 2003). The grafting of tomato was first introduced commercially in the 1960s, and has
increasingly become a crucial tool against disease (Lee and Oda, 2003). Over 500 million
grafted seedlings are produced annually in Japan currently (Kobayashi, 2005), and the number
of grafted plants is rapidly increasing in many countries such as Europe, Northern Africa, Central
America, the Middle East, and other parts of Asia (Kubota et al., 2008). Although 90% of
grafted plants in the United States are tomatoes (Kubota, 2008), grafting in North America is
not as common as in most places of the world due to high labour costs, high costs of grafted
seedling production, and lack of experienced propagators. Despite this, there are several
grafting trials currently in the southeastern United States (Kubota, 2008). A report done by
Rivard et al. (2010), which focused on 2 trials in Ivanhoe, NC, and Strasburg, PA, found that
labour costs in the United States made up a small portion of the added cost of grafting,
presenting evidence that labour costs should not scare off potential commercial grafting
industries. The method used in this thesis could be utilized to essentially create 'molecular
grafted' plants that would eliminate the cost of plant grafting, yet still achieve the same level of
resistance with the possibility of maintaining susceptible tomato qualities. Also, genetically
modified plants that carry mostly native genes also be more accepted more easily than
genetically modified plants carrying non-native genes by the general public (Bakhsh et al.,
2011).
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The preliminary results from this thesis seem to suggest that resistance can occur in
both the stem and root of tomato plants and that expression of a resistant allele in either is
sufficient. Once seedling experiments are completed, there will be stronger evidence as to
where resistance to Verticillium lies in the plant. Much more research into the stem-root
controversy needs to be conducted to better understand how resistance to Verticillium occurs
on a molecular level. This understanding of the plant-pathogen interaction could lead to better
treatments for Verticillium infection in tomatoes and even other species of plants.
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APPENDIX
A
CAAATTATAAATTAAGAGGTGTTGAAAGAATGGTTGAAAAGATTTATGTAAATTTAGAAATTAAAGATG
ATGAAACTTCTAGTGTTGAAGAATGTAAAAGTAGCATTTATATAAAAGTTAGAGATTTACA

107

B
SGN

1009

TTGACTAACATACATGAAAAAACTGAGAAACATATTTAATTCAGTTGCCCTGAATTGCTA

1068

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

900

TTGACTAACATACATGAAAAAACTGAGAAACATATTTAATTCAGTTGCCCTGAATTGCTA

841

SGN

1069

ATCCTATACACTTCCTACACTTGTAACGAACC-TTAACACACATGAACAAATAGGACATT

1127

|||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||
Rbsc

840

ATCCTATACACTTCCTACACTTGTAACGAACCCTTAACACACATGAACAAATAGGACATT

781

SGN

1128

ACTTGGTTCAAAGTTGATACTCTTACGGCGAAAGGTGTGGATCTTTAGCATAGAATTCAT

1187

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

780

ACTTGGTTCAAAGTTGATACTCTTACGGCGAAAGGTGTGGATCTTTAGCATAGAATTCAT

721

SGN

1188

GGGGCATTACAATTAATTAGTAATACTAATTTTAATAACACTAAATCATATTAGTCTCTA

1247

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

720

GGGGCATTACAATTAATTAGTAATACTAATTTTAATAACACTAAATCATATTAGTCTCTA

661

SGN

1248

TAGGTATAATATATAACTCTGGAGTCACTATCTGTATTTGGGATCAACAGTTACAAAGGT

1307

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

660

TAGGTATAATATATAACTCTGGAGTCACTATCTGTATTTGGGATCAACAGTTACAAAGGT

601

SGN

1308

ACGAGTAAAGTCTCTGATCCGACAAACAATCCGTATATCCTACCTTCCCGAAATTTCATG

1367

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

600

ACGAGTAAAGTCTCTGATCCGACAAACAATCCGTATATCCTACCTTCCCGAAATTTCATG

541

SGN

1368

TATAAAATTATACTAAAATATTATTTTTCTTGTATTATCCGATTGAAAATTATGCGAATT

1427

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

540

TATAAAATTATACTAAAATATTATTTTTCTTGTATTATCCGATTGAAAATTATGCGAATT

481

SGN

1428

CAACATAAAACTCTAAAAAAAGAAAATAATGAAAATTACAACTTAAAAGAGTGTCTAAGT

1487

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

480

CAACATAAAACTCTAAAAAAAGAAAATAATGAAAATTACAACTTAAAAGAGTGTCTAAGT

421

SGN

1488

TGGAATCATGGTATTACATAAAGTTGAGGACAATATAAGCAAGCAAACAAGTACTCTAGC

1547

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

420

TGGAATCATGGTATTACATAAAGTTGAGGACAATATAAGCAAGCAAACAAGTACTCTAGC

361

108

SGN

1548

TATCAATTTACTTTGGACTACTATATGATAAATATTTCAACCCCCCTCCTCCCCCACCAA

1607

|||||||||||||||||||||||||||||||||||||||||||||| |||||||||||||
Rbsc

360

TATCAATTTACTTTGGACTACTATATGATAAATATTTCAACCCCCCGCCTCCCCCACCAA

301

SGN

1608

AAAAAAATTAAAATAACAAGTTGAAGGACTCAAAAAAAAAAAAAAAAAAAAACTCAAAAC

1667

|||||| |||||||||||||||||||||||||||||||||||||||||||| |||||| |
Rbsc

300

AAAAAA-TTAAAATAACAAGTTGAAGGACTCAAAAAAAAAAAAAAAAAAAA-CTCAAAGC

243

SGN

1668

CAACCTCAATCATACATTCATATCCTCTTCCTACCCCCATCTTGGATGAGATAAGATTAA

1727

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

242

CAACCTCAATCATACATTCATATCCTCTTCCTACCCCCATCTTGGATGAGATAAGATTAA

183

SGN

1728

CGAGGTGCTTACACGTGTCACCTCTATTGTGGTGACTTAAAAAAAATTCCAACCTTTCAT

1787

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

182

CGAGGTGCTTACACGTGTCACCTCTATTGTGGTGACTTAAAAAAAATTCCAACCTTTCAT

123

SGN

1788

ATGTAGATATTAAGTAATTGTATAATGTTATCAAGAACCACATAACATATCAAAAACCTT

1847

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Rbsc

122

ATGTAGATATTAAGTAATTGTATAATGTTATCAAGAACCACATAACATATCAAAAACCTT

SGN

1848

ATCATTTCATTATATAAAAGGATAGTGGACATCAAAAGGTTCATATTGAACCAAA

63

1902

||||||||||||||||||||||||||||||| |||||||||||||||||||||||
Rbsc

62

ATCATTTCATTATATAAAAGGATAGTGGACACCAAAAGGTTCATATTGAACCAAA

8

109

C
TATATAAAAGGATAGTGGACATCAAAAGGTTCATATTGAACCAAAAAA AGAGAGAAGAAGCAATATG

Figure A1. Location of primers and sequencing result aligned to the Rbsc2A promoter sequence from
the sol genomics network (solgenomics.net). A) The 5' end of the Rbsc2A promoter illustrating the
location that the 5' primer, IDT355, would bind (shaded). B) The Rbsc2A promoter sequencing results
aligned to the Rbsc2A promoter sequence from the sol genomics network (solgenomics.net). The sol
genomics network (SGN) sequence was aligned to 892 bp of the Rbsc2A promoter sequencing result
(Rbsc) using pTZ19R-Rbsc2A as template using the BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
The two sequences are 99% identical with 3 single nucleotide gaps and 3 single nucleotide
polymorphisms. C) The location that the 3' end primer, IDT378 (shaded), would bind. The putative TATA
box and ATG start codons are underlined.
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A
CATGGCTGGTTCTTTTGTTCTCCTTCTGTCTATAGTTAATTACTAGTTGTTTCTTTCTCTAGCTGAAAATTA
AGTGAGAGGATAAAGGAAAATATGATGTAAAGATAGTAGGAGTGATTGTATG

111

B
SGN

299

GCGAGTAGTATATATACATGATTTGCGGATGATTTTTTCAAGTTATCTGGTTGATAGTAC

358

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

859

GCGAGTAGTATATATACATGATTTGCGGATGATTTTTTCAAGTTATCTGGTTGATAGTAC

800

SGN

359

CATGTAGATCAAATATGGATAAAAAAATTATTTATAAAGTAAATTCGTGATAATAGAATG

418

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

799

CATGTAGATCAAATATGGATAAAAAAATTATTTATAAAGTAAATTCGTGATAATAGAATG

740

SGN

419

TTATCTTAATATAGTATAAGTGTGACTTTAAATTTTGAACATAGATTGGAAGGTGTTTAT

478

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

739

TTATCTTAATATAGTATAAGTGTGACTTTAAATTTTGAACATAGATTGGAAGGTGTTTAT

680

SGN

479

GCATTTTCCCTTTTTTTAAAATTATAATATTGCTGATATGACCATGTACATTTTTAGTAA

538

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

679

GCATTTTCCCTTTTTTTAAAATTATAATATTGCTGATATGACCATGTACATTTTTAGTAA

620

SGN

539

ATAGCCAAAGAACAAATGTCAATCAAGTGTTTAAAATTTATAAACTTTACCTTTGATACC

598

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

619

ATAGCCAAAGAACAAATGTCAATCAAGTGTTTAAAATTTATAAACTTTACCTTTGATACC

560

SGN

599

GTTGAGATTATTTTTTTTAGAAATTGAAAAGTAGCATCTTGGTGGGTATATGAATGGCAA

658

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

559

GTTGAGATTATTTTTTTTAGAAATTGAAAAGTAGCATCTTGGTGGGTATATGAATGGCAA

500

SGN

659

GTAGTGTCAATCATGATGTATTTGAATTCGTTTTTCCGATATATATATATATATATATAT

718

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

499

GTAGTGTCAATCATGATGTATTTGAATTCGTTTTTCCGATATATATATATATATATATAT

440

SGN

719

ATATATATATATATATATATATATATATA--AAGGTCAAATATTTTATTTGCAATCACCA

776

|||||||||||||||||||||||||||||

|||||||||||||||||||||||||||||

TMVi

439

ATATATATATATATATATATATATATATATAAAGGTCAAATATTTTATTTGCAATCACCA

380

SGN

777

AGTTGTCATGTTTATTTACTAATATATCTTTACAAATATAGTATATTTTTTTTTGTTTTT

836

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

379

AGTTGTCATGTTTATTTACTAATATATCTTTACAAATATAGTATATTTTTTTTTGTTTTT

320

112

SGN

837

GTTTTACTTTGTAGCACATAGTGCCTTTTAATCAACAAATGATCAATATAATAGAATGGT

896

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

319

GTTTTACTTTGTAGCACATAGTGCCTTTTAATCAACAAATGATCAATATAATAGAATGGT

260

SGN

897

GCATGCATGCATGTTTCTCTCTCATGGCGGCTTCTATATACATTTTTAGGATAAAGAGGA

956

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

259

GCATGCATGCATGTTTCTCTCTCATGGCGGCTTCTATATACATTTTTAGGATAAAGAGGA

200

SGN

957

AAGTGCGCACATTATAATGGAATGAAGTCAATAATTTTACCTTGCAAATCGAGTTAGCCG

1016

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TMVi

199

AAGTGCGCACATTATAATGGAATGAAGTCAATAATTTTACCTTGCAAATCGAGTTAGCCG

SGN

1017

CCACTAGTTATAGTATTTTTACTAAAATTTA

140

1047

|||||||||||||||||||||||||||||||
TMVi

139

CCACTAGTTATAGTATTTTTACTAAAATTTA

109

113

C
CCTTGCAAATCGAGTTAGCCGCCACTAGTTATAGTATTTTTACTAAAATTTATTCTTCCACTAGGACTAGT
GCCATATTTTTTGACCCTAAAACTCTCAATATGATACTATTGTCCCTTGTGATACAATCTATA

Figure A2. The location of the TMVi primers and the TMVi promoter sequencing result aligned to the
TMVi promoter sequence from the sol genomics network (solgenomics.net). A) The location of the
forward primer, IDT360 (shaded), at the 3' end of the TMVi promoter with the ATG start codon
underlined. B) The results from sequencing the pTZ19R-TMVi plasmid (TMVi) were aligned to 840 bp of
the TMVi promoter sequence from the sol genomics network (SGN), (solgenomics.net) using the BLAST
tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequences were 99% identical with 2 single nucleotide
gaps. C) The location of the reverse 5' end primer, IDT377 (shaded), for the TMVi promoter with the
putative TATA box for the upstream gene underlined.
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